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Abstract

The peripheral nervous system has a limited ability to repair after injuries (1 mm/day).
Current therapies for peripheral nerve injuries include suturing, autografting and nerve
guide conduits (NGC). NGC’s can be implanted into defects up to 20 mm in length.
Possible improvements to the existing designs include material alterations as well as
various coatings, fillers and cellular components. Plasma polymerisation is a chemical
deposition technique, which can coat any surface with nano to micro-metre layers of
desired chemistry.

The aim of the thesis was to investigate the effect of the plasma polymers acrylic
acid (AAc) and maleic anhydride on neuronal and Schwann cell metabolic rate and
morphology in vitro. Evaluation of AAc and maleic anhydride surfaces was assessed
using contact angle, X-ray Photoelectric Spectroscopy (XPS) and Time of Flight
Secondary Mass Spectrometry (ToF-SIMS).

NG108-15 neuronal cell staining protocols were optimised, then out of three
maleic anhydride duty cycles (MAI1, 2 and 3), MA1 supported neuronal cells with
longer neurites and a higher metabolic rate. Glass and laminin / poly-L-lysine were
used throughout as basal and positive controls respectively. Investigations then
compared AAc with MAT coatings under serum and serum free conditions. Whilst there
were similar results under serum conditions, NG108-15 neuronal cells on MA1 under
serum free conditions had significantly longer neurites compared to glass, also longer
than laminin and acrylic acid.

Primary rat Schwann cells were then studied, due to their integral role in
peripheral nerve regeneration, on AAc and MAI. It was observed that Schwann cells
had a longer, thinner phenotype and a higher total cell count on poly-L-lysine and glass
compared to the plasma polymers. Primary rat dorsal root ganglion (DRG) culture was
then optimised to look into the effect of both neuronal and glial types, initially using
explants. DRG on AAc showed similar neurite outgrowth characteristics to those on
glass, whilst DRG on MA 1 had comparatively fewer and shorter neurites. Dissociated
DRG culture on MA1 and AAc surfaces were then observed to have longer neurite
lengths and a higher percentage of neurons with neurites compared to glass. In
conclusion, NG108-15 neuronal cells had longer and more numerous neurites on the
plasma polymers compared to glass, which was corroborated using results from

dissociated DRG. As the length and number of neurite outgrowths per neuron has been
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shown to be indicative of neuronal differentiation[100], plasma polymer coatings may
support neuronal differentiation. Conversely, primary rat Schwann cells showed a
longer and thinner phenotype on glass compared to the plasma polymers. DRG explants
that contain both neuronal and glial cell types extended further on glass compared to the
plasma polymers. Using a number of cell types was therefore a very relevant method of
evaluating AAc and MAI1 for neuronal applications. This work demonstrates the
suitability of MA1 and AAc as coatings for nerve guide conduits, and would support
further investigations into the effect of plasma polymers on neuronal/glial progenitor

cells regarding differentiation and in vivo work.
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1.1 Introduction

1.1.1 Tissue engineering

The field of tissue engineering and regenerative medicine utilises multidisciplinary
knowledge from biology, engineering and materials science in order to replace or repair
damaged and diseased tissues[120]. Tissue engineering therapies often use a three-
dimensional scaffold, on which cells are then cultured. Scaffolds can be manufactured
from natural or synthetic materials, whilst cells are usually from autologous, allogeneic
or xenogenic sources. Tissue engineering therapies that have been used clinically
include bladders[12], skin grafts[92], vascular grafts[119], airway[127] and cartilage
defects[217]. Other relevant developments relating to tissue engineering include high
throughput systems for biomaterials testing[94] and the incorporation of stem cells into
scaffolds[218]. The advancement of fields such as computational systems biology,
bioreactors and 3D imaging techniques is also interlinked and underpins developments

in tissue engineering and regenerative medicine.

1.1.2 Peripheral nerve tissue engineering

The peripheral nervous system consists of nerves and associated ganglia that radiate out
from the spinal column and brain. It extends the nervous system to the limbs of the body
and is divided into the somatic and autonomic systems. Peripheral nerve tissue
engineering aims to improve current therapies for peripheral nerve defect injuries by
using scaffolds. These scaffolds could be composed of decellularised nerve[106],
synthetic[72] or natural[180, 194] materials. Scaffolds may incorporate growth
factors[205], hydrogels[132], intra-luminal scaffolds[146], chemotropic gradients[207]
or peptides[23] to encourage migration across the defect. Cell types including adipose-
derived[68] and bone marrow-derived stem cells[8] have also been harvested and

cultured in vitro, in order to then be incorporated into a nerve guide and implanted.

1.1.3 Clinical evaluation of peripheral nerve injuries

Peripheral nerve injuries (PNI) among the civilian population commonly result from
motor vehicle accidents along with penetrating trauma, falls, and industrial
accidents[154, 164]. Over a 16 year study, 73.5% cases of PNI involved upper limb
injuries[117]. Ulnar nerve injuries were reported most frequently of the upper limb
cases, with the medial, radial and brachial plexus nerves also common injuries. Of the

lower limb injuries, peroneal and sciatic nerves were damaged the most. Military PNI
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have grown increasingly common due to a higher survival rate. The ‘wounded in action’
to ‘killed in action’ ratio has dropped from 3:1 for conflicts such as Vietnam, to 8:1 for
recent conflicts[36]. Upper limb injuries are the most prevalent in conflict situations,
37% of which had associated arterial injuries[174]. PNIs were caused primarily by high-
energy missiles as well as explosions and gunshot injuries.

Classification of PNI is done using the Seddon[168] or Sunderland[179] index
(table 1).

Nerve damage Sunderland | Seddon
(Degree)
No local conduction or wallerian degeneration I Neuropraxia
Endoneurium and perineurium intact, axonal damage II
Endoneurium damage I .
: - : - - Axonotmesis
Axonal, endoneurial and perineurial damage. The epineurium v
remains intact so nerve still in continuity
Nerve completely transected v Neurotmesis

Table 1: Classification of nerve injuries

Neuropraxia, or degree I on the Sunderland scale, describes an intact but non-functional
nerve. The Seddon index specifies a partially or completely severed axon as
axonotmesis if the connective tissue framework is preserved. The Sunderland index
classifies axonotmesis further, specifying endoneurial, perineurial and epineurial
damage via degrees II, III and IV respectively. Neurotmesis, or degree V, corresponds
to a complete transection of the nerve, where most or all of the connective tissue is
damaged. For functional recovery, surgical intervention is required for Sunderland
degree III, IV and V. As well as the outcome of surgery, there are additional factors that
influence the degree of regeneration and repair[91]. An older patient has less
regenerative capacity compared to a younger patient, and the time elapsed between the
injury occurring and reparative surgery can influence the response of cells to the
treatment. The proximity of the lesion to the distal target is an important parameter, as
the nerves will have to regenerate over greater distances if the lesion is more proximal
to the distal target. If the soma of a nerve is cut this can also be more damaging to repair
compared to the distal end of a nerves neurite being damaged. Associated soft and/or
vascular damage can obviously hinder repair of nerve defects, as can the recovery
period. Even if the surgery goes well, if the patient does not take care to do the
rehabilitative exercises or use it, the recovery can be poor compared to a persistent

patient who makes sure to use the damaged limb as much as possible[83].
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1.1.4 Pathophysiology of Peripheral Nerve Injuries

The pathophysiology of PNI is more conducive to repair compared to the central
nervous system, however it is still limited. If the axon has been damaged, separated
ends of the transected nerve will deteriorate and retract, sealing themselves off in the
initial phase of Wallerian degeneration[148]. Altered protein metabolism then results in
decreased production of neurotransmitters and increased production of specific
materials required for regeneration[66]. At the distal end of the stump macrophages are
recruited to the site of injury within the first week, playing a part in the phagocytosis
and lysis of axonal and myelin debris. The macrophages, along with the degradation
products, stimulate Schwann cells to dedifferentiate and shed their myelin sheath.
Neuregulin, a growth and maturation factor secreted by axons during development and
after injury, has also been found to trigger the dedifferentiation process[216]. Schwann
cells then proliferate into the empty connective tissue of the injury site, forming bands
of Biingner and laying down a scaffold of basement membrane proteins that include
laminin and fibronectin. The proliferation rate of the Schwann cells reaches its peak
around day 2-4. Laminin Bl and B2 chains, down regulated after injury, are re-
expressed throughout regeneration[65]. Fibronectin and collagen type I, III and IV
synthesis is also increased at the injury site[121].

As well as building a scaffold designed to encourage and guide axonal
migration, Schwann cells secrete various neurotrophic factors and growth factors. These
diffuse through the injury site, exerting a trophic influence on the regenerating axons
from the proximal stump[155]. The migration and proliferation of Schwann cells occurs
for two weeks and is essential for axonal repair, as inhibition of this results in severe
regenerative failure[88] as well as an increase in misdirected axon growth[41]. If
regenerating axons manage to bridge the injury gap, a second phase of Schwann cell
proliferation is stimulated. Adversely, if innervation across the bands of Biingner does
not occur after 100 days, the Schwann cells within the bands will atrophy and die[69].

Axons in the proximal stump of the injury will degenerate back to the first node
of Ranvier, which is part of Wallerian degeneration. Hours after the injury has occurred,
neuronal sprouts from the proximal stump will start to grow, the number of sprouts in
excess of the number of original neurons. Survival signals from target organs encourage
axonal sprouts and direct their growth, whilst sprouts that don’t receive such
encouragement will recede[28]. The tip of the neuronal sprouts, or growth cone, is

sensitive to contact guidance and trophic cues. As mentioned before, the scaffold laid
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down by Schwann cells stimulates growth cone extension. Adversely, if the growth
cones encounter physical barriers such as glial or inflammatory cells whilst trying to
cross the injury site, this can result in growth cone collapse[84].

As well as physical guidance cues, chemotropic cues also guide axon growth
towards the target organ. Among others, Nerve Growth Factor (NGF) secreted by
Schwann cells supports cell survival and axonal elongation[157, 214]. Motor nerve
conduction velocities were increased in rats after 6 weeks when NGF was added to a 5
mm sciatic nerve defect[89]. NGF acts primarily through the high affinity tyrosine
kinase (trk) A receptors in sensory neurons[103]. Neurotrophin-3 (NT-3) also supports
neuronal cell survival as well as their growth, differentiation and formation of neuronal
synapses|[133]. Glial cell line-derived neurotrophic factor (GDNF) exerts a protective
effect on motor neurons[90] as well as improving neurite outgrowth, neuron survival
and Schwann cell migration[22], acting through Ret receptors, a subgroup of the
tyrosine kinase receptors that can be activated by glial-derived factors. Basic fibroblast
growth factor also enhances nerve regeneration following injury to the peripheral

nervous system[192].

1.1.5 Current Clinical Treatments o
Allografts 5

If PNI does not heal, autologous nerve grafts are currently considered
the ‘gold standard’. However, these have the disadvantage of two
surgical sites and donor site morbidity[148]. For cases that require Newemmr
autografting, sensory nerves such as the sural nerve from the leg are i
primarily used as they are more ‘expendable’ compared with motor

nerves, as well as being relatively easier to harvest, sometimes longer VI Enccto-sice sensory
A Nerve Conduit

when extracted, and accompanied with lower donor site Figure 1: Ilustration of various

g . techniques available to induce
morbidity[148]. However, it has been found that greater nerve nerve repair[is4].

regeneration occurs when a motor nerve injury is treated with a motor nerve graft
compared with a sensory nerve graft [25]. This suggests that some unsatisfactory
clinical outcomes may be due to using a sensory nerve rather than a motor nerve.
However donor site morbidity would be expected to increase if motor neurons were
harvested instead of sensory neurons. This is because loss of the motor nerve would
result in an inability to stimulate the target site, leading to disuse and eventually
atrophy. Another surgical procedure called end-to-side coaptation (figure 1) consists of

grafting a donor nerve onto the side of an existing nerve, is mostly achieved with the
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use of a donor nerve and is possible to perform directly. However, this technique has
received mixed reviews. It has been suggested that the success of the ‘sprouting’ and
therefore reinnervation could be to do with the topography of the donor nerve, which is
not known, and therefore could be leading to unpredictable results[135]. Nerve transfer
is another surgical option where a high -level proximal nerve defect will be swopped
with a distal nerve in order to convert the injury to a low level distal nerve injury.
However, this technique is more complicated for the surgeons compared to autologous
grafting, and can result in loss in function of the donor nerve muscle[148].

Nerve allografts can be used instead of autografts when required, for example
when the length of the autograft would be shorter than the injuries, or if multiple PNIs
have occurred. Advances in the immunosuppressive therapy with medication such as
FK506, along with cold storage, has reduced antigenic problems associated with
allografts[128]. Whilst FK506 was found to promote neurite outgrowth[126], assessing
the therapy using a graft after six weeks showed no significant differences[75].
Although the functional recovery of nerve allografts is comparable to autografts, the use
of systemic immunosuppressants and probability of rejection still limit this option.
Recently developed decellularised allografts remove the need for immunosuppression or
a second surgical site with the associated morbidity. Avance®, a commercial
decellularised allogeneic nerve graft, has shown good to excellent results for 10 defects
between 5 and 30 mm[105] with no infection or rejection.

Finally, for nerve defects up to 30 mm, nerve guide conduits (NGC) can be used.
While the number of commercially available nerve guides is still relatively small, a
number of products are FDA approved[109], summarised in table 2. Neuragen® is a
type 1 collagen nerve conduit that degrades after 48 months and gives mostly good
outcomes for PNIs up to 20 mm[32]. Neurolac®, a transparent poly-DL-lactide
(PDLLA) polycaprolactone (PCL) conduit by Polyganics, takes 16 months to degrade
and has been shown to heal defects up to 20 mm after 12 months[19]. Neurotube® is a
polyglycolic acid (PGA) conduit by Synovis that takes 6 months to degrade[159],
whereas NeuroMatrixNeuroFlex® is also manufactured from type 1 collagen by
Collagen Matrix Inc and takes 7 months to degrade. Salubridge is made from a
polyvinyl alcohol hydrogel, doesn’t degrade and is manufactured by Salumedica.
AxoGuard™ (Cook Biotech) is a 2-4 cm long conduit made from porcine small
intestinal submucosa and RevolNerve® is made from collagen type I and III extracted

from porcine skin[6] (which does not have FDA approval at the time of writing).
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Commercial name Company Material Company Website
Neuragen®/NeuraWrap™  Integra Type I collagen  http://www.ilstraining.com
Neurolac® Polyganics PDLLA/CL http://www.polyganics.com
Neurotube® Synovis PGA http://Www.synovismicro.com
Neuromatrix/Neuroflex™  Collagen Type I collagen  http://www.collagenmatrix.com
conduits and matrix inc
NeuroMend™ wrap
Salubridge™/Salutunnel™  Salumedica Polyvinyl http://www.salumedica.com
alcohol
hydrogel
Surgisis®/Axoguard™ AxoGen Inc  Porcine small http://www.axogeninc.com
intestinal
submucosa
Avance® Axogen Inc Decellularised  http://www.axogeninc.com
nerve
QiGel™ Medovent Chitosan www.medovent.com
RevolNerve® Orthomed Collagen type I  http://www.orthomed.fr/

and III from
porcine skin

Table 2 - A summary of commercially available nerve guides and wraps. (apart from Avance®, QiGel™
and RevolNerve®, all other listed nerve devices have been FDA approved).

A recent study[173] compared Neurolac®, NeuraGen® and Neurotube® with a
10mm rat sciatic nerve excision model. Interestingly, there was no difference in
recovery between Neurolac® and autograft. Repairs with Neuragen® had lower
compound muscle action potentials (CMAP) than Neurolac®, however differences were
not significant and the conduit remained structurally stable. Neurotube® demonstrated
the poorest outcome, collapsing completely at 12 weeks. A parallel study[187] also
found that Neuragen® had a significantly better outcome compared to Neurotube®. In
particular, Neurotube® stimulated axonal sprouting that was less organized and sparser
compared to Neuragen® or autograft. Another study comparing Avance® conduits with
NeuraGen® or autograft[194] found Avance® at six weeks to be superior to
NeuraGen® but no difference by 12 weeks.

All currently licensed nerve guide conduits are hollow tubes, whilst the
materials used for synthetic guides are not functionalised further to encourage cell
migration and proliferation. Nerve guides that incorporate an internal scaffold for cells
to migrate across and bioactive cues to encourage proliferation have been demonstrated

to improve regeneration distances, which is discussed in the following section.

1.1.6 Advances in materials
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There are many factors that need to be considered when designing a nerve guide
conduit, such as selection of materials and method of manufacture. If biological
components such as cells or growth factors are to be added, the cost and ease of
obtaining such cues for a potential commercial product must be evaluated. If there are to
be pores within the walls, their sizes must be carefully considered, controllable in
manufacture and properly characterised. The potential complications of upscaling to
produce nerve guide conduits that include micro- and nano-sized features should be
balanced against the benefit of improved regeneration. The conduit should be flexible
enough to be sutured into a joint environment, yet stiff enough to withstand collapse.
Clinical and experimental data suggest that nerve guides should ideally degrade and be
absorbed in 1 to 2 years following implantation. This is of note as non-degradable
conduits such as silicone have been associated with chronic inflammation and
removal[99].

NGCs can be either natural or synthetic. Natural materials are advantageous as
they have cell-binding domains that can encourage cell proliferation and attachment.
However, the production of certain natural materials using animal sources carry a minor
disease transmission risk (although the majority of natural materials used commercially
have regulatory approval) [125]. Their cost can also be substantially higher than some
synthetic alternatives. Although they do not have inherent cell attachment sites,
synthetic materials can have specifically tailored properties such as stiffness and
degradation rate. This control is very desirable, as well as further controlling the
manufacturing process to include micro- and nano-sized features.

Type-I collagen has been thoroughly investigated as a suitable material for
NGCs, demonstrating comparable regeneration to autografts for up to 20 mm gaps[180,
6, 164, 32] and commercial availability as Neuragen®. Regarding decellularised
scaffolds, Zhang et al[218] reported an absence of host rejection after inserting a
xenogenic acellular nerve guide into a rat nerve defect for 7 days. Although the results
also demonstrated lower CMAP scores with lower myelinated nerve fibre density
compared to autograft, the commercial availability of decellularised NGC Avance®
shows promise. Although there has been interest in devitalised muscle grafts as a low
cost, available alternative to autografts[147, 110], interest seems to have waned in
recent years and the method has not been reported clinically, to the author’s knowledge.
Chitosan conduits were evaluated by Ao et al[8], when a PBS filled NGC was used for a

12mm rat defect for 3 months. Muscle areas, conduction velocity and cross sectional
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myelin were half that of autograft controls. However fibrin has shown more promising
results[5, 151], as axons managed to cross a 10 mm rat sciatic nerve defect after one
month[102]. Silk fibroin has recently gained attention due to favourable degradation
properties and low inflammatory response[82, 204, 203, 188, 171, 129, 124]. After a 6
month implantation into rats, electrophysiological, histological and retrograde tracing
demonstrated positive results[204]. When compared with collagen guides at 1, 4 and 8
weeks, silk fibroin guides stimulated a similar inflammatory reaction[82]. Although the
gastrocnemius muscle weight was 27% lower compared to autograft, greater numbers of
proximal and distal connections were present with the silk fibroin conduit. Silk blends
have also been investigated. Wang et al[188] compared poly(L-lactic acid-co-¢-
caprolactone) (P(LLA-CL)) against a fibroin P(LLA-CL) blend. The fibroin blend gave
superior results with electrophysiological, histological and immunohistochemical
scores. Other naturally derived blends include gelatin[86], collagen[156, 166] and
chitosan[55].

O

|

O-C~CH; 0-C-CH,C
O n CH3 n

Poly(glycolicacid) PGA Poly 3-hydroxybutyrate (PHB)

H :

Il

O-C-CH 0-C.H,,C
O n n

Poly(lacticacid) PLA Polycaprolactone (PCL)

Figure 2: Diagram showing the structure of some synthetic polymers used in nerve guide conduits.

Regarding synthetic materials, the well-researched family of polyesters that
include poly(glycolic acid) (PGA), poly(lactic acid) (PLA), polycaprolactone (PCL) and
poly(L-lactic acid) (PLLA) are an obvious choice for NGCs (figure 2), a major reason
being that various polyesters are already widely used in many FDA approved devices
such as sutures, orthopaedic screws and drug delivery systems. A comprehensive study
by Weber et al[193] compared PGA conduits against autografts/direct coaptation. PGA
implants scored 44% excellent, 30% good and 26% poor results. This was compared to

43% excellent, 43% good and 14% poor for the coaptation/autograft control. Although
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results were slightly below the autograft control, use of NGCs wherever possible is

more desirable as it eliminates the need for a donor nerve with associated morbidity. In

another study using PGA conduits for facial nerve defects, 5 out of 7 reported patients

recovered good/very good facial muscle control, whilst 2 reported fair recovery[144].

However, due to a transient pH decline when PGA resorbs, there is a limited amount of

PGA that can be used in a conduit before the acidic degradation products start to

adversely affect the regeneration process. As PGA conduit Neurotube® was reported to

have collapsed after 12 weeks in a rat sciatic nerve model[173], PGA conduits may also

be more suitable for injuries associated with areas of low load. A summary of a few

studies discussed in this review is given in table 3.

A summary of different approaches for nerve regeneration

Research area Summary Key findings Reference
Material Selection
Collagen Digital nerve repair with ~ Good outcomes for defects up to 20 mm [32]
collagen guides in 12
patients
Clinical study of 34 nerve lesion sites, comparable results [18]
PCL neurolac® to existing treatment
Microgrooved ultra-thin Continuous nerve cable after 2 weeks in [178,177]
PCL and PCL/PLA films  8/9 rats
tested in vitro and in vivo
PGA In vivo study of Peroneal myelin thickness comparable [173]
neurotube® in rats to autograft
Randomised clinical trial ~ Superior than graft for digital injuries [193]
with neurotube®
PLA/PLLA Conduit implanted for 8 No difference to isograft [72,71]
months in rats
PLGA Microbraided guide Axons in 9 out of 10 conduits [21]
implanted for 1 month in
rats
PHB Clinical trial of wrap PHB advantageous compared to [1]
around implant with tests  epineural suturing at 18 months. No
up to 18 months after adverse effects
surgery
Piezoelectric PC12 cells subjected to Percentage of neurite bearing cells, [161, 139]
direct and alternating number of neurites per cell and neurite
electrical stimulation (ES) length all significantly higher with ES
Hydrogels Plain, corrugated and coil ~ Coil reinforced conduits had equivalent [108]
reinforced PHEMA-MMA results compared to autograft at 16
conduits implanted into 10 weeks.
mm rat defect for 8 and 16
week
Silk fibroin (SF) SF conduits implanted into Results approach those of autograft [203]
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10 mm rat defect for 6
months.
Fibrin glue Primary Schwann cells, Conduit implanted with ADSCs [62]
differentiated ADSCs and comparable to autograft
MSCs seeded fibrin
conduits in 1 cm rat defect
for 16 weeks
Acellular nerve Monkey MSCs implanted  Better electrophysiological results with [95]
Constructs into acellular allografts MSCs
Early clinical outcomes of No inflammation/rejection [106]
decellularised allograft
Material Coatings
ECM Schwann cells cultured on  Schwann cell proliferation highest on [10]
laminin, fibronectin and laminin coated mats
collagen coated mats
Synthetic ECM Electrospun PCL/PEG Higher Schwann cell migration on [23]
peptides fibers with linked ECM functionalised fibers
derived peptide
Plasma polymers = Human neuroblastoma cell Allylamine increased cell adhesion, [33]
line grown on AAc and AAc influenced differentiation marker
allylamine surfaces. neurofilament-200
Rat Schwann cells grown Increase cell adhesion, alignment and [143]
on AAc coated aligned survival versus PLLA alone
PLLA microfibres
Topographical
and chemical cues
Grooves and ridges DRGs cultured on different Max alignment with 6 um deep, 25 pm [26]
grooves wide grooves
Xenopus spinal and rat Xenopus parallel but hippocampal [153]
hippocampal neurites on  perpendicular to 1 pm deep grooves
various grooves
Chemical gradients PC12 cells on laminin PC12 cell grow along gradient [208]
peptide gradients
Growth factors Immobilised vs. Higher expression of neuronal markers [44]
conjugated NGF on with conjugated NGF
electrospun scaffolds with
rat MSCs.
Electrospun fibers 19 mm defect with aligned Superior outcome with aligned fibers [113]
and random polymer fibers
DRG and Schwann cells ~ Higher glial migration on Collagen/PCL [166]
on PCL and collagen/PCL
electrospun fibers
3D electrospun structure ~ Immunolabelling revealed +ve NF-68, [96]

using 2 pole air gap
spinning with 7 weeks in
vivo rat model

MBP and S100
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Adult rat hippocampal 20% increase in neuronal differentiation [48]
stem cells on different on 749 nm fibers compared to tissue
diameter electrospun fibers culture plastic

Films Compared 3 and 1 film Better functional outcome with 1 [52]
internal scaffolds

Channels 1,2, 4 and 7 channel 1 and 4 channel [209, 206]

collagen conduits in rats conduits superior

Addition of
Schwann cells

Autologous Devitalised muscle tissue  Higher axon counts and gastrocnemius [110]
Schwann cells seeded with Schwann cells muscle weight with Schwann cells

Allogeneic rat Syngeneic and allogeneic  Longer regeneration distance with cell [141]
Schwann cells cells seeded in PHB seeded guides

scaffold of sciatic nerve
defect for 2, 3 and 6 weeks

Addition of Stem

cells

BMSCs BMSCs seeded on Higher CMAP scores and nerve fibers [189]
acellular allogeneic graft in compared to grafts without BMSCs
monkeys for 8§ weeks

ADSCs ADSCs and BMSCs Higher CMAP scores and axonal [62]

seeded onto fibrin conduit  diameter compared to BMSCs
in rat defect for 16 weeks

Table 3: Highlighting major strategies to improve nerve regeneration.

Poly(lactic-co-glycolic) acid (PLGA) is another popular choice of research for
NGCs as its properties are well characterised and controllable. It is composed of
hydrophilic polyglycolide and hydrophobic polylactide, which have a faster degradation
rate when co-polymerised due to morphological changes[67]. An 85:15 PLGA foam
managed to bridge a 10 mm sciatic nerve defect in rats after 12 weeks successfully[29].
Interestingly, a follow up study showed that subcutaneous implantation of the guides for
a week prior to inserting into the nerve defect resulted in significantly more axons after
4 weeks[30]. Micropatterned PLGA guides coated with laminin peptide or collagen type
1 showed greater neurite alignment with 5 um grooves compared to 10 pm grooves. The
laminin coating was also found to be superior to the collagen coating in aligning
neuronal outgrowth[211]. However, there was found to be a decrease in neurite number
and total neurite length on the PLGA micro structured surfaces compared with the
controls. It was suggested that neurites need a physical amount of space to protrude

from the soma (cell body), that as the grooves restrict neurite outgrowth, this might
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have had an adverse effect on the neurites. Another study adjusted the manufacture of
PLGA by using 10:90 microbraided guides to try and overcome the rigidity of the
material[20]. Although the average nerve diameter was only ~50% of normal nerve,
axons migrated into 9 out of the 10 ‘conduits’ in the guide. The guide degraded after 34
days in PBS however, so the degradation rate of the conduits may be too fast for human
nerve defects.

Compared to PLGA, PLLA is stiffer due to a higher degree of crystallinity and
takes up to 3 years to degrade[160]. Although the increased stiffness would prevent
conduit collapse when implanted, the slow degradation rate could cause problems long
term. Evans et al[73] found that after 16 weeks of being implanted in rats, there were
twice the number of axons in a 10 mm PLLA guide compared to a PLGA guide.
Reasons for the improved results may include the high porosity of the PLLA scaffold,
as it was fabricated by a gas foaming/salt leaching technique. An 8 month implantation
study in rats[70] showed that 12 mm PLLA conduits resulted in a sciatic functional
outcome (SFI index) similar to isografts, proving their potential use in NGCs. The
group tried to develop the conduits further by injecting allogeneic Schwann cells into
the conduit after in vivo implantation[69], but results did not show any significant
improvement. To the best of the author’s knowledge, no long-term studies have yet
been published. Cai etc al[35] studied PLA conduits with PLLA microfilaments
embedded and had superior results against PLA conduits or silicone guides. However,
an isograft comparison was not used and would have been beneficial for comparison.

Poly 3-hydroxybutyrate (PHB) is a thermoplastic polyhydroxyalkanoate
produced by microorganisms such Bacillus megaterium and Ralstonia eutrophus when
under physiological stress. It has been investigated for various medical applications
such as sutures and wound dressings due to its excellent biocompatability[39]. It has
even been suggested that PHB acts as a ‘neural protective’ agent, as the percentage of
apoptotic cells decreases when exposed to the material compared to tissue culture
plastic[200]. The degradation rate of pure PHB is rather slow (18-24 months) compared
to other conduit materials. In a study by Freier et al[79] it’s molecular weight was found
to decrease by only half after a year when in 0.1 M Serenson buffer at pH 7.4, 37°C.
PHB is also brittle, with low flexibility. However there has been some success in
investigating PHB for NGCs. Mosahebi et al[140] filled PHB conduits with an alginate
hydrogel, which were injected with syngeneic or allogeneic Schwann cells. Conduits

from both types of cells bridged a 10 mm defect after 6 weeks, compared to 9mm
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reached by an empty conduit. Young et al[215] also found that empty PHB conduits
support peripheral nerve regeneration of up to 4 cm in rabbits after 63 days, bridging a
defect site after 42 days. Promisingly, the area of regenerating fibres at 42 days was
greater with PHB compared to the autograft. A further study implanted a PHB wrap into
six patients, which gave advantageous results compared to epineural suturing at 18
months[1]. However, Kalbermatten et al[102] compared the PHB wrap to a fibrin glue
conduit with a rat sciatic nerve model. After a month, Schwann and neuronal cells were
located further into the fibrin conduit compared to PHB.

PCL has attractive properties as a biomaterial scaffold for regenerative
medicine[198]. Although results with melt-extruded PCL regarding mechanical stiffness
and inflexibility leading to detachment from implant site have been published[43], a
PDLLA / CL blend is used commercially (Neurolac®). Chung et al[50] conjugated
tirofiban and nerve growth factor (NGF) to PCL conduits and implanted them into a 12
mm rat sciatic nerve defect for 8 weeks. Compared to PCL and PCL/NGF, conduits
with both tirofiban and NGF demonstrated stronger B-tubulin IIT and growth-associated
protein-43 (GAP-43) labelling, as well as significantly heavier gastrocnemius muscle.
Klinkhammer et al[115] developed a non-adherent blend of PCL with NCO-
poly(ethylene glycol)-stat-poly(propylene glycol) (PCL / sPEG). After attaching the
integrin binding peptide GRGDS, improved Schwann cell migration and improved
axonal growth with DRG explants was reported. Other promising polymer blends
include PCL / PLA[177] and PCL / PGA[38] conduits. Although PGA, PLA and PCL
are clinically approved and safe for use, these materials can be relatively inert regarding
neuronal or Schwann cell culture, benefitting from coating or material modifications.

