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Abstract

Graphene oxide (GO) is a nanomaterial that has gained increasing interest for its use in
neural tissue engineering (NTE) for its structural and conductive properties. There is also
evidence that GO has the instructive potential of enhancing neurogenesis and regulating
inflammation. The aim of the study presented in this thesis is to establish 2-dimensional
(2D) and 3D models and to examine the effects of GO on neural cells in the central nervous
system to further the understanding of GO as an instructive biomaterial for NTE.

In the first part of the study, thin 2D GO films were generated, and characterised. Thin
GO films of 50 nm cross sectional thickness were consistently produced using spin coating
technique, from aqueous suspension of commercial GO, on glass coverslips without or with
prior coating by polyethylenimine. The GO films were uniform in thickness and structure.
Raman spectra show that the GO films were amorphous and had two peaks characteristic
of GO. Quantification of atomic percentage using X-ray photoelectron spectroscopy (XPS)
indicates that the GO films contained twice as much carbon than oxygen and the molecular
structure with oxygen bound in polar epoxide and carboxylic acid groups. XPS also
indicates the GO surface can adsorb biomolecules during cell culture, which was resistant
to washing.

The next part of the study tested the biocompatibility of the 2D GO films as a substrate
supporting neural cells, using neural cell lines (human SH-SY5Y neuroblastoma cell, and
mouse BV2 microglial cell) and primary mouse or rat neural cell cultures (hippocampal
neurons, microglia and astrocytes). For all these types of neural cells, GO supported

cell attachment, proliferation, and maturation, without inducing cell death. In addition,
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there was a significant increase in neurite extension in SH-SYSY cells on the GO films,
under differentiation conditions, suggesting enhanced differentiation. GO did not induce
inflammatory phenotypes of microglia cells. The GO films were also leveraged as a drug-
delivering vector to further enhance the instructive capacity of GO. The GO films, with
prior treatment with ibuprofen, a COX-2 inhibitor involved in microglial activation and
inflammation, significantly reduced LPS-induced activation of primary microglia. These
results suggest that GO exhibits an excellent biocompatibility as a substrate for neural
cells and an ability of enhancing neuronal differentiation, as well as act as a drug-delivery
vector.

The last part of the study explored combination of GO with Gel-Ma hydrogels to
construct 3D scaffolds for NTE, using two approaches, namely, suspension and layered.
Under conditions with suspension of neural cells and GO in hydrogels, neuronal cells sur-
vived well, but failed to mature. GO and hydrogels, when assembled in layers, supported
maturation of neurons, as well as viability, and formation of networks with astrocytes in
co-culture. Furthermore, neuronal cells extended into the hydrogel layer, albeit that the
hydrogel remained mechanically slightly stiffer than native brain tissues.

In summary, the results from generation and characterisation of GO as 2D films,
construction of 3D scaffolds by combining GO and Gel-Ma hydrogels, and examination of
their interactions with major types of neural cells, demonstrate desirable functionalities of
GO as a substrate in supporting and regulating neural cell function. The findings provide
clear evidence to support the instructive potential of GO as a biomaterial for applications
in NTE. The GO 2D film model is a robust platform for further study of GO properties

and the mechanism by which GO regulates neural cell function.
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Chapter 1

Introduction

1.1 A Brief Perspective on Biomaterials

Biomaterials are defined as substances engineered to interact with a biological system
which alone or as part of a complex can direct the progress of a therapeutic or diagnostic
process. These materials are highly varied, include polymers, self assembling materials
as well as vectors, and consider the immunological and toxicological consequences of a
material in vitro and in vivo [1].

Biomaterials historically have been used to restore function lost by degraded natural
components. An excellent example for the restoration of lost function is dental implants to
replace lost teeth which can be evidenced back over a thousand years. Initial evidence of
artificial teeth roots carved from wood with stone caps indicates teeth were being replaced
with rudimentary biomaterials [2].

However the use of septic and frangible materials like wood and stone could be
expected to have caused significant discomfort and have a limited functional lifetime. As
technology progressed over time inert, more durable and biotolerant materials such as
gold or porcelain began to be used instead. In the last century the emergence of bioneutral

and bioactive materials that can stimulate peripheral healing and secure integration such
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as polymers, ceramic and advanced alloys have led to the implants seen in the modern day
[3].

This example of teeth being replicated in biomaterials which provided an artificial
replacement to tissue lost through ageing or injury has a mirror in tissue and organ
transplantation. Up to five hundred years ago, autografted and allografted skin tissue to
regenerate injuries had been attempted, however such grafts were often met with limited
success until greater understanding of transplant immunology at the turn of the 20th
century [4]. Developments in immunology began to allow functional grafts for many lost
tissues.

Skin grafting is now a widely available standard treatment thanks to understanding of
rejection, preservation of donor material, and robust tissue banking. More complex organs
such as kidney transplants from deceased donors had been attempted at the same time. The
first successful functional kidney transplant between living twins in the early 1950’s led to
the first preserved kidney transplant in the 1960’s. A major limitation to these transplants
was the requirement for anti-rejection medication for life of the recipient to protect the
transplanted organ from the host immune system. However transplant donation has often
been orders of magnitude lower than patients in need, creating an issue in supply [5].

To overcome the limitations of inert biomaterials and compensate the supply of donor
tissues, a new field of research, tissue engineering was broadly defined in 1988. This
new field encompasses the principles and methods of engineering and life sciences toward
the fundamental understanding of structure-function relationships; examining normal and
pathological mammalian tissues and therefore develop biological substitutes to restore,
maintain or improve tissue function. Tissue Engineering research began to investigate and
develop novel biomaterials that could artificially replicate the function of a tissue in the
same manner as a transplant graft whilst remaining biotolerant and more available than
donor sources [6, 2].

In the following sections, biomaterial approaches to tissue engineering scaffolds are

discussed with a specific focus on how these technologies have progressed. In particular
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the combinations of materials, cells and inductive factors which have so far resulted in
successful tissue substitution or generation of in vitro tissues which exhibit functional
structures. These reports have been examined to see how their technologies can continue

to be translated into more complex and delicate tissues, such as the brain or spinal cord.

1.2 Tissue Engineering Biomaterials

Tissue engineering is considered to comprise the design and construction of man-refined
implants to mimic the native extracellular environment. Commonly materials such as de-
cellularised and/or xenogenic tissues, electrospun polymers, nanomaterials and hydrogels
are combined with instructive chemical, electrical, pharmacological and topographical
cues, to influence cell behaviour. Therefore Biomaterials are an integral part of tissue
engineering.

A material may be chosen for favourable characteristics as culture surfaces for cell
populations that simulate or substitute extracellular matrix to direct and support cell
growth. However a material may also be chosen for desirable bioabsorbable performance
and/or mechanical strength to support a regenerating defect. A single material may
provide all the requirements during regeneration, however scaffolds can be complex and
multi-material, with each component meeting a biological need. The functionality of a
tissue engineering implant can be described by the interactions between native tissue and
the implant. An inert scaffold provides only a physical structure permissible to healing.
A therapeutic scaffold may include instructive factors to direct and control the healing
behaviour within itself, whilst a living scaffold may include cells to facilitate eventual

development into an allograft alternative.

1.2.1 Nanomaterials in Tissue Engineering

Nanoscale engineering of scaffold structures has led to scaffold design becoming more

complex and allowed for biologic signalling to be introduced by otherwise inert scaffolds.

John Brewster 3 The University of Leeds



CHAPTER 1. INTRODUCTION

This can range from introducing complex topographies to aid in tissue integration, to ma-
terials which control cell fate at the material-tissue interface. Such advanced engineering
has trended towards artificial recreation of natural tissue architecture, providing biosimilar
arrangements and structures for cells during regeneration [7]. Examples of this can be seen
in the surface coating of joint and vascular implants to allow for ingrowth of native tissues
faster and more robust tissue-implant interface with less scar tissue formation [8]. This
leads to a longer implant lifetime, reduced patient morbidity from revision and improved
patient outcomes.

Scaffold research has also explored inclusion of nanomaterial isoforms of otherwise
common biotolerant materials including transition metals such as iron (as steel), gold,
molybdenum and titanium. Non-metal elements silicon and carbon including graphene
are also more commonplace as structural and surface components in nano-engineered
biomaterials. Such additives are selected to enhance the properties of other biomaterials.
Such enhancements include imparting conductivity to polymers, additional binding sites
for pharmaceutically functional molecules and reinforced mechanical strength [9].

Inclusion of nanomaterials in 2D and 3D culture systems in vitro are reported to
enhance cell growth and tissue generation, attributed to the increased resolution to provide
topography, physiochemical cues and vectors to the scaffold system [10]. Modification
of biomaterials with nanomaterials to improve or supplement material properties is a
growing field with new research conducted constantly. Nanomaterial inclusion remains
controversial with concerns over nano-toxicity and contamination of surrounding tissues
with nano-particulate matter. This is particularly true of metallic nanomaterials following
the metal on metal hip scandal and accumulation of chromium nanoparticles within the

pelvic tissue of hip transplant recipients in the late 20" century [11].

1.2.2 [Engineered Tissue Substitutes

Tissue engineering research also includes the in vitro generation of functional artificial tis-

sue as tissue substitutes. Such applications of artificially generated tissue include research

John Brewster 4 The University of Leeds



models to reduce animal use in research as well as research to validate pharmaceuticals
for safety and mode of efficacy [12].

One aim of tissue engineering is to replace or regenerate otherwise terminally damaged
or lost tissues of the body with functional biocompatible artificially engineered constructs
[13]. Though autograft and allograft materials remain the gold standard for tissue re-
placement, several tissue engineering solutions have matured and have a history of use
clinically. Biomaterial implants have a number of advantages over graft tissue including
reducing the risks associated with allograft, reduced donor site morbidity associated with
autogenic grafts. Tissue substitutes have historically included autogenic, allogenic and
xenogenic transplants. Biomaterials and tissue engineered products are supplementing the
use of transplanted tissues in like for like applications. Increasingly advanced materials
are seeing more use over the last decade, coming closer to replicating the gold standard
transplant tissue as seen in Table 1.1.

Common to all tissue engineering scaffolds is the target tissue having insufficient
regenerative potential, either due to a lack of tissue regeneration, rapid scar formation or
essential function. The history of research has led to widespread understanding of the three
component understanding of tissue engineering: Cells, Scaffolds and Growth factors. A
good example of this understanding in tissue engineering is seen in bone defect grafting.

Aninert but bioabsorbable biomaterial natural coral converted to coralline-hydroxyapatite
has been used as a scaffold to repair bone defects. Coral implants began to resorb as natural
bone regrew and showed improvement in the outcome of bone grafts. However the coral
material was not perfect [26]. The mechanical strength of the coral implants was lower
than native bone and could become easily damaged, an effect further compounded by the
sterilisation processing required to create the implant. Generation of bone through the
graft was also progressive from the edges. This resulted in protracted, though positive,
healing durations. These inert permissive scaffolds fill the defect and allow native tissue
to grow into the graft. Within these scaffolds the complex structure provides topography,

whilst physical therapy introduces strain and mechanical direction to native osteocytes
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CHAPTER 1. INTRODUCTION

Table 1.1: Examples of progression in tissue engineered solutions

Tissue Transplant / Graft TE Material Reference TE Material 2018 Reference
source 2008
Bone Autogenic, Allogenic Natural coral Petite et al.. [14] Bioceramic composites Ginebra et
al..[15]

Cartilage Autogenic Acellular Temenoff et al.. Regenerative instructive therapy Rosaeral.. [17]
hydrogel [16]

Ligament Autogenic Polymers Funakoshi et al.. Decellularised tendons Jones et al..

[18] [19]

Cardiac Allogenic, Xenogenic Mechanical Nair et al.. [20] Decellularised or In-vitro synthetic Glaser et al..

Valves valve [21]

Vascular Autogenic Synthetic Innocente et al.. Decellularised tissue Lin et al.. [23]
Polymer [22]

Dermis Autogenic, Allogenic  Collagen patch MacNeil. [24] Decellularised Dermis, In-vitro Savoji et al..

tissue

[25]

The University of Leeds
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stimulating bone maturation [27].

Material substitutes can provide mimicry of mechanical functions and physical support,
for example as mechanical cardiac valves responding to hydraulic pressure from blood flow
[28]. Likewise nerve conduits can guide nerve growth both chemically and topographically
[29]. However such functional constructs do not yet fully replicate and replace original

tissue, requiring a period of integration before normal function is restored.

1.2.3 Inductive and Living Scaffolds

More complex later generations of these scaffolds provide a more active regenerative
medicine solution. Osteoinductive hydroxyapatite grafts use a similar synthetically gen-
erated or farmed scaffold material. However the scaffold is enhanced with osteoinductive
growth factors as a surface chemistry modification to introduce instructive components to
an otherwise inert mechanical implant.

Bespoke versions of these grafts may also include therapeutic cell populations gener-
ated from a patients own cells to provide innate regenerative capacity [30]. Inclusion of
cells resulted in a greater rate of healing than inert scaffolds alone. Additionally implants
could regenerate larger bone defects than natural healing or inert material alone [31].

However inductive and cell therapy grafts have more stringent regulatory controls
than a single material inert implant. The limiting factor in cell therapy active implants
is the increased cost, complexity and decreased shelf life compared to inert implants and
allograft material [32]. As such cell therapy products are highly bespoke and specialised,
used thus far in trial circumstances without widespread adoption [27].

Innovated tissues, endocrine tissues and organs such as the heart and brain are reliant
on metabolic cell function cannot be substituted by current materials alone, cellular
functions can only be replicated by equivalent cells. Similarly inert scaffolds which
provide mechanical support require integration and population with native cells are not
suitable for tissues which have very low regenerative potential. Particularly in the brain

and spinal cord no material substitute exists which is able to replicate the function of
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neurons, or glial cells. In these areas, scaffolds combined with suitable replacement cells
may be the only option for tissue substitution.

Stem cell therapies with pluripotent stem cells have been investigated for such tissues
including cardiac injury and neurodegeneration due to the potential of a cell therapy
to differentiate and generate required tissues in situ [33]. There are however several
drawbacks to cell therapies such as inconsistent results and a risk of non-specific tissue
generation. Of particular concern is teratoma formation as transplanted cells can disperse
away from the target site [34, 35, 36]. Provision of cells via a tissue engineering living
scaffold may mitigate this risk.

Autologous transplant of in vitro purified and cultured olfactory ensheathing cells from
the nasal passage to damaged spinal cords has reported some success in restoring spinal
cord function [37, 38]. Although to date only limited neurological improvement has been
reported in clinical trials, this approach is one of few to approach lesions that are already
scarred with neurological voids within the target site. The reported success in this trial
suggests that tissue engineering with neural stem cells has potential as a future treatment
for chronic neural lesions [39].

These grafts utilising autologous multi-potent cells present interesting opportunities
for engineered tissue substitutes to become more like true transplant materials, capable
of quickly supplanting the function of damaged tissues. For cellular therapies to become
more widespread, challenges remain to be overcome. The tissues that would most benefit
from such tissue substitutes; post mitotic tissues with no currently suitable transplant
or graft, include neural tissue, however these cells are fastidious to the cellular micro-
environment and have poor long term survival outside of their native growth environment.
Therefore, biomaterials with instructive and permissive properties to cell populations will
be a foundation of future tissue engineering scaffolds. To date research has investigated
ways to further enhance biomaterials and scaffolds with additional factors such as nanoma-
terials, cells and growth factors. The following sections specifically discuss hydrogels as

a promising material for soft tissue engineering, and the research surrounding graphenes,
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a carbon nanomaterial of interest for imparting further functionality to scaffolds.

1.3 Hydrogels in Tissue engineering

In tissue engineering scaffolds, biomaterials are used to create the construct for implanta-
tion or culture of biological material. In some cases, such as the natural corals cited above
and historical uses of inert biomaterials, these are hard or rigid structures upon which
tissue is grown. However for soft tissues, a more mechanically soft material is required.
In native tissues, extracellular matrix is comprised primarily of collagen fibre connective
tissue enhanced with glycosaminoglycans secreted by cells during maturation to provide
an instructive 3D extracellular micro-environment and substrate for cells forming com-
plex tissue. Hydrogel matrices are commonly used as substitutes for extracellular matrix
in tissue engineering to produce scaffolds for cell culture. Several hydrogels have been
proposed for nerve guidance conduits, and more central nervous system (CNS) scaffolds
including polyacrylamide, alginate, hyaluronic acid and cross-linked DNA [40].

Hydrogels are three-dimensional, highly absorbent to water, macromolecular polymer
gel constructs derived from a cross linked network of polymer chains. Hydrogels are sim-
ilar in appearance to common gel, such as edible gelatine confectionery, which comprises
denatured collagen polymer chains entangled into a thermally sensitive matrix. These gels
are thermosensitive, hydrogels differ in that their physical structure is thermally resistant
once cross linked. In hydrogels the polymer chains, which may also be referred to as
macromer chains, are cross linked with covalent bonds to form a more stable gel which is
resistant to dissolution, temperature and changes in osmolarity or pH [41].

Hydrogels have been used as biomaterials in a range of applications since their first
report, initially contact lens material during the 1960’s [42]. Hydrogels are well suited for
applications in biological systems due to their high capacity to absorb and retain water as a
liquid phase within the polymer matrix. This allows for delivery of soluble molecules via

hydrogel interfaces as well as for hydrogels to exist in equilibrium with hydrated environ-
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ments such as within the body, such as the eye as in the previous example. Mechanically
this high water content leads to a highly compliant material which in general does not
dehydrate or irritate peripheral tissues. The capacity for a hydrogel to provide a compliant
and biosimilar material-tissue interface is one of its most desirable attributes. Hydrogel
materials such as fibrinogen sealant are commonly used and marketed as a biocompatible
glue for use during surgery and the treatment of wounds with a bioabsorbable filler.
Many common hydrogel polymers are derived from biodegradable sources and have
high biocompatibility, hydrogels are often used to provide a compatible material-tissue
interface in vivo [43]. Hydrogels in tissue engineering serve as scaffolds, and may include
cells within the gel formulation as in biofabrication of so called ‘living scaffolds® [44].
Bio-fabrication with hydrogels often includes gels formulated to replicate extracellular
matrix. Extracellular matrix components are commonly used as the basis of such gels
and thus create tissue substitutes with analogous chemistry to native tissue [45, 46, 47,
48, 49]. Encapsulated stem cell populations in living scaffolds have been shown retain
differentiation potential within a hydrogel matrix [50, 51]. In a model of neural tissue
generation, encapsulated neurons are reported to form complex axonal networks [52] whilst
permissible materials show that native tissue can enter a scaffold indicating hydrogels can

function as nerve conduit [53, 54].

1.3.1 Composition and Preparation of Hydrogels

When hydrated, Hydrogels can be up to 99% water by mass, depending on formulation
[55]. Hydrogels absorb water via osmotic, hydration and capillary interactions within
the hydrophilic polymer matrix. Once swollen hydrogels can retain water in equilibrium
and resist further expansion, retaining a maximum physical dimension. Hydrogels are
also commonly used to support and deliver other materials, such as nanomaterials, as
composite material whilst still retaining the physical and mechanical properties of the
hydrogel [56]. Furthermore hydrogels are commonly bioabsorbable and can be gradually

replaced with native tissue. Hydrogels therefore are distinct from other biomaterials
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used for composites such as electro-spun polymers which are frequently dried and more
permanent than hydrogels when used as a supporting substrate.

Widely used biomaterial hydrogels are comprised of macromer chains including dex-
tran [57], gelatin [58], hyaluronic acid and chondroitin sulfate [59], poly-vinyl-alcohol
[60], chitosan [61] and cellulose [52]. Macromer chains are functionalised to allow
controllable cross linking between readily reactive pendant groups such as methacrylate,
tyramine or norbornene. Hydrogel formulations may include a secondary cross linking
molecule such as branched polyethylene-glycol which bridges between reactive groups on
the macromer.

Further to the choice of macromer and functionalisation for a hydrogel, the cross linking
system is also important. Cross linking is the primary way in which material properties of
hydrogels are tuned, controlled and specialised for their application. External stimulation
which causes propagation of a stoichiometric reaction with no bi-products is described as
a ‘Click Chemistry‘ [62]. Click Chemistry provides switchable, temporal control over the
cross linking process, otherwise referred to as ‘Clickable‘ [63].

Two types of cross linking reaction have been described, a theoretical presentation is
seen in Figure 1.1. The first type is step growth describes a system where all molecules
present in the initial pre-gel mixture can react. Examples of step growth hydrogels include
thiolated gels, where thiol groups on the macromer can polymerise with target groups on
a linker molecule. Step growth is characterised by high initial rates of reaction where
linker molecule begins to bond to macromer. Only the later stages of the reaction produce
high molecular weight macromolecules where bonded macromer links to other macromer
[65]. This system is rate limited by the ability of large the intermediate molecules being
able to cross link together [66]. Thus step growth systems are delicate and require careful
optimisation to ensure cross linking has completed.

The second mechanism is chain growth, where the reaction propagates throughout
the system reacting only at an active site thus reaction rate is limited by the presence

or absence of a tertiary initiator [67]. Chain growth systems are said to generate more
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consistent hydrogels, as cross linking can only occur on growing chains not in side
reactions, providing a greater degree of control over the rate of reaction. However in a chain
growth system, as all macromer cross linking groups are reactive together, there is a risk of
‘Cyclisation‘. Therefore chain growth systems can produce numerous molecular weight
agglomerations throughout the reaction [68, 65]. Additionally, a chain growth system, once
initiated will continue until all available macromer linking groups are consumed, providing
less scope for control of the resulting gel properties. Methacylate-based hydrogels are
an example of chain growth systems, where methacrylate groups will polymerise until
completion.

Over the years, several hydrogel cross-linking initiator systems have been pioneered.
Free radical propagation is commonly used to catalyse the cross linking reaction, with
free radical generation derived from a number of sources including; redox reactions [69],
irradiation with gamma radiation [70], heat [16], changes in pH [71] and ultraviolet or
visible light in so called ‘Photo-Click* [72].

Photo-Click reactions are the most common and convenient form of hydrogel initiator
presented, particularly in biofabrication and tissue engineering. Several photo-Click sys-
tems are commercially marketed. Photo-Click initiated hydrogels rely on the generation of
free radicals from a molecule, typically a persulfate, following absorption and excitation
of a photo initiator sensetive to a specific wavelength of light. Commercially available tra-
ditional UV photoinitators such as Irgacured (1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-
2-methyl-1-propan-1-one) and LAP (lithium phenyl(2,4,6-trimethylbenzoyl) phosphinate)
are available with sensitivities to a range of UV wavelengths.

However the above photo-click initiator systems have limitations for tissue engineering.
UV wavelengths are typically cytotoxic through DNA damage, thus if a hydrogel is used
with encapsulated cells UV photo click systems result in a loss of cell viability. Similarly,
photo-click initiators are often limited by light penetration distance as the initiator reduces
the intensity of the incident light during cross linking [73]. Consequently, new research

into visible wavelength initiator systems using excitable transition metal complexes such as
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Ruthenium are reported to have enhanced penetration, improved survival of cells exposed
to the cross linking process, and comparatively more biocompatible micro-environments
compared to UV initiated commercial initiator systems [74, 60, 75, 76, 73].

Particularly where hydrogels are used to encapsulate other biomaterials, the use of
initiator systems can alter the encapsulated material surface chemistry. However this can
be used as a positive by providing an avenue to include an encapsulated material into
a hydrogel matrix covalently. In recent work hydrogels are more commonly modified
with nanomaterials to provide enhanced physiochemical properties compared to the hy-
drogel alone. Nanomaterials have been used to provide topographical, conductive and

pharmacological properties to hydrogels [40].

1.3.2 Gelatin Hydrogels

Gelatin is commonly used in bio-fabrication applications as a high print fidelity material
[49]. Gelatin is also of interest for use with nanomaterial applications as the polar
groups found throughout the gelatin chain provide excellent hydrophilicity and the long
chain structure can effectively encapsulate nanomaterial loads [77]. Additionally these
properties allow gelatin to form thin films, permeable to oxygen making it suitable for
generation of thin tissue culture models.

Gelatin hydrogels remain of interest in tissue engineering as a highly adaptable platform
for modification. Gelatin is biodegradable, in contrast to synthetic hydrogel formulations,
which is desirable for a tissue scaffold destined to be replaced with host tissue, but may
pose a challenge if gels degrade too quickly. As a biopolymer derivative of collagen,
Gelatin macromers have advantages in biocompatibility and cell adhesion compared to
synthetic polymer macromers [60]. Gelatin remains highly hydrophilic and the gelatin
chain retains biosimilar chemical composition found in collagen, resulting in excellent cell
adhesion characteristics [77]. However this also poses challenges; gelatin macromers are
much larger in molecular weight and lower in thermal stability than synthetic polymers,

resulting in mechanically softer gels for at similar w/v formulations. Additionally gelatin

John Brewster 13 The University of Leeds



CHAPTER 1. INTRODUCTION

macromers are more prone to cyclisation than lower weight macromers [78].

In this thesis, two similar gelatine based hydrogels have been used; Gelatin-Methacryloyl
(Gel-Ma), and Gelatin-Norbornene (Gel-Nor). These hydrogels allow a comparison be-
tween chain-growth and step-growth cross linking. This distinction in cross linking
chemistries is of interest as the long term endurance of these gels as scaffolds has been

rarely examined and compared in literature.

1.4 A Brief Perspective on Graphene

Graphene is a two dimensional atomic carbon allotrope where the atoms are arranged
as sheets, first described in Novoselov and Geim in 2004, involving separation of the
z-stacked sheets from the graphite block into several graphene sheets [79]. Previously the
molecular structure of graphite as stacked sheets of carbon lattice was common knowledge.
Novoselov and Geim’s presentation of the separated carbon sheets accompanied by a
description of the surprising physical and electrical properties kick started a wave of
novel research and development utilising graphene in all fields of materials science and
engineering, from electronics to construction, pharmaceuticals to biology. The initial
discovery of graphene in Manchester, UK, involved simple mechanical exfoliation (ME)
using adhesive tape to adhere separate the weakly bound sheet of graphene from a block
of graphite. Subsequent interest and development has led to more complex techniques
being developed, characterised, published and industrialised. In 2020 the global graphene

market is predicted to exceed 140 million USD [80].

1.4.1 Pristine Graphene

Individual sheets liberated from graphite are pure carbon, and described as Pristine
graphene. This is defined as the essential monolayer sp? hybridised carbon lattice, com-
prised of a single sheet of purely carbon atoms bonded in a hexagonal structure. Within

this lattice, each carbon atom has four bonds: three (Carbon Carbon) bonds forming the
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planar lattice leaving one dissociated bond.

Other carbon nano-shapes such as Buckminsterfullerene spheres and carbon nanotubes
can be described in terms of 3D shapes formed from pristine graphene sheets [81]. Such
carbon structures have previously been investigated for a variety of applications including
mechanical reinforcement in materials research and pharmaceutical vectors in medical
research [82]. In comparison to other carbon nano-shapes, graphene sheets only present
surface area in a 2D plane, with no defined edge or finite geometry. This presents
opportunities for graphene to be prepared with heterogeneous patterning of functionality
within a single sheet [83].

Pristine graphene is available from commercial sources, however graphene production
and application remains an area of constant innovation with groups often producing
graphene for research locally. One of the earliest innovation in nanomaterials research for
graphene production is chemical vapour deposition (CVD). By utilising high temperature
to generate graphene sheets directly from gaseous carbon sources such as methane of
potentially unlimited size [84]. CVD remains the only widespread growth based methods
for generation of pristine graphene independent of graphite stock material.

One of the main drawbacks to CVD is the technique remaining highly specialised and
costly. As a consequence of these economic and technical challenges, further refinements
to ME techniques to liberate graphene from graphite stock have been developed since
2004. One such common method is liquid phase exfoliation (LPE) where organic solvents
and surfactants are used to suspend graphite powders. In suspension, the graphite layers
are intercalated by the surfactants increasing the distance between the graphene sheets of
the graphite stock, and thus weakening the interlayer bonds. Subsequently the graphite
stock can be dissociated via mechanical exfoliation into graphene layers. Therefore LPE
provides pristine graphene in relative bulk, following extraction from the solvent [85].
The pristine graphene platelets produced by LPE differ from the sheets generated by CVD
techniques, due to finite sheet size and variable geometry in the number of graphene layers

generated from the original stock.
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Dissociated m-bonds, which in graphite result in the z-stacking of graphene sheets,
allow for the free movement of electrons in graphene which results in excellent electrical
conductivity. The electrical properties of pristine graphene showed potential initially
for electronics and computing applications as a novel semiconductor, similar to silicon.
Single and multi layer graphenes show similar yet distinct physiochemical properties [86].
Recent research has revealed a broader potential including biotechnology [87]. Highly
conductive pristine graphene has been examined for bio-interfacing applications including
biosensors and neural probes [88]. However use of pristine graphene remains uncommon

outside of electronics research.

1.4.2 Graphene Oxide

Another graphene material more commonly found in biotechnology research is Graphene
Oxide (GO). In general, GO is a graphene lattice with extensive covalently bonded oxygen,
making GO more hydrophilic than pristine graphene. Though graphene itself was first
isolated from graphite in 2004, previous chemists had described oxidative processing of
graphite into graphite oxides. The first efficient preparation described by Hummers and
Offeman in 1958 provided a method of producing graphite oxide in bulk with reduced risk
of energetic side reactions [89]. The processing of graphite to graphite oxide described
in Hummers method involves using strong acids and oxidant compounds to introduce
oxygen containing groups to the carbon lattice of each graphene sheet. Therefore the
oxygen groups consume m-bonds, as well as disrupting the carbon lattice. In this way the
oxygen containing groups increase the z-stack distance and reduce the interlayer forces in
a similar manner to the intercalation effects utilised during LPE. The reduced interlayer
forces allows for subsequent exfoliation via sonication to separate the graphite oxide into
individual, GO sheets [90]. The structure of GO produced by these chemical exfoliation
(CE) methods is highly variable and an area of continued discussion in literature [91].
An accepted model is presented as seen in Figure 1.2; GO has polar species including

epoxide, carbonyl and carboxyl groups across the lattice.
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CE techniques are capable of producing similar single and multi layer sheets in a
manner similar to LPE, with sizes and geometries dictated by the starting graphite stock
and degree of oxidation. CE methods most commonly reported in literature produce a
carbon : oxygen ratio of approximately 1: 2 [92]. This represents an upper end high degree
of oxidation, and many groups report conflicting physical properties of GO in suspension,
importantly descriptions of the colour in aqueous suspension range from orange similar
to graphite oxide, to brown and black. It is widely accepted that the colour of the GO
suspension corresponds to the degree of oxidation [93].

GO can be described as a hydrophilic derivative of graphene with more direct potential
for further chemical functionalisation than pristine graphene by targeting the extensive
oxygen containing epoxide and carboxylic acid groups [91, 92]. In contrast to pristine
graphene, GO is more immediately useable in tissue engineering, where the cell material
interface is vitally important therefore hydrophilicity is a critical quality attribute.

The hydrophilicity of GO comes at a cost in material conductivity and carbon lattice
structure. Oxidation of carbon atoms of the graphene lattice immobilises the t-bond elec-
trons that provide graphene’s excellent conductive properties thus increasing the resistance
of individual GO platelets compared to pristine graphene. To restore electrical conduc-
tivity, GO is commonly reduced, removing the electronegative oxygen atoms, releasing
n-bond electrons and restoring n-bonds via strong reducing agents in colloidal solution
[94]. Early reduction methods used hydrazine, a powerful reducing agent and highly toxic
hydrogen pnictide similar to ammonia [95]. The reduced form of GO remains distinct

from pristine graphene, and has been referred to as GO.

1.4.3 Manufacture and application of GO thin films

Spin coating has been used to create several graphene thin films previously, including,
organic electrodes [96], osmotic barriers in fuel cells[97], photovoltaic cells [98], humidity
sensors [99], resistive memory devices [100], and gas barriers [101]. Spin coating is not

unique to GO , but is common in electronics research for creating thin films of molecules
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or nanomaterials as resistors, capacitors or memory devices. Spin coating involves high
speed rotation of a substrate, upon which a suspension, in this case GO is deposited.
The theory of spin coating states, through the conservation of momentum and the surface
tension of the suspension, the rotational force imparted by the spinning substrate drives
the suspension across the substrate, creating a nanometre-scale thin coat. The sensitivity
of the human eye to thin films has been quantified, which suggested that differences
of a few nanometres can be resolved [102]. Therefore spin coated products can often
be quality assessed with the naked eye, a valuable attribute for any production process.
However few tissue engineering studies have been conducted using this technique with
GO . More commonly GO is evaporatively, compressively or precipitately deposited as a
surface, resulting in a variance in surface thickness, orientation and thus surface chemistry.
Particularly heating and solution changes have been shown to alter GO chemistry [103].

Previous reports indicate the technique might have promise for biological research [104].

1.4.4 Chemical Modification and Reduction of GO

GO platelets are fragile; parameters including size, surface area, graphene platelet sheet
count and folding can be compromised by mechanical disruption in suspension, solution
changes and precipitation. Therefore researchers must optimise processing and production
protocols to avoid fracturing GO sheets into ever-smaller platelets in suspension [105,
106]. Furthermore graphene and reduced Graphene Oxide (rGO) platelets are able to
agglomerate back into graphitic bodies, sticking together via n-bonds [107]. In the case
of rGO , often used as an alternative to CVD pristine graphene, agglomeration and
fragmentation of rGO results deterioration in the desirable physiochemical properties
including conductivity. This confounds attempts to use rGO as an analogue to CVD
graphene and assess its properties.

For many applications particularly related to biotechnology the toxicity of hydrazine
reduction used to produce rGO necessitates extensive post reduction purification of the

rGO product [93]. Recently, alternative biocompatible, non-toxic alternatives such as
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ascorbic acid and a variety of biomolecules including melatonin or ginseng extract have
subsequently become available and have been shown to preserve critical characteristics
such as size and layer number [108, 105, 109]. To date hydrazine and hydrazine analogues
remains the most common method of reducing GO in literature [110]. Industrial alter-
natives include stringently controlled proprietary CE techniques which produce GO with
lower initial oxidation ratios. In particular these techniques control the ratio and delivery
of oxidant to limit the insertion of oxygen to the graphene sheet. Such control has been
demonstrated to produce GO derivatives with a carbon to oxygen ratio of 1 : 0.75 [92]
Concerning GO and reduction methods, controversy remains around models proposing
the presence of oxidative debris; highly oxidised ‘carbonaceous debris’ generated during
the CE of GO sheets from graphite. Such debris is described as highly oxygen rich
carbon compounds retained against the graphene lattice and confounds the quantitative
measurement of oxygen content in graphene oxide materials [111, 112]. Under the two
component model, the previously discussed reduction techniques to reduce GO will also
destroy the oxidative debris, and only washing with strong bases has been proposed to
detach this debris from the GO surface [113, 114, 115]. Presence of oxidative debris
may further explain the differing opinions of GO surface chemistry and physiochemical
properties, with the presence of debris confounding attempts at quantification. This
contention adds to the variety of GO preparation and reduction methodologies. Some
examples of the variety reported in GO preparation methodologies are outlined in Table 1.2.
The varied and numerous production methods for GO materials causes a similar variety
or ‘grade’ of final products. Though all can be classed as GO , and can be characterised
to have the features of GO , it is the range of potentially confounding secondary factors
introduced during bespoke production which can confound subsequent data. For example,
variations in surface chemistry and platelet size have been demonstrated to affect the colour
of GO in suspension. Similarly, several interpretations previous to the Lerf-Klinowski
model have been proposed from similar spectral characterisation. Empirically, different

CE reaction media and oxidants have been demonstrated to widely vary the carbon-oxygen
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Table 1.2: Example Graphene Oxide Reduction methods

Graphene product 7 Exfoliation method Reduction method Reference
Conductive rGO CE, Stirring (>7 Heat cycles (RT to 150°C) Jung et al. (2008)
days)

Conductive rGO modified with Gulcose CE, Sonication Electrochemical (0.7-1.1V, 50mVs™) Wang et al. (2009)

Oxidase

Highly reduced rGO CE, Sonication Electrochemical (0.7-0.87V) Zhou et al. (2009)

Aggregation resistant rGO CE, Sonication Melatonin incubation (3 Hours) Esfandiar et al.

