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Abstract

The pages of a book behave very strangely compared to a block of wood - two-dimensional (2D)
nanomaterials are no different. Offering unique properties that differ from their bulk
counterparts, this simple change in dimensionality unlocks a world of applications that has the
potential to revolutionize biomedical research. In this thesis, I explore some of these
extraordinary properties, demonstrating how they may be harnessed to advance nerve and bone
regeneration strategies, and to create innovative neural interfacing devices. Focusing primarily
on graphene and 2D boron, this work showcases the wide-reaching impact of these versatile
materials.

In Chapter 2, graphene was applied to the challenge of neuronal medical device development,
with a focus on neuronal regeneration using electrical stimulation. A soft, electrically conductive,
and biocompatible collagen-graphene composite material (NeuroGraph) was developed, with
diverse fabrication capabilities into scaffolds, microneedles, and bioelectronic circuits. Electrical
stimulation on NeuroGraph substrates led to a significant enhancement in neurite outgrowth
and cellular morphology, demonstrating its potential as a promising platform material for

electroconductive tissue regeneration.

Building on this, in Chapter 3 the graphene formulation was further refined for biocompatibility
and conductivity, and a flexible, biocompatible polymer-graphene composite system was
developed by combining the graphene formulation with polycaprolactone (PolyGraph). The
electrochemical properties of this material were enhanced by surface roughening with NaOH,
and coating with conductive AuPd. This enabled the creation of flexible, high-performance
microelectrode neural interfaces with significant potential for applications in both electrical

stimulation therapies and bidirectional neural interfacing.

Finally, demonstrating the breadth of possibilities in the field of 2D materials, in Chapter 4
boron nanoplatelets exfoliated from a non-layered precursor using liquid-phase exfoliation were
combined with collagen to form collagen-boron (BColl) scaffolds. By leveraging the 2D
morphology of the nanoplatelets alongside the intrinsic bioactivity of boron and support of a
collagen matrix with tailored characteristics for bone repair, these scaffolds were shown to
enhance osteogenesis, angiogenesis, and neurogenesis, all while preventing infection,
inflammation, and stiffness mismatch. Taken together, these results showcase boron's potential
to offer multifunctional benefits to clinically relevant aspects of next-generation bone biomaterial

development.
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Though this work represents only a microcosm of the immense potential that 2D nanomaterials
hold for biomedical applications, the findings presented herein highlight key challenges and
opportunities within the field. The versatility of these materials presents a promising vision for
future devices and treatments, smoothing the trade-off between physicochemical and biological
properties. As our understanding of the nanoscale world and the complex interplay between it
and the vast landscape of regenerative medicine and neural interfacing deepens, these materials

could fundamentally reshape how we approach regeneration and augmentation.
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Ask the artist in the gutter
What propels each new try
Or the poet in the café
Why write one more line
They stare for a moment
Then softly reply

"It goes without saying,

There's beauty, nearby"

Beauty, Nearby

Ask the wife on the wards
Why she's there every night
Or the rebel in solitary
How she continues her fight
They look past you, yearning,
For days to come and gone by
"I choose to believe

There's beauty, nearby"

There's a good time coming
Be it ever so far away
By lake water lapping
Or on pavements grey
[ reach for the moments
Of hope, come to stay
It's clear to me now
There's beauty,
Someday

Ask the drunk on the towpath
What keeps him alive

Or the child in the warzone
How they keep from crying
They cast a long glance

At the birds, flying high

"One day I'll escape

To the beauty, nearby"






“Perhaps I could best describe my experience of doing mathematics in terms of entering a dark mansion.
You go into the first room and it's dark, completely dark. You stumble around, bumping into the furniture.
Gradually, you learn where each piece of furniture is. And finally, after six months or so, you find the
light switch and turn it on. Suddenly, it's all illuminated and you can see exactly where you were. Then

you enter the next dark room...”

Andrew John Wiles, mathematician famous for proving Fermat’s Last Theorem

Introduction

Edwin Abbott Abbott’s seminal work “Flatland: A Romance of Many Dimensions”, released in
1884', marked the first time many readers had thought deeply about the concept of dimensions.
Yes, they may have said, the world has things that are thin, and things that are long, even those
that are pointlike, but what difference does it make! This question belies a world of difference
between the dimensions we move through, and few places is this more apparent than at the
nanoscale. Dimensionality has an effect in ways we appreciate without thinking about - after all,
it’s harder to light a fire with a block of wood than with a sheet of paper - and in ways that
continue to surprise us. It's how we leverage the dimensionality of materials that unlocks a world
of new possibilities, in electronics, chemistry, biomedicine, and beyond. In this thesis, I will dive
into some of the biomedical applications of two-dimensional materials, specifically in the fields

of tissue engineering, regenerative medicine, and neural interfacing.

The first study (Chapter 2) focused on the development of a graphene-collagen (NeuroGraph)
composite for neural tissue engineering. This work showed that electrical stimulation, delivered
via a conductive, biocompatible NeuroGraph substrate, could enhance the outgrowth of primary
neurons grown on its surface. This has important implications for electrical stimulation and
conductive substrate-mediated tissue engineering in both the peripheral and central nervous
systems. Building on this work, the second study (Chapter 3) developed a graphene-
polycaprolactone composite (PolyGraph) with optimal biocompatibility and conductivity, and
demonstrated its use for the fabrication of flexible microneedle-based neural interfacing
electrode arrays. The electrical properties of PolyGraph were optimised to pave the way for future
delivery of electrical stimulation to neurons in a hydrogel, and the recording of action potentials

from neurons in a brain slice model. Both are important abilities for neural interfaces, thus



indicating the potential promise and versatility of PolyGraph for the fabrication of multimodal
neural interfacing devices. Finally, to explore the vast world of 2D materials beyond graphene,
the last study (Chapter 4) demonstrated the use of 2D boron nanoplatelets in bone tissue
engineering, showing that boron-loaded collagen (BColl) scaffolds led to a significant increase in
mineralisation. This study also showed that boron loading caused a shift towards a scaffold
environment more favourable to angiogenesis and neurogenesis, and more hostile to

inflammation and microbial infiltration, each key outcomes for effective bone regeneration.

Taken together, these studies demonstrate a significant advance in our understanding of the
applications of 2D nanomaterials to tissue engineering, regenerative medicine, and neural
interfacing devices. These applications are enabled in large part by the unique dimensionality of
these materials, unlocking properties which would otherwise be impossible to achieve with the
bulk. In this section, I will explore how these materials are synthesised, rendered biocompatible,
and applied to a wide range of fields within biomedicine and biomedical engineering -
establishing this work relative to the literature, and explaining how it moves our understanding

forwards.

2D Materials

Although the concept of dimensionality in materials has been explored and exploited,
deliberately and accidentally, for thousands of years®’, the discovery of quasi-two-dimensional
materials, where one of the dimensions of the material is <100 nm, has come relatively recently.
The first 2D material synthesised (on purpose) was graphene, a 2D allotrope of carbon that was
isolated by Andre Geim and Kostya Novoselov in 2004, by mechanical exfoliation of highly
oriented pyrolytic graphite®. This discovery set off a cascade of research into both graphene and
a huge range of other 2D materials’”, which offered superb properties that were unachievable
using bulk materials. To illustrate why, imagine a book - this thesis for example. About the only
danger when reading a book, aside from being bored to death, is papercuts'®. However, it’s not
the book itself that gives you a papercut, but the individual pages - kudos to you if you manage
to get a papercut from the spine of this book. This brief thought experiment shows that the pages
of the book function as quasi-2D sheets, and therefore have properties (in this case, sharpness)
that differ from the book as a whole. The same principle is true for nanomaterials. There are two
ways that differing dimensionalities can lead to new properties. Firstly, the intrinsic properties of

the materials can change due to the dimensionality. For instance, the conductivity of graphene



or P12 -borophene arises due to delocalisation of Trelectrons across the atomic bonds'', with
electrons no longer being shared between the entire lattice of the graphite, and acting as free
charge carriers, a feature which is diminished in bulk graphite, and not present at all in bulk
boron'?. The second way that these properties can arise is independent of the material itself, and
solely due to the 2D nature of the material - this includes mechanical reinforcement, enhanced

specific surface area, and network effects. It is worth noting that dimensionality is not an on-off

switch, but a spectrum - many systems behave in a highly layer-dependent manner®-'°.
As more materials have been successfully Nanoplatelet
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Fig. 1.1 - Surface Area:Volume Ratio of 2D
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RS Materials vs. Nanoparticles: Derivation showing that

superconductivity’’ can be found in materials  the surface area:volume ratio will be larger for thin
) o 3334 nanosheets than for the vast majority of nanoparticles.

in the 2D family’””*. Perhaps the most
consequential property of 2D materials is their much higher surface area to volume ratio
compared to other dimensionalities. The surface area:volume ratio for nanosheets will be higher
than it is for spherical nanoparticles provided the radius of the nanoparticle is greater than 1.5
times the thickness of the nanosheet, as derived in Fig 1.1. This has a multitude of consequences,
since more of the active material is exposed to the environment at a given time than for any other

material morphology”, allowing for more efficient drug delivery per unit of material”’, and for

the production of highly capacitive electrodes for batteries and electronics™.



Beyond the surface area, the simple fact that the edges of these materials are atomically sharp can

37,38

lead to anti-microbial activity’”*® and other edge effects®. Finally, the nanoscale dimensions of

these materials lead to strong quantum confinement of electrons and phonons, which can lead

40,41

to photoluminescent effects™"*', and open the door for the study of novel physical phenomena

42

such as confined excitons, with a view to the development of quantum devices

Fig. 1.2 - Applications of 2D Materials: 2D materials have applications across science and technology, with
some of the most promising applications arising in the biomedical field — this schematic shows some of the most active
areas of research that leverage the novel properties of 2D materials for critical applications.

These extraordinary properties have been leveraged for a wide range of applications beyond those

47-54 55-57

already mentioned, including electronics*”*~*, batteries*’~*, coatings & lubricants”~', energy
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production™®, catalysis®’, and biomedical applications® " (Fig. 1.2). For biomedical
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While many theses have been and will be written about the innumerable properties and
applications of 2D materials, this work will focus primarily on two members of this family, both

elemental 2D materials (Xenes) - graphene and 2D boron.



1.1.1 Graphene

In the realm of 2D materials, the graphene family (Fig. 1.3), which includes pristine graphene
(pG), graphene oxide (GO)'®, and reduced graphene oxide (rGO)'®, has attracted significant
attention thanks to the extraordinary electrical, thermal and mechanical properties of its
members™*?*!1%' The pG basal plane consists of a one atom thick layer of sp” hybridised carbon
atoms arranged in a planar honeycomb structure*, which can be functionalised using a range of
techniques'®. This structure endows graphene with remarkable, layer-dependent properties such
as high electron mobility of up to 200,000 cm?/V-s'?, excellent electrical conductivity'”, thermal
conductivity between 2-4 kW,/m-K"°, and a Young's modulus of around 1 TPa'®, making it one

of the strongest known materials.