Hydrogels have also been investigated as nerve guide conduits with the
reasoning that the high water content mimics the mechanical properties of nerve tissue
[98]. Poly(2-hydroxyethyl methacrylate) (PHEMA) was found to be too soft, so it was
copolymerised with methyl methacrylate (MMA). After implanting the conduits into a
10 mm rat sciatic nerve gap for 4, 8§ and 16 weeks, it was found that the nerve
regeneration was comparable to nerve autografts at 4 and 8 weeks. However, at 16
weeks, 60% of the PHEMA-MMA conduits were similar to autografts whilst 40% had
inferior outcomes[17]. A follow up paper then reported that 4 out of 14 PHEMA-MMA
conduits had collapsed after 16 weeks as well as a number of conduits showing signs of
chronic inflammation and calcification[16]. To try and improve the structural integrity

of the conduits, Katayama et al[107] then developed plain, corrugated and coil-



Chapter 1: Introduction 22

reinforced PHEMA-MMA conduits and compared them against autografts after 8§ and
16 weeks. The coil reinforced conduits showed better performance in terms of patency
as well as nerve regeneration, with statistically similar results to an autograft after 16
weeks.

In efforts to enhance nerve regeneration by introducing electrical conductivity
into nerve guide conduits, piezoelectric materials have been studied with varying
success. Polyvinylidene fluoride (PVDF) conduits were fabricated and then
mechanically stretched to align the dipoles. “Corona poling” by subjecting some of the
conduits to an electric field for over 12 hours then caused them to become piezoelectric.
The conduits, along with unpoled conduits (unable to conduct electricity) were
implanted into a 4 mm sciatic nerve defect in rats for 4 and 12 weeks. The results
showed significantly more myelinated axons in the piezoelectric conduits at both time
points, and all conduits managed to bridge the defect[3]. This led the authors to suggest
that electrical charge generation accelerates early phases of axonal elongation or
myelination. Further investigations then progressed to a PVDF and trifluoroethylene
(TFE) copolymer, where the piezoelectric conduits showed a significantly greater
number of myelinated axons compared to unpoled conduits over 4 weeks in a 10 mm rat
sciatic nerve defect model[78].

An electrically conducting polymer of poly(D, l-lactide-co-epsilon-caprolactone)
(PDLLA/CL) doped with polypyrrole (PPy) was made using butane sulfonic acid and
polystyrenesulfonate[219]. In vitro work found significantly more viable cells on the
PDLLA/CL doped with PPy using butane sulfonic acid. Nerve measurements increased
when exposed to a 10 pA constant current, then further increases were reported when an
alternating current was used[139]. After making a conduit with the butane sulfonic acid
material, it was implanted into an 8 mm rat sciatic nerve defect for 2 months. The
authors reported myelinated axons and Schwann cells similar to native nerve, however
they did not have an autograft for comparison. Given that the rats paws remained closed
after 2 months from surgery and there was a lack of detail regarding the control conduit,
the reported success of this approach required clarification.

Seil et al[169] investigated the nerve regeneration potential of zinc oxide
nanoparticles embedded in a polyurethane polymer composite using astrocytes. It was
hypothesised that zinc oxide nanoparticles possess increased piezoelectric properties

over zinc oxide micron sized particles. Unfortunately the cell density decreased as the



Chapter 1: Introduction 23

ratio of zinc oxide nanoparticles was increased, demonstrating a deleterious response to
the piezoelectric zinc oxide.

A very recent field gaining increased attention is the effect of near infrared laser
therapy for stimulating neuronal differentiation and outgrowth[138]. Stimulation of an
action potential in neuronal cells using pulsed infrared lasers, rather than the
conventional electrical method[15], seems to be a very promising potential therapy.
Regarding thermal tissue damage, functional loss was observed for continuous
irradiation for 5 hours at 250 Hz, with energies over 25 puJ/pulse. When using a 250 Hz
pulsed repetition rate, tissue withstood thermal damage at energies of 98 and 127
wJ/pulse[85]. Corroborating studies reported an increase in neurite outgrowth with near
infrared laser irradiation of around 20-30% [170, 51, 199, 34]. Paviolo et al[150]
fabricated gold nano rods, which were successfully taken up by NG108-15 neuronal
cells. Laser powers of 1.2 — 7.5 W / cm” at 780 nm stimulated a neurite length increase
of up to 25 pm compared to control (20-30% increase). Given that this effect was also
seen when the gold rods were coated with silica, this novel study holds promise for

incorporating gold nano particles into nerve guides for laser treatment.

1.1.7 Nerve guide conduit coatings

Selecting an appropriate material that is biocompatible and degrades over a
particular time frame can mean compromising cell adhesion and proliferation
characteristics. However, synthetic materials can be altered via techniques such as
surface coating to make them more amenable to cell attachment, proliferation and
migration. Extracellular matrix proteins have been studied extensively for this purpose,
due to their documented effects on peripheral nerve regeneration. Laminin is found in
the basal lamina, which forms a scaffold on which Schwann cells proliferate/migrate,
which then in turn encourage neural cells to cross a defect site. When grown on laminin,
Schwann cells increase both the number and outgrowth length of neuronal cells. The
effect of laminin to act on neuronal cells through Schwann cells arises through the NF-
kB signalling pathway[11]. Laminin was also found to direct the growth of axons
directly to within the basal lamina tubes [190]. In implanted grafts obtained from close-
cloned Wistar rats in a 1 cm rat sciatic nerve defect, 52% of regenerating axons were
found outside the basal lamina scaffold and 48% inside when laminin was blocked. In
controls, 92% axons were located within the basal lamina when laminin was not

blocked.
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In a related study, Armstrong et al[9] found that out of three extracellular matrix
(ECM) proteins, laminin promoted Schwann cell proliferation compared to fibronectin,
whilst fibronectin caused higher levels of Schwann cell proliferation compared to
collagen. Although poly-D-lysine encouraged a higher Schwann cell proliferation than
laminin, neurite outgrowth was not significantly different to laminin or fibronectin.
Chen et al.[40] combined the three extracellular matrix proteins together in an
extracellular gel, which was then loaded into silicone rubber tubes. The filled conduits
were associated with 90% nerve regeneration across a 10 mm defect after 6 weeks,
compared to 60% regeneration for an empty control conduit. The filled conduits also
resulted in a 28% larger cross-sectional area as well as a 28% increase in the number of
myelinated axons compared to the empty conduits. However, the control conduits did
not contain extracellular matrix gel, so the regeneration success cannot be purely

attributed to ECM proteins.

1.1.8 Haptotactic and topographical guidance
Dodla et al[63] investigated whether concentration gradients of laminin and
neurotrophic growth factor (NGF) would affect nerve regeneration on isotropic and
anisotropic agarose hydrogel scaffolds. Using a 20 mm rat sciatic nerve defect model
containing phosphatidyl choline-based lipid microtubules (LMT) containing the active
bio molecules for slow release, it was demonstrated that gradients of both laminin and
NGF along with anisotropic scaffolds stimulate full nerve regeneration over 4 months,
whereas a uniform distribution of laminin and NGF did not. The gradients of NGF and
laminin within the anisotropic agarose hydrogel also showed a higher axon density
compared to the syngeneic grafts and performed comparably. Interestingly, gradients of
laminin and NGF did not stimulate nerve regeneration when on isotropic agarose
hydrogel scaffolds, and nerve regeneration was also unsuccessful even on anisotropic
gels if either laminin or NGF was present in uniform concentration. Another study[149]
also found that laminin worked synergistically with other bioactive molecules such as
basic Fibroblast Growth Factor (bFGF). Although immobilised laminin enhanced
neurite outgrowth of ex vivo rat dorsal root ganglion (DRG) cells, the outgrowth was
significantly enhanced when combined with bFGF.

When coated with laminin and fibronectin, a collagen type 1 nerve guide with
collagen bundles had nerve fibers grow into the middle of the 1 cm rat sciatic nerve

defect after 30 days, whereas the uncoated control did not[183]. After 60 days, although
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both uncoated and coated nerve guides had regenerated across the defect, the uncoated
control guide had fewer nerve fibers. The adhesive laminin peptide IKVAV also had an
effect on neurite outgrowth. Immobilised gradients of the IKVAV peptide caused
neurites of chick embryo DRGs to follow, then turn and migrate along them[2]. The
velocity of the neurites slowed when turning along the gradient of IKVAYV peptides but
then resumed when on a straight course. Interestingly enough, Valentini et al[184]
found that when in gel form, the presence of laminin and collagen impeded nerve

regeneration across a rat nerve gap.

Intra-luminal scaffolds

+ Electrospun fibers « Autologous, allogeneic and syngeneic Schwann cells + ECM

* Films » Synthetic ECM

* Gels Stem Cells peptides

» Channels + Bone marrow-derived stem cells + Plasma polymers
+_Adipose-derived stem cells

Conduit wall material Topographical and chemical
* PCL * Hydrogels cues

* PGA * Silk fibroin

* PLA/PLLA * Acellular nerve » Grooves and ridges

* PLGA * Fibrin glue » Chemical gradients

* PHB » Chitosan » Growth factors

* Piezoelectric materials » Collagen

Figure 3: A summary diagram of the various bioengineering approaches used to improve nerve
regeneration.

It is now known that various topographies can influence cell differentiation and
morphology[45]. Human mesenchymal stem cells cultured on nano-patterned surfaces
expressed higher neurofilament light protein and myelin associated protein 2[213].
Britland et al[26] reported that 12 um wide and 6 um deep grooves stimulated optimal
neurite alignment from DRG explants. When combined with parallel laminin tracks,
optimal neurite alignment was then observed with 25 um wide, 6 pum deep grooves.
Perpendicular chemical and topographical cues caused DRGs to mostly follow the

chemical cues when adsorbed to grooves with a depth of 500 nm. Supporting the
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hypothesis that neurite extension requires a precise physical space, micro-patterned
PLGA guides coated with laminin peptides or collagen type-1 showed greater neurite
alignment on 5 um grooves than 10 pm[210]. Similarly, Rajnicek et al[153] found that
rat hippocampal neurites orientated perpendicularly to 1 um wide grooves with depths
of 130-1100 nm. This result was then reversed when the grooves were increased to a 4
pum width. NG108-15 neuronal cells and primary Schwann cells showed better
alignment on patterns with a small ridge width (5 pm) and bigger groove width (20 um)
when cultured on a rolled micro grooved PCL nerve guides[178]. A similar approach
using PCL and PCL/PLA rolled conduits in a 1 cm rat sciatic model for 2 weeks

demonstrated nerve cable formation[177].

1.1.9 Addition of growth factors
It is well known that neurotrophic factors also enhance nerve regeneration, and efforts
have been made to include them in nerve guide conduits. It was shown that conjugation
of growth factors to the scaffold, rather than absorption, results in a greater
enhancement of nerve regeneration[44]. After 7 weeks, fibrin cables had formed across
a 15 mm rat sciatic nerve defect in 9 out of 10 ethylene vinyl acetate conduits when
supplemented with slow release NGF and GDNF[77]. This was compared with no
cables when the defect was treated with only the conduit. When added separately,
GDNF stimulated a greater number of myelinated axons at the midpoint of the conduit
when compared against NGF. A recent study that incorporated GDNF into
microspheres within a PCL conduit, observed a significant increase in tissue integration
after 6 weeks, when compared to PCL alone[116]. Other work found that a 357
ng/mL/mm gradient of NGF on a PHEMA gel was sufficient to stimulate extension, as
well as guide 16+2% PC12 neurites along the gradient[104]. Neurotrophin-3 (NT-3)
was investigated as a potential factor to add to nerve guide conduits by impregnating it
into fibronectin mats. It was shown that fibronectin bound to and released the
neurotrophic factor[175]. Using fibronectin mats as control, the conduit was sutured
into a 10 mm rat sciatic nerve gap and then analysed after 5, 10, 15, 30 and 240 days. It
was found that NT-3 significantly increased the number of myelinated axons after 8
months and had an optimal dose of 30-500 ng/ml. NT-3 also increased the distance the
regenerating axons had penetrated as well as their axonal area after 15 days.

A study that investigated the effects of fibroblast growth factor 1(FGF-1), NT-3
and brain-derived neurotrophic factor (BDNF) found that FGF-1 at 10 pg/ml stimulated
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nerve regeneration comparable to the autograft control over a 10 mm rat sciatic nerve
defect after 8 weeks. However, FGF-1 was added at 10 pg/ml, whereas the other factors
were added at 1 pg/ml. The factors were within a collagen matrix, which was added to
the lumen of a PHEMA-MMA guide. Ni et al[145] grafted FGF-1 and chitosan onto
gold nanoparticle-containing PLA conduits, which showed superior results to non
grafted conduits in a 12 mm rat sciatic defect. Boyd and Gordon[24] investigated the
effects of GDNF and BDNF at 0.1 pg and 2 pg/day respectively on chronic and acute
axotomy. Although neither factor had an immediate effect, after 28 days of being
introduced into the defect site, GDNF significantly increased the number of motor
neurons that regenerated their axons. This effect was increased significantly when
BDNF was perfused as well. This combination of GDNF and BDNF appears to have a
much more stimulatory effect compared to either factor added in isolation. Whilst there
is agreement that growth factors can significantly increase the speed of nerve
regeneration, the cost of including such components into scaffolds can limit their use

commercially.

1.2.0 Intraluminal Guidance
Electrospun micro- and nanofibres have attractive physical properties as intra-luminal
scaffolds, and can be fabricated from a wide range of biocompatible materials[113].
Aligned fibres were shown to be more effective at guiding neuronal and Schwann cells
compared to non-aligned[44, 191, 156, 118, 113, 42, 201, 188, 129, 96, 86]. Cho et
al[44] demonstrated higher expression of nestin, B-tubulin III and MAP-2 on NGF-
conjugated aligned PCL nanofibres versus non-aligned fibres, using rat mesenchymal
stem cells. Regardless of whether the directional guidance is from channels, fibers or
grooves, neuronal cells seem to be optimally guided with widths in the range of 5-20
um and 10-20 um in diameter. Whilst numerous studies agree that aligned nanofibers
can also stimulate positive guidance[97, 86, 37], Schwann and neuronal cells tend to
spread across nanofibers as a mat (reviewed in detail by Cunha et al[57]) rather than
being restricted to a single cell / micro-fibre interaction. Please see figure 4 for
micrographs.

It was reported[166] that DRGs extended faster on PCL aligned nanofibres (559
+ 300nm and 541 £+ 164nm) compared to PCL containing collagen, but then had
improved axonal guidance on PCL/collagen. Myelin PO was found to be upregulated in

human Schwann cells when cultured on aligned PCL, which was not observed on
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random fibers[42]. Jha et al[96] described a novel 2-pole air gap electrospinnng
method. The method was used to fabricate a 10 mm nerve guide, consisting of aligned
fibres varying from 200 nm to 1.5-1.8 pm. After implantation into a rat sciatic model for
7 weeks, the defect was bridged with Schwann, neuronal and blood vessel formation. In
contrast to fibres, a stainless steel wire template method for forming collagen multi-
channels[206] was developed, which supported DRG explant outgrowth. Interestingly,
collagen conduits containing multiple channels (4 or 7) had better physical properties
compared to a single channel. Regarding the size of channels, Krych et al[118] found
more regenerating axons in 450 pm channels instead of 650 um channels when
implanted into a rat spinal cord defect. Regarding intraluminal films, Clements et al[52]
reported positive results using 1 intra-luminal film of poly-(acrylonitrile-co-
methylacrylate) contained in a polysulfone conduit. In contrast, 3 films resulted in

misaligned collagen bands and poor morphological organisation.

Figure 4: Scanning electron micrographs of rat neural stem progenitor cells cultured on (a) 283
nm and (b, ¢) 1452 nm fibres. Different morphologies were exhibited dependent on the fibre
thickness. Scale bars are 10 um for (b) and (c), 2 um for (a). Modified and reproduced with
permission[48].

Recent studies to bridge the gap between in vitro and in vivo includes work by
Murray-Dunning et al[142], who described a closed-loop perfused bioreactor to
introduce and culture cells on various nerve scaffolds. Conduits up to 8cm in length
and 1.2mm internal diameter were studied, which were then filled with aligned intra-
luminal PLLA microfibers. Surface modification of fibres by AAc plasma
polymerisation demonstrated enhanced Schwann cell survival. A similar investigation

introduced Schwann cells to a rotating wall bioreactor. Authors found that proliferation
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was higher on spiral shaped scaffolds compared to porous, tubular or cylindrical shaped

conduits[185].

1.2.1 Incorporation of cellular components into nerve guide conduits

Another strategy of improving nerve guide conduits is to inject cells into the scaffold,
with recent efforts focused on Schwann cells due to their essential role in the formation
of a basement scaffold for the growth of neuronal cells[81]. Another reason for the
addition of Schwann cells was researched by Schlosshauer et al[165], who found that
axons grow / extend 8 times faster than Schwann cells can migrate, when on poly-D-
lysine or laminin. As the axons only grow across a defect when in intimate contact with
Schwann cells, Schwann cell migration can be a limiting factor. If Schwann cells could
be injected into a guide when implanted, their presence would potentially speed up axon
growth dramatically. It was found that primary Schwann cells seeded on ECM
(fibronectin, collagen and laminin) coated inserts above NGI108-15 neuronal cells
enhanced the number of neurites as well as the overall percentage of neuronal cells that
had neurites[9]. When in direct contact with Schwann cells, neurites from the NG108-
15 neuronal cells were longer compared to diffusible factors from Schwann cells alone.
The presence of matrix proteins is reported to directly activate the neurotrophic
properties of Schwann cells, but also the physical effects of Schwann cells (most likely
via matrix protein formation) for neuronal cell differentiation. This gives further
evidence for the use of Schwann cells in nerve guides.

Bryan et al[29] investigated the effect of adding autologous Schwann cells and
glial growth factor (GGF) to a PLGA conduit in a 10 mm rat sciatic nerve defect. GGF
stimulated an increase in axon number and a significant increase in the number of blood
vessels. Adversely, the presence of exogenously added autologous Schwann cells
caused a decrease in total axon count, as well as significantly lowering the number of
myelinated axons compared to the saline filled controls. The negative results of the
Schwann cells also extended to GGF by negating its positive effects when added in
combination. The results did not correlate with numerous other studies, which
demonstrated that the addition of autologous Schwann cells was significantly beneficial
to nerve regeneration. The authors suggested that the small gap of 10 mm might have
only stimulated a limited amount of growth factors to be released into the
microenvironment. The added Schwann cells may have competed for and diluted the

growth factors, reducing effect of growth factors overall. Another postulation was that
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the available GGF receptors in the axonal membranes were saturated, and this had a
knock on effect on the Schwann cells.

Allogeneic Schwann cells have also been investigated, as the cells would
potentially be ready for injecting into a defect site immediately. The nerve regeneration
benefits may also outweigh any immune response if mild enough. Mosahebi et al[140]
added allogeneic and syngeneic Schwann cells into an alginate hydrogel and then into a
PHB conduit, which was then sutured into a 10 mm rat sciatic nerve defect. 3 weeks
after the guides were implanted there was a significant increase in regeneration distance
in defects containing both types of Schwann cells compared to guides without.
Allogeneic cells equalled syngeneic cells in the regeneration distance crossed. As well
as showing similar results to the syngeneic Schwann cells, it was reported that the
allogeneic cells did not induce any deleterious immune response. This could be very
clinically promising due to the potential availability of allogeneic Schwann cells from
cadavers. However, other studies have not had such agreeable results. Evans et al[69]
injected 1x10* and 1x10° allogeneic Schwann cells into a collagen matrix, then
implanted the matrix into a PLLA nerve guide. The guide was inserted into a 12 mm rat
sciatic nerve defect and evaluated at 2 and 4 months. Unfortunately there were no
positive significant differences between the cell injected and empty guide as well as an
inferior performance compared to the reversed isograft. Further investigations may be
warranted to ascertain the apparent differences recorded with allogeneic Schwann cells.

A drawback for translating promising in vitro results into clinical solutions is the
very limited availability of autologous Schwann cells. One approach to circumnavigate
the problem is to use stem cells from another location. The stem cells could be
differentiated towards a Schwann cell lineage, which would be especially advantageous
if the stem cells were accessible and available in higher numbers. Mesenchymal stem /
stromal cells (MSCs) (first identified in 1966[80]) show promising properties, such as
hypo-immunogenicity [4, 158, 61] and a ‘homing’ mechanism towards injury sites
[158]. The International Society for Cellular Therapy (ISCT) suggests three identifying
characteristic of MSCs[64]: 1) plastic adherence under standard conditions; 2) > 95%
population positive for CD105, CD73 and CD90 and 3) negative (< 2%) for CD45,
CD34, CD14 / CDI11b, CD79 / CD19 and human leukocyte antigen class II. MSCs can
be differentiated into glial-like cells and aid neuronal survival[110, 60, 152, 167, 136,
181, 13, 197, 202, 27], as the expression on neuronal and glial proteins is present in

naive MSC, then increases during differentiation[182]. Mahay et al[130] found that
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differentiated MSCs (dMSCs) produced NGF and BDNF, increased motor recovery,
and myelinated mouse sciatic axon number, when delivered in collagen tubes.
Similarly, decellularised allografts that contained autologous BMSCs showed improved
electrophysiology after 8 weeks[189] and 6 months[95] implantation into Rhesus
monkeys. BMSC-derived Schwann cells[8] were also reported to perform as well as
autologous Schwann cells when implanted with chitosan conduits, with a higher number
of myelinated axons and comparable muscle fiber histology. A recent study combined
autografting with differentiated Schwann-like BMSC, which was then contained within
a PGA nerve guide[56]. Whilst the differentiated BMSCs showed superior results,
nondifferentiated BMSCs also stimulated better regeneration compared to controls.

Adipose tissue derived stem cells (ADSCs) have some significant advantages
over BMSCs[114, 196], including a higher stem cell number recovered and less
invasive isolation procedure[123, 46]. It is also worth noting that 1 out of 25,000 -
100,000 bone-marrow cells are stem-like, compared to 2% from adipose tissue[176]. Di
Summa et al[62] compared differentiated rat ADSCs to MSCs, using a fibrin conduit
and sciatic nerve defect. After 16 weeks, the ADSC conduit showed a superior motor
regeneration and evoked a higher potential at gastrocnemius muscle. Recently,
Kaewkhaw et al[101] studied the effects of anatomical origin regarding ADSCs for
differentiation to Schwann cells. There were revealing differences between kidney,
subcutaneous, and epididymis fat sources, together with supporting evidence for
subcutaneous ADSC differentiation to Schwann cells and function.

Another study injected autologous, non differentiated human ADSCs into a
RGD peptide coated PCL nerve guide to investigate whether the nerve environment
would stimulate neural differentiation[163]. The guides were implanted into a 6 mm
sciatic nerve defect in athymic rats with evaluation of the guides after 12 weeks. Any
early regeneration improvements were not apparent by week 12 and lipid droplets were
found in the ADSC guide. It indicated that the stem cells had differentiated into fat
cells, even though the physical and biochemical environment had changed. Although
the study was relevant for addressing whether ADSCs need to be predifferentiated
before implantation into a guide, the lack of immune response could have been a factor
as to why the stem cells did not differentiate towards a neuronal lineage.

Alternative stem cell types have been investigated as potential sources for

Schwann cells. Stem cells that reside in the hair follicle bulge have shown promising
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results as a Schwann cell source[7] as studies have found that they test negative for
keratinocyte marker 15 and express nestin, a protein marker for neural stem cells.

Although it has been shown that the addition of exogenously added glial cells
can significantly improve nerve regeneration, there are many detrimental practical
considerations. Getting approval for a product that uses autologous, allogeneic or
xenogeneic cells is complicated, time consuming and costly. Funding for such bespoke
treatment can difficult, and without it, clinical trials cannot go ahead. Even if patient
trials are successful, economic studies may show that it is not economically viable,
especially if one considers the cost of implanting a nerve guide conduit with dADSCs.
The conduit, as well as the extraction, purification and differentiation of cells and two
surgical procedures must be taken into account. Laboratory start-up costs and trained
technicians to prepare the samples mean that unless there is high enough demand, the
treatment may not be commercially viable. In addition to cost, the practical
considerations of implanting a cellular scaffold within a restricted time frame after the
initial surgery could also cause limitations. For example, Myskin™, an autologous
epidermal substitute used to treat burns and chronic ulcers produced originally by
company CellTran Ltd, involves a 2 week period to expand the samples and a 2-3 day
window to implant. A 10 year audit[92] found that 53.2% of the cell sheets prepared
had to be discarded due to restricted time frame of patient availability. Compared
against autografts which use the patient’s own nerve and need only one surgical
procedure, operations such as Myskin™ can be comparatively complicated.

A lesson learnt from commercially available nerve guide conduits is that they do
not use biologics and are off the shelf products. If these products can be improved, the
complications involved with including Schwann cells or expensive neurotrophic factor
treatment might be avoided. It could be both clinically and economically more viable to
develop an off the shelf product that can be implanted immediately into the patient.
There are already a number of materials available that have the right mechanical and
degradation characteristics; however their cell adhesion, migration and proliferation
properties could be improved. As discussed previously, there has been some promising
research into coating conduits in order to improve them. This project has therefore
looked into the effect of AAc and maleic anhydride plasma polymerised coatings on the

metabolic rate and morphology of neuronal and Schwann cells.

1.2.2 Plasma polymerisation
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Plasma polymerisation is a cheap, quick and relatively easy method of coating any
substrate with ~10+ nm functionalised layer. Plasma polymerisation in this thesis used
organic species and was usually performed under a rough vacuum, but can also be
performed on an industrial scale at atmospheric pressure[172]. Radio frequency (RF)
energy ionises the monomer into positively and negatively charged species[212]. A
partially ionised gas is formed, in which will be ions, electrons, neutral and excited
species and photons. The plasma causes the positively charged species to coat all
surfaces in contact with the plasma. In order to retain functionality and have a well-
adhered coating, the flow rate must be balanced against the amount of RF energy put
into the system. If the flow rate is too low compared to the RF input, the monomer will
fragment to a comparatively greater extent and functionality will be lost. A very high
RF energy/molecule ratio with organic species will result in an oil-like layer, as it will
mostly be composed of carbon. If the flow rate is too high compared to the RF input, the
monomer will not be ionised enough. Although there would be a high retention of
functionality, the coating will be loosely adhered and may come off. If the flow rate and
RF input are matched correctly, a well-adhered layer will result with functional groups
retained.

Plasma polymers have desirable features that lend their use in biomedical and
material coating applications. Termed as Chemical Vapour Deposition (CVD) when
used at higher powers for engineering-based applications, uses of CVD include
refractory ceramic materials used for hard coatings, protection against corrosion,
optoelectronics and energy conversion devices, along with semiconductors, dielectrics
and metallic films for microelectronics[47]. Within the biomedical industry, the
company CellTran™ developed Myskin™, which used plasma polymerised silicone
substrates as cell carriers. The acrylic acid-coated silicone substrates were used as cell
culture platforms to expand autologous keratinocytes, which were released after a given
period of time. The sheets of keratinocytes were then used to heal chronic ulcers and
burn injuries[87, 92]. Celltran™ also investigated the effect of controlling the spatial
distribution and growth of vascular smooth muscle cells, porcine mesenchymal stem
cells and human skeletal muscle cells adhesion using octadiene and acrylic acid[76].
Cerebellar neurons and growth plate chondrocytes have also been investigated for
potential applications in controlling cellular distribution and growth, using plasma
polymerisation[31]. The company Plasso Ltd also utilised plasma polymerisation of

acrylic acid in order to develop biologically relevant coatings for in vitro applications
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[14]. Whilst the company was bought out, the plasma polymerisation technique was

used to bind heparin onto cell culture plates[131].

1.2.3 Acrylic acid and maleic anhydride plasma polymers

There is substantial research on AAc surfaces, which include clinical use in
CellTran and Myskin™, which indicate that the density of carboxyl groups on the
plasma polymerised surfaces has an effect on cell adhesion and differentiation.
Detomaso et al[59] cultured hTERT-BJ1 fibroblasts onto AAc coated surfaces of
polystyrene and compared them against uncoated surfaces. There was a significant
difference between the two surfaces, AAc supported a higher number of adhered cells
and higher percentage of area covered by cells. Morphologically, the cells had a flatter
phenotype, with multiple fillipodia on the AAc coated surface, which had an average
carboxyl group density of 2.3x10” mol/cm®. The coating conditions were 100W
continuous plasma deposition, which resulted in high fragmentation of the monomer.
AFM analysis showed a substantially altered topology of the plasma treated surfaces
compared to uncoated surfaces.

Another study evaluated the effect of carboxyl group gradients on C17.2
neuronal cells[122]. UV grafting was used to attach the -COOH gradient, with argon
post plasma treatment to create a more ‘uniform’ cell distribution when seeding.
Interestingly, up to 3.7 times more cells developed neurites when moving down the
gradient of acid group, rather than at higher densities of acid group. When migrating
down the gradients, the neuronal cells also demonstrated longer neurites, and more cells
were observed on the surfaces with the low density of -COOH groups than high. This
shows that although an acidic surface can be beneficial, a low density of acid groups
may be preferential. Mesenchymal stem cell adhesion was also evaluated on plasma
polymerised AAc sililcon elastomer surfaces along with 10% DMEM and serum free
conditions, with TCPS as a control[53]. Cell counts after 3 hours of seeding cells in
10% DMEM onto the AAc coated surfaces showed a large increase from 30 to 70 per
field of view compared to TCPS. However this difference diminished after 24 hours,
which also occurred under serum free conditions. After 10 days there weren’t any
significant differences between the surfaces in either medium. However, a 4-fold
increase in cell number was found when cultured in serum free conditions compared to

serum conditions when on TCPS.
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Co-cultures of melanocytes and keratinocytes were investigated on plasma
polymerised AAc and allylamine surfaces[74] as well by Eves etc al, along with
different medium compositions. Whilst both cell types attached and proliferated on the
two plasma treated surfaces, any differences between the AAc and allylamine surfaces
seemed to be dependent on the medium used. Morphology differences were reported
regarding melanocytes. On 100% AAc surfaces the melanocytes had smaller
cytoplasmic bodies and spindly, longer processes. On the allylamine surfaces the cells
had ‘fatter’ bodies with shorter processes. As certain morphological characteristics can
indicate differentiation, this may suggest that AAc had a more dramatic effect on the
differentiation of cells compared to allylamine.

The effect that cell culture medium can have in altering cellular response to
different plasma polymerised surfaces has also been reported by Buttiglione et al[33].
Although changes in cell culture medium seemed to have a dominant effect on cell
adhesion of human neuroblastoma SH-SYS5Y cells, the plasma modified surfaces (AAc
and allylamine at 50W and 100W) then enhanced the cAMP-dependent (medium
component) differentiation of cells. Regarding acrylic acid, there was a larger area
covered by cells with the higher-powered regime of 100W, again indicating that a lower
distribution of acid groups had a positive effect on cell proliferation. 100W power
would have resulted in a higher degree of monomer fragmentation and an increase in the
hydrocarbon ratio, reducing the percentage of carboxylic acid groups on the surface
compared to S0W power. It was suggested that the response of cells to the more
hydrocarbon-based surface could have been due to electrostatic interactions between the
negatively charged acid groups and negatively charged cell membrane. When there is a
low density of ~-COOH groups, the increased hydrophilicity imparted onto the surface is
amenable to cell attachment, whilst the electrostatic repulsions between the surface and
membrane are not strong enough to repel attachment. However at high densities of acid
groups this electrostatic repulsion becomes stronger, leading to a detrimental effect on
cell attachment. If serum is present, this repulsion will be mitigated. This can be
contrasted to allylamine, which is positively charged and showed superior cell adhesion.
The results from Buttiglione also corroborated with Eves et al. in terms of
differentiation. AAc coatings at both powers sustained neuronal differentiation even in
10% DMEM as shown by positive neurofilament marker 200 staining, whilst the

allylamine surfaces did not. Overall, low densities of plasma polymerised AAc appeared
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to have a positive effect on cell adhesion and proliferation as well as neuronal
differentiation.