(2011)
rGO CE without Hydrazine (12 hours, 80°C) Park et al. (2011)
sonication

rGO foam CE, Sonication Autoclave in Hydrazine (10 Hours, 90°C Niu et al. (2012)
98%)

Thiol functionalised rGO CE, Sonication Phosphorous Pentasulfide (12 Hours, Pham et al. (2013)
120°C)

Glycylglycerine functionalised rGO CE, Sonication Glycylglycerine (9 Hours, 90°C) Congcong et

al.(2014)
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ratio without dramatically altering the spectrographic profile of GO via commonly used
Raman analysis [92]. Indeed, Dreyer et al. describe GO as a ‘family of materials® rather
than one distinct material.

When interpreting this vagueness, one can look at examples in other materials - Steel is
produced by infusing metallic iron with specific percentages of carbon. All steel comprises
carbon with iron, but steel is graded based on the carbon content and different steels are
used for different purposes. No similar grading schema exists for GO , however the current
body of evidence suggests such a position might be beneficial to de-convolute data and
improve consistency. As discussed in the following section, graphenes have a controversial
position particularly in tissue engineering with highly variable results reported for similar

models conducted by different groups.

1.5 Graphene as a Biomaterial in Tissue Engineering

Graphene as a biomaterial for tissue engineering has been a subject of intensive research
for more than a decade, often closely associated with scaffold design with the intent to
control proliferation and differentiation of cell populations. Graphene is often used to tune
the topographical, physical and electrical stimulation provided by an engineered extracel-
lular matrix [116, 117, 118, 119]. Other applications in which graphene materials are
used to improve scaffolds include drug delivery, mechanical structure and reinforcement,
angiogenesis and immunomodulation, and bio-interfacing [120, 121, 122, 123]. Graphene
biomaterials are the subject of investigation by many of disciplines in tissue engineering,
including musculoskeletal, cardiac and neurological tissues.

A range of both GO and rGO derivatives are currently used in literature as tissue
engineering substrates. Generally, research has utilised CE derived GO as a starting
material, due to its simpler production and initial hydrophilic properties which can then
be modified and/or functionalised post exfoliation. Comparatively fewer CVD pristine

graphenes and some nanotube derived graphenes have also been studied. Scaffolds have
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been developed and take many forms including 2D - films, and 3D - foams, fibres, hydrogels
and bound into existing biomaterials [124, 125, 126, 127, 128, 129, 130, 131, 132, 133].

Graphene materials are introduced to a scaffold to take advantage a specific phys-
iochemical attribute of graphene to enhance existing materials with properties such as
mechanical strength or durability and improved conductivity. In more recent cases, effects
on cell fate has been reported, attributed to graphene materials present in the substrate.
This suggests graphene materials can act as both scaffold and growth factor in tissue engi-
neering. However there are also scaffold constructions which are entirely graphene based.
The broad variety found in graphene, GO and rGO based scaffolds for use as substrates
in cell culture and tissue engineering is as expansive as the often bespoke methods used
to produce the graphene in question. A summary of example scaffold archetypes using
graphene materials studied in scaffold engineering encountered during reading for this

review is presented in Table 1.3.

1.5.1 Coating Graphenes in Biopolymer

Concerns and controversy often cited in research on nanomaterial enhanced tissue implants
include the potential of toxic effects [150]. For example, nanotoxicity has been extensively
documented with other carbon nanostructures such as nanotubes [151]. Such reports find
conductive debris released into tissues from nanotube implants causing bridging of synapse
junctions[152]. Other studies have shown that carbon nanostructures induce oxidative
stress in macrophages and interfere with metabolic processes, with some suggestion GO
can exhibit a similar property in vitro [153].

In literature, commonly reported practices confound the understanding of potential
biological effects of both graphene and GO . Specifically, preparations of graphene mate-
rials which include adhesive biopolymers as coatings between the graphene material and
the cell bio-interface. First reported by Li et al. [154] where a pristine graphene film was
coated with poly-L-lysine (PLL) prior to cell culture, this use of biopolymer is common

and this study often cited. Derivatives of this approach are featured in notable publications
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CHAPTER 1. INTRODUCTION

such as D’Abaco et al. and Tasnim ef al. who utilise laminin and collagen respectively
to pre-coat the pristine graphene material in a layer prior to cell culture, ostensibly to
aid attachment [155, 156]. These reports cite excellent biocompatibility of their similar
scaffolds, a commercially available CVD layer of pristine graphene arranged as a foam
via a sacrificial monolith.

Further examples of graphene oxide scaffolds prepared and subsequently coated with
biopolymer include the monolith scaffolds from Serrano et al. [134, 157, 121] which
describe a coating of Poly-D-Lysine prior to use and report excellent biocompatibility in
a range of in vitro and in vivo situations. Similarly, Akhavan et al. [108, 139] report
on a number of preparations including thin films and rolled foam scaffolds coated with
Laminin and PLL respectively prior to cell culture.

Other models using graphene materials also exhibit a similar effect, though in a less
direct way - the graphenes are not described as being specifically or intentionally coated.
Suspension of graphenes in hydrogel matrices [78, 158, 53, 159, 141, 51, 156], compositing
graphenes with polymer to form electrospun nanofibres [135, 137, 144, 54, 149] and
integration with 3D printing ink [160, 146] can all also be described as partially or
totally encapsulating the graphene within a biocompatible material. Such encapsulation
of graphene within a matrix can also result in altering the graphene surface chemistry.
For example in a study by More et al., a complex composite featuring a self assembling,
GO reducing, cross linking reaction; the physiochemical properties of the material are
simultaneously obstructed and variably modified by the assembly conditions [147]. More
et al. in particular report preferential binding by cells to GO containing films, posing a
question as to what attribute the GO is providing in their complex assembly to support
this effect. Specifically, if their material alters the GO surface chemistry, then it is inferred
that this effect is spatially constrained to the GO /cross-linking interface. Therefore, cells
are either exposed to GO which has not been modified, or the cross linked film which is
superior to the GO in the scaffold design, thus obstructing the GO from the cell-material

interface.
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These designs including coatings or encapsulation of graphenes confounds measure-
ment of the properties of the material. What is common between all these approaches is
investigators report good or excellent biocompatibility of their model. However this can
also be described as being in line with results expected of the external coating or encap-
sulation materials. It is proposed here that coatings to enhance cell adhesion to a scaffold
result in the coating becoming the functional culture surface whilst the graphene is sealed
from the biological system. Therefore these reports do not investigate the biocompatibil-
ity, effect or function of their graphene material scaffold, rather the biocompatibility of
their bioadhesive polymer and biomaterial coatings. Additionally, controls that include
non-graphene substrates exposed to the same coating protocol share similar limitations;
graphenes have a highly interactive electrostatic, polar and non-polar surface chemistry
moieties which can bond with both polar and non-polar groups on polymer chains. Thus
the interaction of the coating with the substrate will be different on the dissimilar surface
chemistries of graphene compared to biomaterial, glass or plastic, resulting in differing
compositions of coating polymer. In other words, cells are separated from the graphene

material and therefore inference of the effect of graphenes on their system is tenuous.

1.5.2 Biocompatibility of Graphenes

The use of coatings is most likely motivated by reports showing graphenes may have poor
biocompatibility in vitro. Coating of GO leading to separation of the material from the
cell interface, thus mitigating any potential for a cytotoxic or nanotoxic effect. Thus far
several reports have examined the topic of graphene biocompatibility, particularly GO as
the most prevalent graphene in biological research. Thus far the reported mechanisms
of GO toxicity are varied. Examples of these toxicity mechanisms are summarised in
Table 1.4.

Ali-Boucetta et al. raise a notable hypothesis that the GO preparation method has an
impact on the biocompatibility profile of the material. Investigators found that a cyto-

toxic preparation of CE GO in aqueous suspension demonstrated no significant cytotoxic
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Table 1.4: Mechanisms of reported toxicity with GO materials

Graphene Preparation Reported Toxicity Reporting Cell Reference

Oxidised Carbon nanotubes, CE Reactive oxygen species HepG2 human liver Yuan et al. (2011)

GO. [153]

CE GO and purified CE GO Aggregate perforation AS549 human lung Ali-Boucetta et al.
(2012) [161]

GO, GO -PEG, GO -BSA, rGO DNA Genotoxicity Human HL7702 liver, MRCS5 lung, Lietal. (2014) [162]

-PEG, rGO -BSA

GO nanoparticles, nanoribbons and
nanoplatelets

rGO surface coating

GO via unzipped nanotubes
Commercial GO

rGO

CE GO

Dose dependent cell infiltration
Contact cytotoxicity
ROS generation, autophagy

Membrane ruffling and
shedding
Concentration dependent ROS
generation
Concentration independent
tissue infiltration

U937 Macrophage
Mesenchymal stem cells

Human Fibroblasts
Human neuroblastoma SK-N-BE(2),
SH-SY5Y
RBL, NIH-3T3, MDA-MB-231
PC-12

Zebrafish larvae

Talukdar et al. (2014)
[118]
Wilczek et al. (2015)
[138]

Mari et al. (2016)
[163]

Sun ef al.(2016)[164]

Yiet al. (2016)[165]

Soares et al.
(2017)[166]
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reactions once the material has been purified [161]. Talukdar ez al. found commercially
available preparations of graphene nanostructures could exhibit a dose dependent cyto-
toxic action independent of the incubation time, hypothesised to be a consequence of a
secondary contaminant rather than the directly attributed to the nanoparticles [118].

Other causes of cell disruptive effects are specific to the graphene 2D lattice structure
rather than a perhaps unknown contaminating factor. Guo et al. investigated electrostatic
denaturation of protein by the strong electro-potential n-bonds at the surface of pristine
graphene. They found a significant change in protein tertiary structure following exposure
to graphene and a concentration of protein strongly adhered to the surface [167]. Others
have investigated graphene platelets 2D shape for potential to penetrate through cell plasma
membranes leading to membrane ‘ruffling‘ and eventual apoptosis [164, 163].

Yi et al. report dose dependent increases of reactive oxygen species (ROS) generation
in PC-12 cells following exposure to an rGO pristine graphene analogue. In that work, ROS
became elevated as concentration of graphene particles increased, however the authors
concluded the material had excellent biocompatibility for the material below a threshold
of 10pg/ mL in media dispersion [165].

Conversely, other authors report excellent biocompatibility from directly exposed GO
and graphene. Tasnim ef al. suggest GO can reduce the cytotoxic effects of materials
such as 316L stainless steel, with reduced ROS generation in similar adherent cells, which
would not otherwise adhere or proliferate on the stainless steel without the presence of
GO . When graphene was used as a surface, Wilczek et al. have reported that rGO surface
coating can enhance the biocompatibility of traditional valve implants, suggesting that any
cytotoxic effect may only be a consequence of prolonged contact with the material [138].
Defterali et al. introduced a suspension of rGO in vivo to the brain and olfactory bulb and
reported no astrocyte or microglial response or change in neurogenesis, concluding the
material was therefore well tolerated in their experimental animals [168].

It therefore remains likely that sufficiently purified CE GO preparations can be utilised

as biomaterials without secondary coatings with no adverse consequences, allowing the
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physiochemical properties of GO to be investigated and exploited in biological systems.
In recent years more experiments with graphene materials have been conducted without
coatings. Fabbro et al. reported that LPE and ME pristine graphene based carbon
substrates produced with extensive characterisation did not require adhesive polymers
to remain permissive to cell culture in vitro[169]. In particular Fabbro et al. were
concerned with maintaining the electrically conductive connection between the graphene
substrate and cell culture. The conductivity of graphene is often an area of interest for
studies seeking to influence cell culture using electrical stimulation. A similar electrical
stimulation study conducted by Lee et al., though using a CVD pristine graphene surface
found similarly enhanced differentiation in mesenchymal stem cells (mesenchymal stem
cell (MSC) ) [170]. Balikov et al. showed electrical stimulation did not result in material
changes or alter the culture conditions to compromise biocompatibility [171].

This body of evidence indicating bare carbon nanostructures and graphene materials
may or may not be cytotoxic remains a challenge to graphene biomaterials research. It
is proposed here following review of these reports that highly varied production methods
for graphene materials contribute considerable confounding factors to many assessments
of biocompatibility. A lack of consistency between each bespoke manufacture creates
variables in the physiochemical properties of each GO preparation. Similarly bespoke
manufacture does not often include purification, quality control or quality assurance
measures to ensure complete removal of reactants or monitor side product generation. The
controversy is similarly found in several reviews of biomedical concerns with graphene
materials [172, 120, 133].

The theory that poor biocompatibility is a consequence of bespoke and imperfect GO
production is supported by reported findings mentioning contamination and purification
of GO products[161, 173, 174, 175, 176, 177, 178]. This proposal is further supported
by the theorised two component model of graphene oxide. The two component model
remains consistent with the proposed structure of the Lerf-Klewinski model, but holds

that particularly during the common CE and sonication production methods, the GO
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platelet remains contaminated with highly oxidised carbon debris with hereto unknown
and uncharacterised structures [113, 92, 112, 115].

In future work graphene materials for tissue engineering and other cell culture studies
should be sourced from more consistent suppliers practising quality control. This would
ensure that bi-products of the exfoliation process and any contaminants are removed from
the end product, resulting in a more consistent GO physio-chemistry in published sources.
Importantly, a shift to a consistent source of GO materials with similar production methods

rather than bespoke manufacture, findings would be more directly comparable.

1.6 Central Nervous System Tissue Engineering

When considering the design requirements of tissue engineering construct it is vital to
consider the natural structure and complexity of the target tissues and the interactions
the system has with the rest of the body. In this thesis, the titular tissue matter is neural
tissues, specifically the CNS . In humans and other vertebrates, there are two connected
yet morphologically and structurally distinct systems of neural tissue. The CNS comprises
the brain and spinal cord, is isolated from the circulatory system by the blood-brain barrier
(BBB) and almost totally encased in bone, in contrast to every other organ. The peripheral
nervous system connects the CNS to the rest of the body. The CNS is more anatomically
complex and comprised of a greater variety of cells than the peripheral system [179].
CNS neurons are multipolar with several synapses, vary in length from micrometers to
millimetres and regions of CNS neurons lack myelination. The presence or absence of
myelin leads to an anatomical distinction between ‘white® and ‘grey‘ matter within the
CNS.

Two archetypes of cells exist within the CNS . Neurons are the origin of nervous
function and resulting innervation of the rest of the body via the peripheral system.
Glial cells include astrocytes, oligodendroglia (in white matter) and microglia to provide

mechanical, physiological and immune support to neurons. [180]. Tissues of the CNS are
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organised into distinct anatomical structures, which develop during embryogenesis into
the complete CNS at maturity. Each anatomical structure is comprised of a specific ratio
of neurons and glia, the mechanism by which these structures form from their progenitor
cells remains poorly elucidated but is theorised to be a self organising system during
differentiation [181].

Nervous system tissues are mechanically among the softest tissues within a human
body. The human brain is a mechanically delicate, non-linear and complex viscoelastic
solid, with a reported shear modulus of 0.4-1.4kPa [182, 183]. The extracellular matrix
of the CNS comprises the basal membrane, perineuronal net and interstitial matrix [184].
These structures are chemically identified as proteoglycans and hyaluronan with a collagen
basement membrane resulting in low elasticity [185]. In comparison to other tissues,
cells of the CNS generate comparatively little collagenous extracellular matrix within
the intracellular parenchyma at 10-20% of the total mass. In place of robust extracellular
matrix, physical support and structure of the CNS is provided by networks of interneuronal
astrocytes. Lacking elasticity, the brain and spinal cord are unable to withstand tension
or compression without disruption and are thus suspended within cerebrospinal fluid as
protection from mechanical disruption.

CNS can suffer acute or chronic degenerative damage. Often these are consequen-
tial; an acute injury from mechanical disruption, ischaemia or infection can progress to
chronic degeneration of tissue surrounding the injury site [186, 187, 188]. Both acute and
degenerative damage can cause a loss of cells, and by extension cellular function.

Depending on severity of an injury, inflammation occurs. For comparatively minor
impact such as during concussion, this inflammation can lead to temporary disruption of
neurological function. However if vasculature and the BBB is compromised such as during
severe trauma the structure of white and grey matter is disrupted. Inflammatory reactions
during such events causes ‘activation’ of microglia, which in turn leads to astrogliosis
[189].

If the BBB is compromised, it can loose integrity and become permeable to the
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circulatory system, including immune cells. Initial permeability to blood cells is high
whilst immune cells are recruited, by 14 days post injury the barrier is reported to be
impermeable once more [190]. Neutrophils, monocytes and lymphocytes accumulate
to the lesion site and are activated as part of an immune recruitment cascade [191].
Compromising the blood brain barrier has serious risks for the immune system to become
sensitised to the normally immunoprivileged antigens of neural tissue. Such immune
system activation can result in degenerative autoimmune responses, particularly towards
myelin. This can lead to multiple sclerosis resulting in chronic and progressive loss of
myelin from white matter in the spinal cord [192].

Secondary to the initial immune response, normal metabolism of neural tissue is
disrupted by the upregulation of pro-inflammatory cytokines [193, 194]. This leads to
disruption of the glycocytic pathways and oxidation of the neural proteasome, causing cell
dysfunction and death. The inflammatory response to a severe injury involving compro-
mised tissue structure can persist for weeks as a glial scar forms [195, 196, 197]. This
reaction lays the biochemical and cellular foundations for remedial healing and protection
of the remaining neural tissues, as upregulation of anti-inflammatory interleukins from
phagocytic immune cells accompanies clearance of lipid debris [198]. Anti-inflammatory
phases typified by anti-inflammatory phenotypes of microglia can persist for far longer
than the acute inflammatory phase. It is during this phase that regeneration occurs includ-
ing recruitment of neural progenitor cells, axonal regeneration and remyelination states
[199, 200, 201, 202].

To understand how these system scale responses and tissue engineering technology
can be combined, it is important to consider the physiology of the cell types that comprise
the nervous systems. By examining the structure and normal function of the cells of
the CNS , the following sections explore the potential pitfalls and opportunities as they
are currently understood. In particular, the critical outcomes indicative of healthy cell
morphology that can be used to measure the relative successes of a potential neural tissue

engineering scaffold. Further, the engineering considerations and potential compromises
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that must be made to achieve a biomaterial facsimile of neural tissues in the case of tissue

substitutes.

1.6.1 Neurons

During embryonic development clusters of stem cells differentiate into the neurons and the
foundations of a complex neuronal network [181]. The human brain has approximately 100
billion individual neurons arranged into a heterogeneous series of anatomical structures
including the hippocampus, medulla, cerebellum [203]. Neurons form the electrically
active networks of the nervous system. The nervous system can be described in terms
of two series of neurons - preganglionic neurons have cell bodies within the CNS and
postganglionic neurons with cell bodies located in the periphery [204]. For a CNS
scaffold, the structure and function of the potentially meter long peripheral neurons are
less vital, however neuritic extension, up to the millimetre scale could offer benefits for
spanning injury borders.

CNS Neurons have several dendritic extensions terminating in synapses which secrete
and detect neurotransmitters from neighbouring neurons [205]. In the CNS neurons can
have thousands of synapses from each neuron. These synapses are plastic, changing in
number and receptor density throughout life as connections are reinforced, damaged or
atrophied. Neuroplasticity is the basis for learning, memory and maintenance of function
with plasticity of neurons an area of research for therapeutic recovery of CNS injury
[206]. In some cases, new learned pathway formation and synaptic plasticity has the
potential to gradually restore neurological function by circumvention of injured tissue
[207]. For example this is a therapeutic option for spinal cord injury patients, to re-learn
lost neurological function and in doing so form new neural pathways through intact areas of
CNS [208]. Itis through these highly adaptable neuroplasticity properties by which a CNS
scaffold or tissue substitute could become functionally integrated into host tissues. By
replacing damaged tissues with a substrate containing or permissive to neurons, function

could be restored.
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Neurogenesis is the formation of new neurons from precursor cells. The hippocampus
generates new neurons throughout life via precursor cells in the dentate gyrus, eventually
maturing through a neuroblastic stage into terminal neurons identical to other mature
neurons [207]. Differentiated mature neurons of the CNS exists in a post mitotic state and
do not divide, however are extremely long-lived. Developing neurons are highly sensitive
to the extracellular environment, including hypoxia and reactive oxygen concentrations
with a decrease in plasticity and neurogenesis under hypoxic conditions [209].

Neurogenesis has three key components; growth factors to stimulate neuritic exten-
sion and precursor cell differentiation, chemoattractive factors to increase the density of
precursor cells and a permissible extracellular matrix. In mature tissue these compo-
nents are downregulated , and thus innate neurogenesis is inhibited. Following disruption
through injury in particular, the astrogliotic response results in deposition of additional
extracellular matrix including inhibitory proteoglycans [195]. In humans the glial scaris a
seemingly impassable barrier to neurons preventing regeneration [189]. Cellular therapies
have been trialed in reintroducing neuronal progenitor cells to areas of glial scarring, with
some success in trials restoring neurological function in the spinal cord [38]. Therefore
induction of neurogenesis is a key target for neuronal tissue engineering, particularly for
scaffolds. Neurogenesis of new neurons from precursor cells or regeneration of damaged
neuritic extensions from the well documented growth cones at glial scar borders are the
most promising ways to repopulate an area with host cells.

This three component nature for neurogenesis aligns with the three component model
for tissue engineering. Neurons have been successfully regenerated in the peripheral
nervous system using conduit scaffolds which deliver nerve growth factors [29]. Similarly
the growth cones of regenerating neurons are shown to be guided by release of growth
factors by local electrical stimulation [210]. In these studies limited distances of neural
defects are shown to be regenerated by supplanting the scar region with a permissible
matrix and facilitating natural growth stimulation.

Herein I have discussed the development, structure and inhibitions of neurons in
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the CNS . For tissue engineering, successful models should demonstrate the key, yet
linked properties of neuronal growth, neuronal maturation and synapse formation. These
attributes found in scaffolds and tissue substitutes indicate a permissive environment
for neurons, which can enable integration into host tissues. In particular evidence of
integration by neurons would suggest similar plastic recovery as seen in natural tissues

could be achieved.

1.6.2 Glia

Mechanical structure and physiological support is derived from robust extracellular matrix,
circulatory system and endocrine system in most of the body. However in the CNS neurons
and neural function are largely supported by a heterogeneous group of cells generalised
as glia [211]. Previously it was believed glia outnumber neurons by up to a factor of 10
[211]. It is now believed that glia and neurons exist in a ratio of 1:1 glial cells to neurons
within the brain [212, 203].

Glial cells provide the structural, metabolic, myelination, endocrine, and immune
surveillance support necessary to maintain CNS neurons. Astrocytes form part of the BBB
alongside vascular endothelium and pericytes [213, 214]. As specialised macrophages in
the CNS , microglia serve neuroinflammatory, neuroregulatory and immune surveillance
functions [215]. White matter neuronal axons are wrapped in myelin provided by oligo-
dendrocytes which results in the distinguishing ‘white’ designation. Myelin enhances
propagation of action potentials, by contrast grey matter regions are unmyelinated and as
such lack oligodendrocytes [216].

In recent years increasing efforts have been directed at using tissue engineering to
substitute glial scar regions with compatible and permissive scaffold materials [217]. At
the glial scar border, neuronal processes have been investigated for regenerative potential.
In many cases, the neurons terminating at a scar border show active growth cones [218,
219]. Neurons are therefore intact at the periphery and theoretically capable of re-

establishing synaptic connections, but are kept dystrophic by the glial scar [220].
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1.6.2.1 Astrocytes

Astrocyte density varies throughout the CNS , around 3 times more astrocytes are present
in white matter tissue than grey matter tissue [203]. Individual cells can be expansive
and have processes enveloping hundreds of thousands of individual synapses. These cells
exhibit a sensitivity to GABA neurotransmitters [221, 222]. The synaptic environment
is controlled by astrocytes regulating transmitter concentration at synaptic interfaces and
contributing to the clearance of transmitters following synaptic transmission [213]. These
synaptic astrocytes are permeable to both potassium and sodium ions, feature energy
activated calcium channels and are excitable [223]. This sensitivity does not involve
propagation of action potentials, rather astrocytes sequester ions and release these ions in
response to neurotransmitter increases [224, 223, 225]. In this way neuronal excitability
is limited by astrocytes, dysfunction of synaptic astrocyte function is hypothesised to be a
contributing factor in disease such as epilepsy [226].

Under normal healthy conditions astrocytes remain static, maintaining the structure
and function of tissue. Following traumatic or ‘noxious’ stimulation this condition changes
and reactive phenotypes are induced [227]. Two reactive astrocyte phenotypes are charac-
terised; Al and A2 [228]. These phenotypes are distinct in their responses and biochemical
secretion. Al phenotypes are induced by neuroinflammatory reactions propagated by in-
flammatory signalling from traumatised neurons and microglia. This phenotype is also
associated with senescence and ageing of neural tissues, as well as commonly in neurode-
generative diseases such as Alzheimer’s [229]. In this state astrocyte function changes
from homeostasis of the neuron micro-environment to become inhibitory of synapse for-
mation, thereby contributing to loss of neurological function. A2 astrocytes by contrast
are neuroprotective and are induced by ischaemic stimuli, releasing trophic factors to
regenerate neurons within the micro-environment [230]. Moreover, A2 astrocytes inhibit
cell apoptosis, secreting anti-inflammatory cytokines such as transforming growth factor
beta (TGF 3) contributing to regeneration [231].

Within neural lesions A1 phenotypes can progress to astrocytopathy and astrogliosis,
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leading to a glial scar. During astrogliosis, astrocytes become increasingly proliferative
and begin to deposit more extracellular matrix. This process results in generation of tissue
comprised of inhibitory Al astrocytes and neuroinhibitory proteoglycans extracellular
matrix. As discussed previously, the presence of glial scar tissue suppresses the limited
regenerative potential of neurons[189, 232, 197, 219, 231].

Astrocytes share many similarities with neurons. Current research includes gene
therapy aiming to induce a phenotypic change into ‘induced’ neurons. In a study looking at
human and mouse astrocytes, Val Cervo et al. have reprogrammed cells in situ to become
dopaminergic neurons [233]. In this way, degenerative diseases could be reversed by
transformation of A1 astrocytes into replacement neurons in diseases such as Parkinson’s.
This work, though a distinct therapy from tissue engineering, could provide the basis for
instructive scaffold enhancement providing a mechanism for neuron proliferation through
a scaffold. Characterisation of the prolonged fate of induced neurons is needed, beyond
initial rescue of a Parkinsons model.

Few in vitro scaffolds have been engineered containing astrocytes. Most scaffolds
used for neural engineering have well considered the scaffold with neurons and neuronal
lineages. Some graphene scaffolds have been shown to be permissible to astrocytes in
vivo, maintaining healthy phenotypes without astrogliosis [168]. Astrocytes maintain a
mitotic state and can proliferate without adopting activated phenotypes, therefore we can
assume scaffolds compatible with neuronal culture will be similarly tolerated by astrocyte

culture without specific modification [213].

1.6.2.2 Microglia

Microglia are a subtype of macrophage found only within CNS tissues, normally they
have dendritic morphologies similar to astrocytes and neurons. Microglia are the most
motile and proliferative cell of the CNS , moving through tissue and replicating to maintain
population. Microglia are highly specialised to the CNS , including cell surface neuro-

transmitter receptors in addition to cytokine receptors. They provide immune surveillance
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and injury response within the tissues of the brain [215].

Microglia are similar to astrocytes in having a quiescent phenotype and the potential to
enter activated phenotypes. Activated microglia can have pro-inflammatory M1, or anti-
inflammatory M2 phenotypes[199, 229]. As immune cells, microglia typically become
activated first following a traumatic event [200]. M1 is a neuroinflammatory phenotype
causing inflammatory reactions in response to noxious stimuli. These reactions are respon-
sible for A1 astrocyte activation through secretion of pro-inflammatory cytokines such as
interferon-y, and ROS to suppress potential infection [234, 227]. M1 pro-inflammatory
microglia change shape from elongated, dendritic morphologies to rounded and increase
in both size and proliferative rate [235].

In contrast, microglia activated by interleukin-4 and interleukin-13 pathways adopt
M2 anti-inflammatory phenotypes. M2 activation includes a similar change in shape
but instead of producing pro-inflammatory cytokines and cytotoxic ROS, M2 activated
microglia produce anti-inflammatory cytokines such as IL-4, IL-10 and tissue growth
factors [236, 237].

The comparison between M1 and M2 microglial reactions can be summarised as M1
being defensive, to mitigate the cause of damage, whilst M2 is restitutive to regenerate
tissue neighbouring a lesion [238]. In the absence of M1 activation or an excess of
anti-inflammatory M2 expression, injury and infection can progress unchecked through
tissue leading to an expansion of the lesion [239]. By contrast without M2 action, apop-
tosis of damaged tissue may proliferate and lead to increasing endocellular cytotoxin
concentrations. This in turn cascades to increased neurodegeneration through progressive
apoptosis and A1 astrocyte activation [240]. Some reports suggest that microglia can tran-
sition between activation polarities during response to CNS insult resulting in transitional
phenotypes expressing both M1 and M2 markers [241].

It is therefore understandable that comparatively more attention has been given to
mitigating microglial responses in tissue engineering scaffolds than there is similar research

into astrocytes. Particularly with graphene based scaffolds, the microglial response has
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been characterised as favourable. In a study conducted by Jiang et al., culture medium
conditioned by microglia seeded on a graphene scaffold was found to enhance neural
progenitor cell migration and neurosphere formation [202]. In this study the culture
environment was modified by the intercellular signalling by microglia allowed to proliferate
in a phenotype dictated by the scaffold. This suggests that the graphene material is
permissible to the immune system with no stressor or noxious stimuli to the microglia.
However this study used a monoculture of microglia to condition media. Results in a
co-culture may provide more information as to the suitability of these materials once other

cell signalling is included.

1.6.2.3 Oligodendroglia

Neurons are provided with myelination and membrane support by oligodendroglia, pri-
marily within white matter and produce myelin that functions similarly to the schwann cell
of the peripheral nervous system, enhancing action potential conduction [216, 242, 243].
Mpyelin is a lipid heavy compound which ultimately comprises two thirds of the dry weight
of neural tissue, however the exact chemical composition of myelin varies between CNS
regions [244].

In the CNS Each oligodendroglia may myelinate up to 50 axons. Each axon requires
several oligodendroglia to myelinate its length [211]. Almost the entire length of axons
in white matter is myelinated, aside from small regions known as Node of Ranvier which
expose the axon to the extracellular environment and synapses to allow contact with
astrocytes.

Mpyelination directly results in faster conduction velocities along axon membranes by
controlling potassium gradients following depolarisation, as well as lowering the electrical
resistance of the axon by reducing its cytoplasmic volume [185]. Because oligodendroglia
enclose neuron processes, in white matter oligodendroglia become tertiary regulators of
nutrient supply and membrane maintenance to neuron processes, reducing the load on

neuronal cytoskeletal function [245, 246].
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Demyelinating diseases have highly debilitating consequences. Firstly loss of conduc-
tance through white matter areas, loss of myelin within the CNS leads to the loss of the
neuronal axons supported by the oligodendroglia [247]. There is evidence that oligoden-
droglia can be therapeutically driven to remyelination of neurons in adulthood following
demyelination events [199, 248, 201, 249]. However myelin itself has neuroninhibitory
properties, preventing penetration of neuron growth cones [189]. Myelin is also found
within the glial scar.

For this reason it is clear why the initial M1 macrophage reaction drives microglia to
consume local myelin. Without such a reaction, myelin debris may impede regeneration.
Consumption of myelin is also one of the stimuli that differentiate microglia into the M2
regenerative phenotype. Despite their importance, in vitro culture of anatomically relevant
models of oligodendroglia is highly challenging. In tissue engineering research, emphasis
has been placed on controlling progenitor cell fate towards oligodendroglia [135]. In their
study, Shah et al. combined a GO -coated PCL nanofibre scaffold with progenitor cells and
reported enhanced oligodendrocyte markers in populations cultured on both components.
This is a surprising result given other authors reporting neurogenic differentiation in similar
conditions. Furthermore Shah et al. is one of the studies noted for using a laminin coating
atop the graphene, confounding their data as previously discussed. It is speculated that the
extremely narrow and porus nanofibre scaffold structure provided a more topographically
instructive environment leading to the increase in oligodendrocyte expression. However

as the authors note, the exact mechanism warrants further exploration and explanation.

1.6.3 CNS Tissue Engineering

Tissue engineering offers potential to both restore the micro-environment and regenerate or
replace lost cells of the CNS . As previously discussed, human CNS injuries are terminal;
neurons do not regenerate following injury. Furthermore injuries result in cellular and
extracellular changes to the substance of CNS tissue, the glial scar. This results in a non-

permissive extracellular matrix, mechanically stiffer and comprised of neuroinhibitory
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extracellular matrix components. Therefore in particular the mechanical stiffness, or
rather reduced softness, is a contributing factor to the limitation of neuronal progress
through scar regions [250].

Many current biomaterials are mechanically insufficient for generation of CNS tissue.
Scaffolds using a composite design substrate such as an electrospun polymer are commonly
coated with a second softer material to serve as the cell substrate. It is this softer material
that is mechanically significant in CNS tissue engineering, as it is the region in which
cells must be able to grow and mature. Examples such as collagen, fibrinogen and
alginate hydrogels in particular show the most promise of being able to replicate the
rheometric moduli of brain and spinal tissues [251]. In work by Bartlett et al., clinical
grade material 20% v/v fibrin and 0.6% w/v collagen hydrogels were found to have similar
rheometric moduli to cervical spinal cord, however only the collagen gel had a similar
Tan-0 elastomeric profile. Similarly, a clinical grade 1% w/v alginate gel had a similar
moduli at low frequency ranges, but a significantly lower Tan-6 across the whole range.
This indicates that besides the collagen hydrogel material, currently available clinical gels
do not well simulate the mechanical properties of neural tissue. Additionally, Bartlett et al.
did not control for the differences in mechanical characteristics of white and grey matter
CNS tissue, which have been shown to be significantly different potentially confounding
their data [252].

The gels used by Bartlett e al. have limited potential as living tissue engineering
scaffolds due to the cross linking mechanisms. The collagen hydrogel required an acidic
solubilisation of the collagen macromer followed by a strong base neutralisation to cross
link. This use of extreme pH renders the collagen hydrogel unlikely to support a viable
cell population following cross linking. Similarly, the alginate hydrogel uses an osmotic
gradient comprising calcium chloride to drive the cross linking process. This hypertonic
transition would also have consequences for a living scaffold, reducing viability. The
fibrin hydrogel is not similarly limited in biocompatibility, able to cross link at natural

pH and salinity, the current use of this gel material is as a surgical glue. However the
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fibrin hydrogel was found to be a poor mechanical match for neural tissues. Bartlett ez
al. provided a useful platform for determining similarity of hydrogel materials to neural
tissues, allowing more suitable hydrogel chemistries to be investigated for mechanical
suitability.