Graphene oxide Reduced graphene oxide

Fig. 1.3 — Graphite and the Graphene Family: Graphite consists of stacked layers of carbon atoms arranged
in a hexagonal honeycomb pattern, which, when separated, are known as pristine graphene (pG) (A). These layers
can be synthesised with oxide functional groups, in which case they are known as graphene oxide (GO) (B), which
can then be reduced to form reduced graphene oxide (rGO) (C).

GO is distinguished by the presence of plentiful surface and edge oxides such as =0, —-COOH,
and —OH. These functional groups have the benefit of rendering the surface hydrophilic and
providing additional linkage sites for further functionalisation'™ - however, they also disrupt the
basal plane of the resultant nanosheets, resulting in a sharp decrease in nanosheet conductivity
compared to pG'"". To partially restore the conductivity of pG, rGO is synthesised by reducing

GO in order to recover the delocalised m-electron structure. While this process improves the



conductivity relative to GO, it typically remains lower than pG, due to defects and incomplete
removal of functional groups'’’. Nevertheless, tGO represents a middle ground between the

hydrophilic nature of GO and the superior electrical properties of pG.

105,1 11
0107 strength'”’, and

Pristine graphene, while offering the highest electrical conductivity
processability'® of the family, poses challenges for biomedical applications, due to its
hydrophobicity and the resulting potential for aggregation, cytotoxicity and immune response.

These challenges and approaches to address them will be discussed in Sections 1.1.3.3 and 1.2.1.

1.1.2 Boron

Boron, the fifth member of the periodic table, occurs in a number of allotropes (Fig. 1.4), the
most common amongst which are the crystalline @rhombohedral, f-rhombohedral and
a-tetragonal forms, and amorphous forms including a fine brown powder and a glassy solid'"*
(Fig. 1.4 B). As an additive, boron has found widespread applications, from those that are
seemingly run of the mill, such as its use in bleaching agents for washing detergents'”, to those

1. Most notably for this work, boron

as exotic as its use in neutron shields for nuclear reactors
also functions as an essential trace mineral for a range of biological functions - this will be

discussed in more detail in Section 1.2.3.
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Fig. 1.4 - Boron and the Borophene Family: A) Boron comes in a wide variety of allotropes, including f5-
rhombohedral, the most common crystalline allotrope. B) Other allotropes are possible, and have a diverse range of
stabilities, properties, and abundances. C) When exfoliated to form borophene, there are a number of stable
polymorphs, the most common of which is Biborophene. Adapted from Widom & Mihalkovi¢ 2007'"" (A) and
Kumar et al. 2024 (B,C).



When exfoliated into its 2D morphology, boron takes two primary forms. The first is borophene,
a boron allotrope arising from the transition at low thickness to a different crystal structure, a
regime in which conductivity and other superlative properties emerge'"'"’. There are several sub-
allotropes of borophene itself, such as 2-Pmmn, 8Pmmn, Bi, and X3 borophene'® (Fig. 1.4 C).
Borophene was first experimentally realised in 2015, and has until now mostly been synthesised
using bottom up, substrate-supported approaches such as chemical vapour deposition and
molecular beam epitaxy, onto substrates such as Ag(111)"*"'* Au(111)'” and Cu(111)"**'Z,
Recent studies have even achieved freestanding Bi-borophene allotropes, a feat previously
thought impossible due to the influence of the substrate on borophene crystallinity'**"'?*. These
difficult fabrication conditions, requiring specially chosen substrates and an ultra-high vacuum
environment, spurred a push towards alternative syntheses of borophene and boron

nanoplatelets, such as liquid phase exfoliation.

The second form of 2D boron is boron nanoplatelets, with the same crystallinity as bulk boron.
Top-down approaches such as LPE have demonstrated efficient exfoliation of boron
nanoplatelets consisting of B-rhombohedral boron'>'*"%, Recent research suggests that these
sheets consist of planar arrangements of icosahedral boron sub-units, cleaved along the {001}
planes with the assistance of naturally-occurring crystal stacking defects in the bulk crystal'”’, as

opposed to undergoing a shift to a borophene-like phase.

One major limitation of both borophene and boron nanoplatelets is their tendency to

126,137-139

oxidise , which can degrade their electrical conductivity and other desirable

10141 While borophene synthesised under inert conditions retains its superlative

properties
characteristics, ambient exposure often leads to rapid oxidation, making it difficult to fully
exploit its potential in practical applications. This means that regardless of which phase is

achieved after exfoliation, some of the superlative properties of borophene prepared under inert

conditions are inaccessible to ambient synthesis techniques.

Synthesis of 2D Materials

There are a wide range of ways to synthesise 2D nanomaterials, generally classified into two types
- bottom-up and top-down® (Fig. 1.5). Materials synthesised by the bottom-up route are
assembled atom-by-atom from precursors, often using dedicated substrates and vacuum

deposition conditions (Fig. 1.5 A). The primary bottom-up techniques used are chemical vapour



deposition (CVD), molecular beam epitaxy (MBE) and atomic layer deposition (ALD), each of
which function by similar principles - gaseous precursors are either deposited on or reacted with
the surface of the substrate, allowing for formation of thin, highly ordered layers. These
techniques yield materials with superb, pristine qualities in many cases, with almost defect-free
basal planes and large, monocrystalline sheets. However, they are also low yield, energy intensive,

and require complex and costly equipment.
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Fig. 1.5 - 2D Material Synthesis Techniques: lllustration of a selection of the many fabrication methods
available for 2D nanomaterials, categorised by whether they build the nanomaterials from nothing, using atomic or
molecular precursors (bottomup, A), or transform a bulk precursor into its nanomaterial form (top-down, B).

Top-down approaches to exfoliation, on the other hand, function by cleaving a 2D material from
a 3D bulk precursor, winnowing one of the dimensions down until it enters the nanoscale
(Fig. 1.5 B). The first example, and the first technique used to synthesise 2D nanomaterials by
Geim and Novoselov?, is mechanical exfoliation. This operates by the slow, and somewhat
painstaking, peeling of atomic layers from a well-aligned, layered material. However, this suffers
the same double-edged sword of high quality but low yield that plagues bottom-up approaches.
This takes us then to liquid phase exfoliation, a high vyield, cheap and scalable exfoliation
technique developed in the Coleman lab in 2008, which will be discussed in detail in the next
section, and other advanced techniques such as electrochemical exfoliation, involving the

. . . .. .1
separation of atomic layers by means of ionic intercalation'®.



Liquid Phase Exfoliation of Layered Materials

Liquid phase exfoliation (LPE, Fig. 1.6 A) has emerged as one of the primary methods to unlock
the properties of 2D materials, due to its low cost, scalability, and high yield. As a technique,
LPE offers great versatility for a range of layered materials, exploiting the weaker inter-layer
bonding to enable the exfoliation of nanosheets from the bulk'*. Following exfoliation, careful
choice of solvent and surfactant/polymer stabilisers is essential, both for preventing re-
aggregation of materials'**'* by imparting inter-nanosheet electrostatic repulsion and/or steric
hindrance'* and for enhancing hydrophilicity and biocompatibility (see Section 1.1.3.3). Liquid
cascade centrifugation (LCC, Fig. 1.6 B) is commonly used in conjunction with LPE - this
technique works by applying progressively higher centrifugal forces to a nanomaterial dispersion
to selectively isolate nanosheets of different sizes, tailoring the material dimensions to suit

specific applications'".

A Liquid Phase Exfoliation (LPE)

Liquid Cascade Centrifugation (LCC)

Low speed ngh speed Redlsperse sediment
centrifugation, centrifugation, for size-selected
discard sediment discard supernatant dispersion

Fig. 1.6 - Liquid Phase Exfoliation of 2D Materials: A) Liquid phase exfoliation (LPE) involves the
application of sonic energy to a bulk material, leading to the exfoliation of atomic layers from each other in a
thermodynamically favoured solvent/stabiliser system. B) LPE is often paired with liquid cascade centrifugation

(LCC) to attain nanomaterial dispersions of defined, reproducible dimensions and aspect ratios.



1.1.3.2 Liquid Phase Exfoliation of Non-ayered Materials

[t becomes more challenging to exfoliate non-layered materials, as there is no anisotropy in the
bonding to exploit. This, taken at face value, would limit the biomedical applications of these
materials, as many bioactive materials such as hydroxyapatite, collagen, and more, exist in
isotropic forms. However, this difficulty can be countered to a certain extent by careful selection
of the precursor material for the exfoliation process. Crystalline materials may preferentially
cleave along a weaker crystal plane, even if the bonding anisotropy is less pronounced than in
layered 2D material precursors such as graphite (Fig. 1.7)"*. Furthermore, if LPE is not used, 2D
materials can be synthesised from materials that would be otherwise impossible to process, for
example using chemical vapour deposition'*"°!. As mentioned however, synthesis processes like

CVD are currently expensive and low-yield, and thus optimising LPE for non-layered materials

145,152-154

has been a focus of research in recent years
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Fig. 1.7 - Liquid Phase Exfoliation of Non-Layered Materials: Schematic illustrating liquid phase exfoliation

of 2D nanomaterials from nonlayered precursors, from Kaur et al.'*®.

The efficiency of LPE for non-layered materials can be enhanced in similar ways to that of LPE
for layered materials - for example, cryogenic or solvothermal treatment can increase the
efficiency and selectivity of LPE, and appear to be driven by the formation of cracks in a bulk
precursor, which then propagate through the material. These cracks can be due to intrinsic
defects in the crystal structure of the precursor'”, which are then lengthened and expanded by
cryogenic'” ™" or solvothermal treatment'?. Using these techniques, many materials previously

considered impossible to exfoliate have been exfoliated, by a wide range of groups””*1#6133158.160,
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Stabilisation of 2D Materials

There are three main methods of stabilisation for 2D nanomaterials in solution, without which

they would be prone to re-aggregation:
Solvent stabilisation

Choice of solvent plays a crucial role in the stability of a given nanomaterial dispersion. It has
been shown that the dispersibility of a given nanomaterial in a solvent is highly dependent on
the thermodynamics of the solvent, namely its surface energy'®'. Solvents with a surface energy
similar to that of the nanosheets themselves minimise the enthalpy of mixing, making dispersion
more thermodynamically favourable. This relationship is described by the following equation,

from Cunningham et al. 2012'%%

AHppix 2

2
v zm(\/y_s—\/R) (Eq. 1.1)

Here, AH,. represents the enthalpy of mixing, ysand ynsare the surface energies of the solvent
and the nanosheets, Tysis the thickness of the nanosheets, and V is their volume. Taking this
into account, it has been shown that solvents such as N-methyl-2-pyrrolidone (NMP) and
N-cyclohexyl-2-pyrrolidone (CHP) are optimal for graphene and TMDCs, as well as a range of

other materials'®%164,

Surfactant stabilisation

However, transfer to deionised water or other thermodynamically disfavoured solvents'® is often
required, and in these cases it is necessary to stabilise the nanosheets against aggregation without
relying on the solvent to match the surface energy of the material. To achieve this, surfactants
such as sodium cholate (SC) and sodium deoxycholate (SDC), among others, are used to disperse
the nanosheets. The surfactant molecules act as molecular intercalants, and by their affinity for
the nanosheet surface and steric repulsion of other molecules, they prevent the re-aggregation of

the material'®'®. This approach also avoids the need for working with potentially toxic solvents

such as NMP'*’,
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Polymer stabilisation

Finally, there are situations where still further separation is needed from the nanomaterial
surface and its environment, such as for biomedical applications. This calls for exfoliation in
polymers, which must be biocompatible enough to reduce the potentially deleterious effects of
nanomaterials on biological systems, but also small enough so as not to disrupt inter-flake charge
transfer. A wide range of polymers can be used for this type of exfoliation, as the mechanism is
entirely steric - the polymer adsorbs to the surface of the nanomaterial and prevents nanosheets
from aggregating with each other. However, the choice of material is non-trivial, since
biocompatibility, conductivity, yield, and stability are all heavily influenced by the polymer used.
Furthermore, certain polymers will adsorb preferentially to 2D material surfaces due to the

. . . 168,1
presence of aromatic functional groups, such as pyrrolidones and pyrenes'®*'®.