Thin surface layers such as plasma-polymerised coatings can have an effect on
protein adsorption. The finding that initially adsorbed proteins can be displaced by other
proteins that have a higher affinity with the surface was first described by Vroman et
al[186]. When a surface is exposed to a solution containing various proteins such as
bovine serum albumin (BSA), smaller and more mobile proteins that reach the surface
initially will bind electrostatically. As more proteins reach the surface, the surface
chemistry will dictate which proteins have the greater affinity. For example, vitronectin
frequently has a greater surface affinity compared to fibronectin due to the ability of
vitronectin to adsorb competitively over adhesion-inhibiting proteins[195]. The
composition and conformation of proteins on a surface will therefore adjust over 24
hours due to the replacement, rearrangement and conformational changes of initially
absorbed proteins such as albumin, in order to facilitate further protein attachment and
make way for proteins with higher surface affinity[93]. The presence, composition and
conformation of serum proteins has been shown to have a dramatic effect on the
adhesion, proliferation and differentiation of various cell types[111, 112, 54, 58, 134].

Plasma polymerised maleic anhydride surfaces with cell culture investigations
have not previously been reported on to the author’s knowledge. However, there have
been reports into different duty cycles of maleic anhydride and the effect on the
anhydride functionality retention. The first group to publish results on the plasma
polymerisation of maleic anhydride was Ryan et al[162]. By using X-ray photoelectron
spectroscopy (XPS) and transmission infrared spectroscopy, they found that a fixed
duty cycle of 20 us on and 1200 ps off with a peak power of SW produced a significant
enhancement of the —C(O)=0 anhydride group at the expense of the hydrocarbon and —
C=0/0-C-O environments, with a parallel increase in the oxygen and carbon ratio. It
was found that anhydride functionality was favoured with lower powers as well as
shorter on-times and longer off-times in the duty cycle. Chu et al[49] investigated the
hydrolysis and swelling behaviour of plasma polymerised maleic anhydride films using
optical waveguide spectroscopy. As the humidity increased, so too did the thickness and
refractive index of the 500-700 nm film, indicating water penetration and uptake. The
increased thickness of the film with the addition of water was, and has been since,
attributed to the swelling of the polymer networks and reaction of the anhydride groups,

leading to carboxylic acid groups. Chu et al also found that the thickness and refractive
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index of the films increased with an increase in pH and ionic strength. It was suggested
that the increased thickness at high pH was because the -COOH groups dissociated and
the negative charge repulsion led to a small increase in the thickness. In a high ionic
strength solution, it was postulated that an increase in Na' ions associating with the —
COQO" groups would also cause a small increase in film thickness.

The most recent study on plasma polymerised maleic anhydride was by Mishra
et al[137], who analysed fresh and reacted surfaces of maleic anhydride with XPS,
fourier transform infrared spectroscopy and time of flight static secondary ion mass
spectrometry (ToF-SIMS). In agreement with previous studies, the highest anhydride
retention was found on the microsecond pulsing regimes, with longer off-times and a
lower peak power. In investigating hydrolysis of the films it was found that under
conditions of deionised water and hydrochloric acid (pH 2, ~0.3 mM) at 90°C, it took up
to 4 hours to open the anhydride ring, when the film had been coated with a 80 us on
time, 800 ps off time and peak power of 10W. ATR-FTIR analysis did not find any
carboxylic acid groups in the lower peak power cycles, suggesting that a nominal power
of 1W or lower is insufficient to open the maleic anhydride ring, which leads to a higher

retention of anhydride groups.
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1.2.4 Aims and Objectives

The aim of this work was to investigate the effect of plasma polymerised surfaces on the

metabolic rate and morphological characteristics of neuronal cells, Schwann cells,

explanted and dissociated primary rat dorsal root ganglion (DRG). This extends

previous work reporting that neuronal and Schwann cell proliferation and neurite

extension is enhanced on particular plasma polymerised surfaces[143]:

1.

Investigation of acrylic acid (AAc) and maleic anhydride (MA) plasma
polymerised surfaces. Characterisation was performed using contact angle, x-ray
photoelectron spectroscopy and time-of-flight secondary mass spectroscopy.
Investigate conditions of NG108-15 neuronal cell line for plasma polymer work.
This included the optimisation of culture conditions and determining which
labelling agents should be used for optimal assessment of neurite outgrowth.
Culturing NG108-15 neuronal cells on AAc and MA plasma polymers.
Assessment of morphology using the following neuronal measurements:
Percentage of neurons with neurites, maximum neurite length per neuron and
number of neurites per neuron, plus metabolic rate assays.

Investigate primary rat Schwann cell culture in response to AAc and MA plasma
polymers as Schwann cells play a key role in nerve regeneration. As previous
work has already optimised Schwann cell culture conditions[100], established
conditions will be used.

Investigate and optimise plasma polymer surfaces with primary rat DRG explant
cultures in order to investigate primary neuronal cell culture with plasma
polymers. As the NG108-15 neuronal cell line was immortal, investigations with
mortal primary neuronal cell cultures could be more indicative of primary
human neuronal cell response.

Investigate the effect of AAc and MA plasma polymers with dissociated primary
rat DRG cultures, as dissociated DRG tend to have less contaminating
fibroblasts. As dissociated DRG have multiple cell types contained within each
DRG, co-immunostaining protocols will be developed. Again, neuronal
measurements will be taken in order to quantitatively evaluate surfaces. As DRG
cultures can yield varying numbers of cells, which are generally metabolically
quite senescent, MTS metabolic rate assays would be inappropriate with DRG

cultures.
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2.1 Plasma Polymers: Fabrication and Evaluation

2.1.1 Introduction to plasma polymerisation technique and analysis methods

Along with the composition of the bulk material, there are other important
characteristics that dictate the response of an implant once within a biological system.
Mechanical stiffness, surface energy, roughness, spatial and topological organization are
important factors that affect the adherence and immunoreactivity of the biological
system[3-5, 9, 20, 22]. Various coating techniques have been used to modulate the
biological properties of a bulk material. From self assembled monolayers which control
the ability of fibroblasts to attach[17], to peptide-modified surfaces with defined
spacing in order to maximise integrin attachment[26], many methods have been
employed to control or maximise cell attachment and proliferation.

Plasma polymerisation (also termed chemical vapour deposition, CVD) is a
versatile technique, which could theoretically coat any desired surface with a nano to
micrometre thin pinhole-free layer. As the process used in this chapter is within
conditions of a vacuum, the material has to be dry and withstand the conditions of a
rough vacuum without collapsing. However, advances in room pressure plasma
polymerisation techniques mean that plasma polymerisation can be scaled up and
performed at ambient temperatures and pressures[22, 27, 29, 31]. The technique does
not affect the bulk material, but sterilises the surface during the coating step. Chemical
functionality differences were therefore investigated between the plasma polymers and
uncoated glass, whilst topography was also studied.

Regarding the plasma polymerisation technique, a balance of power and flow
rate had to be achieved in order to achieve a functionalised and adherent layer. If the RF
energy used was too small, the energy imparted to the monomer species would not have
been enough to create an adherent layer. The ions would not have had enough energy to
graft onto the surfaces firmly, resulting in a loosely adherent, powdery coating [38]. If
the RF energy was too high, the ions would have been highly fragmented before the
grafting occurred. This would have resulted in a loss of functionality and an increase in
hydrocarbons, which would have caused an oily coating. As it is very important to
retain the functionality of the monomer species during plasma polymerisation, the flow
rate (F) of the monomer was calculated in order to optimise the plasma polymerisation

process:

F=A(pf-p1)
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A is a constant, which is dependent on the dimensions of each reactor. Once the
reactor has been pumped down to base pressure and the monomer let into the system
and allowed to equilibrate at the desired pressure, a 30 second pressure measurement
can be done to deduce the flow rate. Pi is the initial pressure of the monomer flow rate
at equilibrium. Pf is the pressure once the reactor has been shut off from the vacuum
pump for 30 secs, but the monomer inlet is still open. The pressure difference is a
measure of how much monomer is drawn through in 30 secs, which when multiplied by
the reactor constant gives a flow rate. This can then be used to optimise flow rate
conditions and then reproduce them.

Regarding the choice of plasma polymer to use, maleic anhydride was initially
chosen due to intriguing preliminary cell culture work done within the research group.
Processing parameters have been investigated by a number of research groups in order
to optimise the relative percentage of anhydride groups by changing the duty cycles,
power etc [2, 12, 18, 24, 30]. Acrylic acid was also then used as comparative plasma
polymerised surface. It has been investigated extensively with various cell types[1, 13],
with promising results when used as a culture substrate for neuronal cell lines and
Schwann cells[19].

Regarding the optimisation of the functional groups by altering the processing
parameters of the plasma polymerised surfaces, optimisation of both the acrylic acid and
maleic anhydride coating conditions have been performed previously [18, 21, 28].
Investigations into acrylic acid have shown that good retention of the acid groups occurs
with duty cycles around 10-20W continuous power, for around 20 min [8, 19, 21].
Maleic anhydride is a more reactive monomer, and requires less power in order to
fragment. In order to retain the functional anhydride group on the plasma polymerised
surface, pulsed plasmas are used with an overall power of around 1W [18]. There is also
a general consensus that the pulses should be maintained at around 20-80 ps on-time,
then 800-1200 ps off time[24, 28, 30]. However, as there has been no previously
published manuscripts regarding maleic anhydride and cell culture, different conditions
were initially used to investigate which coatings would promote NG108-15 neuronal
cell adhesion, proliferation and neuritogenesis. As work has previously been done on
acrylic acid and NG108-15 neuronal cells[19], the same condition was used and
characterised. A disadvantage of plasma polymerisation process is that the coatings are
affected by the reactor dimensions, due to the diffusion characteristics of the monomer
inlet flow [15, 38]. However, previous work on the plasma reactors used for this thesis

optimised both coating conditions [4, 18].
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XPS was used to determine the percentage of different chemical environments
present within the initial 10 nm of a surface. XPS is widely used in the development and
modification of materials for medical applications [9, 32, 40] and can be used to study
the effect of varying functional groups on cell response. Monochromated x-rays
irradiate the surface, which cause photoelectrons to be emitted. Different functional
groups on a surface will interact with electrons in a specific way, so too the energy
levels of the electrons change discretely upon interaction with different binding
environments. This change can be detected, quantified and related back to the chemical
environment on the surface that caused the shift in electron ‘binding energy’. As a
carbon singly bonded with another carbon always gives a binding energy of 284.6 eV,
this value can be used to calibrate the other measurements. Other chemical
environments can then be deduced from the characteristic binding energy shift. An
electron energy analyser separates the photoelectrons according to binding energy, from
which the elemental identity and chemical state can be identified. The intensity of each
peak also gives the relative percentage of each chemical species on the surface. This is a
very useful technique, as acrylic acid coated slides often show a large percentage of
carbon, oxygen and carboxylic acid groups compared to glass.

Regarding maleic anhydride, the binding energies of carboxylic acid and
anhydride groups are so similar that they cannot be distinguished with XPS. Because of
this, although the acrylic acid will be characterised using XPS and contact angle,
another technique such as Fourier Transform Infrared spectroscopy (FT-IR) or ToF-
SIMS should be utilised to separate and identify the acid and anhydride groups present
in maleic anhydride coatings. FT-IR measures the frequency of infra-red radiation
required to excite vibrations in molecular bonds, and can be carried out under ambient
conditions [28]. Whilst the technique is capable of differentiating between anhydride
and acid groups, its depth of penetration of up to a micron can cause problems when
resolving the surface analytical zone.

As the maleic anhydride surfaces were known to be thinner than 10 nm through
XPS work, ToF-SIMS was used to verify that anhydride groups were present on plasma
polymerised maleic anhydride, rather than carboxylic acid groups. ToF-SIMS, although
not as widely used as XPS in the field of biomaterial characterisation, is increasingly
being used as a tool in high-throughput industrial evaluation of materials and their
modification[10]. ToF-SIMS is used to deduce the molecular mass of chemical species
on the topmost 1-2 atomic layers of a surface. ToF-SIMS uses a primary ion beam to

ablate and ionise material. The chemical species are then accelerated through a mass
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spectrometer, which separates the species according to their molecular weight, using the

equation:

ke = 1/2mv°

Where ke = kinetic energy, m = mass and v = velocity. As the secondary ion beam is
very focused and rasters across the surface, secondary ions that hit the detector can be
linked back to their position on the surface. As a mass spectrum is acquired per pixel,
this can be used to make an ‘ion’ micrograph, which shows the distribution of detected
chemical species across an area, usually of around 100 um”. Therefore, ToF-SIMS is a
very useful technique as a chemical map can be built of the surface, showing which
species of a given molecular mass are in which location. Whilst spectra can also be
acquired through different depths by shallow sputter depth profiling, this technique was
not utilised for this chapter.

Atomic force microscopy (AFM) is a widely used technique for thin surfaces,
and provides very detailed topographical information[5, 34]. A cantilever with an
atomically sharp tip moves over the surface, which interacts with the surface by
becoming attracted or repulsed by the surface chemistry. A laser monitors and records
the movement of the cantilever, so that a high-resolution micrograph of the surface can
be built up. The cantilever can be used for contact or non-contact applications, and

functional groups can be attached to the tip.
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2.1.2 Materials and methods

Glass slide preparation

13 mm® glass slides (VWR international) free from contamination were rinsed in
isopropanol (IPA), before being left to dry in a fume cupboard. Slides were then either
coated with plasma polymerised species or analysed fresh as uncoated glass control

samples.

Silicon wafer preparation

Silicon wafers were cut with a diamond tipped pen, then individually placed in a stream
of air to remove any silicon dust or particles. Wafers were sonicated for 15 min in
isopropyl alcohol (IPA), after which the IPA was replaced and the process repeated a
minimum of 5 times. Wafers were then stored in fresh IPA and blown dry with high

purity N, gas when required for use.

Plasma polymerisation process

A reactor of defined dimensions was used, with the monomer inlet attached at one end
of the vacuum line. On the opposite side of the reactor there was a vacuum gauge and
valve attached, which maintained the vessel under vacuum when not in use. After the
valve, a cold trap was inserted, which consisted of a cylindrical vessel filled with liquid
nitrogen. The cold trap lowered the temperature to around -196°C, which froze the
monomer to the sides of the trap and reduced contamination of the vacuum pump. It
also compressed any gaseous volume that entered the cold trap, which increased the
efficiency of the vacuum pump by up to 6 times[37]. The cold trap was attached to the
vacuum pump, which produces a rough vacuum.

Once the vacuum pump was on and both the vacuum line and monomer inlet
opened up, the vacuum pump drew the liquid monomer through the reactor. Coils
around the reactor emitted tuneable RF energy into the body of the reactor, which was
then transmitted to the monomer species being drawn through. The RF energy ionised a
fraction of the monomer, splitting it into positively charged ions and electrons. These
separated components were of different densities, so the lighter electrons became
‘hotter’ compared to the protons. A non-uniform temperature across the various charged
species resulted in a non-equilibrium or non-thermal plasma, in which only 1% of the
monomer species may have been ionised. Comparatively, the definition of thermal /
equilibrium plasmas is where all the ionised species are at the same temperature (i.e.

solar plasma). Depending on the RF intensity, there will be a given energy density per
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molecule. The desired RF intensity for this work would have resulted in a partially
fragmented monomer, where the functionality of the molecule (ie. the acid or anhydride
group) was maintained within the positively charged, heavier ion. The positive ions
were eventually grafted onto all surfaces within the reactor, coating the surfaces with
the desired functionality. As the electrons were ‘hotter’, they travelled faster and
collided with the reactor walls more frequently compared to the ions, resulting in a
negatively charged surface. This charge mismatch developed into a Debye sheath,
where there could have been multiple layers of positively and neutrally charged ions
that attempted to neutralise the negatively charged surface[23]. The minimum size of

plasma reactors was therefore restricted by the presence of the plasma sheath.

Plasma polymerisation of maleic anhydride

A proprietary system was used for coating the samples, which were placed in a 15.2 L
stainless steel T-piece reaction chamber[25]. Pressure was measured using a home built
probe and vacuum gauge (BOC Edwards), whilst temperature was controlled at 33°C
using a furnace power supply (Eurotherm 91le). Radio frequency power generator
output (13.56 MHz Coaxial Power Supplies Ltd., UK) was connected to the chamber
through a manually tunable impedance matching unit (coaxial Power Systems, UK) to a
single powered electrode. A BOC Edwards single-stage rotary pump (RV8) was used to
create a low vacuum, with a liquid nitrogen cold trap between the chamber throttle
valve and pump to prevent corrosion, freeze the monomer and lower the vacuum
further.

Glass slides or silicon wafers were specifically placed in the centre of the reactor
on a sample stage, as previous preliminary work demonstrated slight fluctuations in the
surface composition at different positions within both the glass cylindrical and metal T-
piece reactors. The system was pumped to a base pressure of 1 x 10” mbar or below.
Freshly crushed briquettes of maleic anhydride (MA) (Sigma) were used to coat the
glass samples, the monomer flow rates controlled by a speedivalve. Pressure changes
were measured by isolating the reactor from the vacuum for 30 seconds. It has
previously been shown that monomer residence time within the reactor can affect the
coating efficacy[13], therefore the flow rate was monitored for both MA and acrylic
acid coatings. Using a method described by Yasuda[37], the pressure change was
converted to monomer flow rate (cm’ min™') at standard temperature and pressure,
which was 2.7 cm’min™' and used for all experiments. In order to pulse the plasma, a

TGP 10 MHz pulse generator (Thurlby Thandar Instruments, UK) was connected to a
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TDS3014 oscilloscope (Tektronix) and the radio frequency unit. A capacitive probe, the
tip of which was in the glow discharge region, was attached to the oscilloscope in order
to detect the plasma characteristics. This allowed comparison with the triggered pulse
generated from the pulse generator, as mismatches between the ON-time of the plasma
compared to the trigger can occur due to stray capacitance and inductance. The peak
power (P,) was set at SW for pulsed conditions (10W incident, 5W reflected) and 1W
for continuous plasma polymerisation, both conditions were carried out for 20 minutes.
The first coating condition, MA 1, had an on time of 80 us and an off time of 800 ps.
The second coating condition, MA 2, had an on time of 20 us and off time of 1200 ps,
whereas the third condition, MA 3, was 1W continuous polymerisation. In comparisons
against acrylic acid, the first condition (MA 1, 80 ps on and 800 ps off) was used. After
the radiofrequency was turned off, monomer was allowed to flow over the samples for 5
minutes to react with any ionised species then was stored in a vacuum desiccator for up

to a week before use.

Plasma polymerisation of acrylic acid

A home built system was used, using a glass chamber with two stainless steel metal
flanges and an external copper coil electrode. A vacuum gauge (BOC Edwards)
measured pressure fluctuations, whilst a radiofrequency generator (13.56 MHz Coaxial
Power Supplies Ltd., UK) sustained the plasma via a manually tunable impedance
matching unit (Coaxial Power Supplies Ltd., UK). A BOC Edwards dual-stage rotary
pump (E2M5, Edwards) was used to obtain a base pressure of at least 3x10” mbar or
below before acrylic acid (AAc) monomer was let in via a needle valve, having been
freeze-thawed previously to remove any gases. Pressure changes were read by isolating
the reactor from the vacuum pump for 30 sec intervals. Pressure conversion was again
performed using conditions described by Yasuda[37] to monomer flow rate (cm’ min™),
which corresponded to ~2.9x10 mbar. Peak power was set at a continuous 15W with 0
reflected and maintained for 10 minutes to coat the glass surfaces. After the RF power
was switched off monomer was allowed to flow over the sample for 5 minutes to react
with any ionised species still on the surface, then stored in a vacuum desiccator for up to

2 weeks before use.
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X-ray photoelectron spectroscopy

As it was not possible to coat the samples and conduct XPS analysis in the same
day, coated silicon wafers were left under 0 bar vacuum overnight and XPS was
performed the next morning using an Axis Ultra DLD spectrometer (Kratos analytical,
UK). A monochromated Al K, source was used under a pressure of at least 2x10°® mbar
at a power of 150W. Results were converted to a VAMAS format and calibrated using
CasaXPS software. 160 eV pass energy with 1 eV step size was used to obtain a survey
spectra, whilst 20 eV and a step width of 0.1 eV was used to derive the Cls high

resolution scan. Analysis was performed at least N=2.

Time of flight secondary ion mass spectrometry

Secondary-ion mass spectrometric analysis was carried out with an [oN-ToF V
instrument (IoN-ToF, Miinster, Germany), with a Bismuth cluster liquid metal primary
ion source. As negative ion spectra have previously been found to be more useful for
MA analysis[18], negative ion spectra were acquired using a high current bunched
mode approach, (50 KeV Bis”"). Images were acquired by rastering the stage under the
pulsed primary ion beam (300x300 pm” and primary ion beam current of 0.1 pA). The
primary ion dose was maintained at less than 10'* ions/cm” to keep the static SIMS
condition. Analysis on each sample was performed N=2, results shown were normalised

to total counts.

Atomic Force Microscopy

Tapping mode atomic force microscopy (AFM) was performed in air using a Veeco
Dimension 3100 NIIIa, with an ActivResonance controller (Infitesima). A fresh TESPA
cantilever tip (Bruker) was used for all samples. The spring constant was 42 N / m, with
a resonance frequency of 320 KHz. The root mean square of the measured roughness

(Rq) was used to quantify the surface topography.

Contact Angle

Contact angle is a simple but powerful tool for studying the surface energy of a given
surface that was used in order to elucidate the relative wettability/hydrophobicity of the
surfaces studied. This technique was used to analyse any similarities or clear differences
between contact angle and in vitro response. When a liquid droplet rests on a surface,
there are three tension forces that maintain its shape (Figure 2.0):

1. Between the interface of the liquid and vapor phases (Y*")
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2. The interface of the solid and the liquid (Y"*)
3. The interface between the solid and vapour interface (Y°')[41].

Through measurement of the contact angle 6 between Y°" and Y"V, the free

energy of the solid surface Y*V can be found. This has been shown to be very important

with regards to cell attachment, proliferation and migration[33]. Generally, contact

angles of >90° have been found to be detrimental to surface attachment and neuronal

cells will actively migrate away from a hydrophobic surface[39], whilst contact angles

Young's Equation
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Figure 2.0: A diagram showing the
mechanisms by which Young’s

equation is derived.

below 90° are more amenable to cell attachment.
After coating glass slides, samples were placed in a
vacuum desiccator overnight, then contact angle was
read the next day. 2 x 4 pl distilled water was placed
on each of the 3 coated glass slides per run by a
Hamilton syringe and one reading was taken per
droplet immediately using a goniometer (Ramé Hart

instruments, USA).
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2.1.3 Results: Effect of plasma polymerisation on topography using atomic force

microscopy

In order to characterise the plasma-polymerised surfaces, contact angle, XPS, ToF-

SIMS and atomic force microscopy (AFM) techniques were used. As the chemical

characteristics of the glass surfaces were modified, AFM was used to assess whether the

physical topography had been altered. Previous work has shown that the physical

topography can significantly affect the adhesion, differentiation capabilities and

proliferation of cell types[14, 36], it was important to verify the surface characteristics

of the plasma polymerised surfaces.
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Figure 2.1: Tapping AFM
micrographs of plasma
polymerised  coatings  on
cleaned silicon wafers. MA 1:
Pulsed on-time of 80 us and an
off-time of 800 us, with 5W
peak power. MA 3: continuous
1W power for 20 min. Practical
complications meant that MA 2
was not analysed. All surfaces

were coated for 20 min. N=2.
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Silicon was used as the base substrate for AFM as it is nearly atomically flat and
chemically inert. Cleaned silicon wafers were either dried with high purity N, gas then
analysed, or dried and coated using plasma polymerisation. Results demonstrated that
AAc, MA 1 and MA 3 topographies were largely unaffected by the plasma
polymerisation coating regime.

There were some nanometre features on the silicon wafers. The root mean
square of roughness measurements (R;) was 0.620 nm, which could be from slight
residue due to evaporation of IPA. There were features on AAc with a height of around
10 nm, with an Rq of 2.783 nm. MA 1 demonstrated a flatter surface than silicon with
an Ry of 0.276 nm, whilst due to gravitational complications MA 2 was not analysed.
MA 3 demonstrated a very smooth surface with an Ry of 0.346, smoother compared to

uncoated silicon.

2.1.4 Results: surface characterisation of fresh maleic anhydride and acrylic acid
using X-ray photoelectron spectroscopy

Silicon wafers were used for XPS analysis as glass is not suitable, due to charging
effects. Silicon wafers were cut with a diamond tipped pen, then individually placed in a
stream of air to remove any silicon dust or particles. Wafers were sonicated for 15 min
in isopropyl alcohol (IPA), after which the IPA was replaced and the process repeated a
minimum of 5 times. Wafers were then stored in fresh IPA and blown dry with high

purity N, gas when required for use.

Wide Scan High Resolution C 1s (%)

Condition = o c T%0 [0/C |[C-C| C- | C-C- | C-0 [ c=0/0-
(0)=0 | (0)=0 C-O0

AAc:15W | 0.6 | 75.0 | 23.3 | 0.31 | 45.0 9.2 18.8 | 17.5 9.6

continuous,

20 min

MA1:80 | 172 | 559 | 246 | 0.44 | 43.0| 16.2 264 | 10.1 4.3

us on, 800

us off, SW.

MA2:20 | 255|438 | 30 | 0.68 | 37.8| 21.5 27.9 7.4 5.5

ps on, 1200

us off, SW.

MA 3:1W | 48.0 | 26.8 | 23.5 | 0.88 | 56.2 53 13.1 16.6 8.7

continuous

Table 2: XPS elemental composition as detected by the wide scan and C1s narrow scan for acrylic acid
and various maleic anhydride plasma polymerised coatings on silicon wafers. Samples were then stored
in a vacuum dessicator before analysis. Data shows the average of duplicate samples.
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Wafers were coated using plasma polymerisation with AAc and various
conditions of MA, then left in a vacuum desiccator over night. Samples were then
immediately taken to the XPS and analysed. As hydrolysis of the MA can occur under
atmospheric conditions, care was always taken to minimise air exposure between the
coating and analysis steps. Three different conditions were devised for MA deposition,
followed by chemical and biological evaluation. The conditions consisted of MA 1 = 80

us on, 800 ps off, MA 2 = 20 us on-time, 1200 ps off-time, both with a peak power of

Acrylic Acid l ‘

Figure 2.2: Illustration of the acrylic acid and maleic anhydride monomers from http://jmol.sourceforge.net

Jmol

5W for 20 min. MA3 regime was 1W continuous power for 20 min. As AAc has
previously been optimised with neuronal cells by Murray Dunning et al[19], the same
condition was used and characterised. The chemical environments and elemental atomic
compositions are shown in table 1. Whilst the table shows the averages of N=3, the
figures illustrating the wide and narrow scans illustrate a representative analysis.

CASA XPS software was used to fit five components to the spectra using
established binding energy shifts of particular carbon environments, which were; C-C
(285.0 eV), C-C(0)=0 (285.7 eV), C-O (286.7 eV), C=0/0O-C-O (287.9 eV) and
C(0)=0 (289.0 ¢V). The XPS demonstrated that all the surfaces were rich in carbon and
oxygen species; therefore the coating step was successful in coating the slides. There
was a slightly higher ratio of oxygen to carbon for the MA 1 samples (0.44) compared
to acrylic acid (0.31). As it can be seen from the monomer diagrams in figure 2.3, a
higher ratio of oxygen to carbon would be expected on MA plasma polymers compared
to AAc. The oxygen to carbon ratio then increases from 0.44 regarding MA 1 to 0.68
for MA 2, then 0.88 for MA 3. As there is a shorter pulsed on time of 20 ps used for
MA 2, it was expected that more anhydride functionalities would be retained, therefore
leading to higher fraction of oxygen groups to carbon in the wide scan. This enhanced
retention was also demonstrated by the increased C(O)=0O peak on the narrow scans for

MA 2 compared to MA 1.
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Figure 2.3: X-ray spectroscopy graphs, showing the wide and narrow scans of acrylic acid (AAc). AAc
had continuous 15W power for 20 min. Samples were then stored in a vacuum dessicator before
analysis. N=2.

The condition for MA3 was 1W continuous, the highest power used for MA
plasma polymerisation in this work. It would have been expected for the oxygen to
carbon ratio drop, as increased power would lead to reduced functional groups and
therefore a less prominent presence of oxygen. Interestingly, the carbon percentage
decreases by more than half for the MA 3 condition compared to MA 1, whereas the
oxygen percentage stays very similar to MA 1. Because of this, the oxygen to carbon
ratio for MA 3 is 0.88, compared to 0.44 ratio found with MA 1.

Regarding the retention of functional groups, AAc had a C-(O)=0 peak of 9.2%
and C-C-(O)=0 peak of 18.8%. It is therefore clear that the plasma polymerisation
protocol of AAc retained acid functionality, similar to previous studies[21]. Looking at
the functional groups of MA 1, the anhydride / acid component was 16.2%, whilst the
C-C-(0)=O component was 26.4%. Although the C-(O)=0O component would be
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Figure 2.4: X-ray spectroscopy graphs, showing the wide and narrow scans of maleic anhydride (MA) 1.
MA 1 coating condition had a pulsed on-time of 80 ps and an off-time of 800 ps, with SW peak power.
Samples were then stored in a vacuum dessicator before analysis (N=3).

indicative of the anhydride group component, due to similarities in the binding shift
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position with esters and acids it cannot be determined explicitly from XPS data alone.
This again shows that the plasma polymerisation was successful in coating the glass
slides with functional groups, the percentages of which are very similar to published
work [18]. There is then an increase in the anhydride / acid component for MA 2
component to 21.54%. The percentage area of the C-C-(0)=0 component also increased

to 27.88% compared to MA 1.
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Figure 2.5: X-ray spectroscopy graphs, showing the wide and narrow scans of maleic anhydride (MA)

2. MA 2 coating condition had a pulsed on time of 20 ps and an off-time of 1200 ps, with SW peak
power. Samples were then stored in a vacuum dessicator before analysis. N=2.

Counts per Second

Counts per Second

As the pulsed on time used for MA 2 was the lowest, it was expected that the
retained functionality would be the highest for this regime, as demonstrated in other
publications [30]. The lowest retained functionality is shown on MA 3. The C=(0)=0
component drops to 5.3%, whilst the C-C-(0)=0 functionality is 13.4%. This was again
expected, as previous publications demonstrate that a higher continuous power results in
a lower percentage of anhydride groups [24, 28, 30].

Other differences between MA 3 and MA 1 & 2 include a marked increase in C-

C environment, an increase in the C-O environment and a slight increase in the C=0/O-
C-O environment. The increase in the carbon environment regarding MA 3 could have
been due to the coating condition. The pulsed regime for MA 1 and 2 was a low power
one which has long off time periods, which resulted in higher anhydride functionality.
This is shown by the four-fold increase in anhydride groups for MA 1 and 2.
The average silicon environmental percentages were 17%, 25% and 48% for the MA 1,
2 and 3 coatings respectively. Although the accuracy of XPS is +10%, the averages
were from two samples and the silicon environments for the MA coatings were all
above 10%.