Injectable hydrogels containing encapsulated neurotrophic factors have been inves-
tigated for inducing functional recovery following spinal cord injury in a mouse model
[253]. Such delivery of neurotrophic factors was found to significantly enhance growth
cone advance through otherwise neuroinhibitory tissue caused by a model spinal injury.
Xu et al. used a unique approach to hydrogel formulation by creating a hydrogel from
methacrylate cross-linking a molecule analogous to neurotransmitter acetylcholine. The
hydrogel was formed into nanoparticles to encapsulate neurotrophic growth factors, and
this delivery system was able to cross both in vitro and in vivo models of blood brain bar-
rier. In this way the biomaterial delivered instructive factors in a targeted manner, and was
able to improve the persistence of NGF, contributing to the improved neuroregeneration.
In a similarly unique approach to neural engineering, Faust ef al. constructed a hydrogel
scaffold derived from bladder ECM [254]. This transposed material was found to retain
micro-RNA (miRNA) rich vesicles bound within the matrix following generation of the
hydrogel. In a surprising result, the endocytosis of these miRNA vesicles by developing
neurons enhanced survival and axonal growth. These findings suggest that useful extra-
cellular instructive factors are conserved and can be found in a variety of tissue sources.
Both Xu and Faust have demonstrated that biomaterial scaffolds are greatly benefited by
the addition of instructive factors which could enhance the integration of tissue substitutes.

Current models for CNS tissue simulation for use in research and therapy as tissue
substitutes involves generation of micro-tissue organoids [255]. Organoids are derived
from differentiation of multipotent stem cells and can be developed to include vasculature
and blood-brain barrier characteristics [256]. In Cakir ef al., micro-tissue organoids
were found to differentiate and become self supporting with characteristics of the blood-

brain barrier including pericytes, endothelium, neurovascular interfaces and astrocytes.
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Particularly when implanted in vivo such organoids were found to become vascularised
by the host. These findings show that CNS tissue substitutes can be generated, featuring
critical attributes to substitute CNS tissue. Cakir ef al. also reported initial signs of
neurogenesis within these organoids, indicating that if the organoid can be sufficiently
maintained, complex neural tissue may be created. However the engineering of these
organoids remains limited; differentiation is complex and lacks temporal or spatial control.
Organoids are highly constrained in size during generation in vitro through lack of active
vasculature. Furthermore, it remains to be proven that neurogenesis can progress beyond
the initial growth cone state, or that the organoid could be integrated into neural tissue.

A larger tissue substitute model combined biomaterials with self assembled columns
of astrocytes, and a collagen hydrogel matrix [257]. Winter et al. showed that the astrocyte
tissue substitute facilitated neuronal regeneration by simulating progenitor cell guidance
in a manner similar to the de novo generation during embryogenesis. In a co-culture
in vitro model of growth these living scaffolds resulted in both directed and extended
axonal growth instructed by the astrocyte column, with neuronal projections following the
astrocytes closely.

Biomaterials can be combined with tissue generating cell populations to create viable
living scaffold models of neural tissues. The current models of CNS tissue engineering
provide a host of useful approaches and models with potential as a therapeutic product.
However more work is required; to date materials capable of replicating the neural micro-
environment accurately remain elusive. Instructive factors are poorly constrained in
temporal and spatial terms, either delivered in one ‘dose‘ or unipolar in purpose. Current
tissue substitutes are promising however lack translation potential to a clinical product.
Further work into other materials with more broad application may aid in CNS tissue
engineering. The next section discusses how graphenes provide more tools to advance

this technology.
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1.7 Graphene in CNS Tissue Engineering

Despite the continued controversy about the biocompatibility of graphenes in vivo and
in vitro, several successful uses of the material as cell culture and tissue engineering
substrates for neural tissue have been reported in recent years. Pristine graphene provides
high electrical conductivity however its chemically inert nature, high electrostatic potential
and high hydrophobicity are much less desirable attributes for a cellular environment [173].
Pristine graphene has been shown to present differing affinities for neural cell culture based
on manufacturing quality [258]. GO is more commonly used as an alternative to pristine
graphene. As GO can be prepared, stored and used as a suspension of platelets in aqueous
solvent, GO has a number of advantages over pristine graphene for tissue engineering
[259].

A range of cell lines, primary cells and tissues have been successfully grown with
graphene materials forming the primary or major constituent component of the scaffold
substrate. Examples of the variety in success of these graphene-centric experiments is

presented in Table 1.5

1.7.1 Graphenes as Instructive Topography

In many of these studies outcomes including neurogenesis and improved neural function
are attributed to graphene materials acting as an instructive factor. However the potential
of graphene as an instructive factor is highly varied depending on experimental conditions;
Das et al. used GO inclusion in a composite amyloid scaffold to induce topographical
features which were not replicated in control scaffolds without GO . This topography
resulted in improved differentiation of neural precursor cells including neurite extension
and neurogenesis [264]. Therefore the presence GO altered the assembling chemistry of
the amyloid scaffold, resulting in an instructive topography beneficial for neurite growth.
In a similar graphene inclusion design, Guo et al. enhanced the conductivity of a fibre

using graphene and subsequently delivered low-frequency electrical charges to cells at the
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Table 1.5: Neural Culture with Graphene in vitro

Archetype Graphene Graphene Assembly Cell Graphene model Outcome Reference
material
Film CVD Graphene Film on glass SH-SYSY Improved neurogenesis Lee et al. (2015)[260]
Coating CE GO Coating on steel SH-SYSY Improved cell adhesion, decreased ROS Tasnim et al.
expression (2017)[261]
Coating CE GO Coating on fibres PC-12 Improved neurogenesis Zhang et al. (2016)
[144]
Hydro- GO with Cross-linked PC-12 Improved adhesion and spreading Liu et al. (2017)
gel nanotubes hydrogel [262]
Film CVD Graphene Film on plastic Mouse hippocampal Improved neurogenesis and growth factor Lietal. (2011)[154]
neurons expression
Film CVD Graphene Film on plastic Mouse neural stem cells Improved spontaneous action potential Tang et al. (2013)
generation [119]
Film LPE/ME Film on Glass Mouse hippocampal Conductive interface between cells and Fabbro et al. (2016)
Graphene neurons substrate [169]
Foam CVD Graphene Foam on nickle Mouse microglia Reduced inflammatory reactivity Song et al. (2014)
monolith [263]
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surface [265]. This electrical stimulation via a graphene scaffold resulted in enhanced
neurogenic differentiation compared with unstimulated controls.

These studies utilised different graphenes, embedded within matrices to create scaf-
folds which otherwise would not have demonstrated neurogenic differentiation, however
both achieved a similar outcome. This demonstrates the versatile and varied applications
of graphene as a component of tissue engineering scaffolds in controlling the physical
properties of other biomaterials. Topographical instruction with graphenes is not limited
to scaffold matrices and has also been demonstrated in surface cultures. Kim ez al. created
layers of CVD graphene films resulting in a channel shaped nanostructure topography.
Adherent MSC were found to attach and differentiate more successfully into neurogenic
lineages on the shaped graphene substrate compared to similar planar substrates [266].
In a similar study Balikov et al. could use a single layer of patterned CVD graphene to
achieve similar results by comparing patterned and unpatterned graphene topography to

induce neurogenic differentiation markers in MSC [171].

1.7.2 Graphenes with Instructive Chemistry

Cell fate can similarly be influenced by the surface chemistry of the graphene surface. In a
study using uncoated graphene, Chen ef al. examined GO and rGO (as a pristine graphene
analogue) films on glass substrates with induced pluripotent stem cells (iPSC). Chen et
al. found increased attachment on the hydrophilic GO compared to hydrophobic glass and
rGO surfaces [267]. This study also investigated the differentiation potential of the cells
on each surface. In their results, while the GO surface appeared to facilitate differentiation
of the potent cell population, the rGO surface had a negative impact on spontaneous
differentiation. This result was attributed to differences in signal transduction via cell
surface receptors when interacting with the lack of oxygen containing pendant groups on
the rGO compared to the GO surface.

A similar study using adipose derived stem cells (ADSC) by Feng ef al. used a

similar though thicker film coatings of GO and rGO and compared to traditional tissue
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culture plastic. Feng et al. found similar attachment and viability on both GO and rGO
in contrast to the earlier study [268]. However this study sought specifically neurogenic
differentiation, a fate otherwise exhibited with low efficiency in ADSC populations. Both
GO and rGO surfaces produced higher than expected (90% compared to 50%) levels of
neurogenic differentiation, the GO surface produced the highest rate of differentiation.
Both graphene surfaces induced higher rates of differentiation than glass and plastic
controls. In this case, one mechanism proposed is that surface chemistry of the graphene
material functions as a concentration platform for chemical inducers as reported by Lee
et al. [269]. With this mechanism, the higher electrostatic attraction of rGO (and
pristine graphene) compared to GO increases the binding efficiency of induction protein.
However, this higher attraction simultaneously leads to increased denaturation of protein
tertiary structure. Therefore the GO , with a lesser concentration effect but lesser reduction
in protein efficacy resulted in higher rates of differentiation induction.

This property of graphene surface chemistry can also be purposefully utilised as a
delivery vector. Li ef al. utilised a patterned GO substrate to perform a gene transfection
in a localised manner to a subset of cells within a population on the culture surface. The
delivery protocol led to a pre-concentration of a pDNA/PEI complex to GO coated areas
only. This led to gene transfection of cells on GO without inducing similar effects in
directly adjacent cells on glass [83]. This work again utilised the pre-concentration or
adsorption properties of graphenes in a transient manner first proposed by Lee et al. to
control cell fate [269].

These similar graphene surface studies highlight how the surface chemistry of graphene
materials can have direct effects on adhesive cell populations, and indirect concentrating
effects on the cellular micro-environment. By demonstrating the capability of graphenes
to alter cell fate, these works have shown the importance of understanding the interaction

of graphene surface chemistry with a culture environment.
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1.7.3 Graphenes with Glia

Current research focuses heavily on outcomes for neurons, such as neuritic length and
neuronal differentiation. Comparatively fewer studies have considered the impact of
scaffolds and scaffold materials on glial cells. Using an in vitro model, Song et al.
investigated what reactions are induced in microglia when cultured on a graphene foam
model [263]. In their work, Song et al. report that microglial cells cultured on a graphene
foam did not exhibit inflammatory reactions. Rather microglia were found to have an
anti-inflammatory phenotype. Similarly neuronal cells exposed to media conditioned by
microglia on the foam did not display signs of inhibition. This indicated the microglia did
not secrete neuroinhibitors into the media during culture on the graphene foam.

In a rather different study, GO and pristine graphene nanoflakes introduced into an in
vitro co culture model of rat astrocytes led to internalisation of the nanoflakes within cell
membranes. The work by Chiacchiaretta ef al. found in contrast to previously discussed
studies of graphene internalisation causing apoptosis, Astrocytes with graphene internali-
sation became morphologically distinguished and upregulated ion channels. This led to an
increase in the homeostatic functions of astrocytes, overall promoting neuronal function
[270]. These surprising findings suggest that graphenes can influence the phenotypes of
glial cells, possibly reducing the severity inflammatory responses following injury.

Itis clear that graphene materials have a varied instructive potential in biomaterials and
cell culture systems which must be carefully considered [125, 126]. Current research lacks
arobust and simple platform for creating consistent GO surfaces ready for interrogation by
cell culture comparable to those produced by pristine graphene deposition to investigate

potential instructive effects from both innate and administered sources.

1.7.4 Graphene Implants

In addition to in vitro work, other reports studying graphene based implants in vivo report

successful implantation, favourable host responses and tissue integration. In a series of
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studies by Serrano et al., foam rGO tissue engineering scaffolds are introduced into in
vivo rat model neural injuries. This freeze dried casting using a reportedly proprietary
process combining high concentration rGO with a hydrogel binder has reported successful
infiltration and signs of regeneration by native host cells in spinal cord tissue [157, 122,
159, 121]. Additionally, the scaffolds are reported to demonstrate no immune response and
successful vascular integration. This indicates the scaffold is well tolerated by the model
animal and is a promising sign of further integration. However as yet this model does not
demonstrate functional recovery from the injury model beyond histological evidence.

Similarly Wang et al. developed a nerve guidance conduit from electro-spun silk and
polycaprolactone fibres coated with rGO . In a rodent peripheral nerve model the scaffold
demonstrated equivalent nerve regeneration to gold standard nerve graft [149]. These
studies indicate graphene materials are robust and favourable for neural regeneration in
the rat experimental model.

In another example, a fibrin-MSC living scaffold has been implanted into a rodent
hemisection model by Itosaka et al.. This hydrogel model demonstrated that cells in
combination with hydrogels could improve neurological function recovery, compared
to cell therapy or hydrogel scaffold alone[271]. Similarly the cells within the scaffold
exhibited longer term survival during the in vivo model compared to the same model
under in vitro conditions.

In a similar study a hydrocolloid hydrogel product with an undisclosed chemistry was
used as a material interface with an rGO thermally reduced monolith. This work by
Palejwala et al. found that the scaffold could be integrated without cyst formation when
delivered immediately at the site of the hemisection model [159]. The scaffold showed
excellent biocompatibility of the hydrogel and rGO within a spinal lesion, histological
assessment showed integration of spinal tissue into the periphery of the scaffold. However
this study was qualitative in nature and did not measure neurological regeneration. Its
similarity however to the work of Serrano et al. lends weight to the finding that a graphene

scaffold is permissible to native cell infiltration in hemisection models. Thus far in vivo
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models have yet to prove the long term safety of scaffolds. Few long term studies have

shown neurological improvement[272, 273].

1.7.5 Future with Graphene Scaffolds

It is now clear that graphenes have a place in neural tissue engineering. As detailed
above, graphene scaffolds have been shown to enhance neuronal growth and neuronal
differentiation. Furthermore, graphenes can be permissible to glia, and do not cause
astrocyte dysfunction. Finally, graphenes have been demonstrated to have instructive
capabilities for microglia, controlling phenotypes. More work is needed to investigate the
potential to create synthetic tissue analogues, and exploit the potential of graphene for

neural tissues [130, 116].

1.8 Research Questions

In this literature review, sources were collected from PubMed (MEDLINE), Web of
Science (Core Collection) and Google Scholar. Sources were collected between 2016 and
2020 throughout the duration of this research. The nature of biomaterials, graphenes as
biomaterials, graphenes for neural tissue engineering and the particular fastidiousness of
neural cells as found in published sources has been explored. In summation, extensive
excellent research using graphenes in neural tissue engineering has been conducted thus far.
Studies range in scope from two-dimensional surface models to complex three dimensional
scaffold. Innumerable successes have been reported though challenges and questions
remain, particularly de-convoluting the similarly numerous differing designs of scaffolds
and culture conditions to understand the underlying material. Comparing studies, many
aspects of graphene’s utility as a biomaterial has been confounded, or the observed effects
not interrogated to the fullest extent. Commonly biological outcomes are characterised
extensively with limited connection between the biologic data and material science.

In particular the role of graphene surface chemistry as an attractive factor for in
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vitro culture components could well explain observations of enhanced attachment and
differentiation. The existing bodies of work frequently utilise bespoke preparations of
graphenes which have been demonstrated by comparison of results to have highly varied
biocompatibility, physiochemical properties and potential as a scaffold material. Similarly
a huge variety of scaffold designs have been reported with similar outcomes, though
experimental differences such as inclusion and exclusion of bioadhesive coatings and
exogenous growth factor stimulation are not consistent.

Some areas for further development of graphene material tissue engineering have been
identified for this body of research.

Is graphene oxide from commercial CE sources biocompatible when constructed into
a study model allowing for more standardised and comparable future research? Such a
step for research away from bespoke manufacture to a more comparable standard of raw
material would aid in comparisons between subsequent studies. This would also facilitate
a future GMP production of clinically useful graphenes, as current bespoke manufacture
would require extensive scale up.

Does sourced graphene oxide have innate instructive potential for neural cell culture?
Several existing studies suggest graphene materials have the potential to enhance neural
culture. If a more standard source is to be found do these results persist or is the existing
data a result of unique physiochemical characteristics that can only be replicated under
bespoke processes. Furthermore what more can be learned about the mechanism by which
GO enhances culture? Or, can the instructive potential of GO be enhanced for neural cells?

In terms of tissue engineering scaffolds, graphene has been combined with many other
biomaterials, many as monolith designs. Can graphene be combined with advantageous
photoinitiated hydrogel systems to provide a 3D scaffold which has potential to be min-
imally invasive? Current scaffolds are produced as macroscale products which would
necessitate extensive resection of host tissue to provide as an implant. This is not an obsta-
cle to current rodent hemisection models as such resection is already performed. However

a Click chemistry hydrogel scaffold holds potential to be introduced as a therapy without
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causing further recipient morbidity. Such a scaffold model would be a step forward for

usable regenerative products.

1.8.1 Hypothesis

To provide a testable hypothesis for this project the following proposal has been formulated
to encompass the key attributes examined.

Graphene oxide is a biocompatible and modifiable material for use as an instructive
neural scaffold, with properties suited to the growth, development and maturation of neural
tissues in vitro.

As such this project has set out provide results towards these questions by addressing

the following objectives:

* To develop, characterise and present a 2D model for testing of GO of instructive

qualities both innate and administered.

* To test the biocompatibility of a commercially available CE GO source as a GO raw

material to create the 2D model.

* To explore the ways in which GO can be modified to add or enhance instructive

potential.

* To combine GO with a hydrogel for a 3D model and test biocompatible cross linking

systems to develop a neural scaffold.
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A Step Growth B Chain Growth

Figure 1.1 | Illustrated propagation of polymerisation. (A) Step growth cross linking begins
between monomer units connected by a linker molecule, dependent on the presence of the linker,
resulting in formation of more, lower weight units in which increase over time. (B) Chain growth
cross linking begins between monomer units directly dependent on cross linking groups on the
monomer, resulting in formation of few large weight units which become entangled. Adapted from
Payamyar et al. 2016, Two-dimensional polymers: concepts and perspectives [64]
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Figure 1.2 | Illustrated Lerf-Klinowski model of Graphene Oxide. (A) Lerf-Klinowski model
of the chemistry of the graphene oxide carbon lattice illustrated in two perspectives; planar and
cross section, showing formula of pendant groups. (B) Illustration of hydrophilic interaction with
pendant groups and water molecules under the model. Adapted from Dreyer et al. 2011, The
Chemistry of Graphene Oxide [91]
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Chapter 2

Methods and Materials

2.1 Materials

In this project a range of suppliers were used to obtain reagents as required. Generic
chemicals were supplied by Sigma-Aldritch (later Merck) unless otherwise specified.
Arranged by supplier, the following key materials and reagents form the non-generic and

concentration specific consumables used in this work

* Graphene oxide 1% (w/v) aqueous suspension, 500ml. (GOGraphene, William
Blythe Itd, UK)

 Cell culture media, Cell culture media supplements, Trypsin-EDTA 0.05% (w/v),
Penicillin-Streptomycin (penstrep), sterile 1X phosphate buffered saline (PBS), Goat

serum (Gibco, Thermofisher Scientific 1td)

* Hoechest 33342, Wheat germ agglutinin with Alexaflour 647 conjugate (WGA),

EVOS light cubes (Invitrogen, Thermofisher Scientific)

 Ibuprofen powder, Retinoic Acid powder, Polyethyleminine solution (PEI) 50%
(v/v) aqueous solution, 1--D-Arabinofuranosylcytosine (AraC) powder, Ruthenium

Hexahydrate, Propidium Iodide (Sigma, Merck 1td)
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* Calcien-AM (BD Biosciences)

* Friction fit spin coater with customised Delrin spin coater (0.17mm circular recess)

optimised to retain a single Number 1.5 round glass coverslip [274] (Osilla 1td, UK)

* Gelatin-Methacryloyl and Gelatine-Norbornene freeze dried macromer (CReaTE

Group, University of Otago, Christchurch, NZ)

* Fiji software distribution of ImagelJ [275]

2.2 Graphene Oxide

Room temperature stock 1% w/v (10mg/ml) material from GOGraphene was diluted by
adding 200 pl to 800 ul of deionised water and mixing via vortex to achieve a homogenous
working solution of 0.2% w/v (2mg/ml). Working solution was free of visible clumps
and uniform in a dark brown to black colour. Physically, GO platelets measured at least
S5+1um in length, 2+1pm in width and 2+0.2nm in thickness, as per the manufacturer
specifications. The manufacturer has conducted characterisation of representative batches
of their product and has open source AFM data for the stock material. This can be seen
illustrated in Figure 2.1 to demonstrate the typical appearance of a GO platelet. This
information is presented to clarify the understanding of the GO models presented in this

thesis.

2.2.1 Spin Coating

Number 1.5 glass coverslips were prepared for spin coating by first cleaning with piranha
solution (1:3 ratio Hydrogen Peroxide: sulphuric acid) in a fume hood for 30 minutes and
stored under deionised water until use. Cleaned coverslips were loaded into spin coater
chuck using needle forceps, taking care not to otherwise touch the glass. Next, the spin
coater was activated accelerating the chuck to 6000rpm and maintained for 20 seconds to

ensure the coverslip was dry. Glass coverslips could be subsequently used as substrates
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1.5
N F

Figure 2.1 | Atomic force microscopy (AFM) characterisation of GO platelets. (A) Represen-
tative AFM images of GO platelets as provided in GO 1% suspension used in this work. (B) AFM
measurement data for representative GO platelet. GOgraphene. 2016. Graphene Oxide Analysis.
Retrieved from https://www.go-graphene.com/pages/graphene-oxide-analysis
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for the GO film. Later to create PEI enhanced glass substrates, coverslips were finally
prepared by spin coating 20 ul of 1% w/v PEI aqueous solution at 3000rpm for 40 seconds
immediately prior to GO spin coating. Where otherwise specified alternative undercoats

were may be used as discussed in Section 2.9 and Section 4.2.2 below.

2.2.1.1 GO Films

Spin coating proceeded according to the schematic outlined in Figure 2.2. 30ul of GO
suspension was deposited onto the prepared coverslips before the spin coater chuck was
accelerated to 2000rpm and maintained for 40 seconds to spin coat the deposited solution
across the coverslip and form the GO film. GO films were accepted following visual
inspection for obvious faults, contaminants such as dust or damage such as cracks of the
coverslip. Unacceptable GO films were discarded.

GO films were removed from the spin coater chuck with needle forceps and placed into
a sterile tissue culture well plates and immersed in 500 pl of 99% ethanol. GO films within
culture plates were used following a minimum of 2 hours sterilisation time in ethanol
under UV light irradiation, or stored refrigerated under ethanol in well plates and similarly
irradiated with UV light prior to use. Ethanol was withdrawn following sterilisation. For
characterisation work no further preparation of the GO film was performed. To prepare
the sterile GO films for use in cell culture, GO films were washed with sterile PBS and

immersed in 250 pl of appropriate cell culture media per film prior to cell seeding.

2.2.2 Adsorption treatment

For adsorption treatment, drugs of interest were dissolved in a 50% ethanol aqueous
solution to create an adsorption solution. 250 ul of the solution was applied to the sterile
GO films. A minimum of 2 hours and maximum of 12 hours at room temperature
was permitted to provide an excess adsorption time. Following adsorption surfaces were
prepared for cell culture by washing with sterile PBS and immersion in 250 pl of appropriate

cell culture media prior to cell plating.
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Figure 2.2 | Illustrated method for spin coating GO thin films.. (A) GO suspension deposited
on glass coverslip. (B) GO platelets free in disordered suspension (C) Spin coating by high rpm
rotation of coverslip to drive suspension down and across glass surface. (D) GO platelets form
plasticised film in an ordered uniform layer. (E) Photograph of GO film as produced by previous
steps. (F) GO film immersed in 99% ethanol for sterilisation (G) Ethanol replaced with phosphate
buffered saline wash (H) Phosphate buffered saline replaced with cell culture medium prior to cell
seeding, (I) Photograph of GO film in culture media ready for cell seeding.
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CHAPTER 2. METHODS AND MATERIALS

2.3 Hydrogel Formulation

Two research grade sterile hydrogel macromers were graciously prepared and supplied by
CReaTE group collaborators at University of Otago, New Zealand. Hydrogel macromers
were derived from covalent modification of bovine gelatine and supplied freeze dried
in 200ml sterile pots. Aliquots were sterile weighed into falcon tubes and dissolved to
an initial concentration of 10% w/v in sterile PBS at 37°C over a maximum of 1 hour
prior to use, with new preparations made before each series of experiments. Macromer
solutions were maintained at 37°C in sealed tubes until use for a maximum of 48 hours.
All macromer solutions were diluted to a final working concentration as specified in data

chapters using additional warmed PBS or cells in cell culture media.

2.3.1 Gelatine-Norbornene

The step-growth Gel-Nor formulation used a visible light photo-initiated free radical
generator, ruthenium hexahydrate. Sodium persulfate was used as the persulfate ion
source to catalyse a reaction between norbornene ring moieties on the macromer chain
with thiol groups of a dithiothreitol linking molecule. For a 1ml final working volume
of hydrogel, 20 ul of 50 um ruthenium hexa-hydrate photo-initiator stock and 20 pl of
500 um sodium persulfate initiators are combined with 40 ul of 500 um dithiothretol for a
final volume of 920 ul hydrogel solution and mixed until homogenous. Pre-cross-linked
hydrogel was pipetted and cross-linked immediately. Visible wavelength light irradiation
was used for photo-click reactions. A 1000 W floodlight was positioned 3cm from the
pre-cross-linked hydrogel material and allowed 10 minutes for the cross-linking reaction

to proceed covered with aluminium foil in at room temperature under sterile conditions.
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2.3.2 Gelatine-Methacryloyl

The chain-growth Gel-Ma formulation also used a ruthenium hexahydrate photo-initiator
as a free radical generator and sodium persulfate as an ion source to catalyse a reaction
between methacrylate moieties on the macromer chain. For a 1ml final working volume
of hydrogel, 20 ul of 50 um photo-initiator stock and 40 pl of 500 um sodium persulfate
initiators were combined with 940 ul hydrogel solution via pipette and mixed until ho-
mogenous. Pre-cross-linked hydrogel was pipetted and cross-linked immediately. Visible
wavelength light irradiation was used for photo-click reactions. A 1000w floodlight was
positioned 3cm from the pre-cross-linked hydrogel material and allowed 10 minutes for
the cross-linking reaction to proceed covered with aluminium foil in at room temperature
under sterile conditions.

Alternatively for a redox-initiated reaction between Gel-Ma macromer, photo-initiator
was withheld and substituted with a reducing agent as specified to provide chemical
reduction of the persulfate and generate ions which catalyse the cross-linking reaction.
Redox initiated hydrogels were not irradiated and were instead incubated at 37°Cfor up to

1 hour.

2.3.3 Casts and forms

To create consistent hydrogel shapes with consistent surface area and volume for mass loss
characterisation experiments, hydrogel samples were prepared in identical moulds. 2mm
thick silicon sheeting was cut into 75mm x 25mm rectangles and then punched with an
adjustable hole punch to create 4.5mm holes, for a final cylindrical volume of 30 ul. The
silicon mould was then pressed to a glass microscope slide to create an open topped well
which was filled with pre-crosslinked hydrogel and topped airtight with coverglass prior to
cross linking to minimise evaporation (Figure 2.3). For rheometry hydrogel experiments,

the rheometer plate well was filled with pre-crosslinked hydrogel and cross linked in situ.
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Figure 2.3 | Photographs of Hydrogel forms used. Scale bar 2.5mm (A) Freeze-Dried hydrogel
(circled) after cross linking without GO, (B) Hydrogels in cast mould during cross linking without
GO, (C) Hydrogels in culture with encapsulated cells without (left) and with (right) GO inclusion
(D) Hydrogels in droplet form during cross linking without GO on glass substrate
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2.4 Cell culture

Neural cells utilised during this project were sourced within the University of Leeds. All
cells were handled aseptically within class 2 microbiological safety cabinets. All cell
growth and expansion was conducted within sterile tissue culture plastic maintained in
cell culture incubators at 37°C, 5%CO,, 95% humidity Where tissue culture well plates
were used, perimeter wells were left unused and loaded with 500 pl sterile PBS to minimise
edge effects and evaporative losses from culture wells, experimental wells were maintained
with 300 ul media volume. Where tissue culture petri-dish were used, 35mm plates were
externally plated in groups of 3 within 100mm plates. Plates were maintained at 1500 pl
media volume. Prior to cell seeding all culture surfaces were washed with DMEM:F12
supplemented with 10% v/v foetal bovine serum (FBS) and 1001U/ml penicillin, 100 pg/ml
streptomycin (1% penstrep) - hereafter referred to as standard media, unless otherwise

specified in data chapters.

2.4.1 Cell lines

Two Immortalised cell line models supplied by University of Leeds were cultured and
expanded within 75cm? sterile tissue culture flasks. Flasks were monitored using visible
light microscopy every 3 days. Cell lines were maintained in DMEM:F12 supplemented
with 10% FBS every 3 days during expansion and then treated with specific media during
experiments as explained below. Passage numbers were tracked and the range used is
specified below

Upon reaching an estimated 70-80% confluence flasks were passaged. To do this cells
were detached from the expansion flask by withdrawal of maintenance media followed by
a single wash with DMEM:F12. Next flasks were incubated with 3ml of 0.5% trypsin-
EDTA solution for 5-10 minutes at 37°C until all cells were visibly detached, observed
via bright-field microscopy. Trypsin-cell suspension was subsequently added to 10ml of

standard media and immediately centrifuged for 5 minutes at 300g to pellet cells from the
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suspension. Following centrifugation the supernatant was discarded and the pellet was
suspended within 1ml of standard media. A 10 ul aliquot was taken to a haemocytometer

to provide a cell count.

2.4.1.1 SH-SYS5Y cells

SH-SYSY cells were used between passage 10 and 14 before being disposed of at passage
15. For experiments, SH-SY5Y cells were seeded at 15000 cells cm™ in standard media.
For pseudo-differentiation of SH-SYSY cells, DMEM:F12 supplemented with 1% N2,
3uM retinoic acid and 1%penstrep was substituted for standard media 24 hours after
seeding and maintained every 4 days with differentiated morphologies expected at 10-14

days.

2.4.1.2 BV-2 cells

BV-2 cells were used between passage 8 and 13 before being disposed of at passage 14.
For experiments BV-2 cells were seeded at 10000 cells cm™ in standard media for up
to 5 days or until confluent. BV-2 cells were not maintained with fresh media following

seeding.

2.4.2 Primary cells

Two sources of primary tissue were used to isolate primary cells in this work. 1-3
day postnatal mouse pups were sacrificed to isolate mouse hippocampal neuronal cells,
microglia, astrocytes and co-culture tissue suspensions. 1-3 day postnatal rat kittens were
sacrificed to isolate rat hippocampal neurons and co-culture tissue suspensions. Primary
cells were maintained in specific media appropriate to their lineage during experiments
and no passage was performed. Where tissue culture flasks were used, plates were first
coated with poly-L-lysine (PLL) and stored refrigerated in the dark for up to 48 hours

before use.
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In all cases, animals were sacrificed under Schedule 1 by dislocation of the cervical
spine. Subsequently the skull was opened with a scalpel blade and the whole brain
removed with forceps to a 100mm petri dish dissection area containing sufficient Hibernate-
A medium to cover the surface of the dish. Tissue is therefore partially floated and
supported within the media during dissection and kept hydrated. Brains were dissected
with assistance of dissection microscope lenses under sterile laminar airflow using fine
tip forceps. Prior to further dissection the meninges and olfactory bulbs were removed
and discarded. Where separation of tissue was required, pinching and pulling actions
were used to gently separate the structures of neuroanatomy apart instead of using bladed
instruments. All retained dissected tissue was stored in ice-chilled Hibernate-A medium

in 15ml falcon tubes prior to further dissociation.

2.4.2.1 Microglia

To isolate microglial cultures the hemispheres of the brain were separated and the mid-
brain region removed and discarded. The cortex tissue was retained and pooled into tubes
containing 2-4 brains. Collected tissue tubes were transferred to a sterile class 2 micro-
biological safety cabinet and Hibernate-A medium was replaced with 1ml of trypsin per
brain and incubated for 20 minutes at 37°C. Next, trypsin was withdrawn and replaced
with 1ml per brain standard media. Tissue and media was aspirated with a pipette tip
into a bacteriological grade 35mm pipette dish inclined at 15° from horizontal using the
dish lid. Media and tissue were gently, repeatedly aspirated 30 times to the top of the
inclined dish to dissociate the tissue into individual cells. Dissociated cell suspension was
then filtered through a 70 um nylon cell strainer into a 50ml falcon tube and the strainer
washed through with up to 1ml per brain additional standard media. Cells in suspension
were centrifuged at 300g for 5 minutes to pellet cells and the supernatant was discarded.
Cells were gently re-suspended within 2ml per original brain of standard media. 2ml of
suspended pellet was to (PLL) coated 75cm? tissue culture flasks and supplemented with

standard media to a final volume of 15ml and incubated for 3 days.
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After 3 days, 50% of the flask volume (7.5ml) was collected and centrifuged at 300g
for 5 minutes. The supernatant was collected and supplemented to 15ml with standard
media to create conditioned media. The remaining media inside the flask was discarded
and the flask refreshed with 15ml of conditioned media.

Between 9 and 13 days in vitro, flasks were monitored via brightfield microscopy for
the appearance of spheroid microglial bodies protruding and loosely bound to an astrocyte
layer. Upon observation of these features, flasks were placed upon an orbital shaker and
agitated for 30 minutes at 180rpm to detach microglia from the cell layer into the media.
Following shaking the entire media volume of the flask was aspirated down the culture
layer twice to collect any remaining loosened microglia and transferred to a 15ml falcon
tube. A microglial depleted astrocyte enriched layer remains adherent to the flask and was
maintained with conditioned media for use in astrocyte isolation as below.

Tubes were centrifuged at 250g for 5 minutes and the supernatant retained to condi-
tioned media as above. Pellets were resuspended in 2ml of conditioned media. A 10 ul
aliquot was taken to a haemocytometer to provide a cell count. Microglial preparations
were seeded at 20000 cells cm™ in conditioned media and maintained for up to 5 days. To
induce microglial activation, LPS was used at 1 ug/ml introduced into the culture media

at 6-12 hours after cell attachment.

2.4.2.2 Astrocytes

To isolate astrocytes, the monolayer cultures left over following the above microglia
preparation maintained with conditioned media for a further 24 hours to recover following
microglia harvest. Flasks were incubated with 3ml of 0.5% trypsin-EDTA solution for
5-10 minutes at 37°C until all cells were visibly detached via bright-field microscopy.
Trypsin-cell suspension was subsequently added to 10ml of standard media and imme-
diately centrifuged for 5 minutes at 300g to pellet cells from the suspension. Following
centrifugation the supernatant was discarded and pellet re-suspended in 1ml of standard

media. A 10ul aliquot was taken to a haemocytometer to provide a cell count. Astrocytes
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from suspension were seeded at 10000 cells cm™ in standard media and maintained every

4 days.