Biopolymers such as gelatin and bovine serum albumin (BSA) are commonly used to produce
biocompatible nanomaterial dispersions'™, but such large polymers can greatly impact the
conductivity and other network properties of the resulting nanomaterial. This is related to the
radius of gyration of these polymers, and how much they limit the tunnelling of electrons
between nanosheets'”'"'”. To address this, smaller polymers like polyvinylpyrrolidone (PVP) or
polyethylene glycol (PEG) are often used, striking a balance between conductivity and

biocompatibility'® 7!,

2D Material Composites

2D materials possess extraordinary properties, many of which can be most readily exploited in
the form of polymer-nanomaterial composites. This is thanks to the advantageous mechanical
and surface properties that a polymer can impart on the system as a whole, and to the various
polymer processing methods that are unavailable for pure nanomaterials. For example, liquid
phase exfoliated 2D material films often do not have a high Young’s modulus or scratch
resistance, rendering them prone to damage when exposed to shear forces. However, when 2D
materials are mixed with polymers to form a composite, the resulting material is often stronger
than the initial polymer, thanks to the reinforcing properties of 2D materials’’. Polymer matrices
are also frequently used to shield biological systems from potentially damaging effects of highly

concentrated 2D materials.
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1.1.4.1 Electrical Behaviour

For modelling nanomaterial composite systems, the main parameters that describe their electrical
behaviour are the percolation threshold, the conductivity of the filler and the percolation

exponent, as described by percolation theory'®'™

, while the mechanical behaviour is usually
modelled by the Rule of Mixtures'”. Both models are controlled by the volume fraction (@) of
the nanomaterial filler in the polymer matrix. Classical percolation theory as it relates to
conductivity is based on the fact that in a composite, conductivity will not be achieved until a
continuous conductive path is formed across the material (Fig. 1.8). At this point, known as the

percolation threshold (¢.), there is a large jump in conductivity (0), often several orders of

magnitude, which then continues rapidly increasing within a range.

Polymer Matrix Nanosheets

Far below Around
percolation threshold ercolation threshold
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Fig. 1.8 - 2D Nanomaterial Composite Formation and Behaviour: A) Formation of a nanomaterial
composite with nanosheets shown in grey, and the polymer matrix in pale yellow. B) Behaviour of a 2D
nanomaterial composite as the nanomaterial loading is increased. Red paths represent non-conducting paths,
while blue paths represent conductive paths across the sample.
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This behaviour is described by the following expression:

o =0y(p— @)t (Eq. 1.2)

Here, t is the percolation critical exponent, which describes the behaviour of the conductivity in
the region of the percolation threshold and is related to the distribution of the inter-nanosheet
junction resistances in the composite, and 0ois a constant, dependent on the specifics of the
composite system and related to the underlying conductivity of the filler material. A number of
factors can influence the parameters @, 6oand t, including the aspect ratio of the nanomaterials,
the polymer matrix being used, the degree of aggregation of the nanomaterial filler, and the
degree of alignment of the filler'™'. In addition, the junction resistance and nanosheet
resistance play a large role in the conductivity achievable in a given composite, as they do for

nanosheet networks without filler'™,

Alignment in particular can be a difficult parameter to account for, since it is unrelated to the
material properties themselves in large part, and is driven by the manufacturing process of the
composite in question'™'™. The optimal alignment is dependent on whether the system is a
polymer-free network, or a polymer nanocomposite. In a nanosheet-only network, high
alignment will lead to large-area face-face inter-nanosheet junctions, which will possess a
decreased junction resistance, leading to higher conductivity in the network compared with
flake-edge to flake-face junctions. However, in polymer nanocomposites, face-face junctions are
often disrupted by polymer between the faces, increasing their resistance. This is significant, since
the primary mechanism of inter-flake charge transport is electron tunnelling, which is very highly
dependent on the inter-flake distance, with the efficiency of tunnelling falling off rapidly after

=3 nm'™

. This means that large polymer stabilisers can greatly decrease the conductivity of a
network, even as they increase the biocompatibility, which must be accounted for in any system

which aims to balance conductivity with biocompatibility.

Mechanical Behaviour

The mechanical properties of nanomaterial composites are complex, and largely dictated by the

. 1 181
Rule of Mixtures™®!'7"!®

, with some systems also following principles of mechanical
ercolation ™~ ", The Rule of Mixtures states that the emergent properties of a composite system
percolation'®'®. The Rule of Mixt tates that th gent properties of posite syst

depend on the individual properties of its components, and on the ratio between them. To
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discuss these properties, it is useful to define some quantities'*. First, stress is defined as the
force per unit area applied, and strain is the resulting deformation of a material. The ratio of
these components is known as the modulus, giving useful information on the resistance to
deformation. The plot of stress vs strain for a material gives a wide range of information on its
mechanical behaviour, with materials typically grouped according to their stress response in
differing strain ranges. For example, elastic behaviour is defined as the regime where the
deformation returns to zero following cessation of stress, plastic behaviour is observed when an
applied stress, upon exceeding a threshold known as the elastic limit, leads to permanent
deformation, and viscous behaviour describes the irreversible flow of fluids and solids, causing
effects such as creep and stress relaxation under consistent applied stress. Materials often exhibit
a combination of these behaviours, as the mechanical response to an applied stress is often time
and strain rate-dependent, leading to viscoelastic, elastoplastic, viscoplastic, or viscoelastoplastic

behaviour.

These dynamic, complex mechanical properties are highly relevant to biomedical applications,
due to the high mechanosensitivity and viscoelasticity of many cell types and tissues, as well as
the dynamic stress environments present in the body. Of particular relevance to biomedical
applications is viscoelasticity, with many biomaterials exhibiting viscoelastic behaviour in order
to mimic tissue properties, which often respond to mechanical stimulus in a manner dependent
on the rate of strain applied and which can exhibit stress relaxation at constant strain'®'®.
Modelling and matching of the stress relaxation behaviour of viscoelastic tissues and biomaterials

. . . . . . . . . 187.188
is essential to prevent mechanical mismatch, tissue damage, and potential device rejection'®"'**.

Fabrication

Fabrication of 2D material composites is not as trivial as it may first appear - the simplistic
approach of mixing the filler with the polymer and casting it to dry can often lead to aggregation,
inhomogeneity, and poor composite performance. Key factors to consider include the choice of
filler, stabilisation method, polymer type and viscosity, and solvent compatibility. Furthermore,
processing parameters such as dispersion technique (e.g. sonic probe, sonic bath, shaking,
stirring, blending), casting technique (spin coating, mold casting, freeze-drying) and
environmental factors such as temperature and humidity must be considered, as they all have
significant effects on the electrical, mechanical, and biological properties of the resulting

composite. While some of the emergent properties from 2D material addition are beneficial for
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given applications (for example, conductivity and mechanical reinforcement), some properties
can also be detrimental, such as decreased flexibility, changes in viscoelastic properties, and
prolonged degradation time. This means that these properties must be balanced with each other,
by taking the percolation curve and Rule of Mixtures into account where applicable. This is why
achieving a homogeneous, well-dispersed composite is critical, as it lowers the electrical and
mechanical percolation thresholds and allows the desirable properties of 2D materials to emerge
with minimal material loading. These properties have an outsized impact on the biological
interactions and biomedical applications of these materials and composites, which will be

discussed in the next section.
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1.2 Biomedical Applications of 2D Materials

The human instinct to improve health has continually propelled the rapid application of new
materials to the advancement of medical technology and research. This has been no different for
2D materials, the advent of which has generated a great deal of interest in the biomedical research
space thanks to their exceptional properties, such as high surface area, biocompatibility, and
electrical conductivity. 2D materials enhance and enable important tools and techniques in the
arsenal of biomedical engineers, allowing for multimodal, targeted, and biocompatible therapies
and devices for a range of tissue types, diseases, and injuries - from enhancing neural interfaces
to creating advanced drug delivery systems and imaging agents, 2D materials offer solutions to

challenges that were previously difficult to address with conventional materials (Fig. 1.9).

Imaging

= Tissue
Engineering

Neural Interfacing f /

> Anti-microbial

Fig. 1.9 - Biomedical Applications of 2D Materials: 2D materials have been applied to a wide range of
biomedical applications, revolutionising research in many of them — from neural interfaces and biosensors to advanced
drug carriers and imaging agents, the versatile properties of these materials have established their role as pivotal tools
in several key niches of biomedical research.

This section will first explore the biological properties of 2D nanomaterials, followed by an
exploration of the applications of graphene, 2D boron, and other 2D nanomaterials in

biomedical contexts.
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Biocompatibility of 2D Materials

Before any new material can be applied in a biomedical setting, extensive research must first be
conducted in both in witro preclinical settings and clinical trials to establish safety and
compatibility. This is relatively straightforward for inert, non-degradable materials used
externally, but it becomes considerably more challenging, and critical, for materials designed for

189,190

internal use - particularly those which are small enough to circulate in the circulatory and

191

lymphatic systems to reach distant parts of the body ~". This is where the primary concern around

2D nanomaterials for biomedical applications comes into clear view - the fact that they are small

192-194

enough to potentially penetrate and slice cells , are not always water-soluble, and can be

97 means that careful considerations must be made to investigate

prone to gathering in tissue
and minimise the potential side effects of these useful materials. There are three main aspects of
a material’s interaction with the body that must be assessed and optimised to render it suitable

for use in the body - the dose-dependent cytotoxicity, immunological properties, and excretion

pathways.