As MA 2 has the lowest total power, it was expected that the silicon percentage

would be higher than MA 1 and MA 3. A 14% silicon environment demonstrated for
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MA 1 could have been due to the low power of the regime. 46% silicon peak on the
wide scan of MA 3 was very high. Although the exact coating thickness could not be
verified as angle-resolved XPS was not used, 46% of silicon demonstrates that the
surface coating of MA 3 was probably thinner than MA 1 or 2. Since a higher power
usually results in a greater proportion of the species in the chamber becoming ionised
and grafting to the surface, it was contradictory to previous publications that the highest
powered MA regime had the highest XPS wide scan atomic percentage of silicon. As
AAc had a silicon atomic percentage of 0.65%, it could be surmised that the coating
was around 10 nm, having used a continuous power of 15W. Presumably, a higher
fraction of monomer would have been ionised and fragmented compared to the MA
conditions, resulting in to a thicker functionalised adhered layer. As AAc monomer is
not as reactive as MA, the power could be increased without sacrificing the

functionality.
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Figure 2.6: X-ray Spectroscopy graphs, showing the wide and narrow scans of maleic anhydride (MA)
3. MA 3 coating condition had a continuous power of | W. Samples were then stored in a vacuum
dessicator before analysis. N=2

2000

2.1.5 Surface characterisation of fresh maleic anhydride conditions using time of
flight-secondary mass spectrometry.

As mentioned previously, carboxyl and anhydride binding energies are very
similar when submitted to XPS analysis. Because of this, ToF-SIMS was also used to
analyse fresh MA in order to verify the presence of anhydride groups. As only carboxyl
groups would be present on AAc plasma polymerised surfaces, ToF-SIMS was not
required to additionally characterise AAc. Cleaned silicon wafers were coated with MA,
then stored in a vacuum desiccator overnight.

The molecular mass of the negatively charged monomer was 97, which is shown
as a prominent peak for MA 1, 2 and 3 (Figure 2.7). The coatings were therefore
successful in retaining the anhydride groups during the plasma polymerisation process.

This shows that the conditions used were appropriate, otherwise the coating would have
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either fragmented the anhydride groups or the groups would not have attached. Whilst
the coatings for MA 2 and 3 demonstrated a high silicon percentage using XPS, it can
be demonstrated with ToF-SIMS that the C(O)=0O components of the XPS results
contain anhydride functionalities. As there was no signal at the molecular mass of 28 for
MA 1, 2 or 3, there was no silicon environment present on the top 2-3 atomic layers of
the coating. Significant peaks of CiHy corroborate with the XPS results in that there

were hydrocarbon functionalities as well as oxygen containing ones.
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Figure 2.7: Negative ion ToF-SIMS mass spectrum of the three maleic anhydride conditions; a) MA 1,
pulsed on-time of 80 ps and an off-time of 800 s, with 5SW peak power, b) MA 2, pulsed on-time of 20
ps and an off-time of 1200 ps, with SW peak power and ¢) MA 3, continuous 1W power. All surfaces
were coated for 20 min. n=3.
Although similar results were shown between MA 1, 2 and 3 regarding species
of molecular mass below 73, C4H™ and C¢H™ were present in higher amounts on MA 3.
Presumably, the higher power condition resulted in a higher degree of fragmentation,

which resulted in higher counts of lower molecular weight species. Significant peaks

after 99 MW demonstrate that the anhydride monomer polymerised with carbon
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containing molecules during the pulsed on time, resulting in species with the molecular

weights of 110, 121 and 145.
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Figure 2.8: Negative ion ToF-SIMS smaller mass fragments from the three maleic anhydride conditions;
a) MA 1, pulsed on time of 80 ps and an off-time of 800 ps, with 5SW peak power, b) MA 2, pulsed on
time of 20 ps and an off time of 1200 us, with 5SW peak power and ¢) MA 3, continuous 1W power. All
surfaces were coated for 20 min. N=2.
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Figure 2.9: Negative ion ToF-SIMS larger fragments from the three maleic anhydride conditions; a) MA
1, pulsed on time of 80 us and an off time of 800 s, with SW peak power, b) MA 2, pulsed on time of 20
ps and an off time of 1200 us, with SW peak power and ¢) MA 3, continuous 1W power. All surfaces
were coated for 20 min. N=2.

Regarding the larger fragments detected with ToF-SIMS in figure 2.9, MA 1 and
3 show higher counts of the ionised MA monomer mass compared to MA 2. There were

also higher counts of molecular mass 111 for MA 1 and 3. Whilst there is a much wider
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possible range of structures at higher molecular masses, mass 111 could refer to
CsH;305". Overall, a lower count of structures with a higher molecular mass from MA 2
was demonstrated. This result was expected as MA 2 condition had the lowest power,
leading to a lower fraction of polymerised species. Figure 2.10 demonstrates that MA 1
and 3 had even surfaces without pinholes or patches, which demonstrated the efficacy
of the coating process and the absence of defects. There was also an even distribution of
selected ions, which included low and high molecular masses. The total ion image for
MA 2 showed uneven coverage, with lines where certain molecular masses were present
at higher densities. As the uneven coverage was not seen in the images of selected ions,
the uneven coverage was from unknown species. Therefore, whilst it was shown that the

MA mass had an even distribution, the same cannot be reported for all species.
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Figure 2.10: Negative ion ToF-SIMS mass spectra of the three maleic anhydride conditions; 1) MA 1,
pulsed on time of 80 us and an off-time of 800 s, with SW peak power, 2) MA 2, pulsed on time of 20
ps and an off time of 1200 ps, with SW peak power and 3) MA 3, continuous 1 W power for 20 min. All
surfaces were coated for 20 min. a) Total ion count, b) CH™ distribution, ¢) C4H" distribution and d)
Negatively charged maleic anhydride monomer distribution. N=2.

2.1.6 Results: Atmospheric ageing study of acrylic acid and maleic anhydride

conditions using sessile-drop contact angle
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In order to ascertain if the hydrophilicity of the exposed glass surface was modified
during the plasma polymerisation coating, contact angle measurements were taken
fresh. An ageing study was also carried out for up to 3 weeks in order to verify whether
the gradual hydrolysis of MA surfaces affected the contact angle. Preliminary studies
(not shown) compared the contact angle from milli-Q water with dH,O. Results
demonstrated no difference in contact angle between the two types of water, so dH,O
was used because of low cost and high availability. The contact angle for glass shows
an interesting progression. The fresh contact angle was 48.9°, more hydrophilic than
expected. It dipped initially after 24 hours but then gradually increased to 54.8° over 3
weeks. The glass slides were rinsed in methanol, volatile enough to evaporate off
without leaving any residue. It is likely that hydrocarbons contained in the laboratory’s
atmosphere coated the glass slide progressively over the time points, resulting in the
rising contact angle measurements due to slightly increased hydrophobicity, as
postulated by Englander et al[7]. As the 24-hour time point had a comparatively high

standard error mean, the angle of 47° may not be reliable.
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Figure 2.11: Comparison of ageing contact angles of modified surfaces after various time points. 13
mm’ glass slides were cleaned in methanol, left to dry, then either plasma treated (AAc and MA1) or
used as control. Samples were kept in a vacuum desiccator overnight, before being analysed using
contact angle. Slides were then stored in a cool, dark environment through the duration of the ageing
experiment. Data points show mean + SEM (N=2).

AAc was observed to have a average fresh contact angle of 55.6°, similar to
previously published values [1, 4]. The average contact angle plateaus at 58° for the

remaining time points. The plateau was expected, as the carboxylic acid groups will not

hydrolyse in the presence of air. It has previously been reported that the AAc plasma



Chapter 2: Plasma Polymers: Fabrication and Evaluation 72

polymer can be stable under atmospheric conditions without any difference in carbon or
oxygen content for up to 400 days, as determined by XPS[35]. The contact angle
corroborates the findings, however there is a slight decrease at week 3 to 57.4°. As any
variances of the contact angle are within 2°, these changes were not significant.

It is well documented that maleic anhydride hydrolyses under atmospheric
conditions, whereby the anhydride groups are converted into carboxylic acid groups [2,
6]. A lower contact angle compared to AAc was expected as the anhydride group has
two acid groups per monomer, compared to one acid group per monomer of AAc. The
gradual and smooth decrease in contact angle from 46.3° to 42.6° demonstrated the

hydrolysis of MA1 and increase in more hydrophilic oxygen groups.
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Figure 2.12: Comparison of ageing contact angles of modified surfaces after various time points. 13 mm”
glass slides were cleaned in methanol, left to dry, then plasma treated. Samples were kept in a vacuum
desiccator overnight, before being analysed using contact angle. Slides were then stored in a cool, dark
environment through the duration of the ageing experiment. Data points show mean + SEM (N=2).

MA 2 and 3 surfaces have a higher contact angle compared to MA 1 (Figure 2.12). MA
2 had a fresh contact angle of 56.7°, which then decreased to 54° after 48 hr. This agreed
with MA 1 regarding the hydrolysis of the anhydride groups, resulting in a lower
contact angle. MA 3 contact angle ranged from 52.2° to 53.9° over the course of 3
weeks. As the presence of anhydride functionality on MA 3 was demonstrated with

XPS and ToF-SIMS, it was unexpected that the contact angle would increase slightly
after 3 weeks, from 52.4° to 53.4°.
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2.1.7 Results: stability of maleic anhydride 1 under various storage conditions

It is known that AAc is stable for up to 400 days, when analysed by XPS[35]. For this
reason, further stability studies were not conducted for AAc. However, biological
studies later in this report indicated that MA 1 was a preferential surface for NG108-15
neuronal cells. As in-depth biological studies were completed using MA 1, further
surface characterisation was also performed with this condition. The stability of the MA
1 coating under varying storage conditions was assessed, relevant to potential clinical
usage. Common storage methods for medical devices include being packed under

atmospheric conditions, being vacuum packed and under N, gas.

Surface Wide Scan High Resolution C 1s (%)

%C %0 0/C C-C C-C-(0)=0 C-0 C=0/0-C-0 | C-(0)=0
MA, fresh 722 262 0.37 44 £3 22 4] 10 +4 741 16 £3
MA, 2 weeks vacuum 72 £0.5 26 0.2 0.36 45 £] 22+0.6 9+0.9 8§04 16 £0.5
MA, 2 weeks N, gas 71+0.4 27+04 0.38 44 £0.5 2240.3 8+0.9 8 +0.4 1804
MA, 2 weeks atmosphere| 71 +0.4 27+0.3 0.38 44 £] 22 40.6 8 +0.7 8£0.8 17+0.3
MA, 1 month vacuum 72+0.2 2540.2 0.35 45 +0.2 23 40.1 10+0.4 8 +0.1 15+0.4

Table 2.2: XPS elemental composition as detected by the wide scan and Cls narrow scan for maleic
anhydride plasma polymerised coatings on silicon wafers. Samples were aged under the specified
conditions then analysed. Results show average +standard deviation, n=3.

XPS and ToF-SIMS were used to analyse the effect of storing MA under
varying conditions, for varying time points. All storage methods were kept in the dark;
atmospheric samples were kept in a tissue-culture plate with a loose lid, not sealed.
Vacuum storage refers to storage under rough vacuum (~1 x 10~ mbar). Samples were
stored under nitrogen gas by placing into a sample holder, then pouring nitrogen gas
from a vessel of liquid nitrogen. The lid was then sealed with Parafilm. The XPS results
in table 2.2 illustrate some small variances between fresh and stored MA. Carbon
accounts for 72% of detected species, whilst oxygen is present at around 26%. After
two weeks storage in N, gas, the oxygen percentage increased from 26.42% to 27.41%.
This increase was also seen for MA stored under atmospheric conditions, rising to
27.25%. Although comparisons from differences of ~2% are limited as XPS has an
accuracy of 10%, this rise may indicate the hydrolysis of anhydride groups leading to
incorporation of oxygen. It was not practically feasible to coat the surfaces all at once,
so surfaces were prepared a month before, 2 weeks before and the night before XPS
analysis. This may have resulted in the small differences seen by XPS. Regarding the

components from the narrow Cls scan, C-C and C-C-(0)=0 environments remained
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Figure 2.13: The narrow (left) and wide (right) XPS scans for maleic anhydride 1 under various
storage conditions as indicated. N=2.
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very similar for all conditions. The C-O component dropped from 9.94% for fresh MA
down to 7.5% and 8.43% for N, gas and atmospheric storage respectively. This was
expected, as leakage of N, gas before sealing the samples in Parafilm was a possibility.
The C=0 / O-C-O component slightly increased with all types of storage, from 7.5% to
8.15%. The anhydride component C-(O)=0 decreased slightly with vacuum storage,
from 16.07% fresh to 15.89% at 2 weeks, then 14.51% at 4 weeks vacuum storage. The
anhydride component increased by 1% with N, gas and atmospheric storage to 17.87%
and 17.26%, respectively. Examining the wide scans from figure 2.13, all samples had a
small nitrogen content of up to 1.5%. The nitrogen content for N, gas stored MA
dropped by 0.5% compared to fresh. Silicon content detected for fresh MA was 0.29%,
whereas previous analysis comparing the maleic anhydride regimes had a silicon
content of 14%. As this study used different XPS equipment, a different power and set
up used may be a possible reason for the difference. Additionally, the XPS technique
has an accuracy of 10%. However, it highlights the possibility of variance with regards
to the coating depth, as the analyses were conducted over a period of 3 years. There was
no difference in detected silicon content of MA stored for 2 weeks under vacuum, under
N> gas or under atmospheric conditions. The silicon content for MA stored for 1 month
under vacuum increased slightly to 0.54%. No contaminating species (calcium, fluorine)
were detected on the wide scans of the fresh or stored conditions.

The main hydrolysis action of an anhydride to an acid would only be detected
with XPS as a slight increase in oxygen. It cannot distinguish between anhydride and
carboxylic acid groups. ToF-SIMS was therefore also used to analyse molecular masses
present at different time points. From the ToF-SIMS spectra shown in figure 2.14, the
quantified distribution of selected fragments from various storage conditions were
shown in figure 2.15. The possible composition and arrangement of molecular masses
have been derived, using knowledge of the chemical species on the surface (i.e. oxygen,
carbon and hydrogen). The listed species are the most probable, given the monomer
used and plasma polymerisation process. For purposes of analysis, certain anticipated
masses were chosen beforehand, in order to produce images of ion distribution and
spectral area analysis. These masses (with postulated structures in brackets) were: 13
(CH), 16 (O), 41 (C,HO), 49 (C4H), 73 (C¢H), 70 (C3H,05), 81 (C4HOy), 82
(C4H205), 98 (C4H2057) and 111 (CsH3037). Other molecular masses that were present
with a significant number of normalised counts included 17 (CHi), 26 (C,Hy), 42
(C2H0), 49 (C4H) and 71 (C4H;0O").
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Selected species of smaller fragments including CH’, O", C,HO", C4H™ and C¢H"
were present in quantities over x10 more abundant than some larger fragments. C;HO

was the most abundant species for all conditions.
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Figure 2.14: ToF-SIMS spectra of maleic anhydride 1, after storage under varying conditions; a)
fresh, b) 2 weeks atmospheric, c) 2 weeks N, gas, d) 2 weeks vacuum and e) 4 weeks vacuum.
Significant negative ion fragments are indicated below, where M = monomer mass. N=2.

Fresh MA had a slightly lower abundance of C4H™ and C¢H™ species compared to all
other storage conditions at 0.029 and 0.015 respectively, compared to ~0.036 and ~0.19
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for storage conditions. Storing MA under N, gas and atmospheric conditions also led to

a slight increase of C;HO", 0.048 and 0.047 respectively, compared to 0.042 for fresh.
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Figure 2.15: Negative ion ToF-SIMS smaller fragments from maleic anhydride 1, after storage under

varying conditions. Area normalised to total counts, n
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Figure 2.17: Negative ion ToF-SIMS mass distribution images of the maleic anhydride 1 condition, after
storage under varying conditions; 1) fresh, 2) 2 weeks vacuum, 3) 2 weeks N, gas, 4) 2 weeks atmosphere
and 5) 4 weeks vacuum. a) total ion count, b) CH" distribution, ¢) C4H distribution and d) negatively
charged maleic anhydride monomer distribution. N=2.
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The 2 and 4 week vacuum method showed a slightly lower abundance of all molecular
masses >70 compared to fresh maleic anhydride. The C;H,O," fragment abundance was
9.3x10™ for 2 week vacuum, 8.9 x10™ for 4 week vacuum, then 1.4x x107 0.0014 for
fresh MA. The abundance of C4HO, was 0.0008 for fresh MA, compared to 5.0x10™
and 4.0x10™* for 2 and 4-week vacuum respectively. Regarding the abundance of the
intact MA monomer, all storage conditions demonstrated lower counts compared to
fresh MA. However, whilst the vacuum and N, gas storage methods dropped only to
2.8x107 from 3.0 x10” from fresh, atmospheric storage dropped to 2.7 x10™.

This was interesting, as water in the atmosphere may have reacted with the
anhydride groups. It was interesting that the monomer group would hydrolyse after 2
weeks under atmospheric conditions to a structure that contained two carboxylic acid
groups, with a molecular mass of 115. Although a peak at 115 is present, the area does
not change significantly between 2 weeks storage under atmosphere compared to fresh.
As water immersion studies have also been reported in the next section, it will be
interesting to compare results.

Regarding CsH30;", fresh MA had 3 x10” normalised counts whilst 2 and 4
week vacuum counts dropped to 2.4 x10™ and 2.3 x10 respectively. As well as spectra
of molecular masses detected using ToF-SIMS, the positions of selected species can
also be mapped onto a ToF-SIMS image to demonstrate distribution. Whilst the selected
ions from the fresh and 2 week storage methods of MA1 showed an even distribution,
this was not so for 4 week vacuum storage. There was an area of depletion regarding
certain species, which included molecular mass 49 (Postulated structure C4H"), 16 (O),

41 (C;HO") and 73 (C6H).

2.1.8 Results: stability of maleic anhydride 1 under dH,O

As biological characterisation involved the immersion of the given surface in aqueous
medium for varying amounts of time, further characterisation of MA was carried out
using distilled water as a model. Fresh MA coated silicon wafers were immersed in
distilled water for 20 minutes, 4 days and 14 days. Excess water was then wicked off
and the slides dried at 50°C for 1 hour then stored under vacuum overnight before fresh

XPS and ToF-SIMS analysis.
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Surface Wide Scan High Resolution C 1s (%)

%C %0 0/C C-C C-C-(0)=0 C-0 C=0/0-C-0 | C-(0)=0
MA, fresh 7242 2642 0.37 44 £3 22 £1 10 +4 7+1 16 £3
MA, 20 min dH,0 71 £0.6 28 +0.3 0.39 4403 22 40.1 9+0.4 8£0.2 18 £0.2
MA, 4 days dH,0 71 £0.5 28+0.4 0.39 44 £0.7 22404 10£0.8 9+0.7 16 £1
MA, 2 weeks dH,0 71 0.4 27+0.2 0.38 44 +0.1 22 +0.1 10 £0.6 8+0.4 16 £0.1

Table 2.3: XPS elemental composition as detected by the wide scan and Cls narrow scan for maleic
anhydride plasma polymerised coatings on silicon wafers. Samples were immersed in dH,O for the
specified time, then analysed. Standard deviation in parenthesis, n=2.
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From the results shown in table 2.3, there are no significant differences between
conditions regarding the carbon and oxygen ratio. Whilst the most dramatic carbon
decrease is 72.16% to 70.94% after 4 days in dH,O, the standard deviation for carbon in
MA fresh is 1.81. Because of this, the difference is not notable. Again, any differences
between MA coatings that have been dipped in water regarding total oxygen percentage

are obscured by the standard deviation of 1.52 for fresh MA.
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Figure 2.18: The narrow (Left) and wide (Right) XPS scans for maleic anhydride 1 immersed in
distilled water for various time points as indicated. N=2.
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Inspection of the Cls narrow scan components show that the water immersed
environments again show no difference compared to fresh MA. There was very little
difference in the C-C environment across the water ageing conditions. As the standard
deviation for fresh MA was 2.6, the decrease to 43.99% from 44.35% can be
disregarded. For all carbon components, MA immersed for 20 min dH,O showed the
most difference in environments compared to fresh apart from the C=0O / O-C-O
environment. The C-C-(O)=0 environment demonstrated no difference between fresh
and water immersed MA coated wafers, whilst the C-O environment decreases from
9.94% to 8.62%. As the standard deviation for fresh MA was 3.7, any difference was
again masked by the deviation. The only difference of the C=0/O-C-O environment
was between fresh (7.48%) and 4 days water aged (8.50%). As the difference was 0.02
over the standard deviation of 1.0, this was again a slight difference. Finally, any
differences between conditions with the anhydride / acid component C-(0)=0 were
again within the range of standard deviation. The anhydride / acid component
percentage increased from 16.07 to 17.82 after 20 min in dH,O, then decreased to 15.56
after 4 days. The anhydride component was reported as 15.89% after 2 weeks immersed
in distilled water. These results were intriguing, as water is known to react with any
anhydride groups present[6]. It was interesting that the percentage of the C-(O)=0O
component would increase due to hydrolysis of each anhydride group to two acid
groups, which did not occur with any significance. Further investigations with ToF-
SIMS were then performed to analyse any molecular mass differences between surfaces
that had been aged with distilled water. Again, selected molecular masses (with
postulated structures in brackets) shown in figure 2.19: 13 (CH’), 16 (O"), 41 (C,HO"),
49 (C4H), 73 (CeH), 70 (C5H,0y), 81 (C4HOy), 82 (C4H205), 97 (C4HO5') and 111
(CsH305"). Other molecular masses present included 17 (CHa), 26 (C;Hy)), 42 (C,H,0O),
49 (C4H), 51 (C4H3), 71 (C4H;0O), 97 (C4HO5), 109 (CsHOs'), 110 (CsH2035), 111
(CsH3037), 115 (C4H304), and 121 (CsHOy).

Examination of the smaller structures shown in figure 2.20, the normalised count
of CH’ increased with time immersed in water, from 0.16 fresh to 0.022 after 2 weeks in
distilled water. The levels of oxygen species remained very similar throughout the 2-
week period, whilst C;HO levels increased from 0.042 to 0.046 after 20 min in water.
Counts then dropped slightly to 0.045 after 2 weeks in water. Interestingly, the structure
C4H increased in abundance from 0.029 fresh, to 0.034 after 20 min dH,O. Counts then
increased further to 0.038 after 2 days, then dropped again to 0.034 after 2 weeks in



Chapter 2: Plasma Polymers: Fabrication and Evaluation 83

dH,O. This pattern was repeated for the C¢H" structure, which increased from 0.015
fresh to 0.02 after 4 days, and then slightly dropping down to 0.018 after 2 weeks.
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Figure 2.19: ToF-SIMS spectra of maleic anhydride 1 condition, after immersion in distilled water for
various time points; a) Fresh, b) 20 min, ¢) 4 days and d) 2 weeks. Significant negative ion fragments
indicated, where M = monomer mass. n=4.

Reporting on possible structures with larger molecular masses shown in figure
2.21, there was a trend of decreasing abundance of certain species with longer periods
of immersion in distilled water. The normalised counts of Cs;H,O, lowered from
1.4x107 fresh, to 9.0x10™ for 4 days and 2 weeks dH,O immersion. This was repeated
for C;HO,; 8.0x10™ for fresh MA, then depleting in abundance to 5.0x10™* after 2
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weeks in distilled water. C4H,0,” was less affected, dropping to only 6.0x10™ after

storage in distilled water for 2 weeks, from 6.6x10™ fresh.
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Figure 2.20: Smaller fragments from the negative ToF-SIMS spectra of maleic anhydride 1, after
immersion in distilled water for various time points. Areas shown were normalised to total counts, n=4.

0.0035 BMALI: fresh

EMAL: dH20 20 min
0003 " mMAL dH20 4 days
BMAL: 2 wk dH20

0.0025 -

-
N
A
0.002 i N
NN
NN
i \
N
\

0.0015 -

Normalised counts
o
S

-

0.0005 MM

\
L

NN
§§§ \\\ A\
N\ = N\ —— A\ \

0
C3H202- C4HO2- C4H202- C4H203- C5H303-

Figure 2.21: Larger fragments from the negative ToF-SIMS spectra of maleic anhydride 1, after
immersion in distilled water for various time points. Areas shown were normalised to total counts, n=4.



Chapter 2: Plasma Polymers: Fabrication and Evaluation 85

=——{100.00 pm 150 ———110000pm 180 ———100.00 um
60 : dEe e 2
, 125 y ; § s 125
50 _v 3 L
! 100 ; sl oo
40 il IR
) 75 % © S s
30 :
2 50 R 5.0
1 10 25 ok 1C 25
7500.00u - ’ * 4901u-CiH ' 9 9801~ CaHeOs-
MC: 687, TC: 3.468e+007 MC: 15; TC: 7.744e+005 MC: 10; TC: 1.322e+005

——100.00 ym 150 110000 um , 5o m———i100.00um
500 o
125 N 125
400 :
100 . - 100
0 75 Sk 75
200 50 50
2a 100 26 20 25
0 i z s 0.0 i
7500.00u - 13.01u - CH- 49.01u- CeH- % 98.01u- CiH:0s-
MC: 560: TC: 2.843e+007 MC: 15; TC: 5.528e+005 MC: 15; TC: 8.009e+005 MC: 8 TC: 1.191e+005
——{100.00 ym 500 —100.00 ym 180 ———4100.00 pm F———100.00 pm
Q ] 0 3 TROPEES 15.0
125
400
10.0
300
5
200 RS
50 : ; v CAR R 3.
3 100 i ; s LI e ) 3d
7500.00u - * 1301u-CH- " 901u- Gt SO0 9801y CaHaOs-
_MC: 502; TC: 2.466e+007 _MC: 15; TC: 5.392e+005 AC: 15, TC:7.577e+005 _MC: 7,TC:7.331e+004

ey 1UU.UU pm 0 ui

—T ——10

500 15.0

300

98.01u - C4H203-
MC: 503; TC: 2.342e+007 MC: 15; TC: 5.481e+005 MC: 15; TC: 7.130e+005 MC: 6, TC: 6.436e+004

7500.00u - 13.01u- CH- %0 49.01u- CeH-

Figure 2.22: Negative ion ToF-SIMS mass distribution images of the maleic anhydride 1 condition, after
immersion in distilled water for various time points; 1) Fresh, 2) 20 min, 3) 4 days and 4) 2 weeks. a)
Total ion count, b) CH™ distribution, ¢) C4H" distribution and d) Negatively charged maleic anhydride
monomer distribution. N=2.

Considering the monomer structure C4HO3', its relative abundance compared to
other larger structures was high, with normalised counts at 3.0x10~ for fresh MA. The
abundance then decreased sharply, to 2.6x107 after 20 min, 2.0 x10~ after 4 days, then
1.8x107 after 2 weeks. This could have occurred due to rapid hydrolysis of the
anhydride group by dH,O.

However, the decrease in anhydride groups would be expected to correlate with
an increase in the structure C4H304, molecular mass 115. This did not occur; instead

the normalised counts of molecular mass 115 decreased over the duration of water
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immersion (Figure 2.19). The trend of decreasing abundance of larger structures
continues with CsH3O3", counts decreasing from 3.0x107 fresh, to 2.3x107 after both 4
days and 2 weeks of water immersion that could have been due to water penetration into
the polymer network leading to further hydrolysis of larger molecules.

Looking at the ToF-SIMS molecular mass images of ion distribution, it can be
seen that there was an even distribution of all ions for fresh, 20 min and 4 day time
points. It can be seen from figure 2.22 that there was an uneven distribution of certain
ions after 2 weeks of MA immersion in dH,O. As the uneven distribution was not seen
on any images of selected ions, the distribution was caused by unknown ions. This
could have been from the effects of prolonged immersion in water, due to the swelling,
expansion[6], then the possible breakdown of certain discrete areas within the polymer

network after 2 weeks.
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2.1.9 Discussion

Investigations were carried out to ascertain the surface characteristics and composition
of plasma polymerised surfaces. AAc and MA plasma polymer coatings were produced,
by controlling the flow rate of monomer and total power over a given time frame.
Surfaces were then analysed using contact angle, AFM, XPS and ToF-SIMS techniques.
Tapping-mode AFM demonstrated that there was no significant difference in topology
between the uncoated silicon and plasma-polymerised surfaces. The root mean square of
roughness (Ry) is a function that takes the square of the AFM measurements. Whilst
studies generally report rougher surfaces with AFM after plasma polymerisation of
AAc[34], coating conditions, feed blends and reactor dimensions affect coating
characteristics. The only other study that analysed acrylic acid surfaces with AFM used
an argon / acrylic acid blend as feed and pulsed the coating[5]. Another study reported
an Ry of 0.19 nm for a coating that had similar coating parameters to MA 1 (Rq 0.276
nm)[30]. Conversely, Hu et al[11] found an increase of roughness values using AFM; a
difference in Ry from 0.66 nm uncoated PET, to 5.8 nm with MA, using a duty cycle of
I ms on, 100 ms off and 100W power. The roughness then increased with the power
used, for up to 99 nm for 5SW continuous. As the Rq of MA 1 and 3 was lower than
silicon, the low power used did not increase the surface roughness.

For all plasma polymerised coatings analysed by XPS, the Cls envelopes were
fitted with 5 components which corresponded to C-C (285.0 eV), C-C(O)=0 (285.8
eV), C-O (286.7 eV), C=0/0-C-O (287.9 eV) and C(O)=0O (289.5 eV). The C-C
environment was the prominent component of the Cls peak, with varying percentages
of acid groups and oxygen containing functionalities. Regarding the XPS for AAc, the
surface was rich with carbon and oxygen species. The average silicon environment of
0.65% from the wide scans demonstrated that the coating covered the silicon surface
successfully and evenly. From the wide scan of AAc, it can also be seen that there was
no contamination from dirt between coating and analysis. Although there was a 1%
nitrogen peak, this occurred in all the wide scans of plasma-polymerised surfaces. The
nitrogen presence could be from residual molecules trapped in the coating during
plasma polymerisation, which would not have been not completely excluded, as a rough
vacuum was used. Regarding the oxygen and carbon components, C-C(O)=0 was the
most prominent at 18.8%. Alongside the C-(O)=0O component of 9.2%, it demonstrated
that the carboxylic functionality remained intact after the coating step. The relative

percentages of acid groups to hydrocarbon groups corroborates well with existing work
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[5, 13, 21, 35], and show explicitly that the plasma polymerisation step was successful.
Although the XPS was useful for demonstrating the retention of carbon and oxygen
species on the coated surfaces, the relatively low accuracy of 10% means that the exact
quantities of anhydride or acid groups could not be ascertained. Chemical derivatisation
using trifluoroethylamine in methanol may have been a more accurate method of
determining the anhydride groups present on MA 1, 2 and 3 and may have provided a
more informative result for future biological characterisation work. Chemical
derivatisation techniques such as use of diazomethane could have also been used with
acrylic acid surfaces to determine the number of carboxylic acid groups.