2.4.2.3 Neurons

To isolate neurons both structures of the hippocampus were separated from the each cortical
hemisphere of the brain, with the cortex, thalamic tissue and midbrain discarded. Subse-
quently hippocampal tissue was pooled into tubes containing 2-4 brains. Collected tissue
tubes were transferred to a sterile class 2 microbiological safety cabinet and Hibernate-A
medium was replaced with Iml of trypsin per brain and incubated for 20 minutes at 37°C.
Next, trypsin was withdrawn and replaced with 500ul per brain standard media. Tissue
and media in the collection tube was gently aspirated with a sterile pipette tip into a bac-
teriological grade 35mm pipette dish inclined at 15° from horizontal using the dish lid.
Media and tissue were gently aspirated 30 times to the top of the inclined dish to dissociate
the tissue into individual cells. Dissociated cell suspension was filtered through a 70 ym
cell strainer into a 50ml falcon tube and the strainer washed through with up to 500 ul
per brain additional standard media. A 10 pl aliquot was taken to a haemocytometer to
provide a cell count. Cell suspension was seeded at between 8000 and 10000 cells cm™
in standard media.

After 6 hours, attachment of cells was confirmed with brightfield microscopy and
standard media was withdrawn and replaced with Neurobasal media supplemented with
1%v/v B27, 2 um Glutamine and 1%v/v penstrep as maintenance media.

48 Hours after seeding 5 um of cytosine arabinoside (araC) was added to the media
to inhibit non-neuronal cell proliferation. Every subsequent 3 days 50% of maintenance
media was refreshed with fresh maintenance media, araC concentration was maintained for
up to 1 week. Subsequently araC was not added to media during maintenance resulting in
a cumulative 50% decrease in concentration following each maintenance period. Cultures
were maintained for up to 3 weeks with neuronal measurements and images taken at

between 7 and 21 days.
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2.4.2.4 Co-culture

For neuron-glia co-cultures, hippocampal tissue was collected and prepared as for the
neuron isolation above. Two methods of neuron-astrocyte co cultures were performed. In
the first method, isolated cells from hippocampus tissue was seeded to surfaces identically
to neuron preparations, however araC was withheld.

In the second method, at 48 hours post seeding, 1 um of araC was added to the media to
reduce proliferation of non-neuronal cells. Every subsequent 3 days 50% of maintenance
media was refreshed with fresh maintenance media however araC concentration was
not maintained to allow the concentration to begin reducing from 5 days post seeding.
Therefore a lower initial araC concentration decreased by 50% each 3 days, which was
observed allowing glial cells to proliferate more slowly than in araC absent cultures.
Cultures were maintained for up to 3 weeks with neuronal measurements and images

taken at 14 or 21 days.

2.5 Characterisation of Materials

Characterisation of 2D and 3D materials used facility resources within the University of

Leeds and established techniques from literature to acquire the data.

2.5.1 Raman spectral analysis

Raman microscopy was performed with the kind use of School of Earth and Environmental
Sciences, University of Leeds equipment using an inVia confocal Raman microscope
spectrometer (Renishaw PLC) with a 514-nm laser and 1800 1/mm diffraction grating.
The peak range was calibrated using a silicon wafer standard immediately prior to use.
Individual GO films prepared for characterisation as above were loaded onto the stage
atop a glass slide and a 50x objective lens manually focused onto the film surface by
resolution of visible film features. Raman spectra were acquired using a 50 pass laser

scan short programme and compiled. Normalisation, smoothing of background spikes,
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peak identification and labelling processes were performed using Spectragryph (Friedrich

Menges) software.

2.5.2 Scanning electron microscopy

Scanning electron microscope (SEM) images of GO films were acquired with the kind
assistance of Stuart Micklethwaite of the Leeds Electron Microscopy And Spectroscopy
centre (LEMAS) using a Helios G4 CX dual beam FIB-SEM (Thermofisher Scientific).

Individual GO films prepared for characterisation as above were first mounted to SEM
holder stubs with adhesive pads on the underside of the substrate and applied with a 1-nm
thick iridium sputter coat to prevent charge build-up. Planar SEM images were acquired
first in 10000x magnification.

To acquire cross-section SEM images a reinforcing platinum support was deposited
via ion deposition to minimise damage to the GO film during FIB beam milling, to a
depth of 2000nm [276]. Ion polishing of the milled edges revealed the cross sectional
interface between the GO film, glass coverslip and platinum support. Images of the cross
section were acquired at 25000x magnification at an angle of incidence of 20°from the
sample surface. Images were analysed and the distance between the glass surface and
top GO layers was acquired digitally in situ using Amira-Avizo (Thermofisher Scientific)
software during acquisition of images to allow for correction of the angle of incidence

automatically and obtain a true measurement.

2.5.3 X-Ray photon spectroscopy

Near ambient pressure X-ray photon spectroscopy (NAP-XPS) spectra of GO films with
and without SH-SY5Y populations were acquired with the kind assistance of the Elizabeth
Willneft of the Versatile X-ray Spectroscopy Facility (VXSF) using an EnviroESCA
(SPECS GmbH).

Where spectra of GO films were acquired, samples were stored in PBS in a cell culture

incubator for 14 days. Where spectra GO films with SH-SYSY cells were acquired,
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films were first seeded with 5000 or 15000 cells cm™ and maintained as described in
Section 2.4.1.1 above for 14 days. Where spectra GO films with SH-SYS5Y cells removed
were acquired, SH-SYSY seeded GO films identically prepared to the above were incubated
with Trypsin-EDTA for 10 minutes immediately prior to analysis. Films were washed with
deionised water and mounted to SEM holder stubs with adhesive pads on the underside of
the substrate and loaded onto the EnviroESCA stage as seen in figure 2.4.

Once loaded the sample chamber and scanning chamber were evacuated of ambient
atmosphere and charged with H20 to a pressure of 11mb for NAP-XPS. NAP-XPS was
conducted with an Al Ko source and electrons collected with a Slit of 4:7x20 in a grid scan-
ning pattern using Fixed Analyzer Transmission mode, an Excitation Energy of 1486.71
eV, Detector Voltage of 1600 V and a Bias Voltage: 90.00 V.

Graphical analysis of XPS data arranged as ISO14976 VAMAS block files was per-
formed with CasaXPS software (Casa Software Ltd). Survey peaks were identified using
CasaXPS element libraries and elemental atomic percentage was calculated in software
assuming that all detectable peaks formed the totality of elements present. Charge cor-
rection was performed using a distinct oxygen peak at 536eV attributed to the oxygen
component of H,O High resolution spectra peak component models were constructed to a
residual error of <1 standard deviation using Tougaard background approximations. The
same peak model construction was kept with consistent constraints and propagated to all
samples prior to specific fitting involving adjustment of peak height, adjustment of peak
position was conducted with all peaks relative to maintain distribution.

To compare peak models between samples, proportional change between component
areas were calculated as reciprocals from the ratio of each similar component. Therefore a
value of Proportional change at 0 denoted no change in the component area, positive values
of Proportional change indicated an increase in the component relative to the reference
sample. A negative value of Proportional change indicated a decrease in the component
relative to the reference sample. For given samples the calculation to determine the relative

proportional change in component peaks is as follows:
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Proportional Change = 1 —

Comp Onentcomparator

Figure 2.4 | Photographs of XPS experimental setup. (A) GO film washed prior to mounting
in XPS stage. (B) Films mounted in XPS stage during initial evacuation of atmosphere for NAP
measurement. (C-D) XPS nozzle during measurement at flat GO film surface. Working distance
250+50um to achieve 1x103 CPS
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2.5.4 Mass loss and swelling

Characterisation of hydrogel samples included swelling and mass loss experiments. This
was performed according to works published by the macromer manufacturers CReaTE
group and Lim et al [75, 76, 73]. Identical cylindrical casts prepared in batches using
silicon moulds were weighed for initial wet mass (Miyjar=0) following cross linking. A
subset of half the original samples were frozen and lyophilised immediately and weighed

to obtain a dry mass (mgyy, o).

. Mdry,t=0
actual macromer fraction = ——£"—_

Minitial t=0

The remaining subset was instead incubated in a bath of 37°C PBS for 24 hours, blotted
dry and weighed to obtain a swollen mass (mgyopen) before being frozen, lyophilised and
weighed again to obtain a dried mass with any soluble fraction removed (mgy). The

soluble fraction is defined as the lost mass during the swelling incubation.

Miinitial,dry = Minitial * (actual macromer fraction)

Soluble fraction =

initial,dry dry % 100%
Minitial dry
The mass swelling ratio (q) is defined by the fractional difference in mass between
the swollen mass and the subsequent dried mass to remove any influence of soluble

components.

o Mswollen

Mry
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Which is then used to calculate the actual swelling ratio (Q) including the density of

the gelatin macromer (1.369)

Q=1+1.369(q— 1)

The cross-linking density is estimated by calculating the cross linked mass without the
soluble fraction and correcting for the Higgins parameter of gelatin (0.49) and the density

of the gelatin macromer.

—In(1— q) + (¢) + 0.49(q)?

Cross Link Density =
Q(Vo) (VT‘)<143)*(q)

where: Vo is the molar volume of solvent, and V' is the reciprocal of swelling ratio

2.5.5 Rheometry

Rheometry of hydrogel materials was conducted with the kind assistance of Daniel Secker
at University of Leeds IMBE St James campus using an Anton Paar bench-top rheometer
with a 22mm parallel plate with a gap size of 0.lmm. Hydrogel samples were mixed
to final concentrations, cast and cross-linked in silicone moulds as described previously
with dimensions equal to the rheometer geometry. Samples were swollen overnight to
equilibrium in PBS and tested the next day. Rheometry testing first comprised an amplitude
sweep which determined the optimal testing amplitude to be 0.1% shear strain, with testing

and data collection conducted using frequency sweeps between 0.1 and 1 rad/s

2.6 Imaging

Images of cell cultures were taken with the kind use of Protein Production Research

Facility, University of Leeds equipment using an EVOS™ FL Auto 2 imaging system
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(Thermo Fisher Scientific). Software automated image acquisition of at least 10 fields
per sample were acquired and were automatically stitched into single large images and
individual channel images retained for figure purposes. For 3D samples, z-stacks of at least
15 fields were collected and compiled into maximum intensity projections and individual
images similarly retained. Images of fibroblasts in hydrogel cultures were taken manually

using a Zeiss Axio imager Z1 at CReaTE group facilities (Christchurch, NZ).

2.6.1 Staining

During this work both live and fixed cells were stained. Combinations of stains were
used as specified in figure captions. For cytoplasmic staining of live cells, 1mg Calcien-
AM powder was dissolved in 201 ul anhydrous dimethyl sulfoxide to create 5 mm stock
solution. Stock solution was added to culture media for a final working concentration in
media of 10 um and incubated for 20 minutes at 37°C, culture media was refreshed prior
to imaging with an EVOS microscope using a GFP light cube.

For counter-staining of nuclei, 1mg Hoechst 33342 powder was dissolved in 1ml
deionized water to create 1mg/ml stock solution. Stock solution was added to culture
media for a final working concentration of 10 ug/ml and incubated for 20 minutes at 37°C,
culture media was refreshed prior to imaging with an EVOS microscope using a DAPI
light cube

For nuclear staining of dead cells, 1mg Propidium lodide powder was dissolved in
Iml deionised water to create 1mg/ml stock solution. Stock solution was added to culture
media for a final working concentration of 10 pg/ml and incubated for 20 minutes at 37°C,
culture media was refreshed prior to imaging with an EVOS microscope using a Texas
Red light cube

For pre-fixation staining of cell membranes, Img of WGA powder was dissolved in
Iml PBS to create 1mg/ml stock solution. Stock solution was added to culture media for
a final working concentration of 10ug/ml and incubated for 20 minutes at 37°C, before

fixation for immunohistochemistry, and was imaged with an EVOS microscope using a
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CyS5 light cube.

2.6.2 Immunohistochemistry

Table 2.2: Antibodies for Immunohistochemistry

Antibody ‘ Usage ‘ Species ‘ Dilution ratio
Anti-Tau Primary Rabbit 1:1000
Alexafluor 488 anti-rabbit | Secondary | Goat 1:500

Where immunohistochemical (IHC) staining was performed, antibodies were used
following optimisation at the specified dilutions in Table 2.2. Fixed cells were used for
[HC staining To fix cells, media was withdrawn and replaced with 3.7% v/v Formalin
with 0.1% v/v methanol in PBS and incubated at room temperature for 2 minutes. To
permeabilize cells, ice cold 100% methanol was applied for 60 seconds, subsequent wash
with PBS followed by application of 1%v/v goat serum, 1% Tween-20 in PBS (blocking
buffer) for 30 minutes at room temperature with gentle agitation. Blocking buffer was
replaced with primary antibodies suspended in blocking buffer and applied to the sample
for an overnight incubation at 4°C, during this step the sample plate was wrapped in foil
to minimise evaporative loss.

Primary antibody buffer was washed off in three volumes of blocking buffer to re-
move unbound antibodies and replaced with secondary antibodies suspended in blocking
buffer with a working concentration of Hoechest 33342. Secondary antibody buffer was
incubated for 1 hour at room temperature in the dark with gentle agitation. Secondary
antibody buffer was washed off in three volumes of blocking buffer to remove unbound
antibodies and finally replaced with PBS and imaged immediately. Primary antibody was
omitted for negative control of non-specific secondary antibody binding signal. Rabbit
IgG control antibody was used for an isotype control to validate the staining protocol and

specificity of primary antibodies.
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2.7 Quantification of images

Images of cell cultures were assessed using Fiji software, its functions and packages to
transform, count and measure the features within individual images. Macro functions
were used to automate analysis where possible and permit efficient processing of high
numbers of images into numerical data. Automated processes were checked and validated
with manual quality assurance using representative images from each microscopy session

before use.

2.7.1 Viability assay

Live and dead cells were differentially stained in unfixed samples by addition of working
concentrations of Hochest 33342 and propidium iodide to the culture media followed by
incubation for 20 minutes at 37°C to allow dyes to bind. Following incubation culture
media was refreshed to remove unbound dye and any debris and samples were imaged under
PBS. Images were analysed with Fiji using the Find Maxima function to automatically
count hoechest (count, ) and propidium iodide (countg,q) stained nuclei separately within

the blue and red channels respectively.

couNntyve = COUNLiotar — COUNE dead

t e
Cell Viability % = —2"ve 10
countiotal

2.7.2 Morphology

To assess gross cell morphology, cells were stained with Calcien-AM to elucidate the
living cytoplasm and subsequently acquire images in the green channel. To assess gross

morphology of glia in co-cultures, WGA staining was performed and images acquired in
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the red channel, counterstained with Hoechst. To assess neuritic lengths in tau-positive
cytoskeletons of differentiated SH-SYSY, primary neurons and neurons in co-cultures,
fixed cultures were stained with anti-tau antibody to preferentially stain tau protein within
axonal projections and between projection plasma membranes. Use of Alexafluor-488
secondary antibody allowed collection of this signal in the green channel. Morphology
assessments were performed on stitched images to ensure the largest possible field of view

and normalise signal intensity across the plane.

2.7.3 Shape analysis

To quantify morphological features of cells from culture images of cytoplasm and cy-
toskeleton stained cells were analysed with Fiji. For measurement of length of the neurites,
immuno staining of Tau positive neurites was performed and the NeuronJ package [277]
was used to fit and measure splined lines to bright tau positive neurite like projections
visible on images. For cytoplasmic cell area and perimeter data as well as derivatives
of circularity, solidity and roundness, green channel images of Calcien-AM images were
isolated, converted to 8-bit images and processed into binaries via manual threshold to
create masks of cell cytoplasm.

Shape analysis [278] used the particle analysis shape descriptor measurement functions

within Fiji and are defined as:

Area
Circularity = 47 ¥ ———
Perimeter

Area
7 (Major Azis)?

Roundness = 4 x

Area
Solidity = ————
ondity Convex Area
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Where:
* Circularity describes a perfect circle with a value of 1.0.

* Roundness can also be considered the inverse of aspect ratio and describes a score
for elongation of a bounding ellipse fit to the cell body, describing a geometrically

even object at a value of 1.0.

* Solidity describes the ratio between the true area and the convex area, describing a

smooth perimeter at a value of 1.0.

Circularity and roundness describe similar yet distinct morphological attributes, how-
ever roundness is more sensitive to elongation of an objects area whilst circularity describes
the shape as a smooth perimeter, independent of protrusions. Solidity describes the com-
plexity of the perimeter shape by encompassing any smaller protrusions of otherwise

negligible area.

2.8 Data analysis, presentation and statistics

R (The R Foundation, CRAN) was used for statistical analysis, data processing and data
presentation. Packages were downloaded from CRAN via RStudio. Data from Fiji
output as .csv files were parsed into R data-frames and manipulated entirely within the R
environment. Measurement data from XPS, SEM, rheometry outputs, balances and other
instruments recorded in lab book was directly compiled within R into data frames.
Tidyverse package was used for graphical interpretation of data, removal of outliers
and summarisation, whilst base R was used for ANOVA statistical testing with Tukey’s
Honestly Significant Difference post-hoc correction applied. Significance was determined
at adjusted P<0.05. Where only two groups are tested, Students T-Test for difference of

means was substituted for ANOVA.
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2.9 Optimisations

Initially to prepare the 2D GO thin film model commercial 10mgml!' GO stock suspension
was diluted with deionized water to create a 2mgml™! working solution. 30ul volumes
were spin coated across glass substrates to create the film. Spin coating was performed
according to the method demonstrated in Figure 2.2. Initially it was observed that the spin
coating process could fail with incomplete coverage of the substrate, this was attributed
to the lack of a cleaning step prior to spin coating. Therefore to create repeatable GO
films, glass substrates were subsequently piranha cleaned with a 1:3 ratio of hydrogen
peroxide and sulphuric acid for 20 minutes prior to spin coating. This cleaning noticeably
increased the hydrophilicity of the glass and removed any potential contaminants present as
supplied. Following the addition of this cleaning, spin coats were reliably produced using
the specified spin coater settings. Bare glass coated with GO surfaces were subsequently
referred to as GO/None coats.

Next, batches of GO/None coats were observed to have inconsistent and intermittent
damage macroscopically following at most 1 maintenance period in culture conditions fol-
lowing production, increasing at subsequent maintenance periods. To improve robustness
of the films and to limit detachment from the substrate, adhesion between the GO film and
glass substrate was enhanced with application of a molecular polymer undercoat. This
undercoating was applied to the bare glass substrate before GO via spin coating under the
same conditions as the GO ink. Undercoating effectively eliminated the occurrence of GO
film damage and improved efficiency.

The choice of polymer undercoat was informed by a conservative view of potential
biological confounding effects. Thus initially Gelatine, PEI and PLL were chosen for their
established biocompatibility and general use in cell culture. However when considering
ease of use and practicality for the spin coating process, differences exist between Gelatin,
PEI and PLL. Each polymer considered has differing requirements for storage and handling,

and additional consideration was paid to the material source with subsequent effect on
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material reliability. The handling particulars for each polymer are summarised in Table 2.3.
In this work, the key criteria for efficient production during the spin coating stage included
easy availability of ink from stock solution, ease of deposition by pipette to the substrate,
acceptable coating efficacy and an adhesion improvement of the GO film compared to the
GO/None model.

Table 2.3: Comparison of production considerations for polymer undercoats

Polymer Stock @20°C Storage Source

Gelatine Solid Room Bovine/porcine
Temperature Collagen

Polyethyleminine Viscous Room Synthetic

(PEI) Liquid Temperature

Poly-I1-Lysine (PLL) Liquid Frozen -20°C Bacterial Fermentation

Following production of 80 useful samples, 60 with an undercoat, it was noted that the
discard rates seen in Table 2.4 were lower for PEI and PLL than for gelatine. For GO films
prepared with an undercoating polymer, incomplete coverage resulting from uneven ink
deposition was the most common cause of sample loss during production. For GO/None,
replacement samples were required following detachment of the GO from the glass surface

during sterilisation.

Table 2.4: Comparison of acceptance failures for polymer undercoats

Polymer Successful Total Failure mode

coats coats
Gelatine 20 27 Incomplete coverage (6), Handling

error(1)

Polyethyleminine 20 21 Incomplete coverage (1)
(PEI)
Poly-I-Lysine 20 21 Incomplete coverage(1)
(PLL)
None 20 40 Detachment during sterilisation(20)

In this optimisation the following observations were made; poly-lysine was stored
frozen and required defrosting prior to spin coating. PLL also had the shortest useable
lifetime. Similarly gelatin required heating prior to spin coating to melt the polymer and

decrease its viscosity. Furthermore as gelatin is thermo-sensitive, it provided the weak-
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est bond between GO film and glass and could detach in culture conditions similar to
GO/None. PEI, provided both the most convenient handling characteristics requiring no
specific storage conditions or steps besides dilution to prepare ink from the stock solution.
Additionally, as a synthetic molecule comprising a short repeating monomer, consistent
molecular weights and branching options are available from several manufacturers. Finally
PEI presented the lowest chance for harbouring or introducing microbiological contami-
nation to the model [279]. Therefore for the majority of subsequent work, PEI undercoats

were used following a validation of the biological compatibility within the model.
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Chapter 3

Characterisation of GO Films

3.1 Introduction

In this thesis it was important to comprehend the physical properties of the 2D GO thin
film model as prepared by spin coating. Spin coating as a manufacturing process is has
several variables including, spin speed, initial solution evaporation rate, solution viscosity
and shear thinning behaviour therefore spin coater settings to create films consistently were
determined experimentally. Additionally, it was important to characterise the chemistry
of the commercial GO material and film construction. By understanding the model
construction and chemistry, these attributes could be used to later contextualise results
from cell culture.

In this work we examined how changing the spin coating speed conditions and how
changing the GO suspension concentration used to create the film model resulted in
variation of the GO film thickness and structure. GO films were initially detected visually
without aid of a microscope; the films were visible as a grey-brown yet transparent
colouration on the transparent clear glass surface. Compared to the uncoated glass surface
of the substrate, the GO film was less reflective to incident light resulting in a less lustrous

appearance. The film was resistant to touch but could be removed by abrasion by a sharp
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or hard object such as needles or tweezers without scratching the glass. To explore this
film structure in more detail, first, the thickness, structure and appearance have been
characterised with SEM. Both planar and cross section views of the model were acquired
to visualise the micrometre to nanometre scale features. The cross section images were
used to measure the thickness of the GO film and thus derive the number of GO layers
within the film. Additionally the film surface topography was qualitatively assessed.

Next, films were examined under phase contrast microscopy to see how this film
structure appeared through the microscope, as microscopy images are a key source of
data in later chapters. Subsequently films were characterised using Raman spectroscopy
illustrate the chemical structure by examining the spectral fingerprint created by different
vibration states within the molecular bonds. This was used to justify the surface chemistry
present on the GO film model, including the purity of the surface and detect if the substrate
was exposed.

Finally, to further investigate the chemical structure of the GO film and then any
changes to the film surface resulting from use as a cell culture substrate, a set of samples was
prepared and investigated with near-ambient pressure x-ray photon spectroscopy (XPS).
XPS measures the excitation emission spectra of chemical bonds following exposure to
high energy x-rays. In addition by using near-ambient pressure XPS (NAP-XPS) this work
presented the unique opportunity to acquire spectra from intact cell cultures.

The aim of the research presented here was to characterise the GO film model structure
and surface chemistry. This developed to include an aim to detect the way in which the film
surface and surface chemistry could interact with a cell culture environment. This would

then inform what characteristics might have an affect on a cell culture in later chapters.
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Figure 3.1 | Scanning Electron Microscopy of GO films. (A) Plan view images of bare glass
substrate, GO film on bare glass, and GO film on PEI coated glass. Films were created at 6000rpm
from 10 mg/ml or 2 mg/ml GO suspension, respectively. (B) Representative cross section images
of GO film following ion beam milling showing 10mg/ml GO suspension films on bare glass or PEI
coated glass, spin coated at 2000 rpm or 6000 rpm respectively. Green annotations are example
measurements. (C) Mean (grey point), Range (box and whisker), and Distribution (jitter points)
of film thickness measured from cross sections in n = 3 samples for GO and n = 3 samples for
GO/PEL *** p < 0.001

3.2 Results

3.2.1 Planar and cross-section SEM

By examining the the film with electron microscopy, the way in which the GO platelets
assembled during different spin coating conditions could be observed. The cross section
was investigated to describe the physical parameters of the GO film, including how thin
the ‘thin film* actually measured. Additionally, films on each substrate were compared to
see if any difference in film thickness or morphology was introduced by the PEI undercoat.

Planar topography and cross-section thickness were investigated using Electron Mi-
croscopy (Fig 3.1), as described in Section 2.5.2. To investigate how the GO film was

constructed, films were created with different GO suspension concentrations and spin
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conditions; The GO suspension was used at either the working concentration of 2mg/ml or
as the stock concentration of 10mg/ml. The expectation was that the higher concentration
of GO would lead to a thicker film. Additionally the spin speed of the spin coater was
adjusted to either 2000rpm or 6000rpm as indicated. The lower spin speed was expected
to produce a thicker film than the higher speed.

In Figure 3.1(A) the creation of GO films was shown to create a surface with noticeable
topographical texture in comparison to the smooth featureless glass substrate. These
features comprise small wrinkles or folds, the result of layering and folding of individual
GO platelets (lateral dimension 3-5um). The wrinkles in the GO films created from either
concentration of suspension were smaller, shorter, less linear and more frequent in films
on the PEI coated substrate compared to the bare glass substrate. There is no pattern or
geometry to the features indicative of a random consistent deposition pattern consistent
with the theory presented in Figure 2.2 and the organic polygonal shapes seen in Figure
2.1.

In Figure 3.1(B) the cross-section differences between films created from 10mg/ml
GO suspension at both spin speeds is presented. The GO films made at 2000rpm produced
a substantially thicker, more disorganised film, with voids and inclusions within the film.
These features had no defined structure, and measured up to Snm in major axis. In
comparison the GO films made at 6000rpm produced an even and consistent layer with
no visible features in cross section. The thick 2000rpm film had a more rough appearance
and a less consistent structure compared to the thin 6000rpm film. There was no regularity
to the features, which again suggests a random deposition during spin coating.

In Figure 3.1(C) these film thickness differences separated by GO concentration
(mg/ml) at both spin coater speeds (rpm) are quantified and summarised. With 2mg/ml
GO in suspension the films are consistently thin and statistically similar. At 2000rpm
films measure 56+11nm (Mean+SD) and 55+8nm on bare glass and on PEI coated glass
respectively. At 6000rpm films measure 52+8nm (Mean+SD) and 53+7nm on bare glass

and on PEI coated glass respectively. With 10mg/ml GO in suspension the films are

John Brewster 86 The University of Leeds



significantly different when comparing between spin speeds (p<0.001). At 2000rpm the
film is less consistent, increasing in thickness to 372+90nm and 378+56nm on bare glass
and on PEI coated glass respectively. This is compared to films created at 6000rpm, which
measure 54+10nm and 52+6nm on bare glass and on PEI coated glass respectively, and are
similar to films created with the lower 2mg/ml GO suspension. Furthermore at 10mg/ml
the interquartile range of measurements is increased tenfold from approximately +10nm

to £100nm.

3.2.2 Characterisation of chemistry by Raman spectra

The GO film model was inspected to visually characterise the surface in more represen-
tative conditions to which it would be used used in later chapters than SEM. If the films
had any visible common topography, or that the features seen in the SEM images were
also visible with light microscopy that could be considered as a factor in later chapters.
Furthermore in quantifying the raman spectra, the surface chemistry of the film could
be elucidated. This would provide validation that the PEI undercoat was not present at
the surface of the film, therefore the manufacturing method in Section 2.2.1 was reliably
producing a GO film on PEI coated substrates.

The visible features of the film were simply imaged using phase contrast microscopy.
For collection of Raman spectra as per Section 2.5.1, three batches totalling 72 individual
films were prepared as per Section 2.2.1. Spectra were acquired from 5 random areas of
each film providing a high degree of confidence that the surface was consistent. Finally,
the peaks in spectra were identified positionally and the peak structure compared to a
existing characterisation of the constituent materials.

Under phase contrast microscopy, GO films appeared as a rough and dark surface
compared to the bare glass (Figure 3.2(A)). The features are dissimilar to the lines and
creases resolved in SEM images and appear rounded at this scale. Similar to the planar
view seen in SEM images, the GO film surface features do not have any regular or

consistent pattern to the visible features. This is continuous with earlier results indicating
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Figure 3.2 | Representative microscopy and Raman shift of GO film. (A) Plan view phase
contrast images of Glass substrate and GO film surface (B) Mean Raman spectra of GO film (red
line) with peaks at 1353cm-1 and 1602cm-1 marked compared to glass blank substrate (blue line)
with no defined peaks. Mean of 5 random locations from each of 72 individual films and 24
individual glass coverslips from n = 3 independent preparations
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the model film is randomly rough compared to the bare glass surface, without structure
or organisation. The Raman spectra of three batches of GO films (Figure 3.2(B)), shows
two peaks were detected; the first a distinctive D band peak at 1353cm™ characteristic of
the disordered oxygen containing species on the GO surface and the second G band peak
at 1600cm™ is typical of graphitic material, attributed to the sp, C-C bonds. These peaks

were detected across all locations of the GO film.

3.2.3 Quantification of atomic ratio by XPS

To understand the surface chemistry of the GO film model, and to begin to investigate
how the surface changes when exposed to cell culture, NAP-XPS survey spectra were used
to characterise the atomic concentration. NAP-XPS is different from traditional XPS as
it can be conducted in an atmosphere rather than a vacuum within the sample chamber,
including humid conditions. In this way, not only was the opportunity to examine the GO
film with XPS available, but novel examination of SH-SYS5Y cells with XPS.

NAP-XPS does not require total vacuum which would dry and crystallise molecules
changing the surface chemistry, NAP-XPS spectra therefore present measurement of sur-
face chemistry more similar to biological conditions. Spectra from a confluent layer of
SH-SYS5Y cells after 14 days in vitro (Cells Confluent), or a sparse layer of SH-SY5Y cells
after 14 days in vitro (Cells Sparse) were also collected. Finally spectra were collected
from duplicate Cells Confluent preparations which had subsequently treated with trypsin
for 30 minutes (Removed Confluent) and a duplicate Cells Sparse sample also treated with
trypsin for 30 minutes (Removed Sparse). These spectra were collected to highlight any
changes to the GO film surface chemistry without the cell structures present. For com-
parison of opportunistic carbon, spectra collected from a blank glass cover slip were also
included. All spectra were collected in the same (11mb H,0) atmospheric conditions. For
all preparations, oxygen, carbon and nitrogen peaks were expected, with the differences in
the atomic ratio of these components providing insight into the present chemistry.

XPS survey spectra for the experimental set of Graphene oxide thin films are illustrated
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Figure 3.3 | XPS Survey Spectra of GO films and GO films from cell culture. (A) Survey
spectra conducted at Near Ambient Pressure (11mb H20) of GO/PEI film, Bare Glass substrate,
GO/PEI film with a confluent layer of cells, GO/PEI film with a sparse layer of cells, GO/PEI
film following enzyme removal of a confluent layer of cells and GO/PEI film following enzyme
removal of a sparse layer of cells. Individual film used for each spectra, collected over 60 passes
with dwell time 0.1s, step size 1eV, pass energy 100eV. (B) Representative fluorescence images
of Confluent and Sparse layer of cells at 14 days in standard medium stained with Calcien AM
(Green) and Hochest (Blue). (C) Relative percentage intensity of survey spectra peaks arranged in
order of decreasing carbon signal.

in Figure 3.3(A). All survey spectra have similar distinctive peaks for carbon and oxygen,
highlighted on each survey. Carbon peaks are detected at 286€V, with oxygen peaks at
536eV. A nitrogen peak at 400eV is resolved in both the glass blank and cells confluent
spectra but is not resolved elsewhere. There is a suggestion of a nitrogen peak in the spectra
of sparse SH-SYSY, however this peak was not sufficient to meaningfully resolve from
the background during analysis. The inconsistency of a defined nitrogen peak indicates
the nitrogen emission was at the limit of detection in the NAP humid atmosphere. In
the high signal density of confluent SH-SY5Y cells and the low total signal intensity of
bare glass, the nitrogen peak is resolved. In confluent SH-SYSY this is due to the higher
protein density, whilst on bare glass the nitrogen element must inevitably be supplied by

the aliphatic contamination signal.

Figure 3.3(B) demonstrates the difference between cell culture conditions. The con-
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fluent SH-SYSY cell layer (Left image) presented 79.2+2.6% (Mean+SD) coverage of cell
bodies at the surface. By contrast the sparse SH-SYSY cell layer (Right image) presented
15.6+4.3% coverage of cell bodies at the surface. This represents a 5 fold increase in cell
coverage in the Confluent condition compared to the Sparse condition. In the removed
conditions, the cell coverage is 0%. These differences in cell coverage are detected as
differences in atomic percentage.

Figure 3.3(C) summarises the atomic percentage of each element within the spectra.
The adventitious carbon on bare glass has a carbon to oxygen ratio of 0.32, this indicates
a higher amount of oxygen compared to carbon. This is consistent with the understanding
of aliphatic, short hydrocarbon chain contamination from the atmosphere. The presence
of a nitrogen component to this spectra indicates that some of this aliphatic contamination
has nitrogen containing groups, indicating this contamination most likely originates from
airborne pollution.

GO films have a higher carbon content with a 1.86 carbon:oxygen, this can be attributed
to the presence of the carbon lattice with oxygen containing groups. For SH-SYSY surfaces
the carbon content is increased relative to the aliphatic background and the GO film, with
a carbon:oxygen ratio of 2.44 with confluent cells and 2.66 for sparse cells. The increased
carbon content can be attributed to the presence and detection of organic carbon chain at
the surface and within cells which are not highly oxidised such as proteins, polysaccharides
and lipids. There is more oxygen per carbon in the cells confluent condition compared to
the cells sparse condition. This is due to the presence of hydrophilic oxygen containing
end groups in the greater area of phospholipid membrane. Following enzymatic removal
of cells the carbon:oxygen ratio is consistently 1.48, below the ratio of GO films. This
indicates that the oxygen content of the surface is higher following the enzymatic digestion
of the cell culture. This is attributed to trypsin protease resulting in exposure of additional

oxygen species from hydrolysed peptide bonds.
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3.2.4 Characterisation of chemistry by XPS spectra

Table 3.1: Corrected Component Peak Intensity Fig 3.4 (RSF*CPS/eV)

Spectra ‘ C-O C=0O sp3 sp2 02 C-O(Aliphatic) H20
Ols 233 1.7 - - 1.7 29 18.8
Cls 350 102 193 197 - - -

XPS data from GO preparations have commonly been analysed to indicate the binding
groups present within the GO platelets. Fitting expected peak distances based on predicted
binding groups and model compounds by method analysis has been previously reported
as useful for NAP-XPS [280]. In this work, component spectra for GO were assembled
based on previously reported component positions in spectra of GO and rGO [103]. This
work explored the chemical states of carbon and oxygen which form the substance of the
GO film..

Oxygen specific spectra were collected between 528 and 238 electron volts, following
charge correction Fitting of Ols spectra peak models is an interpretive process, within the
Ols spectra the peak is broad and several possible oxygen binding states are very close in
(eV). Carbon specific spectra were collected between 282 and 291 electron volts, following
charge correction. The Cls spectra peak models were constructed and constrained based
on position relative to the first sp, (lowest energy) component.