Cytotoxicity

The cytotoxicity of a nanomaterial depends on a wide range of factors, related to the physical
and chemical properties of the material itself, as well as the specific cells and systems being
studied'”®. Furthermore, as with any drug or material, the dose matters - many materials are safe
up to a limit, beyond which cytotoxicity as well as systematic deleterious effects begin to
occur'?*. Factors such as nanomaterial composition, size, concentration and functionalisation,
as well as the exposure route (e.g. in free suspension vs. in composite form, or intravenously vs.
dermally™) have a significant impact on the potential cytotoxicity of the material. Here we

discuss several of these key parameters:

Material composition

The material composition of a nanomaterial is a critical determinant of its cytotoxicity. For
example, nanosheets formed of highly reactive materials, or those which dissolve into toxic
ions/byproducts, can cause apoptosis and necrosis by a wide range of mechanisms'**°"*%,
Furthermore, the redox potential of materials is dictated by its composition, impacting the rate

of production of potentially harmful reactive oxygen species’'. However, the impact of material

composition and the associated cellular response is more subtle than simply “toxic” and
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“non-toxic” - cellspecific responses have been observed to commonly used nanomaterials. For

example, graphene oxide has been shown to have dose-dependent cytotoxicity with fibroblasts®®,

%% This is just one example of the

while exhibiting no significant cytotoxicity with A549 cells
many conflicting reports, underscoring the impact of factors such as size, coating, and material-

o . . . . . ... 205
specific cellular interactions in nanomaterial cytotoxicity™ .

Dimensions

Nanomaterials are frequently on a scale similar to that of the cells which they are in contact with,
thus small changes in the lateral size or thickness of the nanosheets can have an outsized impact
on the cytotoxicity, by mediating the biodistribution, accumulation, cellular uptake, and blood-

122! For example, smaller nanosheets are more likely to

brain barrier crossing potentia
penetrate into cells, potentially causing internal damage and decreasing cell viability™®'. Larger,
thinner, more flexible nanosheets on the other hand may wrap and “suffocate” a cell in certain
circumstances****%, Changing the dimensions of the nanomaterial often has downstream effects,
not only on the biological interactions, but on the physicochemical properties of the material,

requiring a fine balance to be struck between desirable physical properties and minimal

cytotoxicity.

Beyond initial cytotoxic effects, nanosheet dimensions also have a large impact on the excretion
pathways a nanomaterial can take, with studies showing a relationship between larger, thicker

193196209 " with one study finding that only

nanosheets and slower urinary and renal excretion
quantum dots of up to 6 nm in radius could be excreted by the kidneys*'°. This is due to the
limitations of the anatomical structure of the kidneys and liver, where glomeruli, hepatic lobules

211,212
“*, For some

and the cells therein can only process materials up to a certain size limit
applications, the downstream effects of the nanomaterial size can be contradictory - for example,
small nanosheets can be excreted more rapidly, but also show higher accumulation at a target

site due to the enhanced permeability and retention (EPR) effect'””*". Therefore, a balance must

be struck between circulation time and accumulation characteristics.

Surface coating & charge

Since one of the main draws of 2D nanomaterials is their enormous specific surface area, it stands
to reason that the surface properties of these materials have an outsized impact on their biological

interactions. In the simplest example, if a material is hydrophilic, it is likely to be safely excreted
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from the body, while if it is hydrophobic, it is likely to remain at the site of
injection/implantation chronically, potentially causing inflammation and tissue dysfunction.
Hydrophilicity can be improved using a wide array of surfactant and polymer coatings, each of
which serve to greatly improve the cellular interactions of the materials'®. It is, nonetheless, not
the only surface property relevant to the cytotoxicity. Diverse properties such as the toxicity of
any stabilisers or the concentration of defects in the material can each have a large impact on the
biological interactions of these materials, for example by modulating the release of reactive
oxygen species (ROS)*'**'®, Similarly, the oxide groups on GO and similar materials can also
cause cytotoxicity due to the formation of ROS™™?*'"-**'  However, less-oxidised graphene
derivatives can also lead to ROS generation, charge transfer and hydrophobically-induced

s 2. 222-22
cytotoxicity* %,

To increase biocompatibility while maintaining advantageous network properties, nanomaterials
are often functionalised with hydrophilic, biosafe molecules such as polyethylene glycol (PEG),
pyrene derivatives, and polyvinylpyrrolidone (PVP) among others, avoiding direct cellular
contact’”**, Finally, the charge of the surface of a nanomaterial has an outsized impact on the
interactions of cells with the material, due to its impact on the composition of the protein corona
formed, and on the nature of the cellular membrane interactions*?. Positively charged coatings
are generally preferable, due to the increased rate of protein adsorption and induction of a

o . : 2
pro-regenerative immune signalling cascade®”.

Aggregation

Many nanomaterials, particularly those which have not undergone sufficient surface
optimisation as discussed in Section 1.1.3.3, are prone to aggregation and agglomeration in
physiological environments due to the thermodynamically disfavoured interaction between

% Exacerbated by the varying pH and protein

hydrophobic nanomaterials and aqueous solvents
profiles found in the body, this can lead to nanomaterial precipitation, triggering inflammation
and other harmful effects at the site of application. The degree of aggregation significantly
influences the extent of these negative effects, with higher levels of aggregation being associated
with worse outcomes®**’!. Furthermore, aggregated nanomaterials are more likely to be retained
in sensitive tissues such as the kidneys, liver and in the lymphatic system, potentially causing a

harmful build up over long term exposure, leading to inflammation and fibrosis******.
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Immune Response

Since nanomaterials are fundamentally miniscule foreign bodies in the bloodstream and lymph
fluid, if the immune system takes notice, it will spark a phagocytic response by monocytes and
macrophages. This response is similar to the foreign body response seen after device
implantation, which causes complications such as osteolysis and glial encapsulation for
orthopaedic and neural implants respectively”**®. This response marks the nanomaterials for
engulfment and excretion, and greatly reduces their circulation time in the body. Materials with
low hydrophilicity, unusual surface groups or chemistry are particularly susceptible to this, as

they are more likely to set off the immune system’s alarms'"’.

The key driver of immune cell interactions with nanomaterials, however, is not so much the
identity of the nanomaterials themselves as it is the identity they take on after exposure to bodily
fluids, as well as aforementioned factors like dimensions and aggregation. In physiological
conditions, they will rapidly become surrounded by a biocorona of plasma proteins, the
composition of which alters what immune cells “see” when they encounter the material®"*",
influencing whether it triggers an inflammatory response, causes immunotoxicity, or is excreted
without incident. To take advantage of this biocoronation effect, many polymers, both
biological and synthetic, have been used to synthesise “biocorona-by-design” layers on the surface
of nanomaterials, in order to effectively evade engulfment and excretion by the immune system

before the nanomaterials have had time to fulfil their function'"**’.

Long-term Response and Excretion

While the short-term cytotoxic and immune response of cells to nanomaterials can be measured
accurately in vitro over the course of several weeks, it is considerably more difficult to predict
long-term interactions with complex in vivo biological systems**. Some applications require the
temporary presence of nanomaterials - in these cases, nanomaterials which do not naturally
break down under physiological conditions must be effectively excreted lest they remain at the
site of implantation/injection indefinitely. This can cause interference with biological processes
in the surrounding area by causing an immune response, fibrotic encapsulation, and in the worst
cases, potentially posing a cancer risk’*"***. Other applications, such as composite materials and
coatings used in implantable devices, require long-term implantation and even integration of
nanomaterials, in which case high, stable biocompatibility takes precedence over degradability

and excretion.
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For applications in the first category, the mechanisms of nanomaterial excretion are varied and
highly material- and system-dependent, as discussed above, but in general materials will find their
way either into the circulatory or lymphatic systems, where they travel onwards through the liver
or kidneys, and are excreted”"**-**, This is where the hydrophilicity mentioned earlier becomes
critical - materials that have low dispersibility in aqueous solutions will tend to precipitate,
particularly in regions of slow fluid flow such as the liver, where they are then deposited,
potentially leading to a dangerous mass of material which can cause fibrosis and a foreign body
response. This can be alleviated by two means - 1) by using materials that can be degraded
enzymatically, or naturally degrade under physiological conditions, or 2) by using materials that
are so hydrophilic as to be capable of passing through the entire excretion pathway without
significant precipitation or deposition. As discussed earlier, surface coating can be used to render
a nanomaterial surface hydrophilic, decreasing its clearance time - for example, Liu et al. have
shown that functionalisation with varying molecular weights of polyethylene glycol (PEG) has an
outsized impact on the renal and hepatobiliary clearance rate of single-walled carbon
nanotubes**, while Phillips et al. have shown that PEGylation of silicon nanoparticles dictates
their fate, with non-pegylated particles ending up in the liver, and PEGylated particles being
excreted via the urinary systemm.

In summary, the biocompatibility of 2D nanomaterials is complex, and highly treatment-, tissue-,
and material-dependent. It therefore must be optimised on a case-by-case basis to ensure minimal
cytotoxicity, immune response, and nanomaterial accumulation. Moving forward, strategies such
as surface functionalization and polymeric encapsulation will be essential to unlock the full
potential of 2D nanomaterials in vitro, in vivo and in clinic, ensuring relevant safety metrics and
high therapeutic efficacy are achieved. In the next sections, we will focus on the biomedical
applications of two 2D materials, graphene and 2D boron, which serve as examples of the

significant potential of the 2D material family.
Graphene for Biomedical Applications

Graphene, as the first 2D material discovered, has had the most research dedicated to its

biomedical applications. With its high aspect ratio sheets and stability it quickly became the

248,249

material of choice for early research into nanomaterial-based drug delivery , mechanical

249,251-253 78,206~

reinforcement of biomaterials’’, cancer theranostics , and anti-microbial effects

20825457 a5 well as tissue engineering and neural interfacing applications, which will be discussed

in detail in Sections 1.3 and 1.4 respectively.
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To enable these biomedical applications, the biocompatibility of graphene and its derivatives has

71,105,218,258-266

been assessed across a very wide range of cell types . Due to its extraordinary

267-270 .
20 ts

conductivity and the resulting potential for applications at the neural interface
interaction and compatibility with the cells of the central and peripheral nervous systems

(neurocompatibility) is of particular interest in this thesis.

Focusing on pG, it is more difficult to produce consistently high-quality, high-yield and
biocompatible pG compared to graphene oxide (GO) or reduced graphene oxide (rGO), which

194,271-273

has slowed research into its biological application , despite its superior material

properties'®*™. This has also led to inconsistent reports regarding its neurocompatibility’” 2",

259216 o1 seeded directly on pure pG surfaces have been reported

Cells exposed to pG suspensions
to suffer cellular damage’™ and apoptosis’™, with neurons also showing altered excitability when
directly exposed to pG*®. On the other hand, pG has also shown promise in several studies for
the enhancement of neurogenesis, neural growth and electrical signalling in cells grown on
graphene substrates”*****7. Recent reports indicate that the biocompatibility can be enhanced

288,289

by controlling crystalline quality’”’, modifying surface chemistry , and non-covalent surface

functionalization, while retaining its favourable mechanical, thermal, optical and electrical

. 142225275
properties'* o,

A distinction must be made between the biocompatibility of smooth, monolayer graphene such
as that synthesized by CVD*""***#%22 "and graphene nanosheets synthesized by techniques such
as LPE or electrochemical exfoliation*****’. In addition to this, the neurocompatibility of pristine
graphene (pG) and its derivatives GO and rGO are often quite different, due to their significantly
differing surface chemistries™>******. This diversity in surface morphologies and chemistries,
coatings and material dimensions make it impossible to ascribe a one-sizefits-all judgement as to
the biocompatibility of graphene or its derivatives, meaning that rigorous testing must be carried

out for each new tissue and application.