Regarding fresh MA 1 (80 ps on, 800 ps off), the binding energy peak C(O)=0
that would contain the anhydride functionality was 16.2%. This was slightly lower
compared to Mishra et al[18], who reported 24.7% anhydride component with 10W
power. It may be that the SW duty power, combined with pulsed conditions, was too
low to ionise enough monomeric species for optimal attachment. Whilst the C(O)=0
peak of MA 2 was higher at 21.5% due to the shorter on-times[24], it was much more
reduced for the MA 3 condition of 1W continuous (5.3%). This was an interesting
result, as it has been shown[24] that the greatest retention of anhydride groups occurs
with low power and pulsed duty cycles with short on-times and long off-times.
Schiller’s work demonstrated a C-(O)=0 environment of 13.8% for a duty cycle of 1 ms
on, 40 ms off with 100W peak power[28]. Although the power was much greater, the
pulsed times were also correspondingly larger. Schiller’s work also corroborates the
findings of this chapter, as the retention of functional groups was lower than MA 1 or 2,
but higher than MA 3. The highest retention of the C(O)=0O components was shown in
Siffer et al[30], who achieves a C(O)=0 component of 32% when combining 5W peak
power with a 25 us on-time and 1200 ps off-time. The work was very similar to MA 2,
which also had a high anhydride component.

The aim of using pulsed conditions is to ionise the monomer and open up the
anhydride ring during the on-time (if the power is high enough). The off-time of the
cycle then allows the reactive monomer to attach onto the surface without further
fragmentation, resulting in a higher proportion of the anhydride group to be preserved.
Comparatively, with continuous power, there was a higher fragmentation rate of the
reactive anhydride group and therefore lower retention of functionality.
Correspondingly, there was a much larger percentage of carbon on MA 3 compared to
MA 1 or 2. The higher degree of fragmentation that leads to an increase in lower weight

hydrocarbon species has been reported previously[18]. It can therefore be shown that
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with decreasing power and pulsed conditions, a higher retention of anhydride groups
within the polymer film occurred and an accompanying decrease in cross linking
throughout the polymer network. This corroborates with published work on plasma
polymerised MA coatings [18, 24, 28, 30].

Regarding the thickness of the samples, XPS showed that MA 3 had the highest
percentage of silicon of 45%. The silicon environment for MA 2 was 21.3%, and 5.3%
for MA 1. This difference in thickness between MA 1 and 2 could have been due to the
shorter pulsed on-times for MA 2 and therefore shorter ionisation times, which led to a
thinner coating. Angle-resolved XPS or ellipsometry would have been useful to exactly
determine the thickness of the samples, however due to time and practical constraints
this wasn’t possible. However, as MA 3 had the continuous condition of 1W, the high
silicon environment somewhat conflicts with the higher powered regime used, which
would have led to the ionisation of a greater proportion of the gaseous species. TOF-
SIMS results demonstrated almost twice the relative amounts of C4H™ and C¢H" species
on MA 3 compared to MA 1 or 2, which may have altered the molecular interactions
within the plasma species and therefore affected the coating thickness. The next step
would be to use the characterised surfaces to investigate the relationship between
varying plasma polymerised coating conditions and neurite outgrowth and extension.

ToF-SIMS results of the MA 1, 2 and 3 conditions were valuable and agreed
with the overall XPS data, demonstrating explicitly that the anhydride functionality
remained intact during the plasma polymerisation process. These results were
corroborated by previous studies[18], which also proved retained anhydride
functionalities at low pulsed power cycles with either FTIR or ToF-SIMS[24, 28, 30].
There was enhanced retention of some hydrocarbon structures and masses over 97
found in the MA 3 coating compared to MA 2, whilst MA 1 also demonstrated higher
counts of heavier molecular mass species.

Interestingly, there was a lower count of MA monomer on MA 2 compared to
MA 1 and 3. As MA 2 had the lowest power, it could have led to a smaller fraction of
the ionised monomer. However, the XPS Cls narrow scan analysis shows the highest
anhydride / acid component for MA 2. There is a peak that is only present in MA 2 at
molecular mass 79, which could correspond to CsOHj3". However, that would not be
detected as the anhydride / acid component with XPS. Smaller fragments that would
have been detected by XPS as the C-(O)=0O anhydride component were all present in
lower quantities compared to MA 1 and 3. Therefore, it is not clear where the high

abundance of anhydride / acid functionality from XPS component analysis arose from.
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The coating for MA 1 and 3 was shown to be pin hole free and evenly distributed,
which was very beneficial to know as investigations progressed towards biological
characterisation. MA 2 had some uneven distribution of unknown ions, which could be
due to the low power duty cycle.

In order to characterise the plasma-polymerised coatings with regards to
hydrophobicity for cell culture comparisons, contact angle measurements were
performed. A contact angle of 48.5° for AAc was compared to similar work of Colley et
al[4] and Buttiglione et al[l], who report 43°+3° and 554+2°, respectively. This is
because the monomer flow rate Colley et al. used was higher, leading to lower energy
per monomer imparted and therefore a higher retention of functional groups. This would
result in more acidic groups on the surface and a more hydrophilic coating, leading to a
lower contact angle compared to the conditions used in this chapter for AAc.
Meanwhile, Buttiglione et al. used a minimum power of 50W, which is much higher.
The increased energy per monomer would have resulted in higher fragmentation and a
higher proportion of carbon bonds, giving a more hydrophobic contact angle.

The fresh contact angle of 46.3° for maleic anhydride could have been due to the
high proportion of anhydride groups, that may have increased the hydrophilicity of the
surfaces. It was difficult to compare contact angles of maleic anhydride, as the only
other published work is by Schiller et al[28], who reported a contact angle of 57° with
10 pl milli-Q water and 31° after 24hr hydrolysis with the water. However, the coating
conditions were 100W for 4 minutes, with 1 ms on and 40 ms off; a much higher power.
The study was therefore in agreement with results found, as a higher duty cycle could
have resulted in a more hydrophobic coating and a higher contact angle. As the contact
angle decreases with immersion in water[28], this also concurs with contact angle
results found with this study. Whilst the surfaces were not immersed in water during the
contact angle study, storage under atmospheric conditions would have exposed the
surfaces to vaporised water. Contact angle performed with MA 2 also agrees with
Schiller et al[28] in that the surface becomes more hydrophilic after 24hrs when
exposed to atmospheric water vapour. MA 3 contradicted existing studies[28], as the
contact angle remained very similar throughout the ageing experiment. As it was shown
with ToF-SIMS measurements that the maleic anhydride monomer was present in MA
3, it is puzzling why atmospheric hydrolysis of anhydride groups did not lead to a lower
contact angle. Fresh MA 3 had the lowest fraction of anhydride / acid groups as
demonstrated by XPS which would agree with the stable contact angle values when

exposed to atmospheric conditions over time, so the ToF-SIMS may show the presence
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of a molecular mass of 98 that is not maleic anhydride. As the experiment was
performed in January during cold temperatures, atmospheric humidity would have
contained enough water vapour to hydrolyse anhydride groups.

Results in chapter 3 demonstrate that MA 1 is the optimal coating condition for
neurite outgrowth of NG108-15 neuronal cells. Because of this, further surface analysis
work was conducted to characterise MA 1 herein with regards to storage and water
immersion. In apprehension of the use of MA 1 clinically, the coatings were stored for 2
weeks under rough vacuum, N, gas and atmosphere. Samples were also analysed after
I-month storage under rough vacuum. XPS results demonstrated no difference between
fresh and stored MA 1 with regards to carbon and oxygen content. Analysis of the Cls
narrow scan component also showed very small differences, which were negligible due
to the larger standard deviation of fresh MA 1.

ToF-SIMS analysis then enabled further insight into the effect of storing MA 1
under certain conditions. Storing MA 1 samples in vacuum for 2 and 4 weeks, N, gas
and atmospheric environment led to a slight enhancement of lower weight hydrocarbon
species compared to fresh MA 1. Results from 2 week and 4 week vacuum storage then
demonstrated a slightly lower retention of molecular mass species that corresponded to
species C3H,O,', C4HO;', C4H,0, and C4H,05". There was a dramatic decrease in the
species CsH3Oj;™ after 2 and 4 weeks vacuum storage. Interestingly, N, gas and
atmospheric storage had similar normalised counts of the larger molecular weight
species to fresh MA 1. Previous publications report the maleic anhydride molecular
mass to be significantly lowered after 2 weeks exposure at atmospheric conditions due
to hydrolysis[6]. Although there could be another structure present that has the
molecular mass of maleic anhydride but a different composition, it is also likely that the
MA 1 monomer remained.

The ion images provided by ToF-SIMS mapping show even distribution of
species for all storage and fresh conditions, apart from 4 weeks vacuum storage. It was
possible that the coating was uneven when prepared, however evidence shown from
MA 1 fresh contradicts such assertions. Chu et al[2] reports on the gradual destruction
of the MA 1 polymer network by hydrolysis. However, as fresh desiccant was also used
with the vacuum storage, this is unlikely.

Due to biological characterisation in chapters 3, 4 and 5, further studies with
MA 1 looked into the effect of immersion into dH,O for varying amounts of time. dH,O
was used to model medium components used in biological experiments. As it has been

found that the presence of anhydride groups is directly related to the irreversible binding
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of bovine serum albumin (BSA)[16], this was a relevant study. However, small
differences demonstrated by XPS studies were again obscured by the standard deviation
for fresh MA 1. The C(O)=0O component from the Cls narrow scan increased from
16.06% fresh to 17.82% after 20 min dH,O, however there was also a standard
deviation of 2.6.

ToF-SIMS was then used in order to have a detailed look at the species left on
the surface after hydrolysis. As chemical species on the surface after 4 days could have
potentially stimulated or maintained neurite outgrowth, it was important to characterise
the ageing process thoroughly. An increase in lower molecular weight hydrocarbons
was found after 20 min, 4 days and 2 weeks dH,O hydrolysis compared to fresh MA 1.
The normalised counts of larger molecular weight species with oxygen functionalities
dropped off gradually through all the time points, as hydrolysis occurred.

Interestingly, the assertion by Chu et al[2] that hydrolysis of maleic anhydride
occurs after 24 hour immersion in water may not be entirely accurate. The molecular
mass corresponding to the MA monomer was detected by ToF-SIMS after 2 weeks
immersion in distilled water. These could be erroneous structures that have the same
molecular mass as MA, but not the same structure and chemical constituents.
Otherwise, it could be postulated that intact, unreacted MA was trapped in the
polymeric network. Schiller postulated that MA films formed at low power lead to
hydrolysis of a few main chain bonds and partial dissolution of the surface layer,
behaviour similar to a polyelectrolyte[28]. A partial dissolution of the surface layer may
result in the MA monomer remaining in the base layer of the coating. As silicon was
detected in negligible amounts using XPS analysis for the storage and water immersion

investigations, the depth of the coating would be around 10 nm.
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2.2.1 Conclusions

The plasma polymerisation process was shown to be successful through AFM,
contact angle, XPS and ToF-SIMS analysis

AFM characterisation demonstrated small differences in the coated and uncoated
silicon wafers, indicating that the topology was not significantly altered. There
was also a significant enough difference between the contact angle of the
uncoated and coated surfaces to show that the hydrophobicity and wettability of
the coated glass surfaces had been modified

XPS analysis probed further into the surface characteristics of the plasma
polymerised surfaces. XPS spectra for AAc demonstrated a well-covered
surface, rich in carbon and oxygen species. There was good retention of
functional groups, which corroborated with previous work. It was found that the
greatest apparent retention of functional groups regarding maleic anhydride was
the MA 2, which had a condition of 20 ps on-time, 1200 ps off-time and 5W
peak power.

ToF-SIMS was then performed, which indicated that MA 1 and 3 conditions led
to the greater retention of the starting monomer compared to MA 2

As the XPS and ToF-SIMS results did not fully agree, it was not possible to
extract quantitative conclusions from the data regarding the relative amount of
anhydride groups on fresh MA surfaces respectively. Chemical derivatisation
techniques would have therefore been beneficial

Further characterisation work into the effects of storage on MA 1 demonstrated
slightly reduced retention of the maleic anhydride structure when stored for 2
and 4 weeks under vacuum, N, gas, and atmospheric conditions

A dramatic drop off in the MA 1 monomer was demonstrated after 4 days and 2

weeks immersion in dH,O
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3.1 Biological Evaluation of Plasma Polymers Using NG108-15
Neuronal Cells

3.1.1 NG108-15 neuronal cell culture

There has recently been a lot of interest in the area of nerve regeneration, and the
improvement of clinically available nerve guides[4]. Whilst nerve guides have
advantages over autografts such as donor site morbidity and therefore reduced risk of
infection, they are currently only effective for defects around 20 mm. There have been
various strategies to improve nerve guides, from changing the material of the guide, to
adding extra Schwann cells to the defect site upon implantation. Methods of in vitro
analysis regarding neuronal cells include proliferation[11] and metabolic assays[15],
immunohistochemistry (IHC) labelling for neuronal markers such as neurofilament 200,
and area of cell coverage[5].

A cost effective and rapid method to evaluate the effectiveness of a given
treatment with regards to potential neuronal differentiation in vitro is to quantitatively
evaluate neurite outgrowth. Measuring neurite length, number of neurites and
percentage of neurons with neurites, has been shown to be a good indicator of neuronal
differentiation when combined with analyses such as flow cytometry, Western blotting
and reverse transcription polymerase chain reaction (RT-PCR)[14]. However, it can be
time consuming to quantify a large enough sample of neurons for the neurite outgrowth
to be significant compared to other treatments.

There are also inherently high variances in neuronal measurements, as a neuron
will be constantly extending and retracting neurites when probing or moving across a
surface. Because of this, the sample number usually has to be of at least 100 cells per
condition. This chapter describes the initial investigation of a high throughput method to
accurately measure neuronal cells, which was accurate and easy to use. A high
throughput epifluorescence microscope was utilised (Axon / Molecular Devices
ImageXpress). Using the ImageXpress analysis software, over 2000 cells could then be
identified, quantified, and the data exported into an Excel worksheet. The software has
the capability to measure; 1) Maximum neurite length, 2) Number of neurites per
neuron and 3) Percentage of neurons with neurites - the three common measurements
that can indicate neuronal differentiation.

The initial experiment assessed which immunolabelling detection method was

more suitable for analysis - B-tubulin III or F-actin (Figure 2). Using the ImageXpress
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analysis software, differences between neuronal cells labelled for B-tubulin III versus F-
actin were analysed, with regards to neuronal measurements. The NG108-15 neuronal
cell line was chosen for experimentation, as they are well characterised[25, 31] and
have been documented in many publications[17, 2]. It has been shown numerous times
that results obtained with NG108-15 neuronal cells can be indicative of primary

neuronal cell response under defined conditions[3].

Figure 3.0: (A) Morphological changes
throughout neuronal differentiation, where
neuritogenesis (2) occurs at thin, actin-rich
peripheral protrusions surrounding the soma.
Neurite outgrowth, pathfinding, and targeting
(3 and 4) are then driven by the growth cone.

1 2
O-@-@
\J

4 After reaching the correct target, the growth
cone stops extending and forms a synapse
Aol with the post-synaptic cell (5). (B)

Cytoskeletal structure of the leading edge of
the growth cone. The structure can be divided
into two cytoplasmic domains: the central
domain (C-domain) contains microtubules,
;lifg:’bme whilst the peripheral domain (P-domain)

contains F-actin. The P-domain is composed
of filopodia (bundles of longer F-actin) and
P-domain lamellipodia (randomly oriented networks of
shorter F-actin between the filopodia).
Reproduced with permission[30].

Growth cone

(A)

Lamellipodia

(B)

After investigating the most accurate method of neurite outgrowth identification,
investigation then moved onto the application of plasma polymerisation on neuronal cell
biology. Using uncoated glass slides and laminin coated glass slides as controls,
NG108-15 neuronal cells were cultured on acrylic acid (AAc) and maleic anhydride
(MA), and conditions optimised. As the MA plasma polymer has not previously been
investigated regarding neuronal cell culture extensively[22], results will be novel. The
AAc plasma polymer was also chosen, as there are a number of published studies that
demonstrate its efficacy of improving cell adhesion, migration and proliferation[6, 9, 8].
The experimental aim was to compare MA versus the control materials of glass and
laminin as well as acrylic acid, to which published studies can be compared. Once
optimal conditions were ascertained, such as serum containing versus non-serum
containing medium, neuronal measurements were collected and analysed. Using MTS
metabolic assays and neuronal measurements from immunolabelling, the neuronal cells
were assessed to determine whether neuronal growth and neurite extension was

maintained on laminin, glass and the plasma polymers. .
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3.1.2 Materials and Methods

NG108-15 neuronal cell culture

A mouse neuroblastoma and rat glioma hybrid NG108-15 cell line (ECACC) was
chosen for experimentation as it has been well characterised and displays a neuronal-
like phenotype[31]. Cells were maintained in DMEM (Biosera) with 10% FCS, 100 U
ml" penicillin / 100 ug ml" streptomycin and 2 mM glutamine (Sigma). Cells were
seeded at 5x10° cells/well in a 24 well plate, and used between passages 11-21.
Substrates used included MA 1 (on time of 80 ps and an off time of 800 us, SW peak
power for 20 min), MA 2 (on time of 20 ps and off time of 1200 us, SW peak power for
20 min), MA 3 (IW continuous for 20 min) and AAc (15W continuous for 10 minutes).
The cells were cultured for 72 hours on the substrates, and kept in culture medium for
the first 48 hours. For the last 24 hours the medium was changed to 1:1 DMEM:Hams
F12 (Biosera), with 1% (v/v) N; supplement (GIBCO, BRL, UK), 100 U/ml penicillin
and 100 pg/ml streptomycin and 2 mM glutamine (Sigma). N, supplement contains 5
mg/l recombinant insulin, 10 mg/l human transferrin, 5.2 pg/l sodium selenite, 1.6 mg/I
putrescine and 6.3 pg/l progesterone. As this protocol had been used previously [100], it
was used in this study to compare neurite outgrowth of neurons on glass, laminin and
the plasma polymers. Further studies then used serum free media to determine the effect
of serum/non-serum conditions on the ability of neuronal cells to support and extend

neurites on plasma polymerised surfaces.

NG108-15 neuronal cell culture under serum free conditions for plasma polymer
investigation

NG108-15 neuronal cells were maintained in DMEM (Biosera) with 10% FCS, 100
U/ml penicillin and 100 pg/ml streptomycin and 2 mM glutamine (Sigma) and used
between passages 11 and 21. Cells were seeded at 1x10* cells/well on each substrate in a
24 well plate. Substrates used included MA 1 (on-time of 80 ps and an off-time of 800
us, SW peak power for 20 minutes) and AAc (15W continuous power for 10 minutes).
Cells were cultured on surfaces for 4 days under serum free conditions, DMEM
(Biosera) with 100 U/ml penicillin and 100 pg/ml streptomycin and 2 mM glutamine
(Sigma). As NG108-15 adhesion is low in serum free conditions, medium changes were
warmed to 37°C before being conducted. PBS was also warmed to 37°C before being

used to wash cells prior to fixation.
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Immunocytochemistry for f-tubulin 111 labelling

NG108-15 neuronal cells were rinsed in warmed PBS, then fixed in 3.7% (v/v) formalin
for 20 min. Cells were permeabilised with 1% (v/v) Triton X-100 for 5 min at 4°C, then
carefully rinsed with PBS x3 for 10 min. Samples were blocked with 3% BSA (w/v) in
PBS for 60 min then rinsed with PBS. A monoclonal IgG mouse species anti-p-tubulin
IIT antibody (1:2000; Promega) in 1% BSA (w/v) was added and samples stored at 4°C
overnight, and then rinsed with 3 x 5 min PBS. Texas-red conjugated secondary
antibody (horse anti-mouse IgG, 1:100; Vector labs, UK) in 1% BSA (w/v) was added
for 1 hour at room temperature, before 3x10 min wash. For the serum free experiments,
NG108-15 neuronal cells were also stained with 300nM / 1:500 (w/v) 4',6-diamidino-2-
phenylindole (DAPI) that labels the nuclei of fixed cells for 15 mins, then washed 3 x 3
min with PBS.

Immunocytochemistry for F-actin labelling

NG108-15 neuronal cells washed 3x5 min with PBS at 37°C were fixed for 20 min with
3.7% (v/v) formalin in PBS (37°C). After rinsing with PBS, 0.5 ml 1% Triton X-100
(v/v) in PBS was added for 5 min at 4°C to permeabilise the cells. After 3x5 min gentle
PBS washes, 0.5 ml phalloidin—tetramethyl rhodamine isothiocyanate (TRITC) (1:5000,
Sigma) was added to the cells for 30 min, then 3x5 min PBS washes were performed

again.

Image Analysis

Fluorescently labelled samples were imaged using an epifluorescence microscope
(ImageXpress, Molecular Devices, USA) at x20 magnification. Micrographs of the
indirectly labelled Texas Red conjugated anti-B-tubulin III antigen were taken using Aex
= 595 nm / Aem = 615 nm. Directly labelled F-actin (with phalloidin-TRITC) were
visualised using Aex = 557 nm / Aem = 576 nm. Nuclei directly labelled with DAPI
were imaged using Aex = 350 nm / Aem = 470 nm. 20 micrographs of each condition
were taken and analysed for 3 different parameters using an existing script of the
ImageXpress analysis software, which had been optimised previously[15]. By ensuring
that there were labelled cells visible in every micrograph taken, this method enabled

around 2000 cells to be measured per condition.
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~ 2 %

a 4 b
Figure 3.1: Diagram illustrating a) Maximum neurite length b) Percentage of neuronal cells with neurites
and c¢) Number of neurites per neuron.

The reasoning behind the analysis of such a high number of cells was the high
inherent variation of dynamic neurite outgrowths. The following three parameters for
neuronal cells were measured (Figure 3.1): 1) Percentage of neurons with neurites, 2)
The number of neurites per neuron and 3) Maximum neurite length per neuron. The last

two conditions were restricted to cells that had neurites.

Statistical Analysis

Statistical analysis was performed using SigmaStat. Each experiment was carried out in
triplicate, then repeated three times (N=3). Results show the mean + SEM. Due to the
inherently high variance of neuronal measurements, significant results were determined
by performing t-tests for comparisons using the averages and standard deviation of the
three repeats for P-tubulin III and F-actin results. One-way analysis of variance
(ANOVA) statistical test was performed for experiments that had more than two
conditions, again using the averages and standard deviation of the three repeats. If the
differences in mean values among treatment groups were greater than would be
expected by chance, Holm-Sidak post-hoc analysis versus the control group (glass) was

used to determine if results were significant.
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3.1.3: Results: -tubulin IIT versus F-actin labelling of NG108-15 neuronal cells
Neuronal measurements of NG108-15 neuronal cells labelled with p-tubulin III and F-

actin
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Figure 3.2: Comparison of F-actin and p-tubulin III labels on the effect of neurite outgrowth. 5 x 10°
NG108-15 neuronal cells were seeded onto TCPS and cultured in serum conditions for 72 hours, then
transferred to serum free conditions with supplements for 24 hours. Cells were fixed and labelled with -
tubulin IIT or F-actin, then analysed using ImageXpress analysis software for number of neurites each
neuron sprouted. Data points show mean + SEM (N=3); *p<0.05 compared to B-tubulin III (N=3).

Results from the neuronal quantification confirmed that the image analysis software was
accurate at determining neuronal measurement as each outline was checked, then any
erroneous results discarded. Results were not modified before exporting, only discarded
if the outline was not accurate. Regarding neuronal measurements, whilst B-tubulin III
labelled 2.9 neurites per neuron, F-actin labelling identified an average of 3.74 neurites.
This was an interesting result, as F-actin labels all actin-based protrusions from the cell,
including lamellipodia and fillipodia. As B-tubulin III will only label regions where
polymerised tubulin is present, it would label fewer neurites per neuron compared to F-
actin, due to the location of the tubulin filaments compared to F-actin[19]. There are
potential discrepancies within the experiment, as the labelling procedures required a
different number of washes. As B-tubulin III immunolabelled cells were washed more
times compared to the F-actin labelled NG108-15 neuronal cells, the cellular attachment
may have been adversely affected. This may lead to erroneous results from the B-tubulin

III labelled cells, however this effect should be small due to the presence of serum
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proteins. It has been shown that the presence of serum increases the attachment of
NG108-15 neuronal cells[7]. Because of the stronger attachment of NG108-15 cells,

fewer cells would have been washed off during the immunohistochemical procedure.

Figure 3.3: Micrographs of NG108-15 neuronal cells labelled with B-tubulin III (left) and F-actin (right).
With the F-actin label, the ImageXpress analysis software could not outline the majority of cells when
clustered as the cell borders were not as clearly defined as when labelling with -tubulin III.
By monitoring the fixed cells under a light microscope during most of the labelling
process, it would have been noted if there were a significant difference in cell numbers
after certain washing stages. Careful washing also minimised cellular sloughing. This is
a potential discrepancy for all neuronal measurement comparisons between p-tubulin III

and F-actin, which could not be avoided.
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Figure 3.4: Comparison of F-actin and B-tubulin III labels on the effect of maximum neurite length. 5 x
10° NG108-15 neuronal cells were seeded onto TCPS and cultured in serum conditions for 72 hours,
then transferred to serum free conditions with supplements for 24 hours. Cells were fixed and labelled
with B-tubulin IIT or F-actin then analysed using ImageXpress analysis software for length of the
longest neurite per neuron. Data points show mean + SEM (N=3).
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The micrographs shown in figure 3.3 corroborate the statistical findings.
Although the cell borders are clear when labelled with B-tubulin 11, cells labelled with
F-actin demonstrate a higher number of neurites. Whilst there were low numbers of
cells seeded at the beginning of the experiment so that cell clumping would be
minimised, colonies of cells were still distinguishable when labelled with B-tubulin III.
Colonies of cells labelled with F-actin were often not distinguished with the
ImageXpress software. The shape of each NG108-15 neuronal cell was more angular
when labelled with F-actin, with multiple protrusions from each cell. These multiple
protrusions usually merged with any adjacent NG108-15 neuronal cell, which caused
the ImageXpress analysis software to outline multiple NG108-15 cells as a single cell.
These inaccurate outlines were then discarded. As there were also intensity differences
of the fluorescence signal across each cell when labelled with F-actin and Phalloidin
TRITC(See figure 3.3), this also hindered the ability of the analysis software to outline

individual cells accurately.
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Figure 3.5: Comparison of F-actin and B-tubulin IIT labels on the percentage of neurons with sprouting
neurites. 5 x 10° NG108-15 neuronal cells were seeded onto TCPS and cultured in serum conditions for
72 hours, then transferred to serum free conditions with supplements for 24 hours. Cells were fixed and
labelled with B-tubulin III or F-actin. Data points show mean + SEM (N=3).

Measurements of the maximum neurite length of each neuron using B-tubulin I1I
gave shorter values of 21.44 um compared to 22.94 um with the F-actin label. As actin
filaments extend to the edges of each cell in fillipodia[26], this agrees with existing
published work. The results from figure 3.5 also corroborate with existing literature.

The F-actin labelling highlighted 95.4% of the neurons with neurites, whilst 89.28%
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neurons labelled with B-tubulin III had neurites. Again, as F-actin highlights all leading
edges and protrusions of the cytoplasm, it can be postulated that more ‘neurites’ would
have been detected[12].

It was observed, however, that while F-actin labelled all protrusions, B-tubulin
IIT only labelled more established neurites, which were therefore mature enough to be
pathfinding to other neurons. The ImageXpress software also detected far fewer
neuronal cells when labelled with F-actin compared to B-tubulin III, which was a
disadvantage. This was mainly due to the differences in fluorescence intensity across
each cell, and the inability for the ImageXpress software to define the edges each cell
when labelled with F-actin. Additionally, if investigations moved onto mixed cell
cultures containing neuronal and non-neuronal cells, B-tubulin III labelling could also
be used in order to distinguish between neuronal and glial cell types. Thus, from the

results gathered, it was determined that B-tubulin III was the most appropriate label.

3.1.4 Results: NG108-15 neuronal cells on plasma polymers

NG108-15 neuronal cells on maleic anhydride surfaces coated with different conditions
Whilst acrylic acid has previously been investigated and has demonstrated positive
results with neuronal cell types[23, 6] there is no published work of plasma polymerised
maleic anhydride (MA) as a substrate for cell culture previously. In order to optimise
the conditions of MA for NG108-15 neuronal cells, biological investigation into plasma
polymerised surfaces were started by culturing NG108-15 neuronal cells on different
conditions of MA. Cleaned glass slides were plasma polymerised for 20 minutes using
different conditions; MA 1(80 ps on, 800 ps off), MA 2 (20 ps on, 1200 ps off) and MA
3 (IW continuous).

NG108-15 neuronal cells were cultured on the coated slides for 72 hours under
serum conditions, then for a further 24 hours with serum free medium and N2
supplement. Serum conditions were used for 72 hours following an approach described
by Buttuglione et al[6], who found that NG108-15 neuronal cells when cultured under
serum containing medium on acrylic acid plasma polymerised surfaces increased levels
of Neurofilament 200 (which plays an active part in neuronal differentiation). However,
it has also been established that serum free medium with N2 supplement can act as a
differentiation stimulus for NG108-15 neuronal cells[18]. Serum free medium was
therefore used for the last 24 hours alongside N2 supplement. Controls of TCPS, glass
and laminin were also used. B tubulin III labelling of the NG108-15 neuronal cells was

then analysed using ImageXpress analysis software, which compared the effect of the
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surfaces on maximum neurite length, percentage of cells with neurites and number of
neurites per cell. MTS metabolic rate assays were also used to check that the NG108-15
neuronal cells were metabolically active throughout the experiment, and to assess which
conditions stimulated the highest metabolic rate. Immuno-micrographs were also used

to ascertain the phenotype of NG108-15 neuronal cells.
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Figure 3.6: Comparison of different surfaces on the cell relative metabolic rate of NG108-15 neuronal
cells. Maleic anhydride (MA) conditions: MA 1 = 80 us on, 800 ps off, SW power. MA 2 = 20 us on,
1200 ps off, 5W power. MA 3 = IW cont. 5 x 10°NG108-15 neuronal cells were seeded onto 13 mm’
coated and uncoated glass slides then cultured for 72 hours. Cells were immersed in MTS solution for 2
hr, then colour change was read. Tissue culture plastic has been omitted due to the difference in area and
therefore number of cells. Data points show mean + SEM (N=3).

Results from the metabolic rate assay (Figure 3.6) with different conditions of
maleic anhydride demonstrated that NG108-15 neuronal cells on MA 1 demonstrated
the highest reading of 0.095. Neuronal cells on glass and laminin showed very similar
relative metabolic rates of 0.077 and 0.076 respectively, whilst the MTS metabolic rate
assay demonstrated that neuronal cells on MA 2 and MA 3 had lowest relative metabolic
rate of 0.063 and 0.065 respectively. Neuronal cells on MA 3 also had the highest
relative amount of anhydride groups as shown by ToF-SIMS. Whilst MA1 had similar
levels of the monomer maleic anhydride, MA2 had lower levels of the retained
monomer. It therefore does not seem that there is a correlation between anhydride
density and metabolic rate of NG108-15 neuronal cells. An increase in anhydride groups

would have led to a decrease in the local pH environment, which may have resulted in



Chapter 3: Biological evaluation of plasma polymers using NG108-15 neuronal cells 107

f

Figure 3.7: Micrographs of B-tubulin III labelled NG108-15 neuronal cells, which were then outlined by the
ImageXpress software to obtain neuronal measurements. a) TCPS b) Glass ¢) Laminin d) Maleic anhydride 1
(80 ps on, 800 us off, SW power.) e) Maleic anhydride 2 (20 ps on, 1200 ps off, SW power.) f) Maleic
anhydride 3 (1W continuous power). Scale bar shows 20 um.

an increase of cellular stress in the NG108-15 neuronal cells. This would have then
given a misleadingly higher metabolic rate reading, as high stress levels result in a
higher rate of metabolic activity[24]. However, as it has been established that bovine
serum albumin (BSA) covalently binds with anhydride groups through a reaction of the
amine groups on lysine residues[21], the hydrolysis of the anhydride groups leading to a
lowered pH may not have occurred substantially.