High resolution Ols and Cls spectra for the GO film are presented in Figure 3.4(A-B).
The Ols spectra (Fig 3.4(A)) shows two distinct peaks at 532.09 and 534.47eV. The higher
eV peak is mainly comprised of a strong water oxygen peak and oxygen gas peak from
the NAP atmosphere at the surface. The lower peak is dominated by the aromatic C-O
bonding peak consistent with the expected structure of GO featuring extensive epoxide
bonding. A second component of C-O from linear carbon is also present at 530eV. This is
suggestive of the aliphatic carbon component. Consistent with the expected structure of
GO, the C-O aromatic bonding is the most prominent non-atmospheric component in this

spectra.
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Figure 3.4 | High resolution O1s and C1s spectra of GO film. (A) Quantified Ols peak spectra
with fit component peak model for GO film showing identified component peaks based on position.
(B) Quantified Cls peak spectra with fit component peak model for GO film showing identified
component peaks based on position. (C) Graph to show each component in A-B as a ratio of the
total carbon signal. Spectra collected over 60 passes with dwell time 0.25s, step size 0.1eV, pass
energy 50eV. Peak models fit to within + 1 residual standard deviation using Tougaard background
estimation.
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The Cls spectra is illustrative of the GO carbon structure (Fig 3.4(B)). Here a doublet
peak is found to comprise four component groups consistent with previously reported
characterisation of GO. The carbon sp, component is found at 284.2 with the sps located
0.46eV higher. This sp; is lower in binding energy than expected according to previous
reports. Here this discrepancy is attributed to a reduction in binding energy caused
by surface moisture when comparing to high vacuum experiments. Particularly the sps
component is broader than the sp, component with a larger full-width-half-maximum.
This is because the sp; component includes all tetragonally bonded carbon which can
encompass a wider range of possible bonds between carbon, oxygen and hydrogen, whilst
the sp, component describes only planar bonded carbon-carbon. Of note, in this GO
film preparation, the relative ratio of sp, (Carbon lattice) and sp; (Defect Carbon) bonded
carbon as a proportion of the total carbon signal is nearly identical (Fig 3.4(C) C1s). This
indicates that the GO film material is evenly comprised of lattice carbon and carbon defects
consistent with high quality GO.

The positions of the C-O and C=0 components are as expected at 2.1 and 3.3 eV higher
than the sp, component. The largest component is the C-O group, and comprises nearly
half of the total carbon signal. A C=0 component from carboxylic acid is completes the
bonding group and is responsible for the asymmetric tail region of the C-O component.
Table 3.1 provides the corrected peak intensities for the component peaks in Figure 3.4,

thus the quantities of each group are tabulated.

3.2.5 Characterisation of surface chemistry following cell culture

Table 3.2: Corrected Component Peak Intensity Fig 3.5 (RSF*CPS/eV)

Surface | C1 C2 C3 c4
Cells Confluent 594 135 84 12
Cells Sparse 469 181 9.2 3.0

Removed Confluent | 38.8 209 7.4 2.0
Removed Sparse 356 217 86 2.6
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Figure 3.5 | XPS High Resolution C1s Spectra of GO films from cell culture . (A) Relative
intensity peak shapes for Ols and Cls spectra collected from the indicated samples. GO film
spectra (Blue line) included for reference. Individual film used for each spectra, collected over
60 passes with dwell time 0.25s, step size 0.lev, pass energy 5S0ev. (B) Quantified peak spectra
for each of the indicated samples with fit component peak models showing raw peak area. Peak
model fit to within § 1 residual standard deviation using Tougaard background estimation. (C)
Component peaks expressed as a ratio of the total carbon signal for each surface as indicated.
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Table 3.3: Attribution of Fig 3.5 component peaks according to their position in binding energy (eV)

Component 7 Binding energy (eV) Binding Groups Proposed source

Cl1 285 Linear Carbon Chains (sp3) Unsaturated lipid chains
C2 286.4 Single Bound Carbon (C-O, C-N) Proteins

C3 288.1 Double Bound Carbon (C=0, O=C-N, O-C-0O) Amino groups

C4 289 Complex Bound Carbon ([C=0]-O-R, R=C)  Carboxylic acid, Ester bonds
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This work aimed to characterise the molecular structure of SH-SYS5Y cell surface or
ex-cell culture trypsin digested surfaces in a similar manner to characterisation of the
GO film. The spectra of each surface was again de-convoluted into a set of artificial
component peaks representing of likely chemical components. Differences in these ratios
would provide insight into how the surfaces differ in carbon bonding states. Furthermore
this work provided the novel opportunity to explore the complexity of the Cls spectra of
intact SH-SYSY cells.

Carbon specific spectra were collected between 282 and 291 electron volts, following
charge correction. A total of four component peaks were used to construct the models.
The first component (C1), established at 285eV was used as a positional constraint for all
subsequent peaks. Using fewer components did not adequately fit these data, whilst more
components described unrealistic bonding states. Components were fit according to peak
separation [280]. Positions of component peaks were compared against an XPS library to
provide a likely identification as listed in Table 3.3 [281].

The shape of the high resolution spectra for both oxygen and carbon normalised for
intensity is illustrated in Figure 3.5 (A). The surfaces from cell culture had distinct Cls
spectra compared to the GO film, indicating different binding states. Additionally the
range of binding energies is marginally narrower in the GO film compared to the cell
culture spectra However, the O1s spectra remain similar in shape and range. Furthermore
the Cells confluent/sparse, Removed confluent/sparse conditions are similar in C1s shape.
Finally the SH-SYSY surfaces (Cells confluent/sparse) have a higher signal intensity than
companion surfaces following cell removal. This furthers the observations made from
the survey spectra above in Section 3.2.3 that the cell surfaces contained relatively more
carbon.

Figure 3.5(B) shows the high resolution spectra collected for each surface detailed with
the component peaks. Table 3.2 provides the corrected peak intensities for the component
peak. Figure 3.5(C) quantifies the component peaks as a ratio of their respective total

carbon signal in each condition. These data show how the distribution of carbon bonding
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states is changed by changes in cell density. The contributions to the C1s spectra from the
different biological conditions can be derived with reference to Figure 3.3(B).

Confluent cells have the highest proportion of total carbon supplied by the C1 compo-
nent. This is due to contribution of linear carbon from the phospholipids of cell membranes
and other tetragonal carbon with hydrogen. Component C2 is increased compared to the
confluent SH-SYSY surface once cells are removed with trypsin, suggesting a relative
increase in carbon bonded with nitrogen or oxygen within protein is present in the digested
surfaces, relatively more than present on the cellular surface. This is also seen in the
Sparse SH-SYSY sample indicating this pattern is indicative of a layer on the GO film
rather than a cell component. Conversely the component C3 is approximately equal in all
conditions, indicative that amino groups are similarly present in all samples. Similarly
component C4 is the lowest in all surfaces, indicating a low proportion of free carboxylic
acid groups. Additionally this carboxylic acid component is lower in these biological

samples than in the original GO film (Table 3.1).

3.3 Discussion

The present study examined if spin coating could create a thin film model that would be
useful for testing GO as a biomaterial. The results of this work indicate that spin coating
could create films, contiguous in structure and consistent in thickness. Furthermore the
surface created by spin coating with the GO suspension is measurably consistent with
the known spectra of GO [282, 283]. In this model, pre-coating the glass substrate with
PEI, an enhancement to GO film adhesion, did not result in a detectable change to film
thickness increases or surface spectra. The spectra of GO films from SH-SYS5Y cell culture
conditions have also been observed and characterised, indicating adherence biomolecules
to the GO film which resisted washing during sample preparation. This study also presents

the first characterisation of the XPS Cl1s spectra of SH-SY5Y cells in hydrated conditions.
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3.3.1 Spin Coating and GO Film Thickness

In agreement with previous research indicating GO surfaces are often topographically
featured, GO films have complex surfaces with nanometre scale wrinkles and creases [284].
These features, caused by the folding and creasing of GO platelets in suspension during
spin coating, are random in appearance. On PEI coated substrates, the frequency of these
features increases while the length decreases compared to the glass substrates (Fig 3.1(A)).
The thickness and cross section of the GO film is dependent on manufacturing conditions.
Specifically, the films can be created from GO suspension concentrations between 10mg/ml
and 2mg/ml, however the spin coater speed must be adjusted to account for the viscosity
of the GO suspension. With slow spin coating conditions the film form with a thickness
in excess of 500nm with a variability (Fig 3.1(B)). This is explained by the increased
density of GO in the suspension at 10mg/ml, compared to the diluted 2mg/ml working
solution. As part of spin coating optimisation, it is now known to avoid the combination
of slow spin speeds with concentrated GO suspension. Fortunately, both increased spin
coater speed and lower concentrations of GO suspension are shown to produce similar
films (Fig 3.1(C)) Within this thesis, the 2mg/ml concentration was selected to maximise
stock efficiency, combined with the 2000rpm spin coater speed to reduce risk of substrate
damage, as specified in Section 2.2.1. Using these optimised ranges manufacture of the 2D
GO film model can reliably produce films in under 3 minutes. Comparing the thickness
of these films to the reported platelet dimensions (Fig 2.1 suggests the GO films used for
the rest of this work have a structure 15 to 20 GO platelets thick.

It is interesting to consider the variation observed in film thickness and morphology; -
uniform, thin and homogenous for high speeds or low concentrations compared to variable
thickness with inclusions at high suspension concentrations with low speed. In suspension
GO platelets are able to move, fold and disperse freely whilst in suspension both before and
during the spin coating process. The principle of spin coating is to spin the substrate and

use the surface tension of the solvent to drive the suspension laterally, thus also reducing
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the vertical volume and concentrate the GO against the surface, drying away the liquid
phase in the process via evaporative loss and hydraulic action (Fig 2.2) [285, 274, 104].
During spin coating, if the suspension is not stretched across the substrate due to either
insufficient rotational force or increased density of platelets, the liquid phase will become
trapped between the layers of GO platelets. This is consistent with known properties of spin
coated GO structures being impermeable to liquids [97]. In this case the result was a thick
and porous film structure in the 10mg/ml, 2000rpm condition presented here (Fig 3.1(B).
Conversely, when the suspension concentration is reduced, a range of spin coating speeds
can produce thin and consistent films. High spin coating speed can produce similar
films to the low concentration suspension. This indicates an optimal combination exists of
suspension concentration and spin speed. Further investigation into this relationship could
be used to model the fluid dynamics of GO in H,O suspension during spin coating. It is
reasonable to assume from the observed evidence that a sharp transition exists between
overcoming the surface tension for a given suspension concentration. This limit could
lead to maximising efficiency of the spin coating process in terms of energy and materials.
In this work such an investigation was beyond the scope of this project as materials were
plentiful in relation to time, however for a more industrialised process such an optimisation

would be desirable.

3.3.2 GO Film Surface Chemistry

The film surface returns Raman scatter spectra consistent with reported GO spectra in
literature [286]. In Raman microscopy, laser energy photons are directed at the sample
and are inelastically scattered by molecular bonds within the sample, loosing energy in the
process. Measurement of the resulting energy shifts of these photons form Raman spectra
describing the vibrational and rotational low frequency modes of the bonds within the bulk
of a material. GO is an amorphous material within the context of Raman spectroscopy,
typically presenting a wide doublet peak comprised of the D-band sp? carbon lattice

and G-band sp® carbon defect shifts [86]. This is in contrast to pristine graphene or
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graphite spectra which present single sharp peaks, or reduced graphene oxide which also
features higher shift peaks not seen in the present GO film. Raman spectra reported
elsewhere have been conducted on powdered samples. This work presented spectra of
GO material as a stacked, plasticised thin film thus increasing the conformity of platelets
during analysis. This could have the potential to amplify the signal from other bonding
states or carbonaceous debris. However this increased order did not reveal any further
features within the spectra.

In this work, the D-band peak was detected at 1353cm™ and the G-band peak at
1602cm™! consistent with their reported positions in literature (Fig 3.2(B)). Similarly the
ratio of the bands was as expected at 0.9, featuring a higher signal intensity but a narrower
peak shape from the G-band. Previously, this ratio was used to describe the quality
of the GO, a measurement of the ratio of defects to the carbon lattice and thus oxygen
content. However recently, it is now known that this G-band includes a superposition of
two components; the G-band and D’-Band, corresponding to sp; carbon structures [287].
Despite this, the absence of other spectral features indicated the surface was graphene
oxide. No peak shapes in the Raman shift spectra suggested detection of the polymer
indicating the GO provided a functionally opaque layer to the laser photons. No higher
peaks such as the 2D-band at Raman shift 2700cm™ or the D+G combination signal
at 3000 reported for materials such as rGO were observed in this work. These results
indicate the spin coating and sterilisation methods do not result in a change of the spectra
for GO compared to previously reported studies [282].

XPS spectra of the film has been collected and found to be consistent with literature
[283]. In XPS x-ray energy photons are directed at the sample and photons are absorbed by
electrons within the atomic orbits of elements. This causes electrons which are sufficiently
energised to become liberated from the atomic orbit. These electrons retain a signature
kinetic energy related to the bonding state from which the electron escaped. In other
words, different bonding states of elements and different elements release electrons with

different kinetic energies. Elemental survey spectra (Fig 3.3(A)) from GO film revealed
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the atomic concentration of carbon and oxygen (C:O Ratio) was 1.86 : 1 similar to reports
of high quality graphene oxide produced through Hummers method [92, 283]. This is also
consistent with the theoretical oxidised carbon lattice of the Lerf-Klinowski model seen
in figure 1.2.

Similarly, in the high resolution spectra of the GO film (Fig 3.4(A-B)) revealed a
single Ols peak accompanied by an atmospheric peak and a characteristic GO doublet
Cls peak. The spectra were fit to within 1 residual standard deviation with peak models
suggesting the presence of at least 4 different carbon bonding states. The bonding states
attributed in Table 3.1 included the sp, carbon lattice (Component C1), sp; carbon defects
(Component C2), epoxide carbon-oxygen bonds (Component C3) and carboxylic acid,
(Component C4). The ratio of these components indicates the GO film has an even
distribution of carbon lattice and carbon defect bonds. These component peaks described
a set of bonding states which were consistent with the expected structure of GO from the
Lerf-Klinowski model and of high quality GO [91, 92, 283].

Previous XPS characterisation of GO has been conducted on powder, under high vac-
uum [283]. These spectra were collected from a plasticised thin film under 11mb H,O
atmospheric conditions presenting a more conformal and concentrated platelet arrange-
ment, but a hydrated chemical environment subject to hydrophilic polar hydrogen bonding.
Furthermore the information distance - that is the penetration distance of x-rays within
this material - is estimated to be 10nm of thickness in these NAP conditions [280]. This
is wholly within the measured GO film depth. There was a possibility that these factors
would result altered spectra relative to previous powder analysis, such as additional peaks
revealed by the hydrated atmosphere exposing previously unseen bonding states. The only
difference observed compared to expected spectra is the reduced interposition distance of

the sp, and sp; component peaks.
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3.3.3 GO Film Characteristics and Cell culture

Two critical attributes have thus far been described with the potential for the GO film
to effect cell culture; The surface is rough when viewed with SEM and phase contrast
microscopy, with nano-scale and micro-scale topography derived from inter-platelet fold-
ing. This roughness provides an increased surface area relative to flat glass substrates.
Chemically, the film surface has a heterogeneous composition including an equal por-
tion of sp, and sp3 carbon bonding states in addition to the expected oxygen functional
groups. This chemistry provides both polar and non-polar intermolecular regions suitable
for hydrophilic and hydrophobic residues. This indicates the GO film is likely to exhibit
adsorption properties, particularly for complex molecules comprising both polar and non
polar regions such as protein. Furthermore the roughness suggests the surface will be

suited to adhesion of cell culture [288].

3.3.3.1 XPS Characterisation of GO Films After Cell Removal

Data acquired from surfaces which have had cells removed with trypsin and subsequently
washed to remove debris reveal the presence of an adhered protein on the GO film.
Figure 3.5(B) shows a distinctive pattern of component peaks and peak ratios within
the ‘Removed‘ condition spectra consistent with the XPS spectra of vitronectin [289].
Vitronectin is an adhesive molecule known to bond to glass and plastic readily and thus
facilitate cell culture, serving as a binding cite for integrins and thus enabling cell adhesion.
During seeding of cells to the GO film surface, cells are delivered in a medium containing
a 10% v/v foetal bovine serum, which is abundant with vitronectin and a vital part of cell
attachment in cell culture [290].

This work showed that vitronectin becomes robustly bonded to the GO film in a layer
at least 10nm thick, indicated by the obscuration of the GO peak structure. This layer
is not disturbed by cell activity, remaining consistent between ‘Removed Confluent® and

‘Removed Sparse‘ conditions. Similarly the vitronectin peak structure is visible in the
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‘Cells Sparse* condition. The presence of vitronectin layer is not in itself surprising, as
vitronectin deposition is an expected part of cell adhesion during cell culture. However
the persistence of this layer is interesting, as the vitronectin source was only maintained
for a short time during the establishment of the culture. The implication is that the GO
film can be passively and simply prepared as an adsorbed substrate for cell culture, which
will not be dislodged during prolonged maintenance. The initial aim of this work was to
identify how the GO film is altered by cell culture, the data showed the GO film becomes

thickly and robustly adsorbed with vitronectin when exposed to standard media.

3.3.3.2 XPS Characterisation of SH-SY5Y Culture

The surface chemistry of cells during XPS will be influenced by hydration and vacuum.
Previous work has been previously reported examining e-coli bacterial cells on a silicon
substrate using similar NAP-XPS conditions [280]. In that study, the bacterial cell wall
and capsule surface chemistry was characterised using NAP-XPS. In their report, Kjaervik
et al determined the information depth of the assay to be 10nm, sufficient to capture the
entire thickness of a phospholipid bilayer, surface protein and polysaccharide. This may
be the first study to perform a similar analysis on the SH-SY5Y neuronal cell line.

In the study by Kjaervik et al, cell membrane structures were described in their
NAP spectra based on the changes observed during incremental drying. In the present
study, changes in the spectra were induced by altering the amount of the cell coverage.
Phospholipids are comprised predominantly of linear carbon chains, lipid bilayers which
comprise the cell membrane are approximately Snm thick. Several of these membranes are
present covering the extent of each cell and within reticulum. It is therefore unsurprising
to observe that linear carbon content is higher in confluent cells than sparse cells, as the
cell coverage is higher. By contrast, components of the spectra corresponding to peptide
bonding are similar between cell densities, indicating that though the lipid content is
dependent on cell density, the amount of protein remains similar at different densities.

However this work also provides other insights; In previous XPS characterisation of

John Brewster 106 The University of Leeds



biological samples, the extracellular environment was not considered, because cells were
separately prepared onto an XPS substrate such as silicon independent of cell culture. The
GO film in this chapter was used as both the XPS sample surface was also the original
adherent cell culture substrate. SH-SYSY cells and their extracellular environment on GO
films have been characterised, showing differences based on cell coverage which relate
to the changes in cell membrane coverage, and a vitronectin extracellular environment.
Therefore this work has demonstrated a method in which both the extracellular environment
and resident cells can be resolved during NAP-XPS. With further development this method
could be leveraged to examine changes in extracellular chemistry following biological
interventions. Further work to characterise deposited peptide and protein structures would
benefit from a systematic protocol of dehydration following NAP measurement [280].
However, because the GO film surface has become coated in a layer of vitronectin, the
underlying GO film chemistry could not be resolved. This has limited determination of
any changes to the structure of GO by cell culture. To further work in determining if
any changes are induced in GO surface chemistry, a protocol to strip deposition from cell
culture would be required. This will require overcoming the adsorption forces between

the GO film and surface layer.

3.4 Conclusions

GO can be successfully prepared into thin films via spin coating, to 15-20 layers thick with
an adhesive polymer undercoat and characterised with a range of spectroscopy. GO films
have been characterised, displaying classically expected spectra for carbon and oxygen
bonding as reported for high quality graphene with a high level of oxidation and no
detectable contaminants. Finally, the GO film can adsorb and become coated in a thick
layer of vitronectin during cell culture which remains robustly attached for a prolonged
period. This indicates the GO film is likely to adsorb molecules during culture which will

result in an enhanced environment compared to non GO surfaces.
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Chapter 4

Biocompatibility of Graphene Oxide in
a 2D Film Model

4.1 Introduction

In this thesis understanding the biocompatibility of the 2D GO thin film model was
an important step for the development of GO as an instructive biomaterial. Previous
reports had suggested GO could have cytotoxic [291], nanotoxic [150] and oxidation state
dependent effects on cell culture [176]. Other reports were confounded by the application
of tertiary coatings to graphenes prior to cell culture, isolating the material from the
cellular micro-environment [162]. The last chapter demonstrated that this film model is
measurably GO, and interacts with cell culture passively becoming coated in vitronectin.
However this does not exclude the possibility of contamination [161], or adsorption and
concentration of toxic cell waste at the surface [292].

In this chapter, GO films were used as a substrate for cell culture, and investigate
the cell morphology and cell survival on this material. By using GO as the growth
substrate without additional coatings as reported elsewhere, this work aims to investigate

the biocompatibility of GO, the film model and the surface chemistry in interface with
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the cellular micro-environment. Commercial GO stock was used in the 2D film model,
therefore there is a risk of contamination from manufacture which would be detected in the
present study. The overall aim of this thesis is to investigate GO for potential with neural
tissue engineering, thus in this work neural lineage cells were used. These cells included
cell lines SH-SYS5Y and BV-2, as well as primary wild type mouse and rat neurons,
hippocampal tissue co-culture, mouse microglia and astrocytes. Cells were plated and
grown on GO films as described in Section 2.4. Fluorescent microscopy imaging of live
cells and immunofluorescent imaging of fixed cells was used to record cells as described
in Section 2.6.1. Finally the number, viability and morphology of the cell populations on
the GO film were quantified as described in Section 2.7. Of particular interest were any
morphologies or discrepancies in the cell populations on GO films which differed from
paired populations on traditional glass substrates.

The aim of the research presented here was to explore the biocompatibility of the GO
film model, and by extension the commercial GO stock. This included identification of
any apparent influence of GO on adhered neural cells and the cell culture environment.
These outcomes would then provide a basis for further modification of the GO to improve

the instructive properties.

4.2 Results

4.2.1 Effects of GO films on SH-SYSY cell viability

The SH-SYSY cell line is commonly used as an immortalised model for neuron growth
and differentiation. By using this cell line, both the initial biological responses to the
GO film model, and model neuron specific responses could be observed and serve as a
basis for predicting the responses of primary neurons. Additionally, the SH-SYSY cell
line has an inducible differentiation morphology, which could be subsequently measured
to quantify the differentiation response of these cells on the film.

Individual GO films were constructed on glass substrates according to Section 2.2.1,
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Figure 4.1 | Effect of GO on SH-SYS5Y cell growth and attachment. (A) Representative
fluorescence images showing cells on glass surface or GO film on day 1, day 5 and day 14,
respectively, cultured in differentiation medium. Cells were co-stained by calcien-AM (green) and
propidium iodide (PI) (red). (B) Mean cell viability under indicated cultured conditions from n
= 3 independent cell preparations. (C) Mean (grey point), Range (white box), and Distribution
(Violin) of area and perimeter of individual cells under indicated conditions at day 1, 110 cells for
glass and 110 cells for GO from n = 3 independent preparations. *** p < 0.001
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plated and maintained with SH-SYS5Y cells according to Section 2.4.1.1. Identical prepara-
tions of cells plated to glass substrates without GO films were used as control comparisons.
Glass surfaces are commonly used in cell culture as inert substrate. To investigate the
viability and appearance of these cells over time, representative samples were taken at
each time point and supplemented with Hoechst 33342 (Hoechst), Propidium Iodide (PI)
and Calcien-AM (C-AM) to reveal nuclei, nuclei within permeable membranes (otherwise
considered dead-cells) and live cell cytoplasm respectively. The GO film was expected to
support cell attachment, however a question remained about long term cell survival.

In Figure 4.1(A), images of SH-SYSY cells at three time points on Glass and GO
surfaces are shown to be similar in number, size and shape at all 3 time points. Cells are
also similar to expected SH-SY5Y morphology. Initially on day 1 single cells and small
clusters of cells with a round morphology are seen staining positive with Calcien-am. By
day 5, cells spread apart on the surface, no longer closely clustered, and small neurite like
projections were now visible. This is the beginning of the differentiated morphology. By
day 14, differentiation had progressed with longer neuritic like extensions visible. Cell
bodies have adopted elongated morphologies. At day 14 cell number had also increased
on both surfaces, consistent with the expectation that not all cells respond to differentiation
media and remain proliferative in both the glass control and GO film condition [293].

In Figure 4.1(B) the percentage viability at each presented time point is shown as
determined by the calculation in Section 2.7.1. Cells on glass and GO surfaces had
similar viability at all three time points. On day 1 cells had high viability suggesting
no immediate cytotoxic effects from the GO film or the control glass surface. Following
this time point, cells are maintained in differentiation media as detailed in the protocol in
Section 2.4.1.1 By day 5 cells have increased in number, viability has decreased slightly
on both surfaces, though remains high. Viability remains consistent between day 5 and
day 14, suggesting the decrease in viability can be attributed to the change from standard
media to differentiation media after the day 1 time point. Both surfaces showed consistent

viability with no significant differences, suggesting no benefit or hindrance by the GO film
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surface compared to glass.

Figure 4.1(C) shows the mean area and perimeter determined by particle analysis after
Calcien-AM staining of cytoplasm for cells at day 1. This quantitative explores the size
of cells following initial attachment, but before differentiation. In n=3 preparations this
data shows a significant increase in the overall size of cells on the GO film compared to
the glass control. Mean area of cells on GO is 34% larger than cells on glass, similarly
mean perimeter of cells on GO is 36% longer than cells on glass. This suggests cells have
attached to both surfaces, but cells on the GO surface are spreading out and increasing in

planar dimensions faster on GO.

4.2.2 Effects of GO film undercoats on SH-SYS5Y cell viability

Early during work with the GO film model, it was observed that the GO film could in
some cases become detached from the glass substrate (Figure 4.2(A)). This phenomena
was simply replicated by rapidly pipetting liquid onto the film surface several times,
simulating the turbulence of repeated media changes. To counter this and improve adhesion
between the GO film and the glass substrate, an undercoating method was developed.
The method development considerations of this is detailed in Section 2.9. To confirm
the biocompatibility of the GO film is not negatively impacted by the addition of this
undercoat, and detect any confounding factors introduced by the addition of an undercoat,
further biocompatibility tests were conducted with the selection of potential polymers.
Identical GO films without undercoats (GO), with Polyethyleminine (GO/PEI) or with
alternative Gelatin (GO/Gelatin) or Poly-L-Lysine (GO/PLL) undercoats were prepared.
The undercoating layer was applied by spin coating onto the glass surface before the
GO suspension was applied to create PEI, Gelatin or PLL coated substrates. Subsequently
the GO film was created on top of these coated substrates. This undercoat reinforces the
adhesion between GO and the substrate making for a more robust model which better resists
turbulence during maintenance periods and thus is better suited to cell culture. Physical

nano-scale and micro-scale differences caused by this improved adhesion between GO
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Figure 4.2 | Effect of GO with different undercoating on SH-SYSY cell viability. (A) Demon-
strative phase contrast images of cells growing on GO film without (left) or with undercoating
polyethyleminine (GO/PEI; right) at 5 and 14 days respectively under differentiation medium.
Areas with GO film detached are marked with dashed lines. (B) Representative fluorescence
images showing cell growth on GO film without or with undercoatings of polyethyleminine (PEI),
Gelatin, or poly-L-lysine (PLL) on day 1, day 5 and day 14 respectively. Cells were co-stained

with calcien-AM (green) and Hochest (blue). (C) Mean cell viability under indicated conditions
from n = 3 independent preparations.
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films without and with undercoating have been explored in Section 3.2.1. No difference
was expected in viability between GO films and any undercoated film.

In Figure 4.2(B), representative images of SH-SYSY cells at 1, 5 and 14 days in
differentiation conditions are presented. Cells are seen to be similar in number, size and
shape at each time point on each model condition. SH-SY5Y were observed to proliferate
over 14 days with differentiation media introduced after day 1 leading to formation of
neuritic like structures visible at 5 and 14 days on all models consistent with previous
data. In Figure 4.2(C) the mean cell viability over n=3 preparations is presented. No
significant difference between undercoats is found in viability of SH-SYSY cells at any
time point. All undercoats sees a small decrease in cell viability over time with no condition
performing notably better or worse than any other in these data. Furthermore cells showed
no morphological sign of contact cytotoxicity, growth inhibition, apoptosis or stress on any
surface combination. This indicated any of the polymers would be biologically suitable

for use as an undercoat without negatively impacting cells.

4.2.3 Effects of GO films on SH-SYS5Y cell differentiation

When maintained in differentiation media as outlined in Section 2.4.1.1, SH-SY5Y un-
dergo a phenotype change effecting a pseudo-differentiation to a phenotype similar to
dopaminergic neurons [293]. To test the progression of this differentiation on the GO film
and detect any differences in differentiation response introduced by the GO film surface,
SH-SYSY cells were cultured on glass surfaces compared to the GO film. An additional
condition of glass with only the PEI undercoating was included to investigate any influ-
ence a surface with improved adhesion would have on differentiation compared to the glass
surface and confirm any increase could be attributed to the GO rather than the polymer
(Figure 4.3).

This change in phenotype includes growth of neurite-like extensions which stain pos-
itively for Tau cytoskeleton components and can be measured from fluorescence images.

By measuring the length of these neurites a metric of the progress and success of neurite
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Figure 4.3 | Effect of GO on neurite growth of SH-SYSY cells. (A) Representative fluorescence
images showing cells on glass surface, polyethyleminine (PEI) surface or GO/PEI film on day
14, cultured in differentiation medium. Cells were co-stained by neuronal marker Anti-TAU
with Alexafluor-488 (green) and Hochest (blue). (B) Mean (grey point) Range (white box) and
Distribution (Violin) of measured neurite lengths under indicated cultured conditions in 200 cells
(GO/PEI), 200 cells (PEI only) and 200 cells (glass), from n = 5 independent cell preparations.
Neurites are longer on GO/PEI *** p < 0.001 compared to cells growing on Glass and are longer
on GO/PEI ** p < 0.01 compared to PEI only.
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growth was available. Longer growth indicated a better surface for neurite generation,
whilst reduced growth would indicate an inhibitory effect.

In Figure 4.3(A) representative IHC images of SH-SYS5Y cells in differentiation condi-
tions stained for the TAU cytoskeleton on GO/PEI films is presented compared to similar
cultures on PEI coated and bare glass substrates. Cells in all images produced visible
neurite-like projections across the extracellular spaces bridging between clusters of cells.
Fine diameter projections were resolved in all images with longer fine projections per cell
visible on GO film compared to PEI or glass surfaces.

In Figure 4.3(B) neurite length data is presented per culture surface for cells after 14
days under differentiation conditions. Neurites were measured by fitting NeuronJ splines
to the neurite projection on green-channel images. A significant increase in mean neurite
length is seen on GO films compared to both PEI and glass groups. A smaller but still
significant increase in mean neurite length is seen on PEI compared to Glass. The range
of neurite lengths is the largest on GO film between 50 and 240um provided by a mixture
of small blind ended projections and large cell connecting projections which spanned
considerable distance between cells. Median neurite lengths is similar for GO/PEI and
PEI only. Range and median values for glass group is the smallest of the sample population
with cells concentrated in clusters with less expansive projections between clusters.

SH-SYSY cells display the expected pseudo-differentiation in response to retinoic
acid differentiation stimuli on all surfaces. Longer neurites are generated by SH-SYSY
cells cultured on GO films compared to PEI only or Glass surfaces. The longest neurite
projection measured was observed in the GO film group. Importantly the GO film was
superior to the PEI only condition. This suggests the GO film is superior for SH-SYS5Y

neurite growth than glass or polymer alone.

4.2.4 Effects of GO films on BV-2 viability

The BV-2 cell line is commonly used as an immortalised model for microglial growth and

reactivity. In this work, using this cell line is a complement to the previous work with
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Figure 4.4 | Effect of GO on BV-2 microglial cell growth and proliferation.. (A) Representative
fluorescence images showing cells on glass surface or GO film on day 1 to 3, respectively, cultured
in standard medium. Cells were co-stained by calcien-AM (green) and propidium iodide (PI)
(red). (B) Mean cell viability under indicated cultured conditions from n = 5 independent cell
preparations. (C) Mean count of green stained (live) cells under indicated conditions, from n = 5
independent cell preparations.
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SH-SYSY cells, providing a different lineage of cells with a different proliferative rate
and fastidiousness with which to test the initial biological response to the GO film model.
Furthermore the BV-2 cell line could be used as a basis for predicting the response of
primary microglia to the GO film.

Individual GO films were constructed on PEI coated glass substrates according to
Section 2.2.1. The films were plated with BV-2 cells according to Section 2.4.1.2. Identical
preparations of BV-2 plated to glass substrates without GO films were again used as control
comparisons in a parallel to the previous SH-SYSY work. To investigate the viability and
appearance of these cells over time, representative samples were taken at each time point
and supplemented with Hoechst, PI and C-AM to reveal nuclei, dead-cells and live cell
cytoplasm respectively. The GO film was again expected to support attachment, however
BV-2 are a highly proliferative cell line in standard media, thus a short 3 day scale was used
to prevent the cells reaching confluence and confounding data. Thus the main outcome of
this experiment was to identify any differences in proliferative rate between the surfaces
over this time period. In this way, promotion or inhibition of the cell replication rate
caused by the surface could be identified.

In Figure 4.4(A), images of BV-2 cells over three time intervals on glass and the
GO/PEI model were shown to be similar in number, size and shape. Initially on day 1
single cells with a round morphology are seen staining positive with Calcien-AM. On day
2 cells proliferated and approximately twice as many cells were visible. By day 3 cells
were numerous and reached confluence. On each day the number of PI positive dead cells
remains similar and isolated, indicating no dense areas of cell death. These images suggest
both the glass and GO surfaces are suitable for BV-2 cell culture. At all time points, BV-2
cells were rounded on the GO film, however cells on the glass surface were ramified. This
suggests the BV-2 cells have an activated morphology [294].

In Figure 4.4(B) the viability at each presented time point is shown. Cells on glass and
GO surfaces have similar viability at all three time points, with a comparative increase

after day 1. On day 1, cells had high viability, further suggesting no immediate cytotoxic
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effects from the GO film, in agreement with the previous SH-SYS5Y data. At day 2 and
day 3, viability appears to increase due to the increase in total cell number, as explored
in Figure 4.4(C). BV-2 cells were proliferating rapidly, approximately doubling each 24
hours. BV-2 were not PI positive suggesting death at the same rate, resulting in an relative
increase in viability. In terms of cell proliferation, the surfaces were not significantly

different.

4.2.5 Effects of GO films on BV-2 morphology

In the previous experiment, the BV-2 cells are seen to proliferate rapidly on both glass
and GO film surfaces. However a qualitative difference was noted in the morphology of
BV-2 cells on GO compared to glass, under the same conditions. On glass the BV-2 cells
had a ramified morphology with dendritic projections, indicative of a resting or quiescent
phenotype. In contrast BV-2 on the GO film were smaller, and more round, indicative of
an activated or reactive phenotype. This suggested BV-2 were became activated by the
GO film. To investigate this further, the size and shape of BV-2 cells on both surfaces was
investigated.

Identical preparations on glass and GO films were stained with C-AM and Hoechst
and quantified for perimeter, area and shape descriptors. The differences between shape
descriptor calculations are detailed in Section 2.7.3. In this work, higher scores of
circularity, solidity and roundness were indicative of a more activated phenotype with
fewer or no dendritic projections.