One way to circumvent the toxicity of many nanomaterials is by encapsulation in a polymer
composite, enhancing biocompatibility ~while maintaining advantageous electrical
properties’™ ", This also allows researchers to take advantage of the properties both of the
nanomaterial filler and the polymer matrix, enabling multifunctional materials and scaffolds.

Graphene and its derivatives in particular lend themselves well to incorporation in composites,
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wherein it can be used to induce conductivity and anti-microbial effects, yield mechanical
reinforcement, and increase surface roughness and cellular adhesion, among other beneficial
properties’™. Graphene materials have been combined with a wide array of polymer matrices,
with a variety of target tissues and effects. For example, work in our lab and others has shown

29396 supporting the growth of

that pG bound into collagen substrates is non-inflammatory
directly seeded cardiomyocytes'™, and enhancing the effect of electrical stimulation on spinal
cord neurons'®"*®. Graphene scaffolds have also been produced with a wide variety of structures,

278,291,298

from porous foams and fibre networks to hydrogels , reflecting the flexibility in processing

that composite systems afford researchers.

Boron for Biomedical Applications

While graphene dominated the early research into 2D materials, as exfoliation techniques have
progressed, more 2D materials have come to the fore. This flexibility in composition offers an
even greater diversity of properties, allowing researchers to expand the potential of 2D materials

for biomedical applications. Boron, a key trace element in the human body, is one such example.

302-307 308,309

Positively influencing bone health® "', osteogenesis , angiogenesis and wound

2 1 . .
99301 systemic boron supplementation has been

healing’'®, among other biological systems

studied, along with boron-containing compounds successfully being used for bone tissue
: : : : 304,308,311-313 s . .

engineering applications . Boron-containing compounds such as boric acid, borax, and

borate esters have also found broad utility in biomedical applications’*~"®.

Of most relevance to thiS thesis are the biomedical a hcations Of elemental 2D boron and
PP
borophene. %lth its SU[)@I‘b neutron capture cross SeCtiOI‘l319, bOI‘OI‘l and 2D bOI‘OIl have seen
p

PR30 where they are used to effect boron neutron

early use in fields such as cancer therapy
capture therapy (BNCT)*”. 2D boron has also seen preliminary applications in bioimaging"*
and biosensing’***. Boron itself has not previously been shown to have antimicrobial activity,
but boron-derived compounds have’*’. 2D boron in particular offers potential beyond that of
bulk 3D particles, as its high surface area, enhanced edge effects, and ability to reinforce polymers
enables scaffolds to address more of the key aspects of tissue regeneration simultaneously, and
with greater efficiency, as discussed in Section 1.1. Of course, while further study of 2D boron

132,330 .
% these unique

is warranted to assess its cytotoxicity, and to developed approaches to reduce it
properties indicate that 2D boron could play a significant role in emerging bone tissue

engineering technologies.
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Other 2D Materials for Biomedical Applications

Graphene and boron are only the tip of the iceberg, however. While we will not delve into them
in any great detail, 2D materials have revolutionised many existing fields in biotechnology, as
illustrated in Fig. 1.9. To pick just one example, one of the most vibrant fields of research in
biomedicine is cancer therapy, with each new material and biomedical innovation holding the
potential to impact the almost 20 million cases of cancer that occur every year worldwide®'. 2D

932 bhotothermal®**~% and

materials have been applied to effect efficient photodynamic
chemotherapy’, thanks to their unusual optical and thermal properties. This alone would
cement 2D materials as an essential tool in the biologist and bioengineer’s belt, but that would
be to say nothing of their applications to biosensing®®**"**| bioimaging®’, drug delivery”, anti-

2062355556 and more®*™**. Tissue engineering and neural interfacing will be

microbial activity
discussed in much greater detail in Sections 1.3 and 1.4 respectively. In summary, while there
are significant safety considerations that must be taken into account when using 2D

nanomaterials in biomedical applications, the potential upside is such that their continued use

is not only justified, but potentially revolutionary across a wide range of fields.
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1.3 Tissue Engineering and Regenerative Medicine

Of the wide range of frontiers laid out before us in biomedicine, one of the most compelling is
tissue engineering, a concept first proposed by Langer and Vacanti in 1993**'**. The basic
principle of tissue engineering centres on the use of scaffolds - artificial constructs designed to
support the proliferation of cells and deposition of tissue across a gap which would otherwise be

* The scaffolds act as temporary architectures to direct and support cellular

impossible to bridge
growth (Fig. 1.10), and are subsequently resorbed or integrated into the tissue, with the

integration or degradation rate tailored based on the tissue being repaired or replaced’*.
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Fig. 1.10 - Tissue Engineering: A) Schematic of the process of basic scaffold-mediated tissue engineering, showing
the infiltration of cells to a supportive scaffold, followed by its subsequent degradation and integration into the healed
tissue and B) Images showing accelerated healing due to a tissue engineering scaffold consisting of a 3D bioprinted
gelatin-alginate scaffold in an in vivo mouse skin wound model, with a pronounced effect on the size of the wound

after 14 days (adapted from Liu et al. 2016°%).
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Tissue engineering holds promise for a vast array of applications, ranging from the repair of
damaged or diseased tissue’* to the fabrication of de novo organs and body parts’*’. Given the
remarkable diversity of tissues in the body, the composition, geometry, and material properties

348-350

must be meticulously tuned. The porosity , stiffness”' 7

s .. 35
, conductivity’™, surface

53

. 355, 357,358
properties 7

** and alignment are all key factors to optimise in each new system’", to ensure
that the engineered tissue both functions effectively and integrates harmoniously with the body.
Furthermore, as with any device designed for implantation, the foreign body response of the
surrounding tissue must be carefully managed - this can be achieved by modulating the device

351,353

stiffness , adapting the surface topography and coating””, and including anti-inflammatory

molecules®™ %,

Scaffolds often serve as the platform for more sophisticated therapeutic strategies, however. A

wide range of other therapies can be applied in conjunction with scaffolds, such as cells™', growth

362,363 72,90,367

factors , genes ¥ 2D materials , nanoparticles, and proteins, each of which enhance
tissue regrowth, repair, replacement or improvement. Owing to this flexibility, tissue engineering
can be used to enable repair of a wide range of biological tissues, including muscular’®®; bone’®,

370,371

cardiovascular , and nervous tissue’”%. In this thesis, we will focus on neural and bone tissue

engineering, which exemplify the vast potential within this field.

Neural Tissue Engineering

With kilometres worth of nerves providing essential and complex functions to every part of the
human body, nerve repair is a critical component of recovery from any devastating injury. There
are two primary subfields of nerve repair: spinal cord injury, which is often incurable due to the
formation of an impenetrable glial scar’”, and repair of peripheral nerve injuries, which also
have the potential to be severely debilitating should they extend past a critical length’™*. These
subfields operate in different biological subsystems, the central nervous system (CNS), and
peripheral nervous system (PNS), respectively, with each system posing unique challenges. The
approaches to repair in both systems generally take the form of using a scaffold to guide neurons
and axons through the injury site, aiming to promote full regrowth over a period of time - many
adjuvant therapies have been applied on these scaffolds to enhance this regrowth, such as nerve

growth factors’”, RNA delivery’™, and electrical stimulation’”.
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Peripheral Nerves

Peripheral nerve repair requires the regrowth of highly aligned nerve fibres across an injury, a
task more challenging than simply the regeneration of isotropic tissue. Peripheral nerve defects
exhibit the innate potential to regrow up to a critical defect size (typically ~1.5 - 3 cm’™), and
regeneration can be accelerated beyond this using suitable scaffolds. As the distal axons beyond
a nerve injury die off due to Wallerian degeneration’”, proximal axons must bypass the injury
site and regenerate not only the injured tissue, but the lost axonal tracts beyond the injury. With
the symptoms of peripheral nerve injury ranging from uncomfortable sensations (or, conversely,
complete loss of sensation) to severe pain or paralysis, rapid regeneration of these nerves is

1374

critical’”. While autografts, allografts and xenografts can be used, the risks of infection, donor

site morbidity, and immune rejection make artificial scaffolds a promising option’™.

The techniques required to direct nerve cells across a scaffold to their distal targets are varied,

380,381 382,383

including the use of aligned pore scaffolds , electrical stimulation , multi-phasic conduit

381,384,385 386-389

designs , stem cell therapies to assist with healthy cellular function and signalling ,

0 While existing therapies can lead to improvements in functional

and growth factor delivery
outcomes, the prevalence of nerve injuries and their devastating consequences mean there is a
drive towards improving the effectiveness of these technologies to enhance both the speed and
quality of nerve regeneration, leading to improved patient outcomes and shorter recovery

: 378
times 7 .

Spinal Cord

The spinal cord is the most important collection of nerve tissue in the human body outside of
the brain, and functions as an essential transmission highway for sensory and motor signals to
from the brain. Injuries along its course can lead to anything from limb dysfunction or
incontinence to such severe outcomes as full quadriplegia or death, depending on the location
and severity of the injury”'. The critical nature of the spinal cord, as well as the devastating
personal, physical, and socioeconomic consequences of spinal cord injuries, make it a prime

candidate for tissue engineering strategies.

However, there are several ways the spinal cord as a system exhibits considerably more complexity
than other tissue types, including peripheral nerves. Like peripheral nerves, the tissue itself is

highly anisotropic and complex, with axons required to reach the correct distal targets in order
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for function to be restored. One of the most vexing challenges that spinal cord repair poses to
therapeutic interventions is the presence of the fibroglial scar, which develops during the
intermediate-chronic injury phase’?, and blocks the natural regrowth of neurons across the
injury site”** (Fig. 1.11). The scar develops as a result of inflammation caused by the injury,
and serves an important function, reducing secondary inflammation and preventing further
cellular damage™”’”. However, the scar also acts as a double-edged sword, as it also presents a

physical barrier to axonal regeneration, while simultaneously secreting inhibitory factors to

373,395

surrounding nerve cells . In this way, it functions effectively as a stop sign for axonal

regeneration.

LU

Fig. 1.11 - Spinal Cord Injury: Schematic of the injured spinal cord, with a glial scar formed by astrocytes,

microglia, and oligodendrocytes progenitor cells blocking the successful reconnection of neurons to their distal targets,
both physically and by the release of inhibitory factors to surrounding neurons.