The micrographs shown in figure 3.7 agree with the quantitative results, that

there were neurons with more neurites on TCPS, laminin and MA 1 compared to other
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surfaces. There are also more NG108-15 neuronal cells on laminin and fewer on MA 2
and MA 3, which agree with the metabolic rate results. The micrographs show strong
and well defined microfilament labelling, indicating good adhesion to the surfaces. The
micrographs indicate that the cells weren’t stressed, as the morphological characteristics
show a good neuronal phenotype with neurite projections. A live/dead assay with
propidium iodide and SYTO 9 or analysis into the levels of NF-kB between surfaces
would have been advantageous to determine the percentages of cells alive/dead and
relative stress of the cells, however time constraints restricted this.

There was little difference between the percentages of neurons with neurites
(figure 3.8) apart from neuronal cells cultured on MA 3, which had the lowest
percentage of neurons with neurites (86.7%). However, it also had the highest standard
errors. As there were values close to being outliers, the results should be interpreted
with caution. ImageXpress analysis software showed that 96.8% neurons on maleic
anhydride 1 had one or more neurites, whilst the percentage of neuronal cells with
neurites on laminin, TCPS and glass was 96.3%, 96.4%, and 95.8% respectively.
Immunolabelling highlighted 93.9% neurons with neurites on MA 2, lower than all
other samples apart from MA 3.
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Figure 3.8: Comparison of percentage of neurons that had neurites, TCPS = tissue cultured
polystyrene. Maleic anhydride (MA) conditions: MA 1 = 80 us on, 800 us off, SW power. MA 2 = 20
ps on, 1200 ps off, 5W power. MA 3 = 1W cont. 5 x 10°NG108-15 neuronal cells were seeded onto
coated/uncoated 13mm” glass slides and cultured for 72 hours. Cells were fixed and labelled with p-
tubulin III and analysed using ImageXpress analysis software for whether or not each neuron had a
neurite. Data points show mean + SEM (N=3).
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As there is no existing literature on metabolic rate measurements on maleic
anhydride it is not possible to compare and contrast results form published work.
However, the metabolic rate and percentage of neurons with neurites show that MA 1
supported more cells, as well as more neurons with neurites.

Regarding the number of neurites each neuronal cell had, MA 1 supported
neuronal cells with the highest average number of neurites (3.9). This was significantly
higher than neuronal cells on glass, which had an average of 3.5. MA 3 and TCPS also
supported significantly higher numbers of neurites per neuron, 3.8 and 3.9 respectively.
There was an average of 3.6 neurites per neuron on the laminin surface, whilst neuronal
cells on glass and MA 2 had an average of 3.5 and 3.5 neurites respectively. It has been
previously shown that laminin stimulates neurite outgrowth and an increase in neurite
length through the heparin binding domain[10]. It is therefore intriguing that laminin

would stimulate fewer neurites per neuron compared to TCPS and maleic anhydride.
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Figure 3.9: Comparison of different surfaces on the number of neurites per neuron. a) TCPS b) Glass c)
Laminin d) Maleic anhydride 1 (80 ps on, 800 us off, SW power.) e) Maleic anhydride 2 (20 ps on, 1200
ps off, SW power.) f) Maleic anhydride 3 (1W continuous power). 5 x 10° NG108-15 neuronal cells were
seeded onto coated/uncoated 13mm? glass slides and cultured for 72 hours. Cells were fixed and labelled
with B-tubulin III and analysed using ImageXpress analysis software for the length of the longest neurite
per neuron. Data points show mean + SEM (N=3); *p<0.001 compared to glass control.

Laminin supported neurons with the longest neurite length of 29.55 um, which
was in agreement with Edgar et al[10]. The average maximum neurite length of
neuronal cells was 27.4 ym on MA 3, and 27.1 pm on MA 1. MA 2 also supported very
similar maximum neurite lengths of 26.9 pm, whilst neurons on TPCS demonstrated an

average 25.2 um maximum neurite length and neuronal cells on glass 23.0 um. This
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corresponds well with previous published results, that laminin stimulates significantly
longer neurite lengths compared to glass. Whilst there are no previous results to
compare the maleic anhydride conditions to, these results are not entirely different from
those shown in figures 3.7 and 3.9.

Overall, MA 1 demonstrated very promising results across all the neuronal
measurements and metabolic rate assays, even compared to laminin. The higher values
compared to laminin in the relative metabolic rate assay showed a surface that promoted
cell adhesion and proliferation, as well as neurite outgrowth and extension. These
results were then confirmed by the micrographs in figure 3.7. MA 2 did not seem to be a
surface that warranted further investigation. Although neuronal cells on MA3 showed
comparatively low results in metabolic rate assays, there were good results regarding

the number of neurites per neuron and maximum neurite length on MA 3.

40
%*
35 -
g %
230 * *
=
50 |
8 25 1
—
22
=
Z 15
5
2 10 -
5
0 I T T T
TCPS Glass Laminin Maleic Maleic Maleic
Anhydride Anhydride Anhydride
| 2 3

Figure 3.10: Comparison of different surfaces on the maximum neurite length, a) TCPS b) Glass c)
Laminin d) Maleic anhydride 1 (80 ps on, 800 ps off, SW power.) ¢) Maleic anhydride 2 (20 ps on, 1200
ps off, SW power.) f) Maleic anhydride 3 (IW continuous power). 5 x 10°NG108-15 neuronal cells
were seeded onto coated/uncoated 13mm? glass slides and cultured for 72 hours. Cells were fixed and
labelled with B-tubulin III and analysed using ImageXpress analysis software for the length of the
longest neurite per neuron. Data points show mean £ SEM (N=3); *p<0.001 compared to glass control.

NG108-15 neuronal cells grown on acrylic acid and maleic anhydride surfaces
After optimising conditions for maleic anhydride deposition and NG108-15 neuronal
cell culture, MA 1 was then compared against plasma-polymerised acrylic acid (AAc),

of which there has been previously published work[6, 9]. NG108-15 neuronal cells were
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cultured on glass, laminin, AAc and maleic anhydride surfaces for 72 hours in serum
containing medium, then for another 24 hours in supplemented serum free medium.
MTS metabolic rate assay was then utilised, as well as immunolabelling for § tubulin
III. The morphology of neuronal cells was quantified using ImageXpress image analysis
software, which outlined the cells and ranked them in terms of maximum neurite length,
number of neurites per neuron and percentage of neurons with neurites. Although TCPS
could be analysed for neuronal measurements, the difference in surface area between
the TCPS well and 13 mm® glass slides meant that comparisons with TCPS and the

other surfaces using MTS metabolic rate assay could not be performed.
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Figure 3.11: Comparison of different surfaces on the cell metabolic rate of NG108-15 neuronal cells. 5 x
10°NG108-15 neuronal cells were seeded onto 13 mm” coated and uncoated glass slides then cultured in
serum conditions for 72 hours, then transferred to serum free conditions with supplements for 24 hours.
Cells were immersed in MTS solution for 2 hours, then the colour change was read. Tissue culture plastic
was omitted due to the difference in area and therefore number of cells. Data points show mean + SEM
(N=3).

There were no significant differences between the surfaces in the MTS
metabolic rate assay, although neuronal cells on laminin showed the highest reading of
0.148 optical density/absorbance. Laminin is found in the extracellular matrix of cells as
well as in the bands of Biingner, and has been shown to enhance neurite outgrowth and
Schwann or neuronal cell proliferation[3]. The NG108-15 neuronal cells on the AAc
and MA 1 surfaces had very similar metabolic rates of 0.127 and 0.13 respectively,

whilst neuronal cells on the glass surface resulted in the lowest metabolic rate of 0.12.
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As glass had no functional groups that could interact with cellular integrins compared to
AAc and maleic anhydride, this may have been a negative characteristic with regards to

protein orientation and attachment that may have led to reduced cell adhesion.

€

Figure 3.12: Micrographs of B-tubulin III labelled NG108-15 neuronal cells, cultured in serum conditions
for 72 hours then in supplemented serum free conditions for a further 24 hours. a) TCPS b) Glass c)
Laminin d) AAc and d) Maleic anhydride. Scale bar shows 20 pm.

The micrographs in figure 3.12 show strong labelling of B-tubulin III, whilst the
cellular phenotype demonstrated neurite outgrowth and good adhesion to the surfaces.
The higher number of cells on laminin agrees with the metabolic rate readings from
figure 3.6. Overall, the micrographs show established NG108-15 neuronal cells whose
phenotypes are comparable to micrographs from the ECACC website, from where the

cells were purchased[1] and other studies [22].
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Similar results were observed between groups on the percentage of neurons that
had one or more neurites. Neuronal cells on TCPS had the highest percentage of cells
with neurites at 94.7%. As TCPS is plasma treated polystyrene, it is more hydrophilic

compared to glass and therefore would be expected to result in more neurons with
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Figure 3.13: Comparison of percentage of neurons that had neurites. 5 x 10° NG108-15 neuronal cells
were seeded onto coated/uncoated 13mm” glass slides, cultured in serum conditions for 72 hours, then
transferred to serum free conditions with supplements for 24 hours. TCPS = tissue cultured polystyrene.
Cells were fixed and labelled with B-tubulin III. Data points show mean+SEM between experiments.
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neurites. Laminin coating resulted in 93.5% neurons with neurites, whilst 91.4%
neurons on AAc sprouted neurites. NG108-15 neuronal cells on glass and MA 1 had
very similar results of 90.3% and 90.5% with neurites respectively.

Regarding number of neurites per neuron, neuronal cells on TCPS showed the
highest number again, at 3.25. NG108-15 neuronal cells on laminin again had the
second highest result, with an average of 2.93 neurites per neuron. There were 2.91
neurites per neuron on AAc, whilst MA 1 and glass both supported 2.85 neurites per
neuron. Again, as MA 1 coated the glass with a hydrophilic surface as shown by the
contact angle results compared to the native surface of glass, it was interesting to
observe such similar results.

Regarding the mean data for maximum neurite length, NG108-15 neuronal cells
on AAc had the longest neurites (26.6 um), significantly longer than the neurites formed
on glass (24.25 pum). The maximum neurite length of NG108-15 neuronal cells on
laminin and TCPS were also significantly longer than glass, at 25.81 pm and 25.99 um
respectively. MA 1 supported NG108-15 neuronal cells that had a maximum neurite

length of 24.84 um.
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It could be that soluble factors contained in the medium had a dominant effect
on the neuronal cells over the surface, as proposed by Buttiglione. The medium
consisted of 10% DMEM for the first 48 hours, followed by differentiation medium that
contained DMEM and Hams F12 in a 1:1 ratio and N, supplement. The effect of the N,
supplement in addition to the adsorption of proteins from FCS in the first 48 hours
could have caused certain adhesion proteins such as vitronectin to assume a particular
conformation on AAc. As maleic anhydride has not been previously investigated for
biological purposes, it is possible that maleic anhydride may have a different effect on

neuronal measurements under different culture conditions, such as serum free.
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Figure 3.14: Comparison of different surfaces on the average maximum neurite length. 5 x 10’ NG108-15
neuronal cells were seeded onto coated/uncoated 13mm? glass slides, cultured in serum conditions for 72
hours, then transferred to serum free conditions with supplements for 24 hours. Cells were fixed and
labelled with B-tubulin IIT and analysed using ImageXpress analysis software. Data points show mean +
SEM (N=3); *p<0.001 compared to glass control.
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Figure 3.15: Comparison of different surfaces on the number of neurites per neuron. 5 x 10°NG108-15
neuronal cells were seeded onto coated/uncoated 13mm” glass slides, cultured in serum conditions for 72
hours, then transferred to serum free conditions with supplements for 24 hours. Cells were fixed and
labelled with B-tubulin IIT and analysed using ImageXpress analysis software. Data points show mean +
SEM (N=3); *p<0.001 compared to glass control.

NGI108-15 neuronal cells on acrylic acid and maleic anhydride 1 surfaces in the
absence of serum

Whilst the results obtained with the plasma polymers under serum containing conditions
were comparable to laminin, the results compared to glass were not very dissimilar
either. It was considered that the foetal calf serum proteins might have assumed similar
conformations on the plasma polymerised and glass surfaces. The main components of
serum are lipids and proteins, most of which are albumin and globulins. It has been
reported that the amine groups on lysine residues in BSA covalently bind with
anhydride groups[21], which may have affected the adhesion and proliferation of
NG108-15 neuronal cells. In order to characterise MA 1 further, it was decided to repeat
the experiment under serum free conditions. The comparison would be useful to
discover if the serum proteins were having a significant effect on the plasma
polymerised surfaces. The results showed that the presence of serum proteins indeed
had an effect on the plasma polymerised surfaces. It has been shown previously that
serum free medium can be used as a differentiation stimulus, along with supplements

such as N2[31]. 1 x 10* NG108-15 neuronal cells were cultured on TCPS, glass,

laminin, AAc and MA 1 for 4 days in serum free medium. After the culture, cells were
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fixed and labelled with B-tubulin III and DAPI, then micrographs quantified using the
ImageXpress analysis software. MTS assays were also used to characterise the relative
metabolic rate of NG108-15 neuronal cells on the different surfaces, and compare with
the phenotypic data retrieved from the immunolabelled cells. For these experiments,
random fields of view were taken so that total cell number could be quantified using

DAPI nuclear stain and B-tubulin III identification.
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Figure 3.16: Comparison of different surfaces on the metabolic rate of NG108-15 neuronal cells. 1 x 10*
NG108-15 neuronal cells were seeded onto coated/uncoated 13mm? glass slides, then cultured in serum
free conditions for 96 hours. Cells were fixed and labelled with B-tubulin III and analysed using
ImageXpress analysis software. Data points show mean + SEM (N=3); *p<0.05 compared to glass
control.

The metabolic rate results demonstrated that laminin supported NG108-15
neuronal cells with the highest metabolic rate at 0.038, significantly higher compared to
neuronal cells on glass. Although the metabolic rate values of the NG108-15 in serum
free conditions were quite low, the averages from N=3 were in good agreement. This
indicated that the differences in metabolic rate were due to the surfaces, rather than
errors of the MTS metabolic rate assay method or plate reader-reading values. The
higher metabolic rate results from cells on laminin were in agreement with previous
studies[3] as the positive control within the group, as was the lowest metabolic rate
value of 0.02 from the base control glass. NG108-15 neuronal cells on AAc surfaces

demonstrated a metabolic rate of 0.022, whilst the metabolic rate result from NG108-15
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cells on MA 1 was 0.029. This result from neuronal cells on MA 1 further corroborates
previous results from the experiment that contained serum and different maleic

anhydride conditions (Figure 3.6).
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Figure 3.17: Comparison of different surfaces on the average cell count per field of view of NG108-15
neuronal cells. 1 x 10°NG108-15 neuronal cells were seeded onto coated/uncoated 13mm? glass slides,
then cultured in serum free conditions for 96 hours. Cells were fixed and labelled with B-tubulin III and
DAPI, then cells co-labelled with DAPI and B-tubulin III were counted. Image J program was used for
data analysis. Data points show mean + SEM (N=3); *p<0.001 compared to glass control.

The results from the total cell count again agree with the MTS metabolic rate
assay (Figure 3.17), in that glass supports fewer cells compared to the plasma polymers
or laminin. This has been shown repeatedly through metabolic rate and total cell counts,
and in two different types of medium. MA 1 supported on average 15.4 cells / field of
view, whilst laminin supported very similar numbers of cells, 14.3. Both were
significantly higher compared to glass. There were an average of 7.45 cells / field of
view on AAc, whilst the uncoated glass control only had 5 cells / field of view.

Looking at the results from maximum neurite length (figure 3.18), the results are
very different compared to serum containing conditions (figure 3.9), which was reported
by Buttiglione et al.[6] The neuronal cells responded to the MA 1 substrate,
demonstrating significantly longer neurites compared to glass with an average

maximum neurite length of 69 um. The maximum neurite length of cells on maleic

anhydride was 21 um longer than glass, on which cells had maximum neurite length of
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48.44 um. NG108-15 neuronal cells on laminin also had longer maximum neurite
lengths compared to those on glass, at 49.95 wm. The maximum neurite length of
neuronal cells on AAc plasma polymerised surface was 43.7 um, shorter than both glass
and laminin. NG108-15 neuronal cells on TCPS had a maximum neurite length of 39.88
um, the shortest neurites. This is a very different result compared to the serum
conditions, where the neuronal cells on TCPS had significantly longer neurite lengths
compared to glass.
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Figure 3.18: Comparison of different surfaces on the maximum neurite length. 1 x 10* NG108-15
neuronal cells were seeded onto coated/uncoated 13mm® glass slides, then cultured in serum free
conditions for 96 hours. Cells were fixed and labelled with B-tubulin IIT and analysed using ImageXpress
analysis software. Data points show mean = SEM (N=3); *p<0.05 compared to glass control.

The micrographs from figure 3.19 showed that the neuronal cells had clearly
established B-tubulin III formation, with clear neurites that indicate good attachment.
Therefore, it is less likely that the metabolic rate results would have been affected by
cellular stress. However, the neuronal cells on glass did not form many neurites, and
there are few cells. On laminin the neuronal cells were well adhered and had multiple
neurites per neuron, which was documented in other published reports[3]. There were
fewer neuronal cells on AAc compared to laminin, with only one neurite visible on the
selected micrograph. However, there were many neuronal cells on MA 1, most of which

had long neurites. As a general observation, it was found that the neuronal cells tended



Chapter 3: Biological evaluation of plasma polymers using NG108-15 neuronal cells 119

to form close colonies on MA 1. In contrast, on the other surfaces it was observed that

neuronal cells were in both close and sparse proximity from each other.

Figure 3.19: Micrographs of B-tubulin IIT and DAPI labelled NG108-15 neuronal cells, cultured in serum
free conditions for 96 hours. a) Glass, b) Laminin, ¢) AAc, and d) Maleic anhydride. Scale bar shows 20
pm.

Results from figure 3.20 show the percentage of neurons with neurites on
different surfaces. As expected, neuronal cells on glass had the lowest population of
neurons with neurites, 77%. Neuronal cells on plasma polymerised AAc and MA 1,
TCPS and laminin surfaces all demonstrated a similar percentage of neurons. Neuronal
cells on laminin had the most neurons with neurites (94%), which agrees with
previously published data[6]. 90.5% neuronal cells on TCPS had neurites, whilst
neuronal cells on AAc 92.86% and MA 1 90.8%. This was expected, as glass did not
have functional groups that could interact with serum proteins compared to the other
surfaces and therefore was less amenable to cell attachment and neurite spreading. The
results indicate the suitability of plasma polymers for supporting neuronal adhesion and
differentiation. Again, there was an enhanced difference between glass and the coated

surfaces under serum free conditions compared to the results that contained serum

(Figure 3.8).
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Figure 3.20: Comparison of different surfaces on the percentage of neurons with neurites. 1 x 10°*
NG108-15 neuronal cells were seeded onto coated/uncoated 13mm’ glass slides, then cultured in
serum free conditions for 96 hours. Cells were fixed and labelled with B-tubulin III and analysed using
ImageXpress analysis software. Data points show mean + SEM (N=3).

Results from figure 3.21 show the number of neurites per neuronal cell on
different surfaces, with similar trends to the metabolic rate and total cell count
measurements (Figures 3.17 and 3.18). There were fewer neurites per neuron on glass
and AAc surfaces, both with an average of 3.04. The remaining surfaces had similar
results. Neuronal cells on TCPS had 3.9 neurites per neuron, laminin 3.95, and MA 1
3.94, all significantly higher compared to glass. It was expected that glass would
support lower numbers of neurites per neuron due to its lack of carbon and oxygen-
containing functional groups, however it was unexpected that AAc should support the
same number. As AAc is charged and hydrophilic, it would have been expected to
support similar numbers of neurites compared to maleic anhydride. Again, there were
marked differences between the neuronal characteristics on glass and the other surfaces
when under serum free conditions compared to serum containing. These results support
the theory that serum proteins adopt particular conformations on the plasma-

polymerised surfaces and modulate the adhesion of neuronal cells.
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Figure 3.21: Comparison of different surfaces on the number of neurites per neuron. 1 x 10*NG108-15
neuronal cells were seeded onto coated/uncoated 13mm? glass slides, then cultured in serum free
conditions for 96 hours. Cells were fixed and labelled with B-tubulin III and analysed using
ImageXpress analysis software. Data points show mean = SEM (N=3).
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3.1.5 Discussion
Overall, results have shown the potential of plasma polymerised surfaces as coatings for
neuronal cell culture and the modulatory effect serum proteins had on adhesion,
proliferation and neuritogenesis. A serum-containing media environment was used in
initial experiments to optimise the detection method for neuronal measurements and to
determine which maleic anhydride coating condition was optimal for neuronal cell
attachment, proliferation and neuritogenesis and to compare the plasma polymerised
surfaces AAc and MA 1. The experiment comparing AAc to MA 1 was then repeated
under serum-free media conditions in order to evaluate the effect of serum on NG108-
15 neuronal cells and plasma polymerised surfaces.
ImageXpress analysis software proved to be a high throughput, cost efficient and robust
method of quantifying neuronal phenotypic measurements. Over 2000 cells were
outlined, quantified and processed via an Excel worksheet within a shorter time period
compared to manually, which demonstrated the capability of the system. Computer
programming experience was not required to develop the script, as there were already a
significant number of analysis scripts within the ImageXpress software. The existing
scripts were adjusted and developed to the required specifications by a non-specialist.
Neuronal measurements indicated that measuring F-actin filament organisation
highlighted significantly more neurites per neuron compared to B-tubulin III, 3.74
compared to 2.91. Although there does not seem to be any published work comparing
the two different approaches to measuring neuronal differentiation, reasons for the
results could be the location of the actin filaments that F-actin highlights compared to
the microtubules. Actin filaments have an essential role in the movement of the cell and
are located throughout the cell, including the cell surface and edges[26]. Actin filaments
repeatedly form through polymerisation, then retract by depolymerisation, which only
become stable when bound to actin-binding capping proteins. At the tip of a growth
cone, there is the central domain (C domain), which consists of both actin and
microtubule filaments. Fanning out from the C domain, lamellipodia and fillipodia
probe the surface. These structures in the P domain are composed of actin filaments
rather than microtubule filaments[29]. The actin protrusions probe the surface for
chemical functionalities, hydrophilic characteristics and physical topologies. If these
protrusions extend from the cell sufficiently, they may be mistaken for neurites once
fixed and labelled by F-actin. This could be why the F-actin label revealed more
neurites per neuron compared to B-tubulin III. B-tubulin IIT attaches to the  subunit in

microtubules, which are involved in transport within the cell. Although the tubulin
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filaments extend to the edges of the cell, the filaments are not stabilised with a capping
protein within lamellipodia or filipodia. The F-actin label could therefore give
misleading results where a protrusion is identified as a neurite. B-tubulin III may a more
appropriate method in this regard as it is less likely to be present in a transient
protrusion, but would identify a more permanent, neurite-like extension[12].

The above explanation also gives a reason as to why F-actin labels longer
neurites compared to B-tubulin III; 22.94 um versus 21.44 pm respectively. As F-actin
is at the very tip of any protrusion and growth cone it will highlight the leading edge,
whereas B-tubulin III is not present at the very end of the moving tip[27]. Discussing the
percentage of neurons bearing neurites, it can be postulated that identifying F-actin
highlights more protrusions that could be mistaken for neurites, therefore resulting in a
higher population of neurons with ‘neurites’ compared to B-tubulin III.

Another point of discussion is the ability of the ImageXpress software to outline
different numbers of cells, depending on the label used. Far fewer cells were measured
with F-actin, as the software could not readily determine the cellular leading edges that
are composed of actin proteins, and would therefore count colonies of cells as one
neuron. As illustrated in figure 3.3, B-tubulin III immunolabelling shows distinct
borders of cell within a sub confluent colony, whereas the same cells cannot be as
clearly defined when using F-actin. Because of the clarity with which the ImageXpress
software could identify each neuronal cell as a ‘blob’ with ‘sproutings’ extending out
from it, this allowed the analysis software to identify more than double the number of [3-
tubulin III labelled neuronal cells compared to F-actin.

Investigations then moved onto NG108-15 neuronal cells cultured on plasma
polymers, with laminin as a positive control and glass as the basal. As maleic anhydride
has not been studied with any cell type previously, studies started with different
conditions of maleic anhydride. As seen from the ToF-SIMS results of the first chapter,
MA3 had the highest retention of anhydride groups, whilst MA1 had slightly lower
retention and MA2 had the lowest percentage of anhydride groups. The metabolic rate
results demonstrated that NG108-15 neuronal cells on MA1 demonstrated the highest
metabolic rate, whilst neuronal cells on glass and laminin had similar metabolic rates.
As laminin was used as a positive control and glass as the basal, a similar result between
neuronal cells on the two surfaces was unexpected. However, a relatively high standard
error could explain the lack of differences. Whilst the standard error for the relative
metabolic rate experiment is higher than the neuronal measurements, the relative

metabolic rates for NG108-15 neuronal cells on MA 2 and 3 are clearly lower than all
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other surfaces. This is supported by the micrographs, which also show fewer cells on
MA 2 and 3.

Reports demonstrate that BSA covalently binds to anhydride groups when in
aqueous medium through the amine groups on lysine residues[21]. This reduced
mobility would have resulted from, and then further influenced the mobility, of other
proteins through the ‘Vroman effect’. The ‘Vroman effect’ is exhibited when serum
adsorption by proteins occurs on a surface. Small, highly motile proteins adsorb to the
surface initially, which then eventually get replaced by larger proteins that have a higher
affinity. It has been shown previously that although albumin reaches and adsorbs to a
hydrophilic surface quicker than larger proteins, larger proteins such as fibrinogen then
replace albumin preferentially. This results in a gradual drop in albumin adsorption
within twenty-four hours[13]. As BSA is covalently bound to the MA surface,
rearrangement and conformational changes by the protein cannot occur to optimise
protein coverage. Presumably, this would lead to a decrease in the levels of larger
proteins, thus affecting cellular adhesion and proliferation. As MA 1 and 2 had similar
retention of anhydride / acid groups as demonstrated by the XPS, similar results with
neuronal cells was again expected. Therefore, uneven distribution of ions on the surface
of MA 2 as demonstrated by the ToF-SIMS ion image mapping may account for these
differences, whilst MA 1 and 3 both demonstrated a smooth and even distribution of
ions.

Regarding the percentage of NG108-15 neurons with neurites, cells on TCPS,
glass, laminin and maleic anhydride 1 show little differences with small standard error,
with averages close to 96%. Neuronal cells on MA 2 had slightly fewer neurite
projections at 93.9%, whilst there were 86.7% neurons with neurites on MA 3 and the
highest standard error. This agrees with the relative metabolic rate measurements
regarding maleic anhydride conditions, in that maleic anhydride 1 seems to be a
superior surface with regards to supporting NG108-15 neuronal cells and neuritogenesis
compared to the other conditions.

The results regarding the number of neurites per neuron were different compared
to the metabolic rate assays and seemed to correlate with the relative amount of intact
maleic anhydride monomer on the surfaces as determined by ToF-SIMS, as cells on
MA 3 gave similar results to MA 1. Both results were significantly higher compared to
neuronal cells on glass. Neuronal cells on glass and laminin showed similar results
regarding neurites per neuron, which contradicts existing studies[22]. Maleic anhydride

2 supported fewer neurites per neuron compared to the other conditions, which do agree
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with the other neuronal measurements and the retention of anhydride functionality by
ToF-SIMS. TCPS also supported significantly more neurites per neuron compared to
glass, which was expected. Regarding the maximum neurite length, all three maleic
anhydride conditions gave very similar values, all of which were significant compared
to glass. Laminin supported longer maximum neurite lengths compared to glass, which
was more expected. TCPS supported fewer neurites per neuron compared to the maleic
anhydride conditions, however the difference was minor.

Overall, neuronal cells on the MA1 condition showed the highest metabolic rate,
number of neurites per neuron and a percentage of neurons with neurites compared to
the other conditions. Due to the results, MA1 was then taken forward for further
experiments. As there is no literature to compare against, MA1 was then compared
against AAc with regards to neuronal cell attachment, proliferation and neurite
extension. AAc has been shown to be a positive substrate for multiple cell types,
including neuronal and Schwann cells[6, 9, 8, 22]. It was thought that AAc would be a
useful comparison in order to see if there were any differences in cellular response
between the plasma polymers. As most biological studies have compared a single
plasma polymer against substrates such as laminin, these following experiments are
again novel.

The experiment comparing neuronal cells on TCPS, glass, laminin, AAc and
maleic anhydride with serum showed clear results regarding the cell metabolic rate
assay. Laminin supported neuronal cells with the highest cell metabolic rate of 0.148,
which was to be expected as it is a component of the extra cellular matrix. Neuronal
cells on MA1 had a metabolic rate of 0.13. NG108-15 neuronal cells on AAc had a
similar metabolic rate to those on laminin of 0.127, higher than neuronal cells on glass
(0.12). None of the differences were significant however, so a time point longer than 72
hours may have enhanced existing differences. From reported work, NG108-15
neuronal cells under serum conditions on AAc would have encountered a surface
dominated by fibrinogen, with albumin almost absent and immunoglobulin G (IgG)
present in very low amounts[20]. Maleic anhydride surfaces would have covalently
bound serum albumin to a greater or lesser degree depending on the coating conditions
used (lower power used for MA 1 and 2 would lead to higher proportion of anhydride
groups and therefore greater covalently bound albumin compared to MA 3).
Conversely, another report indicated that hydrophilic surfaces have a lower albumin and
IgG adsorption compared to hydrophobic surfaces[13] and that albumin is replaced
quicker than IgG.
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The possibilities as to why maleic anhydride supported a stronger response in
the metabolic rate assay may be due to the reduced motility of BSA proteins. Although
adsorbed albumin would have been replaced by larger proteins on the AAc surface, a
certain amount of albumin would have been restricted from altering conformation or
being replaced on the MA surfaces. XPS results showed that the MA 1 surface
contained an average of 16.2% C-(O)=0O groups, which would include anhydride
groups. A live/dead assay alongside the metabolic rate measurement may have been a
useful tool to decide whether the cells were responding positively to the maleic
anhydride surface or not, as the metabolic rate could have been tied into the number of
alive cells on the surface. However, the micrographs showed a positive phenotype that
was not indicative of stress, with strong microfilament labelling and multiple
protrusions, which indicates good adhesion.

Neuronal cells on TCPS had 94.7% neurons with neurites, slightly more
compared to the other surfaces. 93.5% of neuronal cells on laminin had neurites, which
was the positive control. Neuronal cells on AAc had 91.4% neurons with neurites,
whilst maleic anhydride had slightly more neurons with neurites compared to glass
(90.3%) with 90.5%. The results were expected as TCPS and laminin had the most
neurites per neuron and the plasma polymerised surfaces also stimulated neurite
outgrowth of over 90%. This agrees with studies which have compared extra cellular
matrix proteins[34, 28, 32], and also with studies that have looked at neuronal cell types
on AAc[3, 2, 22, 16]. Neuronal cells on glass also gave expected results compared to
similar studies[22], with fewer neurites per neuron compared to the functionalised
surfaces. Regarding maleic anhydride, previous reports[6, 9] have suggested that a
negative charge on a given surface can have a repulsive effect on the negatively charged
cell membrane. Anhydride groups that didn’t react with BSA would hydrolyse to
carboxylic acid and lower the local pH. The reduction in local pH could be the cause of
any detrimental effects seen by the neuronal cells on maleic anhydride. However, if
there was a detrimental effect on the cells, this should have been apparent from the
neuronal measurements, MTS metabolic rate assays and immunolabelled micrographs.