In Figure 4.5(B) the difference in BV-2 is quantified as a significant difference in cell
size in n = 3 preparations. Mean cell area was twice as large and perimeter was twice as
long on glass surfaces compared to GO film. Furthermore, range of sizes was substantially
greater on glass surfaces compared to GO film, indicating BV-2 were more uniform on the
GO film. This difference was further explored in Figure 4.5(C) and described in terms of
cell shape descriptors. Cells on GO films are significantly more circular, more rounded and

have a higher solidity than similar cells on glass at the same time point. This suggests cells

John Brewster 122 The University of Leeds



A Glass GO/PEI

10007 * k% % %k k
B 2004
7501 =
& 5 1501
E e
3 [
~ 500 E
f;; g 1004
2501 Q
501
0.
Glass GO/PEI Glass GO/PEI
C 100 1.001 1.001
0.751 0.751 0.751
wn
=y ¢ > !
© 5 -
a2 0.501 c 0.501 = 0.501
5 é
0.251 0.251 0.251
0.001 0.001 0.001
Glass GO/PEI Glass GO/PEI Glass GO/PEI

Figure 4.5 | Effect of GO on BV-2 cell morphology. (A) Representative fluorescence images
showing cells on glass surface or GO film on day 3, respectively, cultured in standard medium. Cells
were stained by calcien-AM (green). (B) Mean (grey point), Range (white box) and Distribution
(Violin) of individual cell area and perimeter measurements under indicated culture conditions from
n = 3 independent cell preparations. (C) Mean (grey point), Range (white box) and Distribution
(Violin) of individual cell shape descriptors under indicated conditions, 2000 cells for glass and
2000 cells for GO from n = 3 independent cell preparations. *** p < 0.001.
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on GO films are less ramified and therefore more consistent with the activated phenotype

seen in BV-2 cells.

4.2.6 Effects of GO films on mouse neuron survival

Following evidence that the GO film is biocompatible using the SH-SYS5Y neuronal cell
line, the next step was to test the response of primary neuronal cells to the GO film
model. The responses of primary neurons would confirm if the GO film model was a
viable platform for further development. Primary neuronal cells are post mitotic and
are highly fastidious, and therefore were expected to be more sensitive to any stressors
in the surface previously reported from GO such as reactive oxygen species (ROS), or
contaminants. Furthermore, the development of neuronal morphology would indicate if
neuronal maturation was inhibited on the GO film surface.

Hippocampal neuronal cells were isolated from mouse brain tissue and applied to glass
surfaces or GO films in a replication of previous work with the SH-SY5Y neuronal cell
line. Neuronal cells were expressed as a count of live cells within the same area, in this
case the entire cover-glass surface. In this way changes in cell numbers are expressed,
because neuronal do not proliferate any significant increase in cell number between time
points would indicate the proliferation of non-neuronal cells such as glia.

In Figure 4.6(A), cells on Glass and GO surfaces were similar in size and shape on day
7, and grown long dendrites by day 14. In Figure 4.6(B) the cell count at each presented
time point is shown. Neuronal cells on glass and GO film have similar counts at both time
points, indicating no proliferative cells remain within the preparations. On day 7 neuronal
cells were seen to have attached to both surfaces. In the mean of n = 3 repeats, more
neuronal cells had attached to the GO film compared to glass, this was not found to be
a significant difference. By day 14, neurons had matured developing dendrites, and cell
count remained similar to day 7. GO films remained higher in mean cell count compared
to glass surfaces, however the standard deviation had increased by day 14 indicating

more variability between mature cell count. Both surfaces showed good viability with
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Figure 4.6 | Effect of GO on mouse hippocampal neuron viability.. (A) Representative flu-
orescence images showing cells on glass surface or GO film on day 7 and day 14, respectively,
cultured in neurobasal medium. Cells were co-stained by calcien-AM (green) and Hochest (blue).
(B) Mean cell count under indicated cultured conditions from n = 3 independent cell preparations.
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no PI positive cells detected at any time point indicating plated cell membranes remained
impermeable.

Therefore, the GO film was comparable to the glass surface as a substrate for the
growth of mouse neurons, possibly superior in initial cell adhesion. Additionally, the GO
film did not result in cell death, and supported the expected growth and maturation of

neurons.

4.2.7 Effects of GO films on rat neuron survival

Hippocampal rat neurons are similar post mitotic cells to primary mouse neurons, from a
similar but alternative species of common laboratory animal. Therefore by repeating this
work with the rat cells, further exploration of the compatibility of GO as a culture surface
for primary neurons can be made. Additionally, this work would identify if there was a
difference cell response to the GO film and conditions.

Primary hippocampal neuronal cells were isolated from rat brain tissue and applied to
glass surfaces of GO films in an identical manner to previous work with mouse neurons.
Change in cell count was again used to explore both the attachment and survival of neuronal
cells, the presence of any proliferative cells.

In Figure 4.7(A), cells on Glass and GO surfaces remain similar in size and shape at
both 7 and 14 days. Interestingly, rat neuronal cells appeared to be clustered together more
than mouse neuronal cells prepared in the same conditions (Figure 4.6(A)). On day 7 rat
neurons were observed as small clusters of cells with a ramified morphology and many
small dendrites stained with C-AM. By day 14 these cells had become isolated, and had
developed fewer, longer and intricate dendrites which span between cells and appeared
interconnected.

In Figure 4.7(B) the cell count at each presented time point is shown. Rat neuronal
cells on both glass and GO surfaces showed a similar trend in count at both time points, cell
count showed similar decreases between the day 7 and day 14 time points on both surfaces

In particular between day 7 and day 14 cells on glass there was a significant decrease in
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Figure 4.7 | Effect of GO on rat hippocampal neuron viability.. (A) Representative fluorescence
images showing cells on glass surface or GO film on day 7 and day 14, respectively, cultured
in neurobasal medium. Cells were stained by calcien-AM (green). (B) Mean cell count under
indicated cultured conditions from n = 3 independent cell preparations. ** p < 0.01
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cell count. A similar decreasing trend was seen between day 7 and day 14 on GO films
however this was not found to be significant. Because a similar decrease was observed on
both surfaces, the most likely explanation for this decrease is that rat neuronal cells are
less well maintained by the culture conditions compared to mouse neurons. Alternatively,
as the distribution of cells appears to change between days 7 and 14 on both surfaces in
Figure 4.7(A), it is possible the cell clusters contained surviving rat glial cells which had
persisted longer than mouse glial cells, but had been depleted by day 14. Both surfaces
show good viability with no PI positive cells detected at any time point indicating cell
membranes remained impermeable.

The GO film remained similar in performance to the glass surface as a substrate for
the growth of rat neuronal cells, cell count showed a significant decrease between 7 and
14 days. The GO film did not result in measurable cell death or alter the formation of

dendritic projections compared to glass.

4.2.8 Effects of GO films on mouse astrocyte proliferation

GO films have been shown to be biocompatible substrates for neuronal cells not resulting
in cell death, however other neural cells such as astrocytes have important CNS functions.
Therefore the compatibility of the GO film with astrocyte cultures is also of interest and
importance. Furthermore, this work served as an important step to characterise astrocyte
growth on GO films, and thus how best to optimise culture conditions for future co-culture
experiments between glial cells and neuronal cells. Primary astrocytes were isolated from
mouse brain tissue by culturing cortical layers and then depleting the culture of microglial
cells as described in Section 2.4.2.2 and plated to glass and GO films. Astrocytes are highly
proliferative and were expected to form confluent layers over time. This work was therefore
considered a preliminary step and conducted with n = 1 repeat on glass. Previously
reported studies have demonstrated that astrocyte cells are dependent on extracellular
matrix attachment and thus would have poor attachment without prior coating of the glass

in bioadhesive such as laminin [295]. Thus far no surface was intentionally prior coated
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Figure 4.8 | Effect of GO on mouse astrocyte proliferation.. (A) Representative fluorescence
images showing cells on glass surface or GO film on day 1, 2, 3 and 4, respectively, cultured in
standard medium maintained every 3 das. Cells were stained by calcien-AM (green). (B) Mean
cell count under indicated cultured conditions from n = 1 independent cell preparation for Glass
and n = 3 preparation for GO/PEL
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with bioadhesives as the interaction of the surface with the cellular micro-environment
was of paramount interest.

As seen in figure 4.8(A) on day 1 cells are similar in count and appearance on both
glass and GO films. However differences in cultures were observed at subsequent time
points; On day 4, cells on glass remained isolated or in small clusters, whilst cells on GO
films have expanded to confluence. This pattern is repeated on day 7 and day 10, cells on
glass remain isolated whilst cells on GO films remain confluent. On GO films at day 7
cells have reduced cell area compared to day 4, with larger cells becoming visible again on
day 10. This was confirmed with the preliminary preparation and its replicates. Repeats
were performed with GO films to confirm the observations of proliferation to a confluent
layer and continued high viability.

On GO films astrocytes were seen to increase in number at each time point (Figure
4.8(B)). At days 4 and 7 there were 4 times as many cells as on day 1, with a further
increase to 8 times as many on day 10. This data indicates that astrocytes cultured on
GO films would proliferate and obscure neurons quickly if used as a co-culture, making
quantification of neurons in a co-culture model challenging. Therefore, astrocytes on
a GO film in a co-culture model should be initially inhibited to reduce the speed of
proliferation. Additionally, this confirmed that for comparison of co-cultures, a coated
glass substrate would be required to support glial cells, however neurons have previously

been demonstrated to survive on bare glass.

4.2.9 Hippocampal tissue co-culture on GO films

Neural tissues of the CNS are a composite structure of both neurons and glial cells,
with intercellular signalling instructing growth. Previous data shows GO films were
compatible substrates with the component cell types in isolation, and that astrocytes could
reach confluence in faster than neuronal cells would mature. As previously introduced,
astrocyte phenotypes typically support neuronal growth. However, these cells can also

express inhibitory phenotypes when activated by noxious stimuli. To understand if glia on
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Figure 4.9 | Qualitative morphologic similarity of Neurons in co-culture.. (A) Representative
fluorescence images showing cells on GO film or Glass substrate coated with PEI. Neurons and
astrocytes allowed to develop in co culture. Highlighted areas show normal neuron morphology
and fine architecture supported by glia layer. Cells co-stained with Anti-Tau antibody for neurites
and Hochest for nuclei (B) Representative fluorescence images showing mouse or rat cells on GO
film without and with local glia. Cells co-stained with Anti-Tau antibody for neurite cytoskeleton
and WGA for glia and neuron membranes
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GO films remain supportive of neuron growth, co-culture of neuronal cells and glia from
dissociated hippocampal tissue was performed.

Building on previous results, both mouse and rat tissue was used in this work. The
concentration of araC was varied to ensure its inclusion did not alter neuronal maturation;
araC was either withheld entirely or used at a lower concentration to reduce the proliferation
of glia. GO films on PEI coated substrates were prepared as previously. A comparison
surface included a PEI coated substrates without a GO film following on from the above
evidence that glia would not adhere well to bare glass.

In Figure 4.9 examples of neurons growing in cultures containing glia are illustrated
demonstrating the typical growths of neuronal cells staining positively for Tau with differ-
ing local glial cell populations and araC content. Figure 4.9(A) shows co cultures prepared
by withholding araC entirely from cultures prepared from isolated mouse hippocampal
tissue. Here, GO film was compared against the PEI substrate to observe neurons within
confluent glial layers. Neurons were observed stained for Tau cytoskeletal protein against
a background of glia. Under low magnification neuron dendritic projections are ob-
served following the topography of the glial membranes. Under higher magnification,
the dendrites are observed to have highly intricate termini consistent with synapses. The
co-culture preparation on both GO films and PEI substrate are seen to behave similarly.
There was a wide variety of neuronal morphologies observed on both surfaces compris-
ing multipolar neurons, looped dendrites and fine synapses. No pattern or structure was
observed in the dendrites besides constraint to the glial cell layer.

Figure 4.9(B) shows co cultures on GO films prepared by decreasing araC concentration
prepared from mouse or rat hippocampal tissue. Using this inhibitor condition, neurons
within the same GO film can be observed growing either isolated without local glia, or
with clusters of glia. Isolated neurons grew similarly to neurons from cultures with araC
inhibition of glial cells (Fig 4.6, Fig 4.7), with many long neurite projections featuring a
branching and expansive morphology. Where neurons are found with glia, neurites become

entrained between the glia membrane and do not extend away, similar to the observations
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in Figure 4.9(A) above. Therefore neuron development is independent of araC. Glia are
seen to control the distribution of neuronal projections, constraining dendrites to the glial
membrane. There is no noticeable difference in neuronal cells in these conditions on GO

films or PEI substrates, with cells developing mature morphology on both surfaces.

4.2.10 Effects of GO films on mouse microglial viability

As the immune cell of CNS tissues, microglia respond to noxious stimuli by entering
reactive phenotypes. Therefore the compatibility of the GO film with microglial cultures
is of interest and importance. In the above work with the BV-2 cell line as a model of
microglial culture, there is evidence that the GO film may induce such reactive phenotypes
in microglial cells, loosing their ramified morphology and proliferating quickly. Therefore
this work aims to characterise the response of primary microglia to GO films and investigate
similar effects.

Individual GO films were constructed on PEI coated glass substrates according to
Section 2.2.1, plated with mouse microglia according to Section 2.4.2.1. Identically
prepared microglia populations on glass substrates were used for comparison in a parallel
to the above BV-2 work.

In Figure 4.10(A) the appearance of microglia cultured on glass or GO films is pre-
sented. Atday 1, differences appeared between the surfaces, with cells on glass appearing
smaller and more rounded than cells on GO films. By day 2, cells on GO films appeared
to produce dendritic projections consistent with a ramified morphology, compared to cells
on glass which remain more rounded. By day 3, cells on glass were seen in a ramified
morphology with dendritic projections, cells on GO films had longer projections. By day
4, cells on GO films were obviously more numerous and had numerous dendritic projec-
tions whilst cells on glass appeared larger in area. Under the same capture conditions
cells on glass appeared less bright, possibly indicative of cells spread more in the planar
direction compared to cells on GO films.

In Figure 4.10(B) the mean count of live cells on both surfaces is presented. Microglial
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Figure 4.10 | Effect of GO on mouse microglia proliferation.. (A) Representative fluorescence
images showing cells on glass surface or GO film on day 1, 2, 3 and 4, respectively, cultured in
50:50 conditioned : fresh standard medium. Cells were stained by calcien-AM (green). (B) Mean

cell count under indicated cultured conditions from n = 4 independent cell preparations. ** p <
0.01.
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cells were seen to proliferate steadily on both glass and GO film surfaces, doubling
in number after 4 days. However a significant difference was detected in the rate of
proliferation between the surfaces. Cell count remains similar for the first two days
(p>0.05), however from day 3 there were significantly more microglia detected on GO
films compared to glass surfaces. This indicates the cells on GO films are proliferating
faster compared to cells on glass.

As previously discussed, the glass surface is less ideal for expansion of primary cells
which benefit from a coating of extracellular matrix or a bioadhesive substrate. Microglia
are observed to proliferate more at 3 and 4 days on GO films compared to glass, but
remained similar during the earlier time points. This suggests the GO film cultivated a
more permissible substrate for microglial proliferation than glass. Furthermore, microglia
on GO films appeared to remain ramified, suggestive of a non-activated phenotype. This
is dissimilar to the BV-2 microglial model which appeared to enter an activated phenotype

on GO films.

4.2.11 Effects of GO films on mouse microglial activation

The above data suggested microglial cells were dissimilar to the BV-2 microglial cell
model and did not enter an activated phenotype on GO films. To better understand the
responses of microglia on GO films, a model of microglial activation was created using
lipopolysaccharide (LPS) stimulation, a method known to induce microglial reactivity.
This work would aid in developing an investigative model for later adsorption treatment
of the GO film. To do this, microglia on GO films (Control) were compared with identical
preparations where LPS was introduced to the media at as described in Section 2.4.2.1.
Cultures were then stained with C-AM to reveal any changes to live microglia morphology
on GO films when treated with LPS. These changes in morphology were quantified in
terms of shape and size.

In Figure 4.11(A), the appearance of microglia without and with LPS treatment is

presented from 4 time points. At day 1 the Control cells were ramified with dendritic
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Figure 4.11 | Effect of LPS treatment on primary mouse microglia on GO surface. (A)
Representative fluorescence images showing cells on GO film without and with LPS treatment on
day 1, 2, 4 and 5 respectively, cultured in standard medium. Cells were stained by calcien-AM
(green). (B) Mean (grey point), Range (white box) and Distribution (Violin) of individual cell
shape descriptors under indicated conditions, 10000 cells for glass and 10000 cells for GO from n
= 3 independent preparations. (C) Mean (grey point), Range (white box) and Distribution (Violin)
of individual cell area and perimeter measurements under indicated culture conditions 10000 cells
for glass and 10000 cells for GO from n = 3 independent cell preparations.. *** p < 0.001. (D)
Scatter plots of area and perimeter for individual cells under indicated conditions with a linear line
of fit.
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projections, whereas the LPS treated cells appeared larger, more spread in planar dimension
with fewer projections. This difference continued at day 2, 4 and 5. Control microglia
remained ramified whilst the LPS treated microglia on GO films continued to increase
in size and decrease in number of projections. These morphological differences were
quantified and characterised as shape descriptors in Figure 4.11(B). At all time points LPS
treated cells are significantly more circular, more round and more solid in shape than the
control condition cells (p<0.05). This is in agreement with expectations that microglia
adopt an activated morphology following LPS stimulation.

These morphological differences were further explored as differences in size (Fig4.11(C)).
Mean cell area for LPS treated cells were significantly larger than control cell area at days
2, 4 and 5 confirming that cells became larger in area when treated with LPS. Mean cell
perimeter showed an interesting trend. At days 1 and 2, cells in the control condition have
significantly longer perimeters than LPS treated cells. However this changes at days 4 and
5, where cells in the LPS treated condition have significantly longer perimeters. This is a
result of the change in morphology. At days 1 and 2 the dendritic projections of the control
microglia contribute to a longer perimeter. At days 4 and 5, the LPS activated microglia
cells have expanded in planar dimensions thus have a higher perimeter. The change in
distribution of area against perimeter observations is illustrated in Figure 4.11(D).

Overall, primary microglia have been shown to attach and proliferate on the GO film.
Microglia retain a non-activated morphology during proliferation, retain responsiveness
to LPS stimulation and change morphology consistent with an activated phenotype on GO
films. This includes an increase in circularity, roundness and solidity compared to the
resting state, and also comprises changes in cell area and perimeter. Therefore microglia
behaved differently to the BV-2 cell line on the GO film, and do not adopt an activated

morphology on GO films without external stimulation.
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4.3 Discussion

The present study examined if the 2D GO film model was a biocompatible substrate
for the culture of neural cells. The GO film was robust and suitable for prolonged
culture, particularly when the film adhesion to the glass substrate is enhanced by an
undercoating polymer. In all cases, cells were found attached to the GO surface and had
high viability, indicating there is no negative effects of this GO material, or its undercoat.
Various polymers can be used as undercoating without difference to GO film integrity
or cell adhesion. PEI was selected as the most efficient and easy to use of the available
alternatives. GO films in this chapter were conducted without applying any bioadhesive
treatments to the GO surface. All cells therefore experienced a GO film surface modified
only by the microcellular environment and culture media. Differences are seen in cell
counts comparing GO films with glass surfaces, which suggests cell adhesion on the GO
film is superior to cell adhesion on glass. The SH-SYSY neuronal cell line showed longer
neuritic growth during differentiation with retinoic acid, similarly mouse and rat neurons
matured and produced intricate dendritic projections on GO films. Astrocytes on the GO
film proliferate to confluence but retain phenotypes permissive to neuronal growth as seen
in co-culture experiments. In microglial models, BV-2 showed an altered morphology on
the GO film which indicated an activated phenotype. By contrast, mouse microglia did not
show an activated morphology on the GO film, but retained sensitivity to LPS resulting
in an induced activation state. In general the GO film is a biocompatible substrate which

does not cause cell death or dysfunction in a range of neural cells.

4.3.1 Demonstration of GO biocompatibility

As characterised in the earlier chapter, the film model presented a continuous, rough GO
surface for cell culture. By immobilising the GO platelets as a film, this model limits
the risk of GO penetrating cell membranes [164]. The film model was not coated with

tertiary coatings, this leaves the GO surface chemistry exposed to the cell culture micro-
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environment. Therefore this work provides evidence that this commercial GO of high
purity, and is free of potentially cytotoxic contaminants [161]. Similarly the excellent cell
viability and differentiation performance demonstrates no biomolecule disrupting electro-
static effects are detected [167, 292]. The observation of fine cell process morphologies
suggest no disruption of the plasma membrane such as ruffling is detected, no nanotoxic
effects are induced by the GO film [164, 163, 165]. Finally, the resting morphology of

microglia suggests ROS generation by the GO film is low or absent [165].

4.3.2 Neuronal development on GO films

SH-SY5Y neuroblastoma cell line is used as a model for neuronal development on the GO
film. Compared to inert control surfaces and the undercoating polymer, neurite growth by
retinoic acid differentiated SH-SYS5Y cells is enhanced on the GO film model. Previous
reports have identified the potential for electro-conductive carbon surfaces to result in en-
hanced neurite generation in neural lineage cells [158, 139, 51]. It is tempting to consider
this explanation for the enhanced neurite generation seen in this work. However during
electrostatic investigation of the 2D GO film model during this work, the resistance of the
surface was found to be high, making a conductive explanation unlikely. Furthermore,
enhanced neurite growth was also observed in SH-SYSY cells grown on an adhesion en-
hanced, non-conductive PEI coated substrate. This does not support an explanation based
on conductive enhancement. Instead, these data point to adsorption from media to the GO
film as a likely explanation of the increased SH-SYS5Y growth. To induce differentiation of
SH-SYSY, FBS containing media is withdrawn after cell attachment in favour of retinoic
acid differentiation media. The observed enhanced neurite extension on GO film surfaces
may then be explained by improved nutrition of SH-SYSY through adsorption by GO of
protein from media causing localisation of media components proximal to cells at the GO
surface [269].

Hippocampal neurons of both the rat and mouse also develop long neurite projections

on GO films, though unlike the simple neurite like projections of SH-SY5Y cell line these
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projections feature high architectural complexity and a range of expansive or looping
structures on GO films. In co-culture experiments a neurite supporting phenotype of
glia is observed demonstrated by the changes in neuronal morphology caused by the
presence of proximal glia. In isolation, neurons extend projections in all directions across
the GO film. In the presence of glia within 50-100um of the neuronal cells results in
neurites becoming localised and conformal with the glial membrane. Glia with reactive
phenotypes are known to exhibit neuroinhibitory and neurotoxic phenotypes and induce
these phenotypes throughout glia [227]. The close and supportive association between glia
and neurons observed in this work indicate that astrocytes are instead displaying neuron-
supporting phenotypes and generating an extracellular micro-environment permissive to
neurite growth on the GO film. This is consistent with previous reports that astrocyte
homeostatic function is not modified by GO materials [270]. Neuronal cells in co-culture
with glia appear to form more complex dendritic termini consistent with synapses, which
are not seen in isolated neurons.

This data shows that the GO film is a permissible substrate for culture of neuronal cells
and neurons in co-culture. Neuronal cells are are not inhibited by the GO film, and are
instead enhanced by the interaction of the surface with the cellular micro-environment.
However the GO film was a passive component of these cell cultures, the film did not
directly effect or lead to neuronal differentiation or maturation independent of maintenance
conditions beyond providing an enhanced substrate. Thus the instructive capacity of the
GO film in this case is best considered as a delivery platform for other molecules. This
suggests a GO material surface provides a basis for generation of neural tissue with mature

neurons and supportive glial phenotypes.

4.3.3 Microglial reactivity on GO films

Comparing primary microglia on GO films to BV-2 microglial cell line on GO films, an
activated phenotype is observed on in BV-2 cultures which is not observed in microglia. In

particular, without external stimulation BV-2 cells proliferated rapidly doubling in number
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every 24 hours and developed a round morphology on GO films. In comparison, BV-2
on glass maintained a ramified morphology. However this is not observed in primary
microglial cultures. Microglial cells proliferate more quickly on GO films than on glass,
but slower than BV-2 doubling in number after 4 days. Importantly, primary microglia
remained ramified on the GO film . This suggests primary microglia do not become acti-
vated when cultured on the film, which is a positive outcome in contrast to the preliminary
findings with the BV-2 model. Quiescent microglia retain process forming, elongated
and dendritic morphologies, characterised by a relatively high membrane perimeter ac-
companied by a low score of solidity indicating complex shape formation, low cell area,
low cell roundness and low circularity typical of an elongated body with short processes.
Primary microglia are observed to remain sensitive to activation by LPS treatment when
cultured on the GO film. The activated primary microglia are distinct from the resting
morphology featuring higher circularity, roundness and solidity indicative of a loss of
membrane dendritic projections. This confirms that microglia respond as expected when
cultured on a GO film, and that LPS activation is an effective method of inducing a reactive
phenotype on GO films. Previous reports have stated that graphene substrates can have
anti-inflammatory effects on microglia [263]. On the contrary, the GO film induced a
reactive pro-inflammatory phenotype in BV-2, but had no effect on the reactivity of mouse

microglia.

4.4 Conclusion

In this research a viable 2D model to investigate the performance of graphene oxide as
a thin film culture surface has been developed. This model of GO thin films supported
by PEI on glass substrates are found to have good biocompatibility with neural culture,
no investigated cell type failed to attach, develop and/or proliferate on the model surface.
This data demonstrates that the neuronal cell line SH-SYS5Y, microglial cell line BV-2,

mouse and rat primary neurons, astrocytes and microglia all demonstrate high viability
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and functional development on GO films.

The GO film is shown to be an enhancing platform for dendritic extensions, particularly
in the length of neurite extensions from the SH-SYSY cell line, though primary neurons
also produce extensive and well developed neurites on GO. Furthermore the GO film
does not adversely effect astrocytes or microglia in culture, and does not induce reactive
neuroinhibitory phenotypes in either glial cell.

In summation, GO films created by spin coating are a biocompatible model for the
investigation of GO in neural culture, with the potential to be instructive to certain cell

types by modulation of the cellular micro-environment.
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Chapter 5

GO Films as a Delivery Vector

5.1 Introduction

In this thesis the capacity of the GO material to provide an instructive material for cell
growth is of importance and interest in the development of GO as a biomaterial. Previous
reports have suggested that graphene surfaces can adsorb biomolecules and thus alter
cellular micro-environments for plated cells compared to otherwise identical but untreated
surfaces [269, 83]. Further reports have shown GO is predicted to have the capacity
to retain proteins [296, 133]. Others reports have demonstrated that GO can reversibly
adsorb other molecules including pharmaceuticals to graphenes [297, 127, 298]. In the last
chapter, the GO film model was biocompatible and cells plated on the GO film continued
to display expected morphology and responses to stimuli. When characterised, it was
observed that the GO film surface became coated in vitronectin following exposure to cell
culture. Therefore this incidental coating may preclude any further adsorbed factors or
instructive capacity from effecting cell populations.

In this chapter, the GO film model was developed further as a substrate for cell culture
by exploitation of the adsorption properties of the GO film. In this context, adsorption

was used as a delivery vector to introduce molecules into the culture micro-environment.
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This work aims to provide new ways in which scaffolds could be engineered to control cell
responses to a potential implant. Neural cells were used, specifically SH-SYS5Y neuronal
cells, BV-2 microglial cells and mouse microglial cells for their established measured
normal responses on the film model. Cells were plated and grown on GO films as described
in Section 2.4. Fluorescent microscopy imaging of live cells and immunofluorescent
imaging of fixed cells was used to record cells as described in Section 2.6.1. Finally the
number, viability and morphology of the cell populations on the GO film were quantified
as described in Section 2.7. Microglial activation was a particular target in this work.
As the immune cell of the CNS, control of microglial activation would could aid implant
integration and limit rejection.

The aim of the research presented here was to explore if adsorbed molecules remained
sufficiently bioavailable to alter cell responses to expected stimuli. This included identifi-
cation of likely mechanisms by which adsorption proceeds. These outcomes could provide
a facile and novel method to use GO as an in vitro vector to deliver pharmaceuticals to

local cells.

5.2 Results

5.2.1 Effects of adsorbed vitronectin on SH-SY5Y attachment

In the previous chapter vitronectin was detected in XPS spectra on GO films following
digestion of cell culture with trypsin (Section 3.2.5). Vitronectin, a component of the FBS
used in standard media and the primary component by which cell attachment is assisted
during seeding. This layer was resilient to being washed away during sample preparation
for XPS, which suggests the vitronectin was adsorbed to the GO film during cell plating
where the GO surface was exposed to FBS. This coating may be responsible for some
of the enhanced cell adhesion and proliferation on GO films in the previous chapter, if
vitronectin was concentrated into a more robust layer by GO compared to non-adsorpative

glass.
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Figure 5.1 | Effect of serum treated GO surfaces on SH-SYSY initial attachment. (A) Rep-
resentative phase contrast images showing SH-SYSY cells on Glass surface or GO/PEI film on
day 1. Cultured in standard media (Control) or Serum free media (No FBS, Pre-Exposed). Cells
were not stained and imaged in culture conditions (B) Mean (grey point), Range (white box) and
Distribution (Violin) of individual cell area and perimeter measurements under indicated culture
conditions, from 100 cells for glass and 100 cells for GO from n = 3 independent preparations.
*** p < 0.001, *p < 0.05 compared to cells growing on glass.
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To investigate this, the initial attachment of SH-SYSY cells to GO films and glass
surfaces was investigated under 3 conditions; A Control condition of SH-SYSY cells
plated in standard media containing 10% FBS onto surfaces prepared in accordance with
Section 2.4. A ‘No FBS* condition of SH-SYS5Y cells plated in serum free media onto
surfaces that were not exposed to standard media or FBS. A ‘Pre-Exposed‘ condition of
SH-SYSY cells plated in serum free media onto surfaces prepared in accordance with
Section 2.4 and then washed with serum free media three times prior to seeding to attempt
to detach any protein which is not robustly adsorbed. The glass surface expected to have
limited vitronectin retention, while the GO film predicted to show increased cell adhesion.
Samples were placed in a tissue culture incubator for 8 hours following seeding before
phase contrast images were acquired and the cells measured.

In Figure 5.1(A) representative phase contrast images of SH-SYSY cells adhering to
the surfaces under each experimental condition are presented. The GO film surface was
visible beneath the cells in the images of cells on the GO film. SH-SYSY cells were
seen to initially attach in all cases and began to spread small processes, expanding in
planar area. However differences were seen in cell morphology between the preparation
conditions. Cells in control conditions were broadly rectangular and appeared healthy on
both glass and GO films. By contrast, cells under the No FBS conditions were smaller,
rounder and appeared to have shrunken cell volumes on both surfaces compared to the
control condition. SH-SYSY cells on the Pre-Exposed condition GO film were different
when comparing surfaces. Cells on Pre-Exposed glass are similar to cells from the No
FBS condition with visibly shrunken cell bodies. However cells on Pre-Exposed GO film
showed a less shrunken morphology, were similar to the control condition, and dissimilar
to the No FBS condition.

In Figure 5.1(B) the differences in cell size is summarised in terms of cell area and
cell perimeter. On glass, cells had the largest areas in the control condition, significantly
higher than either the No FBS or Pre-Exposed conditions, cell perimeter was similar

in all conditions. On GO films, cells had the largest areas in the control condition,
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significantly higher than the No FBS condition, however the Pre-Exposed condition had
a similar mean area to the control. On GO films the pre-exposed condition is found to
have significantly increased mean perimeter compared to the no FBS condition on the GO
film. Furthermore a significant increase in mean perimeter on the pre-exposed condition
compared to the control condition was observed. This may be explained by an increased
length and number of projections visible in the pre-exposed condition compared to the

control condition, which contribute perimeter but negligible area.

5.2.2 Effects of adsorbed ibuprofen on SH-SYSY cell proliferation

The potential for GO to adsorb pharmacologically active molecules remains to be explored.
Pro-inflammatory reactions are a limiting factor in neuroregeneration therefore this work
has targeted delivery of anti-inflammatory COX-2 inhibitor 2-(4-Isobutylphenyl)propanoic
acid otherwise known as Ibuprofen to limit neuroinflammatory reactions in stimulated by
the COX-2 pathway [299]. First, to investigate what effect adsorption treatment with
ibuprofen has on the previously established biocompatibility of GO, the attachment, vi-
ability and proliferation of SH-SYS5Y was investigated on adsorption treated surfaces
compared to untreated surfaces. In particular, if the adsorption treatment compromised
the biocompatibility of the surface, it was predicted this effect would become evident dur-
ing following plating. GO films were prepared as described in Section 2.2.1, and treated
with ibuprofen as described in Section 2.2.2 to allow the ibuprofen to adsorb to the GO.
For this work, to reduce possible dilution of effects from the adsorption treatment, culture
media was not refreshed following plating, thus once cells had attached the system was
not supplemented or changed.

In Figure 5.2(A), the appearance of SH-SYSY cells grown on GO films and GO films
which have received the adsorption treatment is presented. Cells on GO films appeared
similar in both the control and adsorbed condition at all time points; cells begin isolated
or in small clusters and are observed to gradually proliferate over 4 days. At day 4, which

would mark the first maintenance period, cells appear identical, have formed clusters and
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Figure 5.2 | Effect of ibuprofen treatment on SH-SY5Y proliferation on GO film. (A) Rep-
resentative fluorescence images showing cells on GO/PEI film without or with pretreatment with
ibuprofen on day 1, 2, 3and 4 days respectively, cultured in standard medium. Cells were stained
by calcien-AM (green). (B) Mean cell count under indicated cultured conditions from n = 3

independent cell preparations.
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have increased in number relative to day 3. Cell proliferation is quantified in Figure 5.2(B)
which shows mean cell count follows a similar trend on both surfaces with no significant
differences between the control or ibuprofen adsorbed surface at any time point. Inline with
expectations, the cell number increases over the 4 days with a significant increase (p<0.05)
between days 2 and 3, and days 3 and 4 for both surfaces, indicating cells are proliferating
normally after initial attachment to the ibuprofen-adsorbed surface. This is important as
the adsorbed surface can be reasonably expected to have the highest availability and thus

the highest concentrations of ibuprofen during these early time points.

5.2.3 Effects of adsorbed ibuprofen on SH-SYSY cell differentiation

Following on from evidence that in the initial proliferation of SH-SYSY is not affected
by the adsorption treatment, the differentiation response of SH-SY5Y was investigated.
Differentiation of SH-SYSY is not a COX-2 pathway dependent process, therefore no
interaction of this adsorption treatment with SH-SYS5Y was predicted. However ensuring
that cell response to stimuli remains as expected is important in confirming the biocom-
patibility of the adsorption modification.

Two sets of surfaces were used in this work. Films were prepared as previously without
ibuprofen treatment were used as the Control condition for GO films. Identical GO films
treated with ibuprofen as previously were used as the Adsorbed condition. Glass substrates
were treated identically to GO films without or with the ibuprofen adsorption treatment.
SH-SYSY neuronal cells were plated in standard media and maintained with retinoic acid
media to induce differentiation as previously described. Glass surfaces have been shown
earlier to result in shorter neuritic projection from SH-SYS5Y cells compared to the GO
film, thus longer projections were expected on the GO films. In this work, C-AM was
used to highlight the cell cytoplasm and neurite projections of live cells.