Thus, in order to effectively address a spinal cord injury, the scar must not be removed
completely, but ameliorated by various perforative approaches, such as knockdown of
connexin-43 binding proteins’ ", The downstream effect of the glial scar is that spinal cord
neurons exhibit poor regenerative potential, due to the cascade of inhibitory factors released by
cells following injury. This means that even following successful amelioration of the scar, natural
regrowth is unlikely, and regenerative approaches such as tissue engineering scaffolds, electrical
stimulation, and the combination thereof are critical tools to help drive and direct cellular
growth across injury sites. Developments such as aligned pore, patientspecific architectures’”®

8401 and  growthfactor containing extracellular matrices

0 electroconductive frameworks
(ECMs)*"*? have all seen promise for regeneration of injured spinal cord tissue in pre-clinical
studies. To extend the previous metaphor, if the glial scar is a stop sign for axonal growth,

scaffolds allow us to build a road, and electrical stimulation has the potential to allow us to

increase the speed limit.
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Bone Tissue Engineering

Bone tissue engineering has long been a key focus in regenerative medicine, since natural bone
repair is limited to small defects and simple geometries™. Similarly to neural tissue, above a

critical defect size cells simply cannot find their way across the injury site without the assistance

304,307,308,404,405 406,407

of a scaffold. Thus, scaffolds including bioglasses , polycaprolactone frameworks

4064% have been developed to support the regrowth

and porous collagen/hydroxyapatite sponges
of cells, while maintaining the mechanical integrity of the surrounding tissue and allowing
nutrient diffusion. Many of these bone repair scaffolds are designed for eventual integration into

the healed bone, as mineralisation occurs within and around the scaffold, as illustrated in

Fig. 1.12 A and Fig. 1.12 B.

A PCL COL-PCL HAP-PCL HAP-COL-PCL

Fig. 1.12 - Bone Tissue Engineering: A) uwCT images showing enhanced tissue regrowth with help of
collagen/hydroxyapatite/PCL scaffolds from Qi et al. 2016 B) Schematic illustrating the progression of bone tissue
regrowth following implantation of a porous scaffold.
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Osteogenesis, the formation of new bone via mineralisation and the primary target of bone repair
scaffolds, can be enhanced by two key processes: osteoinduction (stimulating new bone growth)
and osteoconduction (supporting existing bone growth). Both processes are essential for effective
bone healing, as osteoinduction initiates bone regeneration while osteoconduction ensures that
the scaffold guides this growth in a controlled manner™. Bone tissue is complex and
multifaceted, with significant vascularisation and innervation required for healthy function.
Furthermore, implantation of any scaffold poses a risk of infection arising from surgical

intervention, and foreign body responses driven by the immune system.

Therefore, in order to effectively heal bone tissue, the cellular response of not only bone, but of

nerve and epithelial cells must be optimised to enhance neurogenesis (the formation of new nerves)

)410,411

and angiogenesis (the formation of new blood vessels , while minimising the risks of

inflammation or infection. This requires multifunctional scaffolds containing potent scaffold
additives, such as bone morphogenetic protein-2 (BMP-2), hydroxyapatite, and a wide range of

bioactive ions, which reduce the risk of infection, rejection or inflaimmation upon

. . 12-41
implantation*'?*"*,

Bioactive Molecules

A common approach for enhancing bone regeneration involves the use of bioactive elements

such as Mg”* and Ca®, which are metabolised by bone to encourage osteogenesis® =7

angiogenesis>*'7*'® and neurogenesis"'™*". The mechanisms behind these effects are varied,

depending on the specific cell type and ion involved, and typically involve the activation of

signalling pathways such as the BMP or Wnt/[-catenin pathways, leading to the upregulation of

. . . . 2
key osteogenic and angiogenic genes and proteins’®*%**%,
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Fig. 1.13 - Bioactive Elements used for Bone Tissue Engineering: Periodic table containing elements used
for bone tissue engineering (from Pantulap et al. 2021*), highlighting the diversity of therapeutic options.
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Among the many bioactive elements (Fig. 1.13), boron is of particular interest due to its positive
effect on both osteogenesis and angiogenesis, whether administered to bone cells in vitro via a

299,301,303 .
9930130 - However, the mechanisms

scaffold™+ 04T or to an organism  systematically
explaining ion-mediated growth often do not fully account for boron, which typically does not
exist in the B’ form due to the high ionisation energies needed to achieve this state. To resolve
this, some work suggests that it is the release of bio-active boron compounds (for example, borates

YO rather than elemental boron itself, that leads to the beneficial effects.

and boron oxides
Regardless of the specific mechanism, boron is known to upregulate the sodium-borate co-
transporter NaBC1, which activates the BMP and MAPK pathways, promoting osteogenic and

: . 300,422
angiogenic effects’ %2,

In conclusion, tissue engineering is a dynamic area of research with broad applications across a
range of biological systems, promising not only enhanced regeneration of lost or damaged tissue,
but also the potential for creation of new tissue, accurate disease models, and devices designed
to seamlessly integrate with biological tissues. These innovations set the stage for progress in

related fields such as neural interfacing, which is the focus of the next section.
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Neural Interfaces

Neural interfaces are one of the most exciting prospects in biotechnology, and, if fully realised,
have the potential to be life changing. Neural interfaces, defined in this thesis as devices in
contact with neural tissue for the purpose of electrical stimulation or recording, have a long
history. Beginning with the development of the electroencephalogram (EEG) in 1924 by Hans

Berger*”’, and continuing through non-invasive devices, to invasive electrocorticogram (ECoG)

424-429 430-432 433-436

devices , microneedle arrays , and even neural threads , the field is progressing at a

rapid pace.

As a technology, these devices lie at an interesting intersection between medical treatment and
technological enhancement - this is reflected in the public perception of the devices, with stories
about brain-computer interfaces often focusing on their potential to enable revolutionary

B8 and on ethical questions that they surface regarding privacy,

technological advancements
autonomy, and the potential for human enhancement””**. However, in the present day, much
of the research is focused on the treatment, diagnosis and understanding of the multitude of
neurological conditions afflicting the human brain, as well as the battle against paralysis and

debilitating injuries to the central and peripheral nervous systems**.

One of the most promising recent developments in neural interfacing is the integration of 2D
nanomaterials******. The unique properties of these materials, such as their high conductivity,
surface area, and flexibility, make them ideal for creating more efficient and durable neural
interfaces. This section will explore some of the main material, device and electrical
considerations when designing neural interfacing devices, how they intersect with 2D

nanomaterial research, and how this might inform future neural interfacing devices.
Materials for Neural Interfacing

Neural interfaces have long been fabricated from metals and highly doped semiconductors such
as silicon”®**¢_ Such biologically foreign, stiff materials can lead to scarring, particularly over
the course of chronic implantation and when combined with under-optimised geometries,
fixations, and device locations®*****_ This in turns leads to performance degradation and
device failure over a short timeframe, requiring costly and invasive surgery to replace the

450,451

interface . In the pursuit of high-resolution neural interfacing with complex devices,
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improving the mechanical properties of neural interfacing materials to enhance device longevity

and the stability of their performance is essential.

Therefore, recent work has focused on using more flexible, biologically compatible materials for

268,452-455 446,456-461 450,454,462

neural interfacing electrodes , such as conductive polymers , thin metals

and nanomaterials** %6 However, while the biological safety of a material is paramount,
the electrical performance of a device is also critical for both short- and long-term function”*"-
*9_ Traditional materials often have these parameters at odds with each other - some materials
have optimal electrical properties but high stiffness or low processability, such as metals and
silicon (Fig. 1.14), while others excel from a stiffness and cytotoxicity perspective, but generally

underperform in their electrical properties, such as traditional biomaterials***".

The balance between these properties is therefore the key to unlocking the potential of these
devices. To achieve this balance, recent research has investigated the use of 2D-material based
composites for neural interfacing devices***™. 2D material composites are unique in allowing
researchers to take advantage of the superlative properties of 2D materials, while simultaneously
leveraging the high biocompatibility, flexibility and processability of the chosen polymer matrix,
ameliorating many of the issues faced by traditional electrode materials (Fig. 1.14). Furthermore,
their properties can be tuned for a given application by adjusting the loading of nanomaterial in

the matrix, offering versatility and tunability that is difficult to achieve using single-phase

materials.
Highly conductive
Metals
semiconductors
Cytotoxic
1D Nanomaterials
Ditficult to process

Fig. 1.14 - Traditional Electrode Materials: Traditional electrode materials have many advantages as regards
their electrical properties, but tend to fall down on their biological and mechanical properties, as well as their
processability. 2D materials have emerged as viable contenders to address these problems, while maintaining electrical
performance.
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Electrical Properties

The electrical properties of neural interfaces are critical for both short- and longterm
functionality. Conductivity, impedance, capacitance and the electrochemical potential window

all play crucial roles in determining device performance, for stimulation and recording*”*"*.

Conductivity

The bulk conductivity of an electrode material, along with its surface impedance and the
electrolyte resistance, dictate the overall charge transfer dynamics of an electrode/electrolyte
system. High bulk conductivities allow for smaller device footprints and lower power
consumption, due to the reduced voltage required to effect stimulation. For recording, higher
bulk conductivity improves the signal:noise ratio due to reduced thermal noise and improved

charge transfer, discussed in more detail in the next section.

Furthermore, while surface impedance is largely dictated by the topological and electrochemical
properties of the interface, it is also indirectly influenced by the bulk conductivity*”. Higher
conductivity facilitates more efficient charge transfer to and from the interface by increasing the
availability of charge carriers, thereby reducing the resistive component of the impedance. Lower
surface impedance is particularly advantageous for low-noise recording electrodes, as discussed

in the next section.

Impedance

The impedance (Z) of an electrode material is a critical determinant of its electrochemical
behaviour, with implications for stimulation and particularly recording applications**™,
Measured using electrochemical impedance spectroscopy, there is much information that can be
gleaned from the resulting spectra. The impedance of an electrode is reported either in the form
of a Nyquist (Re(Z) vs. -Im(Z)) or Bode spectrum (] Z| vs. f (Hz) and Phase(Z), where |Z]| and f
are plotted on log scales), or at a specific frequency, often 1 kHz for ease of comparison between
reports*”. The charge transfer resistance of an interface then represents the resistive component
of the simplified Randles equivalent circuit (Fig. 1.15), and can be interpreted as the resistance
to transferring an electron from the electrode to the electrolyte via an electrochemical reaction,
for example, the electrolysis of water. This resistance is derived from the impedance spectrum of

an electrode, as the diameter of the semicircular region on a Nyquist plot, or as the difference

between the high-frequency impedance and the low-frequency impedance given by the Bode plot.
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Fig. 1.15 - Electrochemical Equivalent Circuit for Typical Biomedical Electrode/Electrolyte Interface:
Randles equivalent circuit for biomedical electrodes, allowing electrochemical analysis and modelling. CpL is the
double-layer capacitance at the electrode-electrolyte interface, R is the charge transfer resistance, Zw is the Warburg
element representing diffusion in the electrolyte, and R; is the solution resistance.

It is generally desired to lower the impedance and charge transfer resistance in the case of
stimulatory and recording electrodes, as the lower the impedance, the higher the current that
can be delivered to effect stimulation without requiring a potential outside of the electrochemical
potential window for the surrounding tissue, at which point the electrolysis of water and the
evolution of toxic electrochemical species would accelerate. Furthermore, the thermal (Johnson-
Nyquist) noise v, of an electrode scales with the impedance according to the following equation
from Boehler et al. 2020*”, where T is temperature, Af is the noise frequency band, k is the

Boltzmann constant, and Re(Z) is the real part of the impedance:

v, = J4kTAf x Re(Z) (Eq. 1.3)

Thus, in order to achieve sufficient signal:noise ratios (discussed further in Section 1.4.3), the
impedance must be reduced*”****47" The impedance and charge transfer resistance can be
lowered using a range of approaches, including increasing the electrochemical surface area by
nanostructuring or roughening, and using conductive coatings such as gold/palladium,

4 (Fig. 1.17). For example, Castagnola et al. show a

conductive polymers or nanomaterials
significant decrease in the electrode impedance and increase in the signal:noise ratio following

coating of their electrodes with PEDOT, a common conductive polymer*’.