Results from the number of neurites per neuron again showed the expected
trend of neuronal cell measurements on TCPS and laminin with 3.01 and 2.8
respectively. Both values were significantly higher than glass, a result corroborated by
existing studies[2, 22]. Although the surfaces are suitable for neuronal cell culture,
TCPS is non degradable so would not be used for applications in peripheral nerve

conduits. Laminin is expensive and derived from animal sources, so has certain
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disadvantages when considering its potential in peripheral nerve conduits. Surprisingly,
neurons on AAc, MA 1 and glass all had an average of 2.6 neurites each. As mentioned
for previous results, a factor that may have affected results is the medium used. For the
first 48 hours of experiments using NG108-15 neuronal cells 10% DMEM was used,
then the medium was changed to 1:1 DMEM : Hams F12 with N2 supplement
(Differentiation medium) for the last 24 hours. This medium was used as it had
previously been used within the research group [14]. A study reports that in conjunction
with differentiation medium, AAc can have a detrimental effect on overall cell
number[6]. The medium protocol was used to increase the adhesion of the NG108-15
neuronal cells, so that labelling protocols could be used without washing off substantial
numbers of cells. It was thought that the surface would then enhance any neurites that
were already present due to the differentiation medium.

Neuronal cells on AAc demonstrated a significantly higher result compared to
glass regarding maximum neurite length (23.9 pum), along with TCPS and laminin that
had maximum neurite lengths of 24.4 um and 24.2 pm respectively. Again, this agrees
with existing literature that AAc stimulates longer neurites compared to glass but
slightly less than laminin[2, 22]. Neuronal cell on MA 1 had slightly longer neurites
than glass at 22.5 pm, whilst neuronal cells on glass had the shortest at 21.9 um. These
results were expected for the other neuronal measurements as well as the metabolic rate
assay. The similarities between AAc and laminin regarding maximum neurite length are
promising, as laminin is currently seen as the gold standard for neuronal cell culture.

In order to have a large enough sample for neuronal measurements, colonies of
cells were found and measured, rather than random fields of view. Although this meant
that there was a large sample of cells for the neuronal measurements, more information
may have been gathered by taking random fields of view. Total cell number may have
also been calculated, which would have given an indication of the adhesion of the cells
on the different surfaces. If low numbers had been reported, along with the metabolic
rate assay this would have been a good indication of how well the cells adhered to the
surface.

It is already established that serum proteins play a major role in the attachment
and proliferation of cells[33], however the relatively large size of the common proteins
(bovine serum albumin is 66.5 kDa, fibronectin is around 440 kDa) contained within
serum may alter the reaction of cells to the surface functionalisation. Because of this,
the experiment comparing MA and AAc along with laminin and glass was repeated

under serum free conditions. Random fields of view were used to identify labelled
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neuronal cells, which meant that total cell count could be calculated. Overall, slight
trends shown from serum conditions between surfaces were enhanced when repeated in
serum free conditions and there were clear differences in neurite outgrowth across the
studied surfaces under serum-free conditions. Regarding the relative metabolic rate
experiment, as expected there was a lower metabolic rate across all surfaces compared
with serum. As the NG108-15 neuronal cells are deprived of protein with which to
proliferate with when under serum free conditions, this reduction in metabolic rate was
expected. Neuronal cells on AAc had a slightly higher metabolic rate compared to those
on glass. Neuronal cells on laminin showed a significantly higher metabolic rate
compared to glass, whilst cells on MA 1 nearly a third higher. MA 1 stimulated a much
higher comparative metabolic rate in serum free conditions compared to serum
containing. With regards to glass, laminin and AAc, this agrees with past work[17, 2,
22]. Regarding total cell count, the trend from the MTS relative metabolic rate assay
was continued. There were significantly more cells adhered on laminin and MA 1
compared to those on glass, whilst AAc supported 2.45 more neuronal cells / field of
view compared to neuronal cells on glass.

The percentage of neurons with neurites when grown in serum free conditions
showed an increase over the serum results. When neuronal cells were cultured under
serum conditions there were no real differences across the groups except that glass had
slightly lower values. Whilst there was a dramatic drop in the percentage of neurons
with neurites on glass when in serum free conditions, similarly to the serum conditions,
there were no real differences across the other groups. This was a positive result, as the
plasma polymerised surfaces show very similar results compared to laminin, the
positive control surface.

There were clear differences between surfaces when looking at the number of
neurites per neuron in serum free conditions. Neuronal cells on glass and AAc
demonstrated the lowest values of three neurites per neuron, whilst cells on TCPS,
laminin and MA stimulate nearly four; significantly higher than glass. It would have
been expected for AAc to stimulate more neurites compared to glass[22], however the
relatively high standard error of 0.74 for AAc may be a reason for the similar results to
glass.

The most surprising yet clearest result came from the maximum neurite lengths
in serum free conditions. This measurement took the length of the longest neurite from
each neuron that had neurites. Whilst neuronal cells on TCPS, glass, laminin and AAc

all showed results between 40 and 50 um, MA 1 stimulated an average maximum



Chapter 3: Biological evaluation of plasma polymers using NG108-15 neuronal cells 129

neurite length of 69 um. This was significantly higher than glass. This was corroborated
by the micrographs, which showed long neurite extensions on MA 1. Possible
explanations may include the report that amine groups in BSA covalently react with
anhydride groups, which would restrict movement of other serum proteins on the
plasma polymerised surface [21]. Due to the results showing the potential of MA 1
plasma polymerised surface to support neuronal cell differentiation, experiments then
moved to investigating primary rat Schwann cells. As detailed in the introduction,
Schwann cells play an essential role in peripheral nerve regeneration, forming Bands of
Biinger, extra cellular matrix proteins and neurotrophic secretion to encourage neurite
extension. Therefore it was appropriate to assess whether the surface functionalities of

AAc and MA influenced the proliferation and morphology of Schwann cells.
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3.1.6 Conclusion

Plasma polymerised surfaces AAc and maleic anhydride were investigated using
NG108-15 neuronal cells, versus glass, laminin and TCPS

As maleic anhydride had not been previously investigated, three conditions were
compared that had different relative percentages of anhydride groups. MA 1
demonstrated the most promising results with regards to neurite extension, so
investigations then compared MA 1 with AAc

Initial studies used serum conditions, which did not show any major differences
between conditions. As the presence of serum proteins may have modulated the
cellular adhesion and proliferation of neuronal cells, serum free conditions were
then used to compare the plasma polymers. When NG108-15 neuronal cells
were cultured on MAI1 under serum free conditions they demonstrated
significantly longer neurites compared to glass. Neurite lengths on MA 1 were
also longer than on laminin or AAc

As Schwann cells are the first cell type to migrate in to a nerve injury site during
regeneration, they have a defined role in supporting neuronal proliferation and
differentiation. It was therefore the next part of the investigations into plasma

polymerised surfaces
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4.1 The response of primary rat Schwann cells to plasma polymer
surfaces

4.1.1 Primary Schwann cell culture
The above analyses have so far studied the response of NG108-15 neuronal cells to
plasma-polymerised surfaces. Whilst neuronal measurements are important to assess
whether surfaces are conducive for neuritogenesis and extension, it is known that
Schwann cells play a major role in nerve regeneration[19]. When injury to the
peripheral nervous system occurs, the nerve ends remodel during the initial phase of
Wallerian degeneration[6]. Macrophages are recruited to the injury site to clear the site
of myelin debris and stimulate the dedifferentiation of Schwann cells, resulting in the
loss of the myelin sheath. Schwann cells then proliferate and form the bands of
Biingner, laying down basement membrane proteins that include fibronectin, collagen
and laminin[2]. The migration and proliferation of Schwann cells occurs for around two
weeks and is essential for nerve regeneration [7]. Schwann cells also secrete a cocktail
of neurotrophic factors, which includes nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF) [2]. Recent work has demonstrated that a significant
number of Schwann cells can be isolated and grown from a length of adult sciatic nerve
within two weeks[8], introducing the possibility of transplanting autologous Schwann
cells clinically. It has been shown that the addition of Schwann cells to a nerve guide
can improve neurite extension,[12] and recent work has focused on sourcing autologous
Schwann cells from different anatomical locations. Mesenchymal stem cells (MSC)
have received considerable interest as a potential source of Schwann cells, although it
seems that the differentiation of MSCs to a glial phenotype before transplantation to a
nerve injury site is required [10, 16, 17]. However, surgery to retrieve the stem cells
from bone marrow is invasive and painful. Adipose-derived stem cells (ADSCs) have
also been investigated as a potential source of Schwann cells[11, 18, 9], especially as
the procedure is less painful and invasive. Additionally, the yield of adipose-derived
stem cells is higher compared to bone marrow-derived MSCs[4]. In a comparative
study, differentiated ADSCs invoked better nerve responses after injury compared to
differentiated MSCs|[5].

The importance of Schwann cells during nerve regeneration has been shown in
numerous studies, so their investigation with plasma-polymerised surfaces is valuable.
Schwann cells have been investigated on acrylic acid (AAc) coatings, with similar

relative metabolic rate results to laminin [13]. Maleic anhydride has not previously been
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investigated using primary Schwann cells. Because of this, AAc was again included for
continuity and as a comparison to maleic anhydride 1 (MA 1). Schwann cells were
isolated from white male Wistar rats, using a well-characterised technique[9]. Poly-L-
lysine was used as a positive control, due to its well-established affect in supporting
proliferation of Schwann cells and retaining their functional characteristics.[15]. The
relative metabolic rate of the Schwann cells on various surfaces was analysed, as was
the total cell count. Morphology was then quantified using Image J, measuring the
length and width of each cell. This data then was used to provide aspect ratio
measurements for each surface. As Schwann cells wrap around neurons in the in vivo
environment, a longer, thinner morphology indicates the retention of functional
characteristics[3]. The aspect ratio, relative metabolic rate and cell count results were
used to assess the potential of the plasma polymerised surfaces to promote Schwann cell

proliferation and appropriate morphology.
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4.1.2 Materials and methods

Primary Schwann cell harvest and culture

Primary Schwann cell harvest and culture was performed as previously described
(Kaewkhaw, 2012). 2-month-old white Wistar rats were sacrificed according to the
Animals (Scientific Procedures) Act 1986 (Schedule I). Sciatic nerves were harvested,
the outer epineurium was carefully stripped off with tweezers, in order to minimise any
contaminating connective tissue. This was done using a stereo microscope and mounted
fine needle. The nerve was then minced finely longitudinally with scalpels. Minced
sciatic nerves were added to 0.05% (w/v) collagenase type I for 1 hour, with a brief
agitation after 30 minutes. FCS was added and the digest filtered through a sterile
strainer. The cell solution was centrifuged at 400 g for 6 minutes, then resuspended in 1
ml of selective medium, which consisted of DMEM (With p-valine, PAA) with 10%
(v/v) FCS, 100 U/ml penicillin and 100 pg/ml streptomycin, 0.25 pg /ml amphotericin
B, 1% (v/v) N2 supplement, 2 mM glutamine, 20 pg/ml (w/v) bovine pituitary extract, 5
uM forskolin. 500 ul of cell suspension was added to 2 ml selective medium, in a small
Petri dish pre-coated with 1 mg/cm® laminin and 0.01 mg/cm® poly-L-lysine (Sigma
Aldrich). 1 ml of selective medium was added on day 7, and then medium changed on
day 11 and every 2 days thereafter until confluent. After isolation, Schwann cells were
cultured for 21 days before trypsinising and re-plating, at which point the cultures were
all free of any contaminating cell types. For all experiments, cells were seeded at
1.66x10* cells/well and cultured in selective medium for 9 days before fixation.
Schwann cells were used for experimentation up to and including passage 8. The

Schwann cell phenotype was confirmed using S100B immunohistochemistry.

Glass and Poly-L-lysine surface preparation

13 mm? glass slides (VWR international) were added to a 24 well plate (Costar, Corning
Inc). All surfaces were sterilised by an industrial methylated spirit (IMS) rinse followed
by 3xPBS rinses. No further treatment was done for glass surfaces. For poly-L-lysine
surfaces, 200 pl of 0.01% poly-L-lysine (Sigma) was added to the glass slides for 10

min then taken off. Slides were left for 2 hours then rinsed twice with PBS.

Immunocytochemistry for S100p
Immunohistochemistry for SI00B was used as the protein is expressed by Schwann cells

located in the peripheral nervous system. After rinsing cells with warmed PBS, primary
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Schwann cells were fixed in 3.7% warmed formalin for 20 min. Cells were
permeabilised with 1% TritonX-100 (v/v) for 5 min in the fridge, then rinsed with PBS
x3 for 10 min. Samples were then blocked with 3% (w/v) BSA in PBS for 60 min then
rinsed with PBS. Primary anti-S100fB antibody (Dako, 1:250) in 1% (w/v) BSA was
added and the samples chilled at 4°C overnight, then washed with 3x5 min PBS.
Secondary antibody fluorescein-conjugated anti rabbit IgG (Vector labs, 1:100) in 1%
(w/v) BSA for 1 hour at room temperature, before 3x10 min PBS washes. Schwann
cells were also then stained with DAPI (1:500 of Img/ml in PBS, Sigma) for 15 min
then washed 3x3 min PBS.

Cell Relative Metabolic Rate Assay

To analyse cell relative metabolic rate, CellTiter 96" AQueous One Solution Cell
Proliferation Assay (MTS) was used (Promega), with modifications to the
manufacturers protocol. After washing with warmed PBS, glass slides were transferred
to a fresh plate with 0.5 ml warmed MTS, then incubated for 2.5 hours. MTS was taken
off and centrifuged at 1x10* rpm for 5 minutes so that any cells that lifted off would be
removed, then 2 x 200 pl/well was added to a 96 well plate and read with a plate reader
at 490 nm.

Image Analysis and Aspect Ratio Measurement

Micrographs were taken using the ImageXpress epifluorescent microscope at x20
magnification. Random fields of view of each sample were taken in order to calculate
total cell count. Nuclei were labelled using DAPI and imaged at Aex = 350 nm / Aem =
470 nm, whilst primary antibody S100f labelled specifically with secondary antibody
fluorescein anti-rabbit IgG was imaged using Aex = 490 nm / Aem = 525 nm.
Micrographs were then analysed for aspect ratio using Image J software. One-way
analysis of variance (ANOVA) was performed with the averages and standard deviation
of n=3. If the differences in mean values among treatment groups were greater than
would be expected by chance, a Holm-Sidak post-hoc analysis versus the control group

(glass) was used to determine if results were significant.
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4.1.3 Results: Primary Schwann cell culture on plasma polymers

To assess whether Schwann cells reacted similarly to the AAc and MA 1 surfaces
compared to NG108-15 neuronal cells, primary Schwann cells were cultured on coated
glass slides for 9 days and then evaluated in terms of cell relative metabolic rate, total
cell number and aspect ratio. S100p immunolabelling specifically identifies neural crest
derived cells including Schwann cells and was used to characterise Schwann
morphological features. DAPI fluorescent labelling was used for total cell count, which

binds to the DNA of all cells.
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Figure 4.0: Comparison of different surfaces on the cell relative metabolic rate of primary Schwann cells.
1.6 x 10*primary Schwann cells were seeded onto 13 mm?® coated and uncoated glass slides then cultured
for 9 days. Cells were immersed in MTS solution for 2.5 hours and optical density determined. Tissue
culture plastic was omitted due to the difference in culture surface area and therefore number of cells. Data
points show mean + SEM (N=3), *p<0.05 compared to glass control.

Poly-L-lysine supported Schwann cells with the highest average cell number and
relative metabolic rate, with an average of 183.1 cells per field of view and a relative
metabolic rate of 0.047. This was expected, as it was the positive control. Schwann cells
on glass had an average cell number per field of view of 137.6 and metabolic rate of
0.037 that was interesting, considering that the surface lacked functional groups of
interest and was an inferior surface with regards to neurite outgrowth of NG108-15
neuronal cells. It was clearly demonstrated that glass seemed to be a more conducive
surface for Schwann cell proliferation compared to plasma polymers. Schwann cells on

AAc had a slightly higher total cell count than TCPS of 83.7 and a relative metabolic
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rate of 0.026, which is also interesting considering the positive results seen with
NG108-15 neuronal cells. MA 1 supported the least number of Schwann cells, with a
low average (0.025) relative metabolic rate and a total cell count of 39.9. This was again
interesting, as the NG108-15 neuronal cells demonstrated positive results on MA 1 in
the previous chapter. The overall negative charge of the AAc and MA 1 surfaces could
have modulated the protein attachment, which in turn had an effect on the negatively
charged cell membranes of the Schwann cells; a positively charged surface such as
allylamine would have been a good comparison. However, there were limitations to the

number of conditions due to the number of Schwann cells available.
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Figure 4.1: Comparison of different surfaces on the total cell count of primary Schwann cells. 1.6 x 104
primary Schwann cells were seeded onto 13 mm” coated and uncoated glass slides then cultured for 9
days. Cells were fixed and labelled with DAPI and S100B then counted using 20 fields of view per
sample and analysed using Image J software. Data points show mean + SEM (N=3), *p<0.001 compared
to glass control.

TCPS could not be investigated using the MTS metabolic rate assay as the
surface areas between TCPS and the other conditions were different, which may have
led to a difference in cell numbers due to the surface area differences rather than surface
characteristics. The average cell count of labelled Schwann cells on TCPS was low at
75.6. All samples were checked at different stages during the immuno labelling process

with a light microscope to check that the labelling process did not lead to obvious

detachment of fixed cells and influence the cell count.
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Figure 4.2: Micrographs showing Schwann cells on: a) TCPS, b) Glass, ¢) Poly-L-lysine, d) AAc and e)
MA 1. Scale bar shows 50 pum. 1.6 x 10* primary Schwann cells were seeded onto 13 mm” coated and
uncoated glass slides then cultured for 8 days. Cells were fixed and stained with S1003 and DAPI.
Scale bar shows 50 um.

Schwann cells were cultured on the surfaces for nine days, after which they were
fixed and immunolabelled for S100B and DAPI. Micrographs were then analysed using
Image J software, and the morphology analysed. The length and width of each cell was
quantified then compared against other surfaces. Schwann cells on poly-L-lysine were
observed to have the longest and thinnest morphology, with an aspect ratio of 7.95. This
was not significant compared to glass however, as glass also supported Schwann cells

with a long and thin phenotype. As the aspect ratio of Schwann cells on glass was 6.64,
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Schwann cells on TCPS, AAc and MA 1 had significantly lower aspect ratios. Schwann
cells on TCPS had the most polygonal shape, with an aspect ratio of 2.93. Schwann
cells on AAc had an aspect ratio of 3.44, whilst Schwann cells on MA 1 had an aspect
ratio of 3.47. Although AAc and MA 1 supported Schwann cells with a slightly longer
and thinner phenotype compared to TCPS overall, the Schwann cells were still mostly

polygonal.
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Figure 4.3: Comparison of different surfaces on the aspect ratio (length/width) of primary Schwann cells. 1.6
x 10*primary Schwann cells were seeded onto 13 mm” coated and uncoated glass slides then cultured for 8
days. Cells were fixed and stained with S100p then analysed using 5 fields of view per sample and Image J
software. Data points show mean = SEM (N=3), *p<0.001 compared to glass control.
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4.1.4 Discussion

Results obtained from primary Schwann cells were unexpected, as Schwann cells when
grown on AAc and MA 1 had significantly lower cell metabolic rates and total cell
count than on glass. Schwann cells grown on poly-L-lysine were observed to have a
relative metabolic rate of 0.047 and 183.1 average number of cells, which was the
highest. Although there were no significant differences with poly-L-lysine, it supported
considerably more Schwann cells than any other surface. This was expected as it was
used as the positive control, and corroborates previous work reported for poly-L-
lysine[9, 13]. Poly-lysine is a homopolymer of the essential amino acid L-lysine, that
similarly to all amino acids contain both carboxyl and amine groups. This is compared
to the acrylic acid and maleic anhydride surfaces that contain carboxyl and
anhydride/carboxyl groups, the level of carboxyl groups on the maleic anhydride
surface dependent on the plasma coating process parameters and level of anhydride
hydrolysis at any given time. Schwann cells grown on TCPS had a relative cell count of
75.6, which was significantly lower than Schwann cells on glass (137.6) but higher than
the number of cells on both plasma polymerised surfaces (83.7 on acrylic acid and 39.9
on MA 1). This was more expected, as TPCS was used as a ‘universal’ substrate for
most cell types.

Both the metabolic rate (0.026) and cell counts (83.7) of Schwann cells on AAc
were interesting, as there were some positive results with neuronal cells. Schwann cells
on AAc demonstrated a higher number of cells compared to TCPS, but significantly
lower than Schwann cells cultured on glass. As work with Schwann cells comparing
poly-L-lysine and AAc hasn’t been reported previously, there are no studies to the best
of my knowledge for comparison. However, considering that Schwann cells on glass
had similar metabolic rates compared to laminin[13], the relative metabolic rate and cell
count values for AAc were lower than expected. Primary rat Schwann cells, when
grown on MA 1, had the lowest relative metabolic rate of 0.025 and total cell count of
39.9, contrary to the NG108-15 neuronal results. This was intriguing, as the anhydride
groups were capable of supporting neuronal cell attachment and neuronal cell extension
when under serum free conditions, but less amenable in supporting Schwann cell
proliferation.

The presence of serum proteins may have altered the reaction of the Schwann
cells, especially as the effect of serum on plasma polymerised surfaces was
demonstrated in the previous chapter. However, Schwann cells are generally quite

senescent cells, and would not have proliferated sufficiently if cultured under serum free
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conditions. Schwann cells have been cultured in serum free conditions successfully
when used in conjunction with mitogenic factors[14], however the numbers would not
be sufficient for the experiments carried out in this chapter. The presence of forskolin,
N2 supplement and bovine pituitary extract would have also had a modulatory effect on
the growth of Schwann cells on plasma polymerised surfaces, however, these factors
were required for the adherence and proliferation of the Schwann cells. Overall, the
primary Schwann cells showed low relative metabolic rates and total cell number on the
plasma polymerised surfaces compared to glass and poly-L-lysine. This corroborates
with Buttiglione et al[1], who found that AAc had a negative effect on cell number
when cells were also cultured in differentiation medium[1]. It may also be that a longer
culture period is necessary as the cells were fixed 8 days after seeding.

The aspect ratio results were related to and agreed with the total cell numbers
and relative metabolic rate, where it seems that the more Schwann cells on a given
surface, the more elongated and thinner they become. In mammals, Schwann cells wrap
around neurons, displaying a specialised elongated phenotype[10]. The progression of
morphological changes was therefore interesting to monitor. The Schwann cells on
poly-L-lysine initially had a polygonal shape until confluent, whereupon a ‘squashing’
effect occurred in order to facilitate further proliferation. Eventually, Schwann cells had
a highly dendritic morphology and the highest aspect ratio when cultured on poly-L-
lysine, as seen in figure 4.2.

Schwann cells on glass had similar aspect ratio to poly-L-lysine, however whilst
Schwann cells when grown on poly-L-lysine packed very closely in parallel alignment,
there was no alignment when cultured on glass. Schwann cells cultured on TCPS, AAc
and MA 1 all exhibited a polygonal morphology. The aspect ratios of the Schwann cells
grown on the plasma-polymerised surfaces agreed corresponded with the data on
metabolic rate and average cell counts. Whilst the morphology of the Schwann cells on
TCPS, AAc and MA 1 was observed to spread well and demonstrated a well adhered
morphology, the long and thin morphology of Schwann cells on poly-L-lysine is
currently the in vitro gold standard.. The plasma polymers seem to have been relatively
poor at supporting the proliferation and elongated phenotype of primary Schwann cells
compared to glass or poly-L-lysine. It is interesting that the Schwann cells would react
poorly to the plasma polymerised surfaces, however it may be in agreement with
Buttiglione et al[1] that serum containing media can have an adverse effect. Although
the paper used a neuroblastoma line, there is not a published comparison that uses

Schwann cells to the best of my knowledge.
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4.1.5 Conclusions

Primary Schwann cells were cultured on TCPS, glass, poly-L-lysine, AAc and
MA 1 surfaces under serum-containing conditions, with added mitogenic factors
Poly-L-lysine supported the highest number of Schwann cells that had a
dendritic and bipolar morphology

Glass supported lower numbers of Schwann cells compared to poly-L-lysine,
with lower relative metabolic rate measurements

Aspect ratio results also showed that Schwann cells showed a more polygonal
morphology when cultured on TCPS compared to glass or poly-L-lysine

Plasma polymerised surfaces supported fewer cells than poly-L-lysine or glass,
and had a comparatively polygonal morphology

Dorsal root ganglion (DRG) were then investigated, as DRG contain both
primary Schwann and neuronal cells. Given the different results found from
neuronal and Schwann cells, both neuronal and Schwann cell types in a co-

culture environment were investigated with plasma polymerised surfaces.
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5.1 Evaluation of Plasma Polymers using Primary Rat Dorsal Root
Ganglion

5.1.1 Primary rat dorsal root ganglion culture

NG108-15 neuronal cells are a well-established cell line[18, 19], with relatively fast
proliferation capabilities. However, whilst the NG108-15 cell line has been used as a
neuronal model for numerous published experiments[18, 5, 2], there are limitations. As
a Sendai virus fused neuroblastoma and glioma cell line, they are immortal and a hybrid
of two cell types. Information gathered from the cell line as a neuronal model for
peripheral nerve repair is therefore not entirely comparable to how the recovery of an
animal / human would progress with a peripheral nerve injury. Primary animal cells can
therefore be used to bridge the gap between immortal cell line experiments and in vivo
experiments. Given the results obtained using the NGI108-15 neuronal cell line,
investigation moved onto studying primary cells; rat dorsal root ganglion (DRG).

DRGs are located on the interior of the spinal cord, and connect the central
nervous system to the peripheral nervous system. During the third week of embryonic
gestation, the formation and thickening of the neural plate from the ectoderm occurs. By
the end of the third week, a longitudinal infolding of the ectoderm results in the neural
groove, which closes to form the neural tube. At the lateral edge of the ectoderm and
each side of the neural tube towards the edge of the embryo, the neural crest forms.
During embryonic development, spinal ganglia originate as part of the neural crest, as
well as other neuronal cell types such as Schwann cells[11]. DRGs contain both
neuronal and glial cell types, along with surrounding connective tissue. The neuronal
cell bodies of the peripheral nervous system are located within the DRG, whilst their
neurite processes extend far out to the extremities of the limbs. Whilst Schwann cells
can be extracted from both the DRG tissues and from isolating the sciatic nerve,
neuronal cell bodies can only be isolated from the ganglia. Response and growth of
primary neuronal cells from the spinal cord of rats, although quicker than humans, can
be indicative of the clinical response[21].

There are two main methods to retrieve neuronal cells from the DRG. DRG
explants are nodules of tissue that can be extracted from the inside of the spinal column,
then cultured. The explants are placed on a given surface, from which various cell types
grow out from after around 6 days. Whilst there can be outgrowth from connective

tissue components i.e. fibroblast cells[17], it is a relatively straightforward protocol. As
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fibroblasts proliferate and migrate across a peripheral nerve defect[6], this can be a
positive aspect. However, depending on the medium used, the fibroblasts may also
inhibit Schwann cell growth due to contact repulsion between the two cell types[15].
This method was initially used, as explants had not been used on plasma polymer
surfaces previously. Another method is to dissociate the neuronal and Schwann cells
from the explant tissue. The explants are enzymatically dissociated using collagenase
type 4 and trypsin, then mechanically dissociated. Using this method, most of the
contaminating fibroblast population can be removed from the culture[3]. Once
immunolabelled, it was easier to identify the neurite outgrowths of dissociated DRG
compared to explants, facilitating analysis. Once investigations were performed with the
explants, further studies then moved onto dissociated DRG to try and obtain a more
comprehensive study of primary cell responses on plasma polymer surfaces.

To my knowledge, original research articles have not been published regarding
the capabilities of maleic anhydride (MA) to support the cell migration, attachment or
proliferation of primary neuronal cells. There has also not been any published work to
my knowledge of primary rat DRG cell cultures grown on acrylic acid (AAc), although
it has been reported using NG108-15 neuronal and Schwann cells[14].



149
Chapter 5: Evaluation of plasma polymers using primary rat dorsal root ganglion

5.1.2 Materials and methods

Dorsal root ganglion explant isolation

I-month-old white Wistar rats were sacrificed according to the Animals (Scientific
Procedures) Act 1986 (Schedule 1). The spinal column was excised and trimmed, then
cut into thirds. The spinal cord was removed to expose the dorsal root ganglia and roots.
DRGs were gently pulled from the spinal column along with the roots, and up to 25
DRGs per rat put into a 35mm dish containing F12 medium. Using a stereomicroscope
and scalpel, DRG explants were trimmed from the roots and rinsed in F12 medium. All
F12 medium used contained 100 U/ml penicillin and 100 pg/ml streptomycin and 0.25
pg / ml amphotericin B. Explants were then rinsed in PBS. For optimisation
experiments, two explants were carefully placed on each laminin-coated surface within
a 24 well plate, which was performed in triplicate per condition. As contact between
outgrowing explants occurred, one explant was cultured per well for the plasma
polymer experiment to minimise the effect of soluble factors and contact guidance /
inhibition. For each experiment comparing surface chemistries, six DRG explants were
used for each surface chemistry, for N=1. Each explant was cultured in a separate well.
Substrates used included MA 1 (on-time of 80 ps and an off-time of 800 ps, SW peak
power for 20 minutes) and AAc (15W continuous power for 10 minutes). Any residual
PBS was carefully pipetted off from the edges of all explants, so that each explant
would attach to the surface. After incubating the dry explants for 15 min, 160 pul of 10%
DMEM with 100 U/ml penicillin and 100 pg/ml streptomycin and 0.25 pg /ml
amphotericin B was added gradually. Although it was shown previously that serum-
containing medium affected the response of NG108-15 neuronal cells, preliminary
experiments demonstrated that outgrowth from explants in serum free medium was
sporadic and unpredictable, with a high standard deviation. Therefore, experiments with
explants used serum-containing medium. This process of dry incubation was repeated
until the explants attached to the surface. Medium changes occurred with fresh 160 pl

medium every other day.