In Figure 5.3(A) cells on control and adsorbed GO film and glass surfaces are presented
at day 10 and day 14. SH-SYSY displayed the typical differentiation morphology, with

cells in small clusters producing fine single branched neurite projections, which spanned
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Figure 5.3 | Effect of ibuprofen treatmet on neurite growth of SH-SYSY cells.. (A) Represen-
tative fluorescence images showing cells on GO film or Glass surfaces without or with ibuprofen
treatment on day 10 and 14 days respectively, cultured in retinoic acid differentiation medium,
maintained every 4 days. Cells were stained by calcien-AM (green). (B) Mean neurite lengths in
200 cells from n = 3 preparations under indicated conditions.
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between clusters. This was consistent with differentiation to the neuronal phenotype
induced by retinoic acid. Cells in both treatment conditions on GO films appeared similar,
fine neurite projections were apparent between cell clusters, comparatively longer at day
14 than day 10. Cells in both treatment conditions on glass also appear similar at both
time points, with similar neurite morphology and again longer at day 14.

In Figure 5.3(B) the mean neurite lengths on each surface under each condition are
presented. Cells on glass had shorter mean neurite length compared to cells on the GO
film, in agreement with earlier data. On both surfaces, mean length increased between
day 10 and day 14, showing differentiation had progressed. Importantly, no significant
difference is seen between the ibuprofen adsorbed condition and the control condition
on either surface at either time point. This confirmed the differentiation of SH-SYS5Y

remained unaffected by ibuprofen treatment of the GO film.

5.2.4 Effects of adsorbed ibuprofen on BV-2 cell proliferation

Following on from the evidence that the ibuprofen does not alter the proliferation or
responses of SH-SYSY cells GO film, the treatment was also investigated with BV-2
cells. In Section 4.2.4 BV-2 cells proliferated rapidly on GO films, in Section 4.2.5
the morphology of BV-2 cells on GO films was suggestive of an activated phenotype.
Microglial cell activation involves the COX-2 pathway, thus the inhibitor treatment was
expected to have a measurable effect in BV-2 cells on the GO film. The results of the
present study would indicate if the adsorption treatment was sufficient to control BV-2
activation on the GO film.

Two surfaces were used in this work; GO films without (Control) and with (Adsorbed)
ibuprofen treatment were prepared as above. BV-2 cells were plated to these surfaces in a
parallel to the previous experiment described in Section 4.2.4. To investigate the viability
and appearance of these cells over time, representative samples were taken at each time
point and supplemented with Hoechst, PI and C-AM to reveal nuclei, dead-cells and live

cell cytoplasm respectively.
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Figure 5.4 | Effect of ibuprofen treatment on BV-2 cell proliferation on GO film. (A) Rep-
resentative fluorescence images showing cells on GO/PEI film without or with pretreatment with
ibuprofen on day 1, 2, 3and 4 days respectively, cultured in standard medium. Images show cells
stained by Calcien-AM (green). (B) Mean cell count under indicated cultured conditions from n =
3 independent cell preparations *** p < 0.001
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In Figure 5.4(A) cells on control and adsorbed GO films are presented. There were
noticeably more cells visible at day 2 and day 3 on the control surface compared to the
adsorbed surface. This was most apparent at day 3, where cells on the control condition
are approaching confluence, whilst cells on the adsorbed condition remain sparse and
spaced apart. Additionally, BV-2 cells on the control surface were uniformly circular at
all time points, consistent with the earlier reported activated morphology. In contrast,
BV-2 cells on the adsorbed condition had a ramified morphology with a higher incidence
of cells producing dendritic extensions. This morphology was best noticed at the day 4
time point where cells on the adsorbed condition have a noticeably ramified morphology
compared to the control condition. Additionally, between day 3 and day 4, cells on the
control surface showed a dramatic decrease in cell number, which was not observed on
the adsorbed surface

This difference in cell count over is quantified in Figure 5.4(B). BV-2 were seen to be
similar in number at day 1, and day 4. However at day 2 and day 3 there was significantly
more cells present in the control condition compared to the ibuprofen adsorbed condition.
The observed increase in cell number in the control condition is consistent with previously
reported data on the proliferation of BV-2 cells on GO films. This indicates that the
ibuprofen adsorption treatment has reduced the proliferation of BV-2 on the GO film.
These findings are interesting, indicating that the ibuprofen has an effect on BV-2 when
delivered via the GO film surface. There were also changes in morphology which are

explored below.

5.2.5 Effects of adsorbed ibuprofen on BV-2 cell morphology

The above Section 5.2.4 showed that BV-2 microglial cell line proliferation was modified
by ibuprofen treatment of the GO film. Additionally, the morphology of BV-2 cells on the
GO film treated with ibuprofen was noticeably different To further understand this reaction,
the morphology of BV-2 cells on these surface is explored here. In Figure 5.5(A) higher

magnification images of cells from Figure 5.4 on control and adsorbed GO films at day 3 are
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Figure 5.5 | Effect of ibuprofen treated GO surface on BV-2 cell morphology.. (A) Repre-
sentative fluorescence images showing cells on GO film without and with ibuprofen adsorbtion
treatment on day 3, respectively, cultured in standard medium. Cells were stained by calcien-AM
(green). (B) Mean (grey point), Range (white box) and Distribution (Violin) of individual cell
area and perimeter measurements under indicated cultured conditions from n = 3 independent cell
preparations. (C) Mean (grey point), Range (white box) and Distribution (Violin) of individual cell
shape descriptors under indicated conditions, 2000 individual cells for glass and 2000 individual
cells for GO from n = 3 independent cell preparations. *** p < 0.001.
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presented. On the control surface BV-2 were uniformly round, tightly clustered and small.
In contrast, cells on the adsorbed surface were larger, and had some dendritic projections.
Figure 5.5(B) quantifies the differences in morphology in terms of cell size. BV-2 cells
on the ibuprofen adsorbed surface were found to have significantly (p<0.001) larger mean
areas, and longer mean perimeters, than cells on the control surface. Furthermore the
range of cell area and perimeter observed was larger in the ibuprofen adsorbed condition.

In Figure 5.5(C) the shape of these cells is quantified. Cells on the ibuprofen adsorbed
condition are significantly less circular, rounded and solid than cells on the control con-
dition. This was due to the observed dendritic projections resulting in cells with more
complex shapes. This shows ibuprofen had an effect, reducing the activation state of
the BV-2 culture on GO films. Therefore adsorbed ibuprofen significantly decreases the
proliferation rate and increases dendritic morphology of BV-2 cultured on the GO film

model.

5.2.6 Effects of adsorbed ibuprofen on mouse microglial

proliferation

Above, treatment of the GO film with adsorbed ibuprofen has been shown to alter the
proliferation and morphology BV-2 microglial cells This is indicative of a shift from
an activated, proliferative spheroid phenotype to a ramified morphology with reduced
proliferation. In Section 4.2.10 microglia reacted differently than BV-2 to the GO film as a
culture surface; where BV-2 appeared activated, mouse microglia appeared quiescent in a
non-activated phenotype. Therefore it is important to confirm microglia remain unchanged
by the ibuprofen treatment of the GO film.

GO films were prepared as above, with untreated GO films serving as the Control
surface, compared against ibuprofen treated GO films as the Adsorbed surface. Microglial
cells isolated from mouse brain tissue as described in Section 2.4.2.1 were identically
plated to the untreated and ibuprofen treated films. To investigate the viability and

appearance of these cells over time, representative samples were taken at each time point
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Figure 5.6 | Effect of ibuprofen treatment on mouse microglia proliferation on GO film.. (A)
Representative fluorescence images showing cells on GO/PEI film without or with pretreatment
with ibuprofen on day 1, 2, 4 and 5 days respectively, cultured in 50:50 conditioned : standard
medium. Cells were stained by calcien-AM (green). (B) Mean cell count under indicated cultured
conditions from n = 3 independent cell preparations
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and supplemented with Hoechst, PI and C-AM to reveal nuclei, dead-cells and live cell
cytoplasm respectively.

In Figure 5.6(A) primary microglia on Control and Adsorbed GO films are presented.
Microglia were similar at each time point on either surface, ramified with dendritic pro-
jections and closely clustered. In Figure 5.6(B) the mean cell count is presented for
each surface. No significant difference in mean count was seen between the control and
adsorbed conditions, cells increased in number in a similar way on each surface. This
indicates the ibuprofen treatment does not effect the proliferation of microglia, unlike the

effect seen above in the data from the BV-2 microglial cell line presented above (Fig 5.4).

5.2.7 Effect of adsorption treatments on mouse microglial activation

Ibuprofen adsorption treatment did not effect mouse microglia in a manner similar to
the BV-2 microglial cell line. One key difference between the behaviour of these cells
on untreated GO films, is BV-2 exhibited an activated while the mouse microglia did
not. In Section 4.2.11 mouse microglia on the GO film were induced to an activated
phenotype by addition of LPS. Therefore the present study aimed to investigate how
adsorbed GO films effects this LPS induced activation of microglia. To diversify the
potential adsorption treatments, minocycline has also been included in this work in addition
to ibuprofen. Minocycline is a tetracycline antibiotic minocycline and a well characterised
inhibitor of LPS induced microglial activation through inhibition of the p38 MAPK
pathway [300, 301]. The physiochemical properties of minocycline and ibuprofen are
summarised in table 2.1 [302, 303]. This work explored three objectives; if the ibuprofen
adsorption treatment could effect microglial activation, if adsorption could be used with
other known inhibitors of LPS activation, and if the effect was specific to the GO film or if
other components of the system, specifically the undercoat, was responsible for adsorption.

To do this, two parallel experiments were conducted: First, mouse microglia have been
plated to GO films with and without adsorption treatments at t=0 (Fig 5.7). Microglia on

GO films without LPS treatment or adsorption treatment were used as a control showing
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Figure 5.7 | Effect of adsorption treated GO surfaces on primary mouse microglia morphology.
(A) Representative fluorescence images showing cells on GO film without and with LPS treatment,
and LPS treated cells with ibuprofen or minocycline adsorption treatment on day 4, respectively,
cultured in standard medium. Cells were stained by calcien-AM (green). (B) Mean (grey point),
Range (white box) and Distribution (Violin) of individual cell shape descriptors under indicated
conditions, 480 individual cells for each condition from n = 3 independent cell preparations. **%*
p < 0.001.
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Figure 5.8 | Effect of adsorption treated PEI surfaces on primary mouse microglia mor-
phology.. (A) Representative fluorescence images showing cells on PEI without and with LPS
treatment, and LPS treated cells with ibuprofen or minocycline adsorption treatment on day 4,
respectively, cultured in standard medium. Cells were stained by calcien-AM (green). (B) Mean
(grey point), Range (white box) and Distribution (Violin) of individual cell shape descriptors
under indicated conditions, 480 individual cells for each condition from n = 3 independent cell
preparations.
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the ramified microglial morphology (Control). Identical cultures subsequently treated
with LPS at t=0.5 days to induce an activated phenotype were used as a control for
the activated microglial morphology (LPS). A set of GO films treated with ibuprofen,
plated with microglia, and treated with LPS provided the first experimental condition
(LPS-Ibuprofen). An identical set of GO films were treated with minocycline, plated
with microglia, and treated with LPS provided the second experimental condition (LPS-
Minocycline).

At the same time, identically plated microglia on PEI coated substrates with the same
adsorption treatments as above were identically treated with LPS (Fig 5.8). In this way the
differences between adsorption treatments on microglial LPS reactivity, and adsorption
treatments with and without the GO film on microglial LPS reactivity were explored. Cells
were stained with C-AM to highlight the cytoplasm of live cells.

In Figure 5.7(A) shows microglia on non-adsorbed GO films without LPS treatment,
microglia on GO films with LPS treatment leading to activation and microglia treated with
LPS on ibuprofen or minocycline adsorption treated GO films at day 3. In the control
condition the normal ramified and dendritic morphology of microglia is visible. When
treated with LPS microglia lost their ramified morphology and cells have become larger,
and rounded, indicating these microglia have adopted an activated phenotype. When
treated with LPS on Ibuprofen adsorbed GO film, the ramified morphology remained
similar to the control condition. Treated with LPS on the minocycline adsorbed GO film
the ramified morphology was again lost and cells became rounded, similar to the LPS
activated condition.

These morphological changes are quantified as shape descriptors in Figure 5.7(B). A
significant difference was seen in the circularity, roundness and solidity of microglia on
the ibuprofen adsorbed GO film compared to cells on the GO film without any adsorption
treatment when treated with LPS. LPS-Ibuprofen samples were less circular, less round
and less solid indicating they retain more complex shapes than the LPS treated cells on

GO films. Interestingly the LPS-Ibuprofen cells were not statistically different from the
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Control condition cells without LPS activation, indicating the reactive phenotype was
being inhibited by the ibuprofen adsorbed GO film. In contrast, the LPS-minocycline
condition is not significantly different from the LPS treated cells on GO films. This
suggests the minocycline adsorbed GO film did not inhibit the reactive phenotype.

In Figure 5.8(A), without the GO film, microglial cells cultured on PEI adopted more
rounded morphologies with fewer dendritic projections, and respond to LPS stimulation
by increasing size. Figure 5.8(B) again quantifies the morphology as shape descriptors.
Neither adsorption treatment was seen to have any effect on subsequent cell response to
LPS stimulation. This indicates the adsorption of treatment is only effective in modifying
microglial activation in the presence of the GO film, and is not dependent on the film

undercoat.
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5.3 Discussion

With a high surface roughness and heterogeneous polar and non-polar surface chemistry,
adsorption of proteins and other organic molecules to GO surfaces has been previously
explored in literature [174, 292, 304]. The present study examined how the 2D GO film
model could be modified through adsorption and effect in vitro neural cell attachment and
morphology. The GO film was found to adsorb protein and pharmaceutical molecules
from solution to the surface, in this way the surface served as a vector to deliver these
molecules to the plated cells. This adsorption was performed via incubation with with
molecules in suspension prior to cell plating. Adsorption treatment with 10% FBS stan-
dard media was seen to provide enhanced cell attachment to the GO film in serum free
plating conditions. GO film biocompatibility was not negatively affected, and adsorption
of ibuprofen did not alter the expected responses of non-microglial cells. However in
the BV-2 microglial cell line, proliferation was significantly reduced by adsorbed ibupro-
fen. This reduced proliferation was accompanied by a restoration of the ramified BV-2
morphology from a rounded-activated morphology previously observed on the GO film.
Interestingly, adsorbed ibuprofen produced measurable effects in LPS activated mouse
microglia, but minocycline did not, indicating a difference in the adsorption process based
on the molecular chemistry. In general, the GO film will adsorb molecules from solu-
tions during incubation, and these molecules can subsequently effect neural growth and

morphology during culture.

5.3.1 Effects of vitronectin adsorbed to GO films

GO films exposed to 10% FBS containing media become coated in a robust, detectable layer
of biomolecule characterised as vitronectin with a distinctive XPS spectra. Vitronectin
coating is commonly used to promote cell adhesion for plastic surfaces, and is an important
part of initially seeding cells within serum-containing media [290]. In traditional cell

culture practice and elsewhere in this thesis, cells are plated in 10% FBS containing media
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to provide vitronectin and aid in attachment of cells to surfaces. In this chapter we have
shown that GO films exposed to 10% FBS containing media are capable of supporting
better SH-SYSY cell attachment than untreated GO films, or identically prepared glass
surfaces as shown by Figure 5.1. In this study, cells were plated in serum free conditions
to remove this source, thus only vitronectin deposited on the surface during the adsorption
treatment was available. Thus, the adsorption of vitronectin by GO films produced a
measurably superior cell attachment surface. This finding contributes to the understanding
of other observations in this thesis; for example the higher count of initial mouse neuron
and astrocyte cells attached to GO films compared to glass surfaces of identical area
seen in the previous chapter. It is clear this vitronectin coating derived from the culture
environment provides immediate benefit to the attachment of primary cells. Importantly,
this passive coating consequence was not found impact the maturation or reactivity of
primary cells on the GO film.

In comparison with other sources, other reports do not characterise the deposition of
media components to GO or graphene scaffolds. This is an important factor in the initial
cell attachment and growth of neural cells relative to surfaces with limited adsorption
capacity. Importantly, this cannot be considered a source of systematic error as the GO
film is demonstrably superior at passively adsorbing and retaining molecules from solution.
Thus any study comparing a non-adsorbing surface against a GO enhanced surface must

consider this as a contributing factor in cell growth, attachment and differentiation.

5.3.2 Effects of pharmaceuticals adsorbed to GO films

Though the adsorption of vitronectin to the GO film is interesting and of academic use as
a research tool, it is of limited therapeutic utility. To enhance the instructive capability of
GO, adsorption of cell modifying molecules is desirable. In this chapter, I have presented
the adsorption of a COX-2 inhibitor (RS)-2-(4-(2-methylpropyl)phenyl)propanoic acid
(Ibuprofen) to the GO film. This adsorption treatment is observed to produce a significant

effect on the reactivity of microglial cells. Importantly this effect is shown to be specific,
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with no detected effects in the development of SH-SYS5Y neuronal cells.

In the previous chapter, BV-2 cultured on the GO film surface had an activated phe-
notype and high proliferation similar to published literature on BV-2 cells [294]. In this
chapter, ibuprofen adsorption treated GO films reduced the proliferative rate and restored
a ramified morphology for BV-2 cells on the GO film characteristic of a non-activated
phenotype. This is accompanied by significantly reduced proliferation, indicating the
ibuprofen adsorbed GO film is having an effect on BV-2

Mouse microglia on the GO film remained quiescent with a complex dendritic mor-
phology. In this work, microglia were induced into an activated phenotype using LPS.
As explored in the previous chapter, following LPS treatment microglia remained viable
increased in cell area and with higher roundness, circularity and solidity, indicating the
cells were now no longer elongated but instead truncated and amorphous. GO films with
adsorbed ibuprofen reduced the activated morphology caused by LPS. This restored the
ramified dendritic microglial shapes seen on GO films without LPS treatment. Specifically,
the roundness, solidity and circularity were significantly different from LPS activated mi-
croglia, statistically similar to microglia without LPS treatment. Therefore the GO surface
can be adsorbed with ibuprofen to control and reduce microglial reactivity. Interest-
ingly, Minocycline, another known inhibitor of microglial activation shows no effect as
an adsorbed molecule [300]. This difference is explored below in discussion about the

mechanism of the adsorption effects.

5.3.3 Mechanisms of adsorption and bioavailability via GO films

The molecular structures of ibuprofen, minocycline and vitronectin are summarised in
table 2.1. Vitronectin is a large and complex globular protein with a high affinity for
hydrophilic surfaces such as the GO film [305]. Vitronectin adsorbs via conformal changes
in the protein structure [306]. As shown in the earlier chapter, the GO film has a wrinkled
and topographically random surface with an increased surface area compared to smooth

glass substrates. Following adsorption treatment, vitronectin is therefore adsorbed to the
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complex surface topography of GO film, with more contact between the protein and GO
surface than the protein and smooth glass surface. Thus more vitronectin is adhered to
GO films than glass, providing adhesion sequences for subsequently plated cells.

The adsorption mechanism between GO and ibuprofen comprises spontaneous phys-
iosorption of ibuprofen from solution and sequestering via Van-Der Waals forces and
electrostatic interaction to the GO surface between carbon ring structures [307]. This
bond is strong, methods for detaching organic contaminants similar to ibuprofen from GO
platelets reported in literature has involved concentrated nitric acid [304]. Ibuprofen has
a non-polar benzene ring structure and carbon chain conjugated to a polar propanoic acid.
The bulk of the ibuprofen molecule is therefore non-polar, resulting in a low solubility in
aqueous solution. Following adsorption treatment in the alcohol buffer, ibuprofen remains
robustly adhered to the surface topography of the GO film as a precipitate, resistant to
solubilisation. Ibuprofen is a lipid soluble molecule able to enter cells directly via diffu-
sion across the plasma membrane leading to inhibition of and subsequent disruption of
the COX pathway [308]. Importantly, adsorbed ibuprofen remains locally bioavailable via
direct contact with the extracellular membrane.

Like ibuprofen, minocycline has an aromatic carbon ring structure. Adsorption be-
tween GO and minocycline therefore also comprised a spontaneous physiosorption of
minocycline from solution and retention via Van-Der Waals forces, however a greater
portion of this is polar interactions and hydrogen bonding between GO and minocycline
polar groups. Minocycline has a higher solubility in aqueous solutions, with extensive
polar groups on the tetracycline carbon structure. Thus, following adsorption treatment,
minocycline adsorbed to the GO film solubilises during wash steps into culture media
depleting the surface of adsorbed minocycline. Adsorption in this case is therefore less
robust and equilibrium dependent, resulting in a decrease in adsorbed minocycline during
washing and cell culture [309]. Therefore in cell culture minocycline is depleted from
the cellular micro-environment and is therefore not able to suppress the LPS induced

inflammatory reaction.
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The differences in these adsorption behaviours and the detectable biological effects
point to low solubility, lipid soluble carbon rich molecules such as ibuprofen being ideal
candidates for pharmacological enhancement of the GO film surface for scaffold engineer-
ing. Furthermore, complex protein molecules such as vitronectin are readily adsorbed
by the GO film, and do not impact the bioavailability of adsorbed ibuprofen. However
molecules with extensive polar interactions such as minocycline are easily solubilised

from the GO surface and thus are poor options for scaffold enhancement.

5.4 Conclusion

In this research the adsorption of ibuprofen to GO films has been used to reduce microglial
reactivity to LPS in vitro. Adsorption treatment does not alter the biocompatibility of
the GO film, including the cell attachment or viability, however leads to changes in
proliferation rate and morphology of BV-2 cell line, and morphology of mouse microglia.
The adsorption of ibuprofen does not alter neuronal cell lines, however adsorption can be
used to enhance attachment in culture conditions that do not include FBS or attachment
enhancing molecules. In summary, the GO film model can be used as a platform for
investigation of low solubility carbon rich pharmaceuticals in direct cell culture, with the

potential for other drug-cell interactions to be developed.
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Chapter 6

Hydrogel Models supplemented with
Graphene Oxide

6.1 Introduction

In this thesis the understanding of GO biocompatibility has been developed in the context
of use as a 2D surface. The progression to advance this material for tissue engineering is
to compound GO into a 3D model. Therefore this chapter presents the characterisation,
progression and development of hydrogel models for use with GO and eventually neural
cells.

Cross linking of macromer molecules to form hydrogels can progress along one of
two pathways either involve linking macromer chains directly (chain growth) or via use
of a secondary cross linking molecule (step growth). In the present study, two hydrogel
macromers have been formulated and kindly provided by K.S Lim of the University
of Otago. The first hydrogel system was Gelatin-Norbornene (Gel-Nor), a modified
gelatin macromer with a bridged cyclic hydrocarbon group for step-growth hydrogel
formation. This system requires a thiol rich cross linker such as Dithiothreitol, however

alternative thiol rich target groups could be used as cross linkers. Previous reports have
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demonstrated that thiol modified molecules heparin could be used as cross linkers in thiol-
norbornene hydrogel matrices, posing the possibility that step-growth hydrogels could be
better integrated with GO by modification of GO with thiol groups [67, 114].

The second hydrogel system was Gelatine-Methacryloyl (Gel-Ma), a gelatin macromer
with pendant methacrylate groups for chain growth hydrogel formation. This system
requires no cross linking molecule, rather macromers cross link via reaction between
methacrylate groups. Chain growth hydrogels are more prone to cyclisation - where
macromer pendant groups combine within a single gelatine molecule instead of between
different molecules, making the chain growth system potentially more unpredictable than
step growth hydrogel systems. However, because chain growth hydrogel does not depend
on a cross linking molecule, toxic exposure for cell culture during cross linking is reduced.

To explore the potential of the hydrogels as scaffolds, the biocompatibility of alterna-
tive cross linking systems independent of ultraviolet light were characterised. The first
alternative was a redox system, in which a chemical reaction was used to drive cross
linking propagation between the macromer. The second alternative was a visible light
irradiation based free radical system.

Furthermore, the mechanical properties and cross linking characteristics of hydrogel
formulations were investigated. Mechanical stiffness of two formulations of Gel-Ma
have been characterised via rheometry to determine the storage and loss moduli and
therefore the viscosity. The viscoelastic properties of the hydrogel formulations are
important attributes for providing an environment suitable to the growth and development
of structurally complex neural cells. Brain tissue has been characterised in literature using
the elastic storage component (G’) and plastic deformation loss component (G”’) moduli
expressed as the ratio (tand) [310] as an elastic solid with a G’ between 1e+02 - 1e+03 Pa
and G” between 1e+01 - 1e+02 Pa.

Finally, two different models for compounding cells into hydrogels to form a 3D culture
model have been explored, including encapsulation of the cells within the pre-crosslinking

formula and a layering system utilising the existing 2D GO model. This led to two different
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ways of combining graphene oxide with the hydrogel, exploring how graphene oxide with
the hydrogel affects cells.

The aim of this study was threefold. First, characterise the present hydrogels including
the mechanical properties, in vitro durability and biocompatibility of the formulations,
and the morphology of cells cultured with the system. Next, GO was combined in two
ways with hydrogels to investigate how GO could be combined with hydrogel, and if the
positive effects of GO reported in earlier chapters translated into a 3D scaffold. Finally,
this study aimed to provide a route for which the GO material could be advanced as a

neural scaffold.

6.2 Results

6.2.1 Redox initiated Gel-Ma hydrogels

Reductants \ Oxidants
Tetramethylethylenediamine (TEMED) Sodium Persulfate
Dithiothreitol (DTT) Ammonium Persulfate
Ascorbic Acid (ASC) Potassium Persulfate

Table 6.1: Reductants and Oxidants used as part of the redox generated free radical cross
linking system. All combinations of reductant and oxidant were investigated.

To firstidentify if aredox initiated hydrogel system could be a biocompatible alternative
to the existing visible light initiated system, a series of redox initiated hydrogels were
characterised for cell viability and soluble fraction. The visible light initiated system
previously and extensively characterised by Lim et al was used as the standard to which
this redox system was compared.

The oxidants and reactants comprising 9 redox initiator combinations used to generate
free radicals and catalyse the cross linking reaction are listed in table 6.1. Each oxidant
was used with each reductant and vice-versa. Formulation of the hydrogel macromer

was conserved across initiators as described in Section 2.3 and contained 1x10° human
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Figure 6.1 | Comparing solubility and biocompatibility of redox cross linked Gel-Ma Hydro-
gel.. (A) Representative fluorescence images of human foreskin fibroblasts encapsulated within
10% w/v Gel-Ma hydrogel cross linked with indicated initiator conditions. Images taken at 48
hours after cross linking, cells are co-stained with Calcien-am (Green) and Propidium Iodide (Red).
(B) Mean soluble fraction for indicated reductants with each oxidant. Dashed line indicates 20%
soluble fraction acceptance level. (C) Viability of encapsulated cells under indicated conditions at
48 hours after cross linking from n=3 independent preparations.
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CHAPTER 6. HYDROGEL MODELS SUPPLEMENTED WITH GRAPHENE OXIDE

foreskin fibroblasts per ml of pre-crosslinked hydrogel mixture. 30uL aliquots of the
pre-crosslinked hydrogel were pipetted into silicon moulds, shielded from the air with
coverslips and incubated in a cell culture incubator at 37°Cfor 1 hour. These conditions
were chosen to accelerate the rate of reaction compared to cross linking at room tempera-
ture, in addition to more closely imitating in vivo conditions. Following cross linking, gels
were characterised for viability as before, and soluble fraction as described in Section 2.5.4

Figure 6.1(A) shows fibroblasts were successfully encapsulated into the hydrogel
formulation and remained intact following cross-linking. Cells were observed throughout
the gel structure evenly distributed. Interestingly, several cells were observed to dual stain
with C-AM and propidium iodide, indicating permeability of cell membranes.

Figure 6.1(B) shows the soluble fraction performance of the redox initiator systems,
with the minimum acceptance criteria of 20% soluble fraction marked. No redox initiator
combination resulted in <20% soluble fraction. Only the TEMED/KPS at [12.5mmol]
formulation approached this acceptance level, after an hour in cross-linking conditions.

Finally, in Figure 6.1(C), viability of the encapsulated fibroblasts is presented. Mean
viability for all redox initiated hydrogels was below 75%, which is partially explained by
the high number of dual stained cells, which for purposes of analysis were assumed to be
cells undergoing cell death. This low viability indicates the redox initiator systems were
not a biocompatible alternatives to irradiation approaches using Gel-Ma. Furthermore
the low gel efficiency indicates this redox initiator system was not a reliable alternative
for creating acellular gel samples. Finally with a cross-linking time of 1 hour, the redox
initiator system was not fast or efficient for research. The visible light initiator system

reported by Lim et al was available as an alternative for progress with future work [73]

6.2.2 Gel-Nor and Gel-Ma durability in culture conditions

Next, it was important to identify which visible light initiated hydrogel system was suitable
for prolonged cell culture, as maturation of the neuronal cell cultures used in this thesis

require up to 14 days. The same formulation of ruthenium visible light initiator system was
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Hydrogel. (A) Representative photographs of Gel-Nor and Gel-Ma hydrogels kept in culture
media in culture conditions at 1, 3 and 5 days respectively. (B) Survival curves for gels without
(red line) and with graphene (blue dashed line) inclusions observed every 2 days. (C) Soluble
fraction data for 10% w/v Gel-Nor and 3% w/v Gel-Ma Hydrogels after cross linking in for 60
samples from n = 3 independent preparations * p < 0.05.
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suitable for both Gel-Nor and Gel-Ma, thus the variable in this work was the macromer.

Hydrogels were prepared as casts as described in Section 2.3. Casts were at 10% w/v
or 3% w/v final macromer concentration for Gel-Nor and Gel-Ma respectively. Following
cross linking, gels were immersed in standard media in 6 well plates and stored in a
cell culture incubator for up to 14 days. Samples were inspected visually every 2 days
starting at 1 day and intact gels in each well counted. To simulate cell culture, media was
maintained every 4 days. For soluble fraction quantification,

Figure 6.2(A) shows images of gels at 3 early time points. Over this period, Gel-
Nor samples were seen to dissolve compared to Gel-Ma samples. Particularly, Gel-
Nor hydrogels were seen to become larger and less well-defined compared to Gel-Ma.
The number of samples remaining at each survey is illustrated as survival curves in
Figure 6.2(B). By day 7, no Gel-Nor samples remained, dissolving completely and leaving
a yellow discolouration of the culture medium from the ruthenium heptahydrate initiator.
In contrast, the majority of Gel-Ma samples remained intact until day 14. Figure 6.2(C)
characterises the difference between macromers in terms of soluble fraction, again the
minimum 20% minimum acceptance is marked. Gel-Nor hydrogels did not reach the
minimum acceptance of soluble fraction, the higher soluble fraction explains the loss
of samples during the survival data. By contrast the Gel-Ma hydrogel demonstrated
significantly lower and thus acceptable soluble fraction.

From these data, it is clear that the step-growth Gel-Nor system has poor durability
in prolonged culture conditions. Gel-Ma by contrast is durable for 14 days and has good
soluble fraction performance at much lower w/v % concentrations corresponding to a

wider range of optimisation possibilities for gel stiffness and water content.

6.2.3 Effect of GO on Gel-Ma swelling

Next, it was important to characterise how including GO in the affected the cross linking
of Gel-Ma. Additionally, the effect of changing the hydrogel macromer concentration

was characterised in the same terms. If GO resulted in significantly different hydrogel
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Figure 6.3 | Comparing gel performance characteristics without and with GO inclusion in
two concentrations of Gel-Ma Hydrogel. . (A) Representative photographs of Gel-Ma hydrogels
without and with GO inclusion respectively. (B) Swelling ratio for gels with indicated formulations
following cross linking (C) Cross linking density estimation for gels with indicated formulations
following cross linking. 10 gels measured per formulation for a total of 40 gels in each of n = 3
independent preparations *** p < 0.001 ** p <0.01 * p < 0.05.
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characteristics then this would provide a basis to understand any differences observed with
cell inclusion. In particular if the GO resulted in less efficient cross linking this would
require modification of the formulation to compensate.

Two concentrations of Gel-Ma hydrogels were prepared as casts as above but without
or with inclusion of 1mgml GO. Casts were at 5% w/v or 3% final macromer concentra-
tion. Following cross linking, and characterised by mass loss and swelling as described
previously.

Examples of gel appearance without and with GO inclusion is shown in figure 6.3(A).
Addition of GO changes the colour of the gel from yellow to dark brown, however gels
remained transparent and therefore permeable to visible light. In Figure 6.3(B) the mean
swelling ratio of gels was seen to decrease as macromer w/v concentration is increased.
However addition of GO did not significantly alter the swelling ratio of the gel. In
Figure 6.3(C), the mean crosslinking density of the hydrogel was not affected by the
addition of GO to the hydrogel. Cross-linking density was significantly increased at the
higher macromer concentration without GO. When GO was included the difference in

means remains but significance is lost (p = 0.373).

6.2.4 Effect of GO on Gel-Ma rheology

The Gel-Ma system was adapted from a method using 10% hydrogels as chondrogenic
scaffolds and 3D printed bioinks. In this thesis, the gels were reduced in w/v concentra-
tion to produce in softer gels more suitable for neural culture. Above, the cross linking
characteristics of Gel-Ma without and with GO at two concentrations has been charac-
terised mathematically. In the present study, the rheology of these formulations has been
characterised.

In Figure 6.4 the moduli across the whole testing range are presented for each gel
formulation. Reducing the hydrogels to 5% and below resulted in very soft gels. Addition
of GO to the hydrogel does not significantly change G’ or G” as seen in Figure 6.4(A-

B), however reducing the hydrogel w/v to 3% does significantly reduce both moduli. In
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Figure 6.4(C) the tand calculated by taking G” /G’ remains less than 1 for all formulations
indicating that the gel microstructure is behaving as an elastic solid rather than deforming
plastically. Moduli follow the same profile in 5% vs 3% gels, however 3% gels have lower
moduli across the whole angular frequency range indicating the gel is softer.

In published sources of brain tissue rheology, tand increased as frequency increases,
indicating the material became increasingly plastic at higher frequencies and dissipates
more energy. Here, Gel-Ma samples remained highly elastic at higher frequencies resisting
energy dissipation and instead reflex elastically under shear. The 3% w/v Gel-Ma hydrogel
has the most similar magnitude of G’ and G” moduli to brain tissue as reported by Canovic

et al, though remains 10 times higher than native tissue.

6.2.5 Effect of GO on Gel-Ma biocompatibility

The 3% formulation of Gel-Ma was chosen for biocompatibility experiments following the
above optimisation. This formulation was the softest gel available thus most likely to sup-
port neural growth, whilst the mechanical and chemical properties were not significantly
different when combined with GO.

In this work, cells were included in the pre-cross-linked mixture to produce hydrogels
with cells encapsulated within the hydrogel matrix. This is similar to the preliminary
Gel-Ma work with fibroblasts. In this study, GO was included in the hydrogel formulation
at lmg/ml and compared against gels without GO to identify what effects GO inclusion
had on the hydrogel biocompatibility and cell morphology. Cell cultures were prepared
as in the previous chapter. Mouse hippocampal tissue preparations maintained araC,
isolated mouse neurons maintained with araC and SH-SYSY neuronal cells maintained
with retinoic acid differentiation media were encapsulated individually and maintained for
21 days.