Cutoff Frequency

Related to the impedance is the cutoff frequency, defined as the frequency at which the phase
angle of the electrode reaches -45°, and representing the point at which the signal magnitude has

been reduced by 3 dB with respect to the pass band, to use the analogy of a band-pass filter*”.
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This parameter has implications for the range of frequencies that the electrode can accurately
measure, with those below the cutoff frequency significantly attenuated and non-linearly
distorted*”. For neural interfacing applications, the typical frequency range of potentials is on
the order of 1 kHz, and as such this is commonly used as a maximum value for the cutoff

frequency*”.

Electrochemical potential window for safe stimulation

As water is ever-present in physiological environments, care must be taken while stimulating to
avoid the induction of electrolysis, which produces potentially cytotoxic species (OH", H", H;
and free electrons) and induces significant changes in pH*”. The rate of evolution of these species

#3480 56 the electrochemical

is dependent on the voltage according to the Butler-Volmer equation
potential window defines the range of voltages within which the tissue can be safely stimulated.
This window varies depending on the specific properties of the electrode and the electrolyte

being tested, but for aqueous solutions is typically in the region of 1.23 V*,
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Fig. 1.16 - Shannon Equation for Tissue Damage Threshold: Empirical data upon which Shannon equation
is based, from Cogan et al. 2016, with k set to 1.85%2.

A more nuanced approach to predict the damage caused by electrical stimulation can be found
in the Shannon equation, an empirical formula describing the boundary between damaging and
non-damaging stimulation, based on the charge density applied (o), and the total current
delivered per pulse (Q). The equation forms a line on the plot of log(o) vs. log(Q), as shown in

Fig. 1.16, where the dashed line is given by:

log(o) = k —log(Q) (Eq. 1.4)

where k is an adjustable parameter usually chosen between 1.5 and 2%
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Charge storage capacity (CSC)

The charge storage capacity of an electrode is closely related to the capacitance of the interface,
and measures how much charge can be built up at the interface with the electrolyte. It can be
enhanced via surface roughening to increase the specific surface area of the electrode, using a
range of techniques, including etching (Fig. 1.17), nanostructuring, and coating with a
rough/particulate layer*”*™. It is typically measured by cyclic voltammetry, and usually defined
as the integral of the CV curve in the cathodic region. It is worth noting that the CSC can be
misleading, as only a small fraction of the charge built up is actually available for injection during
a given stimulation pulse. As such, it can be an informative technique when examining the effect
of treatments or differences between materials, but when interested in the absolute quantities of

charge injected, metrics such as charge injection capacity are preferred*”.

Maximum charge injection capacity (CIC,.u)

Addressing the drawbacks of the charge storage capacity as a performance metric is the maximum
charge injection capacity (CIC.x), a measure of how much of the charge stored on an electrode
can be safely transferred to an electrolyte or tissue without resulting in the creation of deleterious
electrochemical species or damaging voltage spikes. The CIC,.. is a commonly used figure of
merit for both stimulatory and recording electrodes, and is typically measured by analysis of
transient voltage spikes in response to a current pulse?”*’. The CIC . is thus defined as the
maximum current density that leads to a voltage spike still within the electrochemical potential
window. When considering the CIC,.x of a material, it is critical to account for its dependence
on the pulse width. Typically, as the pulse width increases, so will the CIC,.x - however, this is
associated with a decrease in current density, which can push the stimulation intensity below the
rheobase, or the minimum intensity of a pulse of indefinite duration which will activate a
neuron. This in turn is related to the chronaxie, the pulse duration at which the threshold
intensity is twice the rheobase, by the chronaxie-rheobase (or strength-duration) curve. This trade-
off has important implications for both the required material properties, and for the design of

. . 84485 1. . .
stimulation parameters™*”  discussed further in Section 1.4.4.
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Untreated material

Surface-roughened material

Surface-roughened & coated material

Fig. 1.17 - Surface Treatment of Composites for Enhanced Electrical Properties: Demonstration of
enhancement of electrical properties of composite by surface roughening and coating with a conductive material, to
increase the specific surface area and decrease the impedance respectively.

1.4.1.2 Mechanical Properties

As shown in Fig. 1.18 and discussed in Section 1.1.4.2, the mechanical properties of a material
are second only to the electrical properties in terms of their importance for device design. While
properties such as viscoelasticity and plasticity are highly relevant in biomedical applications, the
two most relevant properties are the hardness, defined here as the resistance to an object being
pressed into the surface of a material, and the stiffness, a term that refers to the resistance of a
material to resist elastic deformation in response to an applied force. The hardness, which is
tunable by changing the material composition or by application of soft coatings such as

351,486,487

biohybrids or hydrogels , can be loosely viewed as the local mechanical properties which
cells primarily experience and respond to. Meanwhile, the material stiffness determines the
micromotion of an implant, and its compliance with the surrounding tissues. This can be tuned
by reducing device dimensions and careful design of tethering and implantation techniques*’*.
Both properties need to be optimised, as tissue damage and inflammation can be caused by both
high stiffness, leading to repeated impact and friction of the surrounding tissue with the implant,

and by high hardness, which causes mechanosensitive glial cells to initiate a foreign body
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response’**’. This response is driven in its early stages by neuron-supportive astrocytes and
immune-surveillant microglia activated by a range of interconnected biochemical pathways such

991 Independent of the cause, this

as integrin and stretch-activated ion channel signalling
response eventually leads to postimplantation microhaemorrhage, followed by eventual gliosis

and device encapsulation, preventing electrical signals from passing through or out of the
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Fig. 1.18 - Material & Device Considerations for Neural Interfacing Devices: Matrix of material, device,
and environmental challenges for central nervous system (CNS) and peripheral nervous system (PNS) interfacing

devices, demonstrating the complexities involved in high-resolution, robust neural interfacing. Adapted from Wellman
et al. 2018

As a benchmark, the compressive modulus of the CNS has been estimated at 0.5 kPa to
1.2 kPa®', so biomaterials and scaffolds should aim to achieve stiffnesses in this region, as
neurons exhibit enhanced viability and outgrowth on soft substrates”', a relevant consideration
for materials that are being used for neuronal growth and stimulation. Approaches such as

hydrogel coatings, thin-film electronics, and biohybrid electrodes have all been applied to better
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align the mechanical properties of neural interfaces with the surrounding tissue, improving

device lifetime and electrode integration®**¢4%44%,

However, a key limitation of these approaches is that the conductive component of the electrode
remains stiff, and thus a potential source of stiffness mismatch and scarring. To overcome this

issue, recent electrode designs look to incorporate softer conductive materials which more closely

236,267,441,492,494,496

mimic the physicochemical properties of neuronal tissue , improving the

neurocompatibility and subsequent implant lifespan. To enhance neuroprosthetic device

compatibility in vivo, the electrodes themselves may be soft, typically hydrogels, composites with

271,274,463,494 271,497-500

conductive nanomaterials , or conductive polymers , or they may be coated or

encased in a softer material®***'*®. Carbon allotropes such as graphene and carbon nanotubes
are particularly attractive due to their unique mechanical, thermal, optical, and electrical

roperties'©*_ This, in conjunction with soft surface coatings and free-floating device tetherin
prop ] g g g

techniques, allows for the fabrication of highly conformable, flexible neural interfacing devices*'*.

1.4.2 Electrical Stimulation for Tissue Regeneration and Neural Signal Control

Electrical stimulation of tissues has a diverse range of applications, from enhancement of tissue
engineering scaffolds, restoration of lost function by restoring extant dormant tissue, or control
and interrogation of PNS and CNS signals and behaviour. Based on the application of electrical

impulses or electric fields to tissue, it has been shown to enhance cellular function and

proliferation in a wide range of tissues and cell types, including cardiomyocytes’ %

101,377

neurons , glial cells”®%

507-512

and bone cells , among others’”~" (Fig. 1.19).

Neural Cardiac Muscle Bone
0.08-1.3 $/m 0.48+0.13 S/m 0.04-05S/m  0.02-0.06 S/m

Fig. 1.19 - Electroactive Tissues: Electroactive tissues and their conductivities, from Zarrintaj et al.’'°.
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As the most prominent electrically active tissue in the body, and one of the most active areas of
research for both stimulatory and recording electrodes, we will focus on neurons in this thesis.

Discussion of the mechanism of electrical stimulation in other cell types can be found in Siwei

et al. 2020°'" and Chen et al. 2019°"¢,

The effects of electrical stimulation on neurons are complex, highly tissue- and site-dependent’”,
and change significantly with time and other stimulation parameters’”. Generally, external
stimulus is designed to contribute to the polarisation of the cell, thus making it more likely to
exceed its action potential, and thus fire - in this regard, the electrical stimulation acts somewhat
like a catalyst in chemical reactions’®. This effect is governed by the polarisation of the
membrane potential caused by an external stimulus, leading to ion flow across the membrane
and neuronal activation’"’. Repeated firing in this manner leads to strengthening in connected

219521 Electrical stimulation may also increase the

neural pathways, via long term potentiation
. . . . 522 : :
expression of various growth-associated genes and proteins’**, often in an asymmetric manner,

leading to cellular migration by electrotaxis’'®.

Early work in this space has shown that culture of neural and cardiac cells on conductive
substrates, combined with electrical stimulation, can enhance their growth, and thus the repair
of the injured tissue'™"'". However, much optimisation is still required, with respect to the
stimulation modalities used (e.g. direct vs. indirect, biomimetic vs. supraphysiological, magnetic
vs. electrical), the materials used to deliver and direct it, and the parameters used (e.g. frequency,
voltage, waveform, etc.). This complex interplay between stimulation modalities, devices, and
parameters’ ", layered on top of the dynamic, diverse tissue environments in which it is applied’"’,
renders electrical stimulation a useful but poorly understood therapy, with the potential for

significant regenerative effects if thoroughly optimised.

The applications of electrical stimulation extend far beyond tissue engineering. Stimulation
electrodes, when placed in the brain, or around the spinal cord or peripheral nerves, can be used
to modulate neural activity, deliver electrical signals, and thus change neural circuitry, dynamics
and eventually function. This ability has been leveraged to a great extent in devices such as deep-
brain stimulation electrodes, cochlear implants and cardiac pacemakers, and is an area of active
research in the brain-computer interfacing space, with functional electrical stimulation (FES)

. . . 523-525
allowing users to regain some control over lost functions .
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Recording for Neural Signal Interrogation and Modulation

Going beyond the regenerative and modulatory effects of electrical stimulation to the
interrogation of electrical signals is not a trivial feat, but it has the potential to revolutionise our
understanding of the brain, its circuity and its disorders™'. When electrodes are able to record
from the brain or nerves with high spatial and temporal resolution, we can use those insights to
assess the progress and pathologies of neurological dysfunction, and perhaps most importantly,
use it to train brain-computer interfaces. Devices for neuronal recording require markedly
different configurations than those designed for broad electrical stimulation, with smaller
electrode footprints to enhance spatial resolution and high channel counts to allow
discrimination of signals and to increase the dimensionality of the dataset’*. Furthermore, while
material requirements may be somewhat simpler for recording electrodes (with the impedance
being the key parameter), the downstream processing and associated chain of electronics can be
significantly more complex when compared to stimulation setups, due to the necessity for

amplification, smoothing, digitisation, visualisation and further signal processing’".