Dissociated dorsal root ganglion isolation

I-month-old white Wistar rats were sacrificed according to the Animals (Scientific
Procedures) Act 1986 (Schedule 1). DRGs were dissected and dissociated as previously
described[10]. DRGs were isolated by excising and halving the spinal cord, followed by

the gentle extraction of DRG explants into F12 medium. As before, all F12 medium
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used contained 100 U/ml penicillin and 100 pg/ml streptomycin (Sigma) and 0.25 pg/ml
amphotericin B. Explants were then transferred to 1.25 mg/ml collagenase type 4 in F12
medium and incubated for 1 hour. Digestion medium was then replaced with fresh
digestion medium for a further 45 minutes. After gently rinsing explants in F12
medium, explants were transferred to 2.5 mg/ml trypsin in F12 medium and incubated
for 30 min. DRGs were rinsed in F12 with 50% FCS to arrest further digestion. To
remove all FCS, explants were rinsed in fresh F12 medium 3 times. Using a glass
pipette, explants were then mechanically dissociated for 4 min, the supernatant aspirated
and the mechanical dissociation repeated in fresh F12 medium. This was repeated 4
times. The collected supernatant was filtered through a 70 pum filter then centrifuged at
300 g for 5 min. The medium was then carefully removed apart from the last 500 pl,
which was resuspended. This concentrated cell solution was carefully pipetted down a
prepared track of 10% bovine serum albumin (BSA) protein in PBS then centrifuged at
500 g for 10 min. Two layers of liquid resulted from the centrifugation, with the DRG
neurons at the base and unwanted debris material suspended in the top layer. The top
layer supernatant was pipetted off and discarded, leaving the cell pellet. The cell pellet
was resuspended in modified Bottenstein and Sato (B&S) medium. This consisted of
F12 medium (with 100 U/ml penicillin and 100 pg/ml streptomycin and 0.25 pg/ml
amphotericin B) with 100 pg/ml (w/v) BSA and 10 pl/ml (v/v) N2 supplement. 400 pl
of the resuspended solution was added to each coated coverslip in a 6 well plate.
Substrates used were glass, laminin, AAc (15W continuous power for 10 minutes) and
MA 1 (on-time of 80 pus and an off-time of 800 ps, SW peak power for 20 minutes). One
rat generated enough cells for approximately 6-9 coverslips, so experiments were
performed in duplicate. Experiment was then repeated three times. Plates were
incubated for 2 hours in order for neuronal, Schwann and fibroblast cells to adhere to
the surfaces, then another 2 ml of B&S medium was carefully added to each well. 77

ng/ml NGF was also added to each well, from separate aliquots.

Immunolabelling for f-tubulin III and S1005

Dissociated DRG and explants were rinsed in warmed PBS, then fixed in 3.7% (v/v)
formalin for 20 min. Cells were permeabilised with 1% (v/v) Triton X-100 for 5 min in
the fridge, then carefully rinsed with PBS x3 for 10 min. Samples were blocked with
3% BSA (w/v) in PBS for 60 min then rinsed with PBS. Monoclonal mouse anti-f3-
tubulin IIT (1:2000; Promega) and polyclonal rabbit anti-S1008 (1:250; Dako) in 1%
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BSA (w/v) were added and the samples chilled at 4°C overnight. Samples were then
rinsed with 3 x 5 min PBS. Texas Red-conjugated secondary anti-mouse IgG (1:100;
Vector labs, UK) and FITC-conjugated secondary anti-rabbit IgG antibody (1:100 in
1% BSA; Vector labs) in 1% BSA (w/v) was added for 1 hour at room temperature,
before 3x10 min wash. Samples were also stained with 1:500 DAPI for 15 mins, then

washed 3 x 3 min with PBS.

Image Analysis

All micrographs were taken using a confocal laser-scanning microscope (Carl Zeiss,
LSM510-META, Germany). Micrographs of the anti-B-tubulin III label with Texas Red
conjugated secondary antibody were taken (Aex = 595 nm / Aem = 615 nm), whilst the
DAPI label for nuclei was imaged at Aex = 350 nm / Aem = 470 nm. The secondary
antibody fluorescein anti-rabbit IgG specifically labelled primary antibody S1003 and
then imaging was conducted using Aex = 490 nm / Aem = 525 nm. Neuronal

measurements were made by hand using Image J software.

Statistical analysis

One-way analysis of variance (ANOVA) statistical test was performed with the
averages and standard deviation of three repeats. If the differences in mean values
among treatment groups were greater than would be expected by chance, Holm-Sidak
post-hoc analysis versus the control group (glass) was used to determine if results were

significant.
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5.1.3 Optimisation of dorsal root ganglion explant culture

DRG explant culture has not been reported previously using plasma-polymerised
surfaces, so optimisation experiments were carried out initially. As laminin was a
positive control surface, it was used to assess growth rate and time of culture. Explants
were excised from the spinal cord, placed on freshly coated laminin surfaces, then PBS

removed and the explants
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and outgrowth measured radially outwards, from the top and bottom of each explant.
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Figure 5.1: Comparison of migration distances of DRG explants, between day 6-20. Explants from the
spinal cord of Wistar rats were extracted and cultured on laminin for 20 days. Distances were measured
from the top and bottom of each explant using a phase contrast microscope. Measurements were
stopped when DRG outgrowth reached the edge of the slide. As the explant outgrowth reached 8 mm
and the substrates were 13 mm, only one explant was measured on day 20. Data points show one
measurement at day 20, with standard deviation at other time points (n=6).

Phase contrast light microscope pictures were taken in series, then distances
measured using Image J. Initial outgrowth was observed at day 5 or 6, so measurements
were started on day 6. As seen in figure 5.1, average outgrowth was measured at 1698
um for day 6, 2744 um at day 8, 3890 pm at day 10, 4517 pm at day 12, 6053 pm at day
14,7210 um at day 16, 7716 at day 18, then 8223 um at day 20.
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Figure 5.2: Micrographs of anti-B-tubulin III (red: neurites), anti-S100f (green: Schwann cells) and DAPI
(blue: nuclei) labelled DRG explants. Comparison of migration distance of DRG explants, at day 10
(left), 15 (middle) and 20 (right). Explants from the spinal cord of wistar rats were extracted and cultured
on laminin for up to 20 days. (n=6). Arrows indicate top edge of DRG explant, phase microscope
measurements were taken from the top and bottom of each explant. Scale bar shows 50 pm.

It was found that the average migration rate of primary DRG was 606.55 pm /
day, + 149.5. Examining figure 5.2, it can be seen that the morphology of the Schwann
cells change throughout the experiment. At day 10 Schwann cells had an elongated and
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bipolar structure, with good attachment. Each Schwann cell could be distinguished
individually, with very few other non-labelled cell types in the area (the non-specific
DAPI stain highlighted any non-S100B positive cells). There was no neuronal staining
visible. At day 15 Schwann cells were observed to clump into small colonies, where
individual cells could not be distinguished and began to orientate towards the explant.
Non-labelled cells were also observed and were believed to be fibroblasts emerging
from the explant. These cells migrated further than the Schwann cells. As the migration
distances shown in figure 5.1 were recorded using a light microscope that did not
distinguish between cell type, migration distances were not comparable to the labelled
micrographs. By day 20, a confluent layer of non-labelled cells was seen, interspersed
with Schwann cells. A high degree of orientation and alignment was observed in cell
morphology, as Schwann cells 'lined up' perpendicularly to the top of the explant. The
neuronal marker B-tubulin III was observed to be faintly expressed, so the 20-day time

point and serum-containing medium was used for further work.

5.1.4: Dorsal root ganglion explant culture on plasma polymers

DRG explants were cultured on glass, laminin, AAc and MA 1 for 20 days in serum-

containing medium. Samples were then fixed and stained for B-tubulin III, S100 B and
5000 -

DAPI.
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Figure 5.3: The effect of different surfaces on the maximum neurite length from DRG explants. Explants
were cultured for 20 days in serum-containing medium, after which were fixed and stained for p-tubulin
111, S100 B and DAPI. Confocal micrographs were taken, then analysis using Image J software measured
the maximum length from explants of B-tubulin III stained neuronal outgrowth. N=3.
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4000 pm

Figure 5.4: The effect of DRG explants on different surfaces after 20 days in serum containing medium.
Micrographs show anti-B-tubulin III (red: neurites), anti-S100p (green: Schwann cells) and DAPI (blue:
nuclei) labelled DRG explants. Arrows indicate top edge of DRG explant, the furthest migrated distance
from each explant labelled for anti-B-tubulin III was taken. Scale bar shows 50 pm. From left to right:
glass, laminin, AAc and MA 1. Scale bar on micrograph shows 100 um (N=3).

Micrographs were tiled using confocal microscopy, and the maximum migration
distance of anti-B-tubulin III labelled cells was measured from each explant using Image
J software. Rather than measuring the radial outgrowth from the top and bottom of each
explant, the furthest migrated distance per explant was taken. DRG explants on glass,
laminin and AAc had similar values of 3724 um, 3645 pm and 3646 pm for maximum

neurite outgrowth after 20 days, whilst DRG explants on MA 1 demonstrated a
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migration distance of 2626 um. As the standard error of the mean values were quite
large, no significant differences were identified between samples. Comparing figure 5.3
to the results from NG108-15 neuronal cells cultured on plasma polymers under similar
conditions, there were some differences. Regarding maximum neurite length of NG108-
15 neuronal cells cultured under serum-containing conditions, neurite lengths on glass
and MA 1 were both slightly shorter compared to those measured on laminin and AAc.
This is in contrast to DRG explants cultured for 20 days, where neurite outgrowth from
DRG explants on MA 1 is substantially shorter. Whilst the comparisons are limited due
to the differences in serum-containing medium used and length of culture, a limited

appraisal of similarities between cell lines and primary neuronal cells can be made.
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Figure 5.5: The number of neurites from DRG explants when cultured on various surfaces. Explants were
cultured for 20 days in serum-containing medium, after which were fixed and stained for B-tubulin III,
S100 B and DAPI. Confocal micrographs were taken, then analysis using Image J software measured the
number of neurite and Schwann cell 'bunches' from explants. Data points show mean = SEM (N=3);
*p<0.05 compared to glass control.

The micrographs shown in figure 5.4 showed clear labelling of neuronal cells
expressing B-tubulin I1I, Schwann cells expressing S100B and the non-specific nuclear
stain DAPI. There were aligned tracks of Schwann and neuronal cells perpendicular to
the explant interface, with some co-localisation. There was a confluent monolayer of
DAPI-labelled cells, assumed to be fibroblasts. There was a lower abundance of
fibroblasts on MA 1, which could be indicative of why the outgrowth was lower
compared to other surfaces. Discrete areas shown on glass and laminin in figure 5.4

have colonies of fibroblast cells, with tracks of neuronal and Schwann cells leading into
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and out of these regions. Examining the number of neurites, it was decided that each
collection of neurites growing in the same direction and in close proximity was
measured as a neurite. Figure 5.4 illustrates one neurite per explant on each surface.
DRG explants on glass and AAc had the highest number of neurites, with 5.1 and 5.4
neurites per explant respectively. DRG explants on laminin had an average of 4.3
neurites per explant, whilst DRG explants on MA 1 had 3.6 neurites per neuron that was
significantly lower compared to glass. Regarding the control surfaces, as glass was the
basal control and laminin the positive control, the results were interesting. As DRG
explants on AAc showed the longest neurite length (significantly longer compared to
laminin and MA 1), it was shown that DRG explant proliferation and neurite extension
can be supported when cultured on AAc. This can be compared to NG108-15 neuronal
cells on plasma polymers under serum conditions, where little difference was observed
between all groups.

It was noted during optimisation experiments that certain explants would grow
outwards, whilst others would not. As it could not be confirmed whether lack of
outgrowth from explants was due to surface chemistry or lack of sufficient adherence
when preparing the experiment, the overall percentage of explants with neurites was not

calculated.

5.1.5 Dissociated DRG on plasma polymers

A high proportion of fibroblasts were observed in explant experiments, so to study this
in further depth, studies were conducted to investigate whether reducing the presence of
fibroblasts would influence neuronal and Schwann cell growth on the plasma
polymerised surfaces[15]. Dissociated DRGs can be obtained by mechanical and
enzymatic degradation of the explant tissue. By filtering out the connective tissue
components of each explant, the abundance of fibroblasts can be reduced. Dissociated
DRGs were obtained using 25 explants from each rat. The supernatant was then used for
up to 9 samples in 6 well plates[10]. The serum levels used for dissociated DRG were
100 pg/ml (w/v), rather than 10% (v/v) serum that was used for the explant culture.

As neuronal and Schwann cells have a very close partnership within the in vivo
environment, the combination of primary rat neuronal and glial cell types in vitro is a
more reliable indicator of the ability of plasma polymerised surfaces to support neuronal
and Schwann proliferation and neurite extension[12, 1]. Regarding the percentage of

neurons with neurites (figure 5.6), it can be observed that 83.8% of the dissociated DRG
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on laminin had neurites, whilst the basal control of glass supported 23.3% neurons with
neurites. Dissociated DRG on AAc and MA 1 had similar percentage of neurons with

neurites of 51.9% and 49.1% respectively.
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Figure 5.6: Comparison of different surfaces on the percentage of neurites from dissociated DRG.
Explants from the spinal cord of Wistar rats were enzymatically and mechanically dissociated.
Dissociated DRG were cultured in B&S medium with NGF for 4 days. DRG were then fixed and co-
immunostained with B-tubulin III, S100p and DAPI. Data points show mean + SEM (N=3).

The confocal micrographs (figure 5.7) illustrate the morphology of the neuronal
and glial cell types. Any other cell types such as fibroblasts were shown subtractively
using the DAPI nuclei label. Fewer non-labelled cells were observed by confocal
microscopy compared to the micrographs of the DRG explants (figure 5.4), which was a
desired outcome of the dissociation isolation procedure. Around 5 neuronal bodies per
field of view were observed and neurons on glass had short neurites. Neuronal cells on
laminin had long, multiple neurites that often made contact with neighbouring neurons.
Neurons on AAc and MA 1 showed similar morphologies, with longer neurites
compared to neurons on glass

After immunohistochemical staining the samples, it was found that Schwann
cells only survived the isolation procedure for one of the experimental repeats (whilst
neuronal quantitative results were included from all repeats, micrographs from the two
repeats without Schwann cells are shown). Only non-labelled and neuronal cells were
present after two of the repeats were immunolabelled (figure 5.7). When Schwann cells
were present, close association between neuronal and Schwann cells was observed on

plasma polymers, identified by co-localisation of S1008 and p-tubulin-III labels.
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Although Schwann cells cultured on laminin were numerous and would be present in
the same area of the neuronal bodies and neurites, co-localisation did not occur as
frequently. There were comparatively low numbers of Schwann cells on glass. There
was also a substantial decrease regarding the percentage of neurons with neurites across

all surfaces, when Schwann cells were present: 55%.
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Figure 5.7: Micrographs show dissociated DRGs immunolabelled for B-tubulin IIT (red: neurites) and
DAPI (blue: nuclei) on the following surfaces: a) Glass, b) Laminin, ¢) AAc and d) MA 1. Explants
from the spinal cord of Wistar rats were enzymatically and mechanically dissociated, then cultured in
B&S medium with NGF for 4 days. DRGs were then fixed and co-immunostained (N=3).

neurons on glass without Schwann cells present had neurites, whilst 15% neurons had
neurites on glass when Schwann cells were present. Regarding laminin, 100% neurons
had neurites when Schwann cells were not present compared to 63% with Schwann
cells. Acrylic acid supported 67% neurons with neurites in the absence of Schwann
cells, 43% with Schwann cells. 78% of neurons had neurites on MA 1 without Schwann
cells compared to 40% with Schwann cells.

Dissociated DRGs had more neurites per neuron when grown on the plasma

polymers compared to glass (figure 5.8). There was an average of 5.3 neurites per
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Figure 5.8: Comparison of different surfaces on the number of neurites from dissociated DRG. Explants
from the spinal cord of wistar rats were enzymatically and mechanically dissociated. Dissociated DRG
were cultured in B&S medium with NGF for 4 days. DRG were then fixed and co-immunostained with
B-tubulin III, S100B and DAPI. Data points show mean = SEM (N=3); *p<0.001 compared to glass
control.

neuron on laminin, which was significantly higher than neuronal cells on glass,
neuronal cells on which had 3.2 neurites on average. Neuronal cells on AAc had 3.8
neurites on average, which was again significantly higher than glass, whilst neuronal
cells on MA 1 had 3.5 neurites. Interestingly, the number of neurites per neuron when
Schwann cells were present slightly decreased from 3.45 without Schwann cells to 2.6
for glass, but slightly increased from 3.0 without Schwann cells to 4.26 with Schwann
cells for MA 1. The number of neurites per neuron on laminin and AAc were not
affected by the presence or absence of Schwann cells.

Looking at the maximum neurite length results, neurons on glass had an average
maximum neurite length of 54.4 um, whilst the length was 84.8 um on AAc. MA 1
supported neurons with a maximum neurite length of 75.7, slightly shorter than AAc.
Laminin stimulated significantly longer neurites per neuron compared to glass, with an
average maximum of 254 pm. Laminin is often used as a positive control surface when
comparing surface chemistry [20]. Interestingly, the maximum neurite length of neurons
on laminin was reduced in the absence of Schwann cells, from 337 um with Schwann
cells to 87 um without Schwann cells, which accounts for the high variance.
Comparatively, neuronal cells on glass, AAc and MA 1 saw reductions in maximum

neurite length of ~50 um. Overall, glass had the lowest values compared to laminin and
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the plasma polymers regarding all the neuronal measurements assessed for dissociated
DRGs (percentage, number and maximum length of neurites per neuron). Plasma
polymers clearly demonstrate an ability to support the attachment, neuritogenesis and

neurite elongation of primary rat neuronal cells from dissociated DRG.
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Figure 5.9: Maximum neurite length of dissociated DRG on different surfaces.. Explants from the spinal
cord of Wistar rats were enzymatically and mechanically dissociated. Dissociated DRGs were cultured
in B&S medium with NGF for 4 days. DRGs were then fixed and co-immunolabelled with B-tubulin III,
S100pB and DAPI. Data points show mean £+ SD (N=3): *p<0.001 compared to glass control.
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5.1.6 Discussion

As there was no previous work or protocols within the research group regarding the
isolation and culture of dorsal root ganglion, optimisation of the plasma polymerised
surfaces for cell culture was completed initially. Explants were used in order to become
familiar with the isolation and culture procedure. As the protocol for dissociated DRG
can take up to 14 hours to complete, the knowledge gained from the explant
experiments was then used for the dissociated DRG culture. It became clear from
preliminary experiments and studies that cells from the explants would not migrate out
predictably unless cultured under serum-containing conditions[8]. As dissociated DRG
could be cultured in very low serum conditions (100 pg / ml), this was seen as a useful
comparison.

Initial experiments demonstrated that between day 6 and 20 of explant culture
on laminin in 10% serum, the migration rate of unlabelled cells was 607 um / day. As
human in vivo nerve growth following injury is reported at 0.5mm / day for large nerves
and rat nerve regeneration is generally quicker[16], the corresponds with published
results. After 20 days, outgrowth reached 8223 um from the explant edge. Examination
of the micrographs indicated that neurite expression was present at day 20, which was
then used as the time point for later studies.

Explant studies with plasma polymers were not in agreement with serum-
containing NG108-15 neuronal results. Whilst maximum neurite lengths of NG108-15
neuronal cells in serum-containing conditions on laminin, AAc and MA 1 were longer
compared to glass, maximum neurite lengths of explants on glass were higher by ~100
um compared to laminin and AAc. Maximum neurite length results of DRG explants
were similar on glass, laminin and AAc, whilst MA 1 supported neurons with maximum
neurite length of 2626 um, ~1000 um shorter compared to glass, laminin and AAc. The
standard error mean for all experiments was quite high, indicating variability. This
could be a combination of using primary rat tissue, which has an inherent variability
compared to cell lines. Explants were taken from the whole length of each spinal
column, with no distinction between the cervical, thoracic, lumbar or sacral regions.

The micrographs of DRG explants on plasma polymerised surfaces showed
strong neuronal and Schwann labelling on all surfaces, with co-localisation and aligned
tracks leading from the explant. This was in contrast to the optimisation experiment,
where after 20 days culture on laminin there was comparatively weak neuronal

labelling. Regarding the number of neurites per explant, explants on glass and AAc
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supported more neurites compared to laminin. MA 1 supported nearly two fewer
neurites per explant (3.6) compared to AAc (5.4). DRG explants demonstrated the same
trend as results from Schwann cells in that MA 1 supported the least number of cells.
An obvious reason for this would be the anhydride groups, which has interesting
implications. As Schwann and neuronal cells were found to respond very differently to
anhydride-containing surfaces, strategies to improve Schwann cell growth may be
different to that for neuronal cells. This has potentially interesting implications,
especially as neuronal and Schwann cells have a very close association in vivo. The
results regarding laminin, glass and AAc were not in agreement with existing studies
that looked at NG108-15 neuronal cells on AAc or results from other cell types in
earlier chapters[4, 14].

Experiments then moved onto using dissociated DRGs, as the culture conditions
used low concentrations of serum proteins. As NG108-15 neuronal cells showed
varying results regarding neuronal measurements in the presence and absence of serum,
this was seen as an interesting avenue to investigate. As the culture conditions used for
dissociated DRG were low serum (100 pg/ml), results could then be compared to
serum-free conditions of NG108-15 neuronal cells in a limited way. Whilst the
dissociation method also uses explants taken from all regions of the spinal column, 25
explants from each rodent were combined together. As neuronal and Schwann cells
from all the spinal column regions would therefore be present on all surfaces, this may
have been a factor in the lower variation seen with dissociated DRG compared to DRG
explants.

The percentage of neurons with neurites showed that laminin supported 84% of
the dissociated neurons to produce neurites. AAc and MA 1 plasma polymers supported
52% and 49% neurons with neurite outgrowths respectively, whilst only 23% of the
neuronal population on glass developed neurites. These results were more consistent
with studies reported by Murray-Dunning[14], where laminin was also the positive
control and glass the basal. This trend was repeated for the number of neurites and
maximum neurite length, where neurons on glass demonstrated fewer, slightly shorter
neurites compared to the plasma polymers and laminin. The micrographs of dissociated
DRG also agree with the quantitative results reported.

As a low concentration of 100 pg/ml FCS was used in the dissociated DRG
medium, results from NG108-15 neuronal cells under serum-free conditions may be the

closest comparison. When cultured under serum free conditions for four days, over 90%
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NG108-15 neuronal cells on the plasma surfaces and laminin had neurites, whilst 77%
neurons on glass had neurites. The differences shown with NG108-15 neuronal cells
have therefore been enhanced but show similar trends to dissociated DRG, which
further supports the use of NG108-15 neuronal cell culture. This can be compared to
serum conditions, where all conditions stimulated 90% or more neurons with neurites.

Dissociated DRG on plasma polymers had higher numbers of neurites per
neuron compared to glass, whilst neurons on laminin had the longest and most
numerous neurites. Results from dissociated DRG were interesting, and agree with
published scientific studies[4, 14, 7] that the plasma polymerised surfaces support
higher numbers of neuronal cells compared to glass. Under serum free conditions with
NG108-15 neuronal cells, MA 1 supported neurons with the same number of neurites to
laminin (Chapter 3, figure 3.23), whilst the number of neurites per neuron on AAc and
glass were also equal. From the results using dissociated DRG, it can be seen that there
is a difference between the NG108-15 neuronal results and primary dissociated DRG
[13,9].

Due to the lower variability, dissociated DRG were shown to be a more reliable
method for assessing the effect of plasma-polymerised surfaces on neuronal
measurements compared to explants. Although primary Schwann cell work showed that
Schwann cells cultured on glass had longer and thinner aspect ratios with higher
metabolic rates compared to Schwann cells on plasma polymers, plasma polymerised
surfaces were capable of supporting primary rat dissociated neuronal cells with a higher
percentage of neurons with neurites , whilst acrylic acid supported primary neuronal

cells with a significantly higher number of neurites compared to glass.
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5.1.7 Conclusion

Optimisation experiments confirmed that rat DRG explants should be cultured
for 20 days in a serum-containing environment

Average migration rate of DRG explants was 606.55 um per day

Explant results on plasma polymers, laminin and glass demonstrated that MA 1
was an inferior surface with regards to number of neurites and maximum neurite
lengths per neuron, whilst neurons on AAc had neurites of a length similar to
glass and laminin. However, there was a high inherent variation of explants
when cultured on AAc

Further experiments used dissociated DRG, neuronal measurements from which
had a lower variability

A clear trend was shown that laminin was the superior surface with regards to
the neuronal measurements

Plasma polymers were capable of supporting primary dissociated DRG
attachment and neurite extension

The use of laminin as a nerve guide coating would be difficult due to the high
cost. However, plasma polymers would be a cheaper coating and supported
primary neurons with a higher percentage of neurites compared to neurons on
glass

The results from this chapter indicate that further work into the use of plasma
polymers as nerve guide coatings in the in vivo environment would be worth

pursuing
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6.1 Discussion and future work

Overall, this work indicated that plasma polymerisation of maleic anhydride and acrylic
acid was successful and that the coatings are capable of supporting and promoting the
neuritogenesis of single cultures of NG108-15 neuronal cells as well as dissociated
primary neuronal and Schwann cell co-cultures to a greater degree than glass.
Regarding the plasma polymerisation step, it would have been useful for the biological
work to use chemical derivatisation techniques, to investigate if there was a correlation
between the relative percentage of anhydride and carboxylic acid groups and the neurite
outgrowths/relative metabolic rates. Another aspect that would have been interesting to
improve would be the adherence of the MA coatings. Whilst the coating adherence of
MA was sufficient for the biological work, extra care and time had to be taken during
the immunohistochemical staining to ensure that the coating did not lift off. A
pretreatment method to improve MA adherence was developed by Schiller et al.[1] that
could be used for further longer term cultures or in vivo work; however for the initial in
vitro investigations this was not necessary.

The differences in results of serum free conditions compared to serum
conditions demonstrate the dramatic effect serum adsorption and orientation can have
on a surface. Whilst slight trends were seen with serum conditions, these were
exaggerated when under serum free conditions. Glass supported fewer neurons with
shorter and fewer neurites when in serum free conditions compared to serum, whilst
neurons on AAc gave similar neurite results for both serum-containing and serum-free
media compositions. Neuronal cells on laminin generally had longer and more
numerous neurites in both serum and serum free conditions when compared to TCPS,
glass, AAc and MA 1, whilst MA 1 supported neuronal cells with longer and more
neurites compared to glass when in serum free conditions.

The dramatic effect of MA 1 under serum-free conditions on supporting the
longest neurite length of NGO8-15 neuronal cells became apparent upon looking at the
live cells under a light microscope, and was unexpected but certainly reproducible. It
was thought that this effect may be repeated with the dissociated DRG experiments due
to the low serum conditions used, however the MA 1 surface did not support primary
neuronal cells with longer neurites compared to laminin. It would have been very
interesting to investigate the cellular mechanisms of how the NG108-15 neuronal
neurite outgrowth was so markedly enhanced when under serum free conditions and on

MA 1 compared to all other surfaces investigated. Although NGO8-15 neuronal cells are
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a cell line and therefore limited compared to investigations of primary cells, NG108-15
neuronal cells have been characterised thoroughly in various publications and the
mechanism may even prove useful with regards to the growth of neuronal carcinomas,
as the NG108-15 were a Sendai-virus fused glioma and neuroblastoma.

Regarding possible mechanisms or processes that led to the significantly longer
neurite outgrowths by NGI108-15 neuronal cells on MAIl under a serum-free
environment, the response of mammalian cells to a surface is governed by many factors,
including the adsorbed protein layer. The kinetics of protein attachment is governed by
the ‘Vroman effect’[2], where competitive serum proteins adsorb to a surface. Smaller
proteins have been shown to reach a surface first and adsorb, which are then gradually
replaced by proteins that have a higher affinity[3]. Over 24 hours, proteins then
rearrange their position, conformation and orientation in order to maximise protein
coverage on a hydrophilic surface[4]. It has been postulated that the amine groups of
BSA covalently bind with non-hydrolysed anhydride groups[5], which would then
restrict rearrangement of serum proteins on the surface before cellular attachment
occurs. Even though the media conditions did not contain serum, NG108-15 neuronal
cells were passaged under serum conditions and it is known that cells can take up
proteins and presumably use the proteins to interact with a surface even under serum-
free environments[6].

The level of bovine serum albumin (BSA) attachment was also studied on
plasma polymerised maleic anhydride under different conditions[5], where it was found
that the low duty cycles (similar to MA 1 and 2) resulted with the highest amount of
covalently bound BSA. As BSA is one of the most prevalent proteins in serum and
covalently binds to the anhydride groups, this may have obstructed the rearrangement of
proteins that usually occurs. As it has been shown that serum proteins have to be
correctly presented in order to facilitate cell attachment[7], this could potentially explain
more clearly the results observed with MA 1. Studies with AAc have shown that
fibrinogen is one of the main protein within serum that attaches, whilst albumin barely
attached and immunoglobulin (IgG) was present in low levels[4]. Whilst the results
cannot be directly compared as only albumin was used with the maleic anhydride study,
it is interesting to note the potential differences in densities of attached proteins between
the plasma polymers.

Interestingly, preliminary work with explants demonstrated that serum-free

culture was possible. However, as neurite outgrowth was very sporadic and
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unpredictable under serum-free conditions (1 out of 3 explants would adhere to the
surface and show in vitro cellular migration) and occurred at much slower rates, it was
not used in investigations reported here. Serum-free culture with Schwann cells was not
investigated due to time constraints; however it would be interesting to culture Schwann
cells on the plasma polymerised surfaces under varying levels of serum to investigate
any potential differences. This work has demonstrated the significance of serum-
containing versus serum-free media when performing in vitro investigations on plasma
polymerised surfaces, presumably due to the relative thinness of the surfaces compared
with the size of the serum proteins.

Another area of interest would be the comparative surfaces. I recently compared
allylamine, PCL, AAc, MA 1 and an allylamine/AAc mix. The allylamine/AAc mix
would be intriguing to compare against poly-L-lysine, as poly-L-lysine contains both
amino and carboxyl groups. Whilst preliminary results indicated that allylamine may
have stimulated slightly stronger neurite outgrowth compared to AAc, experimental
complications meant that immunostaining was not completed and quantitative
comparisons could not be made. Comparisons of the plasma polymer coated nerve
guide materials versus uncoated guides would also be very relevant for future work.

A clear direction future work could take is towards in vivo study. As pioneering
work on fabricated nerve guides is now using 2-photon polymerisation techniques[8], it
would be interesting to coat such guides with plasma polymerised AAc and investigate
if nerve regeneration distance is affected. As studies have looked into a combination of
stem cells and nerve guides as a method of increasing nerve regeneration[9,10], it would
be useful to differentiate stem cells towards a glial lineage[11], then evaluate the effects

of the plasma polymers at various points.
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6.1.1 Conclusion and key findings

The aim of this report was to investigate the effect of plasma polymerisation surfaces on

the metabolic rate and morphological characteristics of immortalised neuronal NG108-

15 cells, primary rat Schwann cells, explanted and dissociated primary rat dorsal root

ganglion (DRG). Main conclusions were:

1.

Optimisation and characterisation of plasma polymerised surfaces using XPS
and contact angle demonstrated retention of carboxyl groups on AAc coated
surfaces. The presence of anhydride groups on maleic anhydride plasma
polymerised surfaces was also confirmed using ToF-SIMS and XPS. AFM
showed that the glass surfaces were not significantly altered topographically
by any plasma polymerisation condition

MA 1 and AAc supported NG108-15 neuronal cells with similar neurite
outgrowth compared to glass under serum conditions, whilst it was shown
that MA 1 supported a significantly higher number of NG108-15 neuronal
cells with significantly higher maximum neurite lengths and neurites per
neuron compared to glass under serum free conditions. AAc and MA 1
supported neuronal cells with a higher percentage of neurites compared to
glass under serum-free conditions

Primary rat Schwann cell cultures demonstrated higher metabolic rate and
aspect ratio measurements on glass and laminin compared to the plasma
polymers

DRG explants cultured on MA 1 demonstrated the lowest number of neurites
and maximum neurite length compared to glass, AAc and laminin. However,
high standard error mean across all surfaces indicated relatively unreliable
results

Dissociated primary rat DRG cultures showed that plasma polymers
supported a higher percentage of neurons with neurites compared to glass,
whilst acrylic acid supported neurons with longer maximum neurite lengths

and higher average number of neurites compared to glass
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