Figure 6.5(A) presents the morphology and appearance of neural cells in Gel-ma
hydrogels without and with GO inclusion at 21 days in culture. Gel-Ma demonstrated

good biocompatibility with no sign that the cross linking process caused damage to the

John Brewster 178 The University of Leeds



A Gel-Ma + 0 GO Gel-Ma + 1 mgml GO

Neurons Co-Culture

SHSY5Y

Cell Count
o o
s i

BN
o
1

5 10 15 20 5 10 15 20 5 10 15 20
CoCulture Neurons SHSY5Y
Days

Figure 6.5 | Effect of encapsulation Gel-Ma hydrogel without and with GO on cell prolifera-
tion.. (A) Representative fluorescence images showing cells encapsulated by Gel-Ma without or
with GO on day 21 respectively, cultured in neurobasal medium for primary co-culture and neu-
rons and differentiation medium for SHSYSY. Cells were co-stained by calcien-AM (green) and
hochest (blue). (B) Mean cell count under indicated cultured conditions from n = 3 independent
cell preparations. Dashed line marks normalised initial cell count.

cells such as the dual-staining observed in redox initiated gels above. In both gels without
and with GO cells were similar, all cell populations remained spheroid throughout, with
no visible extension of processes.

Figure 6.5(B) quantifies cell number across 21 days. SH-SYS5Y neuronal cells in-
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creased slowly in cell number at each time point, with no difference between the gel
conditions observed. Mouse neurons decreased in number relative to the starting point
however from day 6 to day 21 remained consistent, suggesting the initial count contained
glial cells which subsequently died. The co-culture from hippocampal tissue began to in-
crease in cell count between 6 and 14 days, but then stopped in both gel conditions. Cells
were spheroid, but viable throughout culture, regardless of cell type or gel formulation
indicating cells within the hydrogel matrix did not extend processes during encapsulated
3D culture as expected from similar time periods on 2D culture environments. It is re-
markable that the addition of graphene oxide as part of the scaffold did not significantly

alter the biocompatibility of the gel formulation or significantly effect cell proliferation.
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6.2.6 Presentation of a layered Gel-Ma with GO as a neural culture

substrate

Cells showed no progress towards typical morphologies when encapsulated within the
hydrogel matrix as part of the initial formulation. However, inclusion of graphene within
the hydrogel matrix resulted in no significant difference in cell viability or proliferation.
Therefore an alternative scaffold design combining the successful spin-coat GO film
developed in the earlier chapter with the 3%w/v Gel-Ma hydrogel matrix was developed
as the next stage of this work. This design utilised the GO film as an initial substrate with
hydrogel added following cell attachment to the GO film to create a three-layer design
with a 3D hydrogel ‘above’ the cell culture. This design was used with hippocampal tissue
preparations to explore if neuronal morphology developed as expected within a layered
scaffold

2D GO films were prepared as described in the earlier chapters. Briefly, 50nm spin-
coated GO layers have been deposited on PEI coated glass cover-slips and seeded with
a preparation of mouse hippocampal tissue. Following an overnight attachment period
in standard media, media is withdrawn and immediately a 1mm thick layer of Gel-Ma
macromer with the visible light initiators formulated is deposited on top of the GO film
and allowed to cross-link under 1000w visible white light for 10 minutes. Following
cross linking, cultures were maintained every 4 days and allowed to grow to maturation
at t=14 days in culture. Neuronal morphology was investigated and compared against
encapsulated neurons as well as SH-SYSY cells encapsulated to explore if neurons could
develop matured morphology in the layered model.

In Figure 6.6(A) cells in each condition are presented. Encapsulated neurons and SH-
SYSY cells show the as described spheroid morphology with no extension of processes.
In contrast, the hippocampal preparation in the layered model shows increased cell size
and extension of neurite processes, staining brightly with anti-Tau immunocytochemistry.

In figure 6.6(B) the difference in morphology is quantified in terms of shape descriptors.
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Figure 6.6 | Layered compared to encapsulated culture models for neural cells.. (A) Represen-
tative fluorescence images showing cells encapsulated by Gel-Ma or layered with Gel-Ma on day
14 as indicated, cultured in neurobasal medium for primary neurons and differentiation medium
for SHSYSY. Cells were co-stained by Anti-Tau (green) and hochest (blue). (B) Mean (grey point),
Range (white box) and Distribution (Violin) of individual cell shape descriptors under indicated
conditions, 40 individual cells for each condition from n = 3 independent cell preparations. (C)
Mean (grey point), Range (white box) and Distribution (Violin) of individual cell area and perime-
ter measurements under indicated conditions from n = 3 independent cell preparations. *** p <
0.001.
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Figure 6.7 | Qualitative display of co culture morphology in the layered model.. (A) Wide
field projection of co culture co stained with Anti-Tau (green) and WGA (red) (B1) Calcien-AM
stained neurons with neurite projection passing between (B2) Phase contrast channel of B1 showing
depth of field and z-direction of neurite feature. (C) Interaction of neuron (green) with glia (red)
showing directional growth of neurites. (D) Interaction of neurons (green) with glia (red) showing
complexity.
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Cells in the layered model show significantly lower scores of circularity, roundness and
solidity compared to cells in the encapsulated model, indicating the cells are much more
complex in shape.

In figure 6.6(C) these differences are further explored in terms of area and perimeter.
Cells in the layered model have a higher mean area and a higher mean perimeter, with
a greater range of both metrics. This indicates cells have successfully spread and are
producing processes.

The layered culture model shows more mature cell morphology compared to the
encapsulated model, with cells displaying morphology consistent with the 2D model,
indicating the layered design does not impact the ability of cells to mature. Neurons
in layered culture have significantly longer perimeter values compared to encapsulated
culture corresponding to the reach of processes through the culture environment. Neurons
in layered culture also spread in area following initial attachment to the GO film and thus
have significantly higher area values.

In Figure 6.7(A) neurons and glia develop complex architecture and form interde-
pendent networks, similar to the 2D culture model. Here again as previously reported,
neurites preferentially extend towards glia and become constrained within the local clus-
ters of glial cells, however neurites are also observed reaching into the fore-field. This
3D complexity is illustrated in Figure 6.7(B1-B2) with a Calcien-AM and phase contrast
image of a neurite extension moving towards a cluster of glial cells located away from the
GO film within the hydrogel layer. In Figure 6.7(B1) the intricacy of live neurite and glial
bodies was resolved clearly through Calcien-AM staining. In Figure 6.7(B2)the depth of
field can be better appreciated as the foreground objects and blurred background GO film
beneath, with sharp illumination of the neurite in the plane of focus. In Figure 6.7(C)
isolated neurons were seen to still grow preferentially towards local glial cells with the
hydrogel layer. Similarly when glial cells were numerous, Figure 6.7(D) shows neurites

become constrained and begin moving along glial membranes through the 3D culture.
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6.3 Discussion

The overall aim of this study was to characterise and develop a 3D hydrogel which could
be combined with GO to create a neural scaffold. This study presents the development
and characterisation of gelatin hydrogels, and refinement of a formulation which was
with GO and neural cell culture. The results of this work indicate that Gel-Ma can be
successfully combined with the 2D GO film to produce a layered scaffold which can
support the maturation and migration of neural cells. Importantly, inclusion of GO within
the hydrogel matrix does not impact the biocompatibility or cross linking efficiency of

Gel-Ma at up to Img/ml.

6.3.1 Alternative redox initiator systems

Redox initiation of hydrogel polymerisation allows for a radiation independent cross
linking of Gel-Ma hydrogels. As characterised in this work the cross linking performance
of this initiator system is poor and leads to hydrogels with high soluble fractions. Previous
work in this area had been conducted with synthetic polymers such as polyvinylacetate, a
synthetic polymer rather than gelatin, it is evident that the biological motif of gelatin quench
the redox reaction [69]. To overcome this limitation, the redox reagent concentration was
increased, however this came at a cost in cell viability. This was particularly apparent in
the high incidence of dual staining between Calcien-AM and propidium iodide in cells
encapsulated by redox-initiated Gel-Ma. The fluorescent calcein component of C-AM
is a product of esterase metabolism following uptake of C-AM by cells, and thus only
live cells fluoresce when treated with C-AM. However, propidium iodide cannot traverse
intact cell membranes, thus only stains cells with permeable membranes, usually dead
cells. Thus cases of dual staining indicate active esterase metabolism in cytoplasm, but
in cells with permeable membranes, therefore the dual stained cells had been damaged by
the redox initiator reaction. However this is not conducive towards a viable encapsulated

cell population.
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The objective in investigating radiation independent cross linking systems was to
potentially simplify a future treatment options using a cell containing self assembling
all-in-one formulation of hydrogel as an in-situ treatment. Though the redox initiator
system was characterised on robust fibroblast cells, the reduced biocompatibility makes it
clear that this initiator system would not be suitable for a neural scaffold with frangible

and fastidious neuronal cells.

6.3.2 Visible light initiated gelatin hydrogels as encapsulation based

scaffolds

Gelatin macromers have been previously shown to produce biocompatible hydrogels with
excellent cell binding performance allowing maturation of complex cell morphologies
[73]. During this research, gelatin derived hydrogels macromers elsewhere used for 3D
printing have been translated for use as a supporting matrix for neural cell culture. Two
cross linking chemistries were evaluated for potential as neural scaffolds. Gelatin cross
linked with a thiol-norbornene chemistry (Gel-Nor) [67], had high soluble degradation.
This resulted in loss of gels before 14 days, too quickly for maturation of neural cells as seen
in earlier chapters. The potential advantage of the Gel-Nor step-growth gel system was to
enable covalent integration of thiol modified GO [311]. During optimisation for this thesis,
Gel-Nor was reduced to a minimum of 10% w/v macromer concentration [76]. However
by reducing the concentration, the cross linking efficiency was compromised resulting
in inadequately robust matrix formation during the photo-click initiated polymerisation
reaction.

The second hydrogel chemistry was gelatin cross linked with methacryloyl chemistry
(Gel-Ma). This hydrogel was used earlier in the investigation with redox initiators. When
combined with the visible light wavelength photo-click initiator system, Gel-Ma had much
lower soluble degradation. The visible light photo-click Gel-Ma hydrogels demonstrated
good durability at low w/v % formulations. Viscoelastic properties of 3% Gel-Ma gels

represented an optimised concentration of G’, G” and tandat 1000, 10000 and 0.2 re-
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spectively. These rheological properties of Gel-Ma were approximately 10 times more
resistant than the reported values for brain tissue [310].

Biocompatibility of the Gel-Ma visible light system with neural cells and cell lines in
vitro is good with viable cells visible up to 21 days. Encapsulated SH-SYSY cells main-
tained in differentiation media did not extend processes as expected or adopt the expected
dopaminergic neuron-like morphology seen on GO films and other surfaces. Similarly,
mouse hippocampal neurons and glial cells did not spread to the normally expected mor-
phologies when encapsulated within the hydrogel matrix, instead remaining largely round
and circular with high degrees of roundness, circularity and solidity. This persistent
spheroid morphology whilst still accompanied by high viability during encapsulated cell
culture was curious, as previous reports indicated cells produced expected morphologies
in stiffer, higher w/v Gel-Ma hydrogels [312, 73]. In contrast to the successful cells encap-
sulated and reported by others, neural cell cytoskeleton is not developed for penetration
of robust extracellular matrix. Although the Gel-Ma material is rheologically similar to
brain tissue, it remains higher in elasticity, additionally the rheology data for brain tissue
considered whole brain tissue including the glial matrix and neural network rather than
the scant extracellular matrix in isolation. It is therefore reasonable to conclude that these
optimised hydrogels at 3% w/v still remain too dense and elastic to harbour morphological
development of neural cells in vitro when the gel is fully enclosing the cell.

Inclusion of GO suspension at Img/ml within the hydrogel matrix resulted in no sig-
nificant differences in hydrogel biocompatibility or stability, a small difference is observed
in the low rad/s range of rheometry data including the G* and G” moduli and tand, suggest-
ing the addition of GO reduced plasticity during low torque measurements. However this
dissimilarity is not present at higher values of rad/s where Gel-Ma with GO and Gel-Ma
followed the same trend. Furthermore, GO added into the Gel-Ma hydrogel formulation
had no consequences to viability of the encapsulated cells but similarly no significant

benefits either.
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6.3.3 Gel-Ma combined with GO films as a layered scaffold

To characterise neural cell growth on a layered scaffold, the GO film model from earlier
chapters was combined with the optimised 3% w/v Gel-Ma photo-click hydrogel. Addition
of hydrogel following cell attachment produced a three-layered scaffold comprising a
contiguous GO base layer, mouse hippocampal co-culture, with an upper hydrogel 3D
layer providing a new axis for cell expansion. This design was similar to previous
Gel-GO heterogeneous scaffolds which combined sequential assembly of graphenes with
supporting matrix [139]. However this work presents a system which contains viable
tissue between layers, at the GO-hydrogel interface, rather than the scaffold surface.
Neural cell co-culture in the layered scaffold demonstrated cell morphologies consistent
with expected maturation, including visible neurite extension between cells, and greater
numbers of neurite projections than cells within encapsulated culture. Layered scaffolds
also supported glial cells with evidence of inter-cellular interactions typical of a supporting
relationship localised to the GO-hydrogel interface similar to the 2D GO film co culture
though with visible evidence of neurites beginning to penetrate the hydrogel material
towards glial cells higher within the gel. In comparison to the 2D cultures in earlier
chapters, cells on the layered scaffold produced more fine neurites, neuronal cells expanded

further atop glial groupings and spread further.

6.4 Conclusion

Gel-Ma has shown potential as a neural scaffold, including excellent biocompatibility, ef-
ficient cross linking and durability in neurogenic culture. Gel-Ma has been combined with
the GO film and shown to support maturation of mouse neural tissue in three dimensions.
This leads to possibility to develop both the GO instructive properties and scaffold in
parallel. Future work should bring the existing adsorption modification of GO films into
the layered scaffold. Similarly, this layered design should be developed further to detach

the GO film from the original glass substrate onto the hydrogel following cross linking
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and permit more layers to be added.
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Chapter 7

Summary and future directions

The original hypothesis of this project was:

Graphene oxide is a biocompatible and modifiable material for use as an instructive
neural scaffold, with properties suited to the growth, development and maturation of neural
tissues in vitro.

In this project, a commercially sourced chemically exfoliated graphene oxide stock has
been used to assemble 2D and 3D model environments suitable for the culture of neural
cells including neurons and glia. The model culture environments have been characterised
to elucidate the model design, surface chemistry of GO as a film, interaction of GO with
the cell culture environment, mechanical performance of GO containing hydrogels, and the
biological reactions to these materials. The overall project objectives have been addressed

and evidenced with data and analysis from the data chapters.

7.1 Development of the 2D GO model

In this thesis, a spin coating method was developed and used to generate a 2D GO film
surface [285, 104]. Spin coating was found to be a simple and ergonomic technique
allowing the direct use of GO from suspension to reliably create thin films of GO. Spin

coating requires no further specialist equipment or knowledge besides access to a spin
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coater, beneficially the technique is also highly intuitive, scalable and adaptable. In this
work the creation of GO films was found to progress and iterate quickly by adjusting spin
coater conditions until reliable coats were manufactured. Importantly, this spin coating
could be performed on a range of materials and substrates provided the substrate can be fit
to the spin coater, for this project an interference fit spin coater chuck designed for glass
cover-slips was manufactured and used throughout.

Interference fitting has a number of advantages over other vacuum spin coater designs
including no requirement of a pump to maintain a vacuum, thus allowing the coater
to be operated bench-top within normal lab space without issue. Compared to other
methods used with graphenes to create flat surfaces such as drop casting, evaporation
or vapour deposition, spin coating has a number of advantages; GO films were able to
be produced quickly, up to 20 per hour at room temperature and without further drying.
Additionally, GO stock could be used as aqueous suspension without modification from
the stock suspension, such as freeze drying or re-suspension which might compromise
the platelet quality, differentially modify the surface chemistry, or introduce confounding
factors [161, 106].

In this work, GO films following were produced of 30-50nm in thickness, which was
calculated to be 15-20 layers of GO platelets. GO films are robust as a simple creation
between the GO stock and glass substrate, however the GO stock can be diluted to increase
efficiency and reduce the amount of stock used during coating by up to 5 times without
compromising the film thickness. Adhesion between the GO film and glass substrate
became an issue during preliminary work, with incidence of the film detaching from the
substrate during hydrostatic pressures of media changes. To improve robustness of the
film, adhesion between GO and glass was enhanced by addition of a PEI polymer coat to
the glass substrate before GO film construction. This enhancement was deposited to the
glass surface via spin coating in a single extra step, which eliminated GO films detaching
from the substrate. Other polymers were considered and evaluated including gelatin and

poly-1-lysine however both alternative polymers had stringent handling requirements not
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shared by PEI which most ergonomically and effectively fit into the spin coating workflow.

Addition of the PEI coat between the glass substrate and the GO film did not alter the
measured properties of the GO film. When analysed for Raman spectra, both GO films
with and without PEI support produced the same characteristic twin peak spectra at the
same Raman shift with no discrepancies. PEI support did not lead to changes in film
thickness but did appear to change the nanoscale topography of the planar surface when
viewed with SEM, resulting in more, smaller wrinkle like features compared to longer,
fewer such structures for GO films without PEI support. The significance of this observed
change in topographical features was not quantified, but no differences were noted in cell
growth or attachment. The simplicity with which this adaption could be implemented
to the model and lack of consequences to the surface chemistry further highlights the
adaptability of the spin coating technique for the study of GO films, and that the GO film
was a contiguous solid layer capable of obscuring the adhesive coat entirely.

The surface chemistry of the GO film was characterised in detail using XPS. These
data demonstrated that the GO material was of high quality, and consistent with the
accepted theoretical model structure of GO. The GO film had a similar quantity of polar
and non polar carbon bonding states, suitable for the adsorption of both polar and non
polar molecules. Moreover, these XPS data did not indicate that oxidative debris, reduced
GO or graphitic bodies were present within this GO stock material [112, 115]. The GO
film structure, nor the hydrated NAP-XPS conditions presented did not provide any further
insights or alternate perspective into the chemistry of GO than was otherwise reported

previously in powder preparation and traditional high vacuum XPS conditions [283].

7.2 Biocompatibility of GO

GO has most often been produced bespoke by researchers for each individual publica-
tion, leading to a great deal of confounded data regarding the biocompatibility of GO.

Particularly, variance in exfoliation methods causes variance in surface chemistry, platelet
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dimensions, layer number and purity [92]. In this context, it is unsurprising that previous
reports have catalogued biocompatibility consequences in cells exposed to GO, counter-
balanced by similar studies reporting opposing outcomes. Similarly, common practice has
seen GO surfaces and GO coated materials subsequently further supplemented by layers
of bioadhesive polymer [154]. It is the supposition of this work that these coatings ob-
fuscate the GO surface, and subsequently the studies in question are evaluating biological
performance and cell behaviour on the biopolymer, rather than a GO surface.

This work aimed to prove commercial GO was inherently biocompatible, providing an
easily accessible raw material in an effort to open scope for others to use more standardised
material sources for tissue engineering applications. The GO film did not include any
tertiary coating in bioadhesive polymer, to evidence that these treatments are unnecessary
with high quality GO. It is therefore clear that commercial GO can be of equal or better
quality than bespoke manufacture. With greater standardisation, more progress can be
made in GO biomaterial development through greater comparability.

GO assembled as films directly from the stock solution were first sterilised with ethanol
and before being used as cell culture substrates with no intentional bioadhesive coating.
Any cytotoxic contamination of the GO, or intrinsic cytotoxic properties of the GO material
would be detectable in experiments that followed the principles of cytotoxicity testing as
practised in the medical device industry via microscopic validation of cell growth and
morphology on a potentially cytotoxic source [313]. No lineage of cells cultured in this
project failed to adhere and grow directly atop the GO surface, including neuronal and
microglial cell lines, mouse and rat neurons, astrocytes and mouse microglia. All cell
types also had excellent viability on the GO films, developed, matured and responded
to stimuli as expected. This excellent biocompatibility performance of the GO prepared
without additional bioadhesive coatings highlights that high quality GO as available from
commercial sources does not have cytotoxic behaviour, does permit cell attachment and

thus does not require coatings to allow study in cell culture.
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7.2.1 Neuronal phenotype responses on GO

The SH-SY5Y human neuroblastoma cell line was used as a model of neuronal differenti-
ation. This cell line has a proliferative undifferentiated phenotype resembling neuroblasts
during expansion and undergoes a pseudo-differentiation to a phenotype resembling neu-
rons in response to exposure to retinoic acid [293]. Differentiation treatment has a number
of advantages for the study of the GO surface and its effect on neuronal type cells including
a reduction of proliferation, increase in extension of processes resembling neurites, and a
synchronisation of the cell cycle.

The GO film when used as a culture surface is shown to significantly enhance the
length of neurites expressed by SH-SY5Y cells compared to controls following differ-
entiation stimulation with retinoic acid. Though initially this effect could be considered
a consequence of the conductive properties of graphenes, as reported in other literature
showing electrical stimulation can enhance neuronal development, in this work this theory
has been discounted: Though GO in a reduced state can conduct electrical fields through
sp? carbon and liberated tbond electrons, in this work showing enhanced neurite length,
no reduction treatment had been applied. Reduction of the surface by SH-SYSY cell
culture could also be considered, however no known mechanism for biological reduction
of GO by mammalian cells exists [314]. This work does not provide evidence to suggest
such a revolutionary theory.

Instead, an alternative theory for the enhanced neurite development on the GO film is
considered here. The GO film surface provided an enhanced cell attachment environment
through adsorbtion of vitronectin from FBS containing cell culture media. Additionally
the GO film surface retained detectable protein even once a cell culture environment is
enzymatically digested and washed away. It is therefore supposed by this work that GO
adsorbs protein during cell culture which remains locally available during differentiation.
This adsorbed protein leads to the GO film surface becoming an enriched environment for

adherent cells, a conclusion supported by the work of Lee et al who proved a GO culture
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surface could adsorb 25 times more serum protein than inert control surfaces [269]. The
protein enriched GO film surface provides a number of benefits, firstly providing an
improved cell adhesive surface for migration of neurite processes during differentiation.
Secondly by providing a localised concentration of media nutrients at the culture surface
close to the adherent cells. In this way, SH-SY5Y neuronal cells differentiating on GO
films are better supported compared to the non-GO surfaces, thus neurite extensions
become longer through improved adhesion and nutrition.

By comparison primary neurons during differentiation form expansive networks of
primary neurites which then branch into numerous smaller secondary and tertiary neurites,
making measurement and accurate quantification difficult. For primary neurons, neurite
length is strongly affected by the number of cells in proximity, degree of cyclisation
and branching between cells. This is compounded when comparing co-cultured glia and
neurons with isolated neurons. Due to these confounding factors with measurement, it
is more not possible to conclude that the GO surface benefits mouse neurons in terms
of quantitative neurite length in a similar manner to SH-SYS5Y. However, by observing
the morphology of neurons on GO films, it is possible to observe the development of the
mature morphology and synaptic terminals. Primary neurons on GO films show matured
morphology within 14 days. Particularly when cultured alongside glia, these neurons
produce fine synaptic terminals and have highly developed cytoskeletal complexity. This
indicates neuronal maturation progresses on GO films, and is similar and qualitatively

more complex than on the inert surfaces presented in this project.

7.2.2 Microglial reactivity on GO films

On GO film, BV-2 cells showed a high proliferation rate and reached confluence inside
of 4 days. Compared with identical cells on inert surfaces, BV-2 showed a characteristic
activated phenotype suggesting an inflammatory reaction was induced by the GO film
[294]. This is contrary to previous reports which have shown GO and graphene function-

alised scaffolds can have anti-inflammatory effects in microglial cells [263, 315] However,
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a similarly activated phenotype was not seen in mouse microglia on GO films which
remained quiescent and had a resting phenotype. Mouse microglia could be induced into
an activated phenotype using lpg/ml LPS, showing microglia reacted normally on GO
films with no sign of reactivity suppression. It is therefore possible that the adsorptive
properties of the GO film concentrate pro-inflammatory factors, which have previously
been shown to be higher in BV-2 cells than microglial cells [316]. This results in an
activated pro-inflammatory propagation through BV-2 on the GO surface which is not

similarly seen in mouse microglia or BV-2 on inert surfaces.

7.3 Instructive adsorption on GO films

In this project, GO film has been modified during preparation with adsorbed factors to
control the phenotype of cells. Previous reports have shown evidence of GO can adsorb
pharmaceutical molecules [307, 298, 304]. In this work the GO film was shown to adsorb
and concentrate protein from cell culture and produce measurable effects in neuronal and
microglial cells. Microglial activation was used as a reporter for successful instructive
adsorption when using the GO film as a vector for ibuprofen. The biocompatibility and
neuronal cell response was not changed by the adsorption treatment. However BV-2 cells
showed a significant difference in proliferative rate and morphology on the GO films with
an adsorption treatment compared to those without. BV-2 cells on the adsorption treated
GO films exhibited significantly different morphology appearing ramified with processes
extending from the cell body, rather than the expected largely round morphology seen
earlier on GO films This modified biological reaction in the BV-2 cell line is consistent
with COX-2 inhibition reducing an inflammatory reaction, which is the expected outcome
of treatment with ibuprofen. Additionally, this confirmed the earlier rounded and highly
proliferative BV-2 phenotype seen on GO films was an activated phenotype.

Primary microglia remain ramified and proliferate slowly when cultured on the GO

film, with or without adsorption treatment with ibuprofen. However the LPS induced
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inflammatory phenotype was inhibited on the ibuprofen adsorption treated GO film.
Ibuprofen adsorption treatment had a significant effect on mouse microglia, inhibiting
the inflammatory reaction.

The success of this adsorption treatment appears to be limited to molecules with low
solubility in aqueous solutions such as ibuprofen. Minocycline, another known inhibitor of
microglial inflammatory reaction induced by LPS treatment [300, 309, 301] was similarly
dissolved in separate adsorption buffer and used to treat surfaces for a comparative study
between adsorbed ibuprofen and adsorbed minocycline in mitigating microglial activation.
Unlike ibuprofen treated surfaces, the minocycline treated surfaces showed no significant
difference in microglial activation. This negative result indicates that the adsorption of
minocycline to the GO film is less successful relative to ibuprofen.

Tetracycline antibiotic minocycline has 4 carbon ring structures featuring electroposi-
tive double bonds in each, in comparison to the single benzene ring structure of ibuprofen.
However minocycline has a number of polar groups with potential for hydrogen bonding
relative to its molecular mass with a possible 14 hydrogen bonds and molecular mass of
457.5 g/mol. Thus adsorption of minocycline to GO was dependent on polar interactions
and thus vulnerable to solubilisation. By comparison ibuprofen which can only form
3 hydrogen bonds with a molecular mass of 206.28 g/mol. The hydrocarbon chain of
ibuprofen therefore is insoluble in polar solvents and remains adsorbed to the GO film via
non-polar interactions and resistant to solubilisation.

Following adsorption treatment, surfaces were washed several times to remove the
adsorption buffer, which leads to a reduction in the concentration of minocycline at the
GO film surface. Thus during cell culture as any remaining minocycline becomes diluted
into the culture media, below an effective concentration to inhibit microglial activation. By
contrast ibuprofen remains adsorbed to the GO film until contact with microglial plasma
membranes [127, 317]. The ibuprofen molecule is lipid soluble, therefore during cell
adhesion to an area adsorbed with ibuprofen the molecule is free to diffuse through the

cell membrane and become bioavailable, in a sufficient concentration to inhibit microglial
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activation.

7.4 GO films as an XPS substrate for analysis of cells
and cell micro-environments

Able to be operated in a near ambient pressure mode, at 11mb with a hydrated water
atmosphere rather than hard vacuum, NAP-XPS presented an opportunity for acquiring
spectra of biological material that had not been dessicated, dried or otherwise fixed. In
this way, NAP-XPS can produce spectra of chemical structures as they exists in biosimilar
conditions. As a part of this work the GO film has been used as a platform for novel
XPS characterisation of SH-SYSY cells in vitro. The GO film was biocompatible, cell
adhesive without requiring polymer modification, and can support cells in prolonged
culture. Additionally, during XPS the GO film required minimal charge correction and
showed no signs of excitatory degradation. Furthermore, the spectra of GO is well known
as discussed earlier. Prior work using NAP-XPS on biological samples has previously
focused on precipitates of bacterial cultures on silicon substrates [280].

Changes in cell density were clearly shown in the XPS spectra, with corresponding
changes in both atomic concentration and differences in the structure of carbon spec-
tra. These changes reflected the differences in emissions between SH-SYSY cell body
structures and the extracellular environment. Phospholipid membranes contribute a high
linear carbon signal in XPS spectra of dense cell coverage compared to in sparse cul-
tures. Furthermore, in this work vitronectin adsorbed to the GO film surface has been
characterised, reflecting a measurement of the extracellular environment. The vitronectin
spectral structure becomes increasingly apparent as cell density decreases. This presents
an additional use for the GO film as an all-in-one culture substrate for XPS analysis. These
findings present an opportunity for future work to characterise changes in the in vitro cell

and extracellular environments.
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7.5 Combining GO with hydrogels

To finally explore how the commercial GO material could be translated into a neural
scaffold, I began to develop a GO-hydrogel model. Two hydrogel systems were investigated
in this work, with two initiator systems considered and two deployments of graphene oxide
within the hydrogel system.

The initial investigation into a step-growth Gel-Nor system using a thiol cross linker,
was motivated by the prospect of covalent cross-linking of thiol modified GO into the
hydrogel system [311]. However the Gel-Nor system was prone to dissolution under
cell culture conditions and could not be adequately controlled without increasing gel
concentration and therefore stiffness. Furthermore, the chemistry to affix thiol groups to
GO via epoxide ring opening remained elusive. Quantification of reaction products via
ultraviolet-visible spectrophotometry revealed only free thiol within the samples, with no
GO-Thiol bonds. Thus two critical issues had arisen with the planned Gel-Nor material,
so an alternative hydrogel was used.

In this project work progressed instead with the more reliable and simple Gel-Ma
system. Using Gel-Ma, two approaches to initiation of the cross linking reaction were
investigated; radiation independent redox initiation and visible light initiated ruthenium
hexahydrate cross linking. The redox system was characterised by formulating persulfates
as both the oxidant molecule and source of sulfate ions to catalyse the cross linking
reaction, with various reductant molecules to generate the ions [69]. The redox system
produced hydrogels with a high soluble fraction and poor cell viability compared to the
visible light system. This confirmed the best option for cross linking the gel-ma system
was the visible light ruthenium hexahydrate system [73].

Gel-Ma hydrogels were optimised to a 3% w/v macromer content, which had rheo-
logical properties approximately ten times stiffer than normal brain tissue, but a similar
viscoelastic profile [310] Neuronal cells encapsulated in the hydrogels showed showed a

constricted, spheroid morphology with no extension of the dendritic processes expected

John Brewster 199 The University of Leeds



CHAPTER 7. SUMMARY AND FUTURE DIRECTIONS

for matured cells. This indicated that the gel was too stiff for encapsulated cultures to
generate normal matured morphology. Gel-Ma was then combined with graphene oxide
in two ways. First the GO suspension was diluted into the pre-crosslinked hydrogel to
create a hydrogel mixture containing up to Img/ml of GO in suspension. Compared to
hydrogel without GO inclusion, the Gel-Ma with GO at Img/ml had no significant benefit
or consequence to encapsulated cells, with similar viability and morphology.

Instead of encapsulating cells and GO, hydrogel was used as a layered scaffold com-
bination with the GO film model. This new design led to significant improvements in
neurite growth compared to the encapsulated cultures with cells becoming much larger,
less spheroid and producing neurites extending into the hydrogel upper layer, demonstrat-
ing a 3D growth. In this layer design cells were adhered to GO films and then combined
with hydrogel layers to create stratified scaffolds. In combination with the instructive
and vector properties of the GO film this provides a platform for further development of
intelligent scaffolds for generation of complex neural tissue with anti-inflammatory and
neurite enhancing qualities. The layered scaffold approach represents the pinnacle of the

work achieved in this project.

7.6 Conclusions

In conclusion, the work presented in this thesis has demonstrated that GO available from
a commercial source can be biocompatible, and should be considered for any GO tissue
engineering project before making a bespoke batch of indeterminate quality. GO can be
easily and quickly assembled into a study surface from suspension, using spin coating,
which is an excellent investigative platform for cell culture and spectral analysis.

GO films are innately supportive of cell adhesion and cell development through adsorp-
tion from media, and shows significant improvements in neurite extension. Furthermore,
GO can be used as a vector to deliver pharmacologically active molecules with a low sol-

ubility in media. In this work the GO film was used to deliver anti-inflammatory molecule
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ibuprofen to microglial cells and successfully inhibit microglial activation via the COX-2
pathway. Other molecules can be adsorbed to the GO film including vitronectin for cell
attachment.

The GO material can be incorporated into 3D scaffolds, with a benefit when assembled
into a stratified design. Cells pre-supported on a GO film can be provided an enhanced
culture environment by subsequent addition of a hydrogel layer providing a 3D culture
environment following adhesion to the GO film. In the layered culture the GO film
appears to provide a topographical feature for the development of basal cell attachment
with subsequent protrusion of the cells into the hydrogel originating at the GO film.

Summation: This project has created a solid foundation for future researchers to

continue the investigation into GO for neural scaffolds.

7.7 Evaluation

This project has laid the foundations for several areas of further research that can be
performed to build upon the work herein. 2D GO film model: The 2D GO film model is
the most well explored area of this research, and provides a platform for others to use. The
model has been investigated for adsorption performance and cell culture compatibility, this
work can be expanded and investigated for performance with other adsorbed molecules.
Additionally rGO was considered as part of this work including the potential of reducing
the GO film in situ to create a more conductive surface and investigate these properties in
this model. Preliminary work with ascorbic acid and electrochemical reduction required
further optimisation

The GO film model would also benefit from more investigation with XPS. In par-
ticular this work was limited by time for spectral acquisition, further spectra comprising
different XPS conditions may better elucidate the nitrogen, oxygen and other elemental
spectra. Furthermore NAP-XPS, spectra of solutions can be acquired allowing for direct

comparison between the solution and film surface. In this way a comparisons can be made
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between the adsorbed surface and adsorption buffer.

Cell culture: Neuronal length quantification on GO films could be enhanced by
introducing a topographical substrate beneath the GO film, resulting in a patterned GO
film. This work did attempt to create such a substrate using recycled polycarbonate from
DVD’s in a replication of the work of Lu et al [318]. However the method used to
prepare the polycarbonate in this project (Laser cutting) resulted in a cytotoxic leach-able
contaminant from the thermally denatured edges which impeded cell growth in culture.
To improve this outcome, instead of repurposing and recycling another material, instead
GO films should be prepared purpose ground glass cover-slips to ensure no confounding
variables.

Regarding the adsorption qualities of the GO film, a good direction for future research
would be to perform sequential cultures on the same GO film. In this way, the extracellular
environment that adsorbs to the film may result in a conditioned culture surface to further
enhance the instructive properties. For example this could comprise an initial culture of
an astrocyte layer to create an astrocyte extracellular micro-environment, followed by a
neuronal culture to investigate cell maturation and neurite extension.

3D Hydrogel with GO: Though this work used a Gel-Ma hydrogel to form the
3D component of this scaffold, Gel-Ma may not be the best choice of hydrogel. The
mechanical properties of Gel-Ma are poorly suited to simulating brain tissue, the material
remains too stiff and elastic at the lower limit of its useable range. Hippocampal tissue co-
culture developed 3D neurites within the layered scaffold design. Future work should seek
to combine multiple layered scaffolds together to provide a multi-stratified composite. In
particular, each layer could include a different cell type to test migratory signalling through

the layers.
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