The figures of merit relevant for recording electrodes differ significantly from those of interest
for stimulation electrodes. The ability to distinguish neural signals of varying magnitudes
(excitatory/inhibitory post-synaptic potentials, local field potentials, action potentials, etc.) is key,
and defined by the signal to noise ratio (SNR), defined below with reference to the maximum

and minimum voltages (V.. and V,.,) and the root-mean-square voltage (Vius) of the trace.

Vorax — Vini
SNR = 2max — Vmin (Eq. 1.5)

The SNR in turn is determined by a chain of interlinked factors, beginning with dimensional,
material and electrochemical properties, through the experimental setup, environmental noise,
and gain, and finally by the signal processing algorithms’’. Electrodes should ideally be able to
reliably discriminate signals on the order of 100 pV, with an SNR of at least 5:1 over the course

of longterm recordings*™.

Stimulation Signal Parameters

The diversity of signal parameters is as broad as the range of materials and devices used to deliver

7 With dependencies on the cell type, maturity, and desired outcome, there is no one-size-

them
fits-all stimulation paradigm for all systems, but there are some general empirically derived rules

of thumb to consider when optimizing a novel stimulation setup.
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Pulse Width

The pulse width of a stimulation cycle varies depending on the desired outcomes from
stimulation. The pulse width must be long enough to deliver adequate charge to the tissue, but
not so long that excess charge buildup causes the voltage to exceed the electrochemical window.
The pulse width in particular has a striking impact on the charge injection capacity, dictating
how much total charge is delivered for a particular current density. As discussed in
Section 1.4.1.1, the required pulse width is informed by the chronaxie-rheobase curve, which

dictates the minimum pulse duration necessary for effective stimulation to occur®™"*®.

Frequency

The frequency at which stimulation is delivered is dependent not only on the cell type used, but
on the level of cellular maturity, and the behaviour the study is aiming to stimulate’”’. Work by
Tang-Schomer in 2018°* has demonstrated that low frequency stimulation (0.5-20 Hz) leads to
improved axonal extension and alignment when compared to high frequency stimulation
(200-2000 Hz). This indicates that cells are sensitive to the frequency delivered, possibly due to

9 Other research,

their intrinsic firing frequency and refractory period following activation
investigating the supraphysiological kilohertz stimulation regime, has shown that while there are
unique benefits to this regime, there are also specific caveats such as synaptic fatigue and blocking
of action-potential conduction that occur at such high frequencies’. This must be balanced with
research showing that for brain stimulation, low-frequency stimulation is the most likely to cause
inhibitory effects on neuronal firing, with the effect being highly dependent on the composition
of the surrounding brain tissue”'. In summary, the target frequency will depend on whether

tissue regrowth, neural excitation/inhibition, or circuit remodelling is desired, the location of

the stimulatory electrode, the maturity of the cells, and several other factors.
Duration

The duration of stimulation applied is also highly dependent on the desired outcomes. Some
cells require long periods in culture to develop neurites, extend along an electric field, and
become mature cells. Furthermore, whether cells are stimulated continuously or in a pulsed
manner (i.e. the duty cycle of the stimulation) has a large impact on the outcome of stimulation.

Breaks between stimulation pulses can on one hand allow for neurite growth and relaxation of
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electrochemical gradients, while preventing hyperpolarisation of cells and buildup of toxic
stimulation byproducts. On the other hand, this can allow for neurite regression & loss of

stimulated effects®”

. Often, where high intensities are required to deliver the required effect,
pulsed stimulation will be necessary to reduce the damage associated with higher electric
fields’™'®, The wide range of stimulation durations can be seen in the literature review in

Fig. 1.20 A, based on Bertucci et al. 2019°™.
Waveform

The polarity and the waveform of the signal is a factor that must be taken into account, both
from an electrochemical standpoint, and from a biological one. Stimulation can be delivered
either by AC or DC waveforms, with sinusoidal, square, triangular, sawtooth or other waveforms
used for AC stimulation’”". Biphasic, charge-balanced waveforms are typically used to minimise
the buildup of electrochemical species*””. However, in some cases DC stimulation has been
demonstrated to yield beneficial effects, provided the other pulse parameters are tuned to avoid
electrolysis’™ and hyperpolarisation. For example, as mentioned above, pulsed stimulation can
allow for electrochemical gradients to relax, minimising the damage caused by the electric fields.
Furthermore, the directionality of neuronal growth appears to be dependent on the waveform,
with Nguyen et al. 2014 finding that both AC and DC stimulation were capable of causing
neurite outgrowth, but that only DC stimulation seemed to drive directional growth towards the

532

nearest electrode™”. This is a key consideration for scaffolds and other such devices which are

designed to assist neurons to bridge a gap” >,
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Fig. 1.20 - Electrical Stimulation Parameters for Neurons: Literature review of stimulation durations (A)
and electric field strength (B) adapted from Bertucci et al. 2019°7 demonstrating the wide range of stimulation
parameters found in the literature. Bars in B represent ranges of field strength, while dashes are point values.
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Voltage

The voltage of the stimulation pulse must be carefully chosen, in order to avoid 1) leaving the
electrochemical potential window, causing the evolution of toxic electrochemical by-products, or
2) causing the current density in the tissue to exceed the tissue damage thresholds for

482,535

stimulation, which are commonly defined as 30 pC/cm? for macro-electrodes ,and 4 nC per
stimulation phase for micro-electrodes’*®. The voltage is often expressed as the electric field across
a tissue during stimulation, which varies depending on the other parameters. In the data

1’7 the average stimulation electric field

presented in Fig. 1.20 B, adapted from Bertucci et a
lies around 200 mV/mm. Within the safe voltage limits, the cellular response to differing
intensities of electrical stimulation is highly variable, even temporally’", so care must be taken

to optimise the electric field on a case-by-case basis to avoid cytotoxicity induced by

electrochemical species, hyperpolarisation, or excitotoxicity from excessive neural firing.

Neural Interfacing Devices

Neural interface design has evolved significantly over time, and has gone down diverse paths
depending on the desired application (Fig. 1.21). Stimulation devices are distinct from recording
devices, which are different still from bidirectional interfaces, due to the differing and
occasionally conflicting design constraints imposed by the environment and application. This
section focuses on bidirectional, invasive devices, rather than non-invasive modalities such as
EEG and fMRI], reviews on which can be found in Abiri et al.”’’ and deCharms et al.”*
respectively. These devices can be further sub-classified by their level of invasiveness - the least
invasive being subdermally implanted EEG, followed by epidural and subdural (or epicortical)
electrodes, which are placed above and below the dura mater respectively. The latter devices,
often referred to as electrocorticography (ECoG) devices, consist of arrays of either passive or

active electrode sites, which are used to communicate with the surface layers of the brain*">*.

Modern ECoG devices such as mesh electronics allow flexible, high channel count interfacing
across a wide portion of the cortex, in a minimally invasive fashion’*’*". At the next level of
invasiveness are intracortical devices such as microneedle or shank-based arrays which penetrate
the upper layers of the brain, known as the cortex. These devices allow for finer control over
stimulated regions and recording volumes, but are also more prone to inducing scarring and

reactive gliosis. Finally, the most invasive type of device penetrates deep into the brain, the
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Fig. 1.21 - Neural Interfacing Devices: A) Development of electrode technologies over the past ~60 years,
demonstrating the progression towards high-resolution, flexible devices. Adapted & updated from Hong & Lieber
2019°%. B) Schematic of various neural interfacing devices — clockwise from top left: GTec electrocorticography

array’*, newral thread-based neural interface from Neuralink¥*>*, deep brain stimulation probes from Medtronic

(Activa RC™*), neural mesh electrode from the Lieber Research Group in Harvard University’®, electrophysiological

") electrocorticography array

h549

recording using a patchclamp electrode®®, neural shank electrodes from Neuropixe
from InBrain Neuroelectronics™®, and Utah microelectrode array from Blackrock Neurotec

cerebrum, and are known as intracerebral devices. These include deep brain stimulation
electrodes, used for the treatment of certain neurological disorders such as Parkinson’s, along
with psychiatric disorders such as refractory depression or obsessive-compulsive disorder. Each
additional level of invasiveness offers a trade-off of higher spatial and temporal resolution (Fig.
1.22) and larger accessible brain volume for increased scarring and complication risk, and

decreased device lifetime.

As a result, much research is currently directed at either 1) increasing the resolution of non-

invasive techniques such as EEG/fMRI and ultrasound, or 2) reducing the impact of invasive
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devices. It remains to be seen which approach will be the most effective and practical in the long
run, and it is likely to remain highly application-dependent in the future. While there are many
potential device designs, and a vast parameter space to optimise (flexibility, device geometry,
device fixation, device encapsulation, signal & data transfer, voxel size, etc.), this section will
focus on the two most relevant modalities to this work - stimulatory substrates and scaffolds (the
subject of Chapter 2), and microneedle-based neural interfacing devices (the subject of

Chapter 3).
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Fig. 1.22 - Spatiotemporal Limitations of Existing Neural Interfaces: [llustration of trade-off between spatial
and temporal resolution for neural interfacing devices, reproduced from Hong & Lieber 2019°%.

Stimulation Substrates & Scaffolds

Two of the more basic implementations of neural interfacing treatment are 1) the use of
conductive materials and 2) the use of electrical stimulation to enhance neural regrowth and
differentiation. While each technique works well in isolation, they exhibit synergistic effects
when applied in unison. The potential for the co-application of these technologies is shown by
the use of conductive materials as substrates for electrical stimulation delivery, such as spinal

WT31L550351 - A electrically active cells, neurons

cord'®"*® and peripheral nerve repair scaffolds
thrive on substrates which are capable of mimicking the electrically conductive environment they
prefer to grow on’****2, This means that even in the absence of electrical stimulation, the presence
of conductive materials can enhance the growth of cells’”. For example, carbon nanotubes’*,

conductive polymers’”, and graphene®®*”® have each been used to enhance the growth of

neurons.
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The mechanism of this effect is unclear, and appears to be dependent on the configuration of
the stimulation - it has been suggested that proteins adhere more effectively to the polarised

556

surface of conductive nanomaterials™, or that the conductive substrate influences the resting

. 55
membrane potentials of neurons’’.

Conductive substrates are capable of synergistically
enhancing the effect of stimulation, since they are capable of picking up and directing electrical
fields in a controlled manner, as shown by recent work in our lab, where electroconductive
frameworks lead to enhanced neurite outgrowth in non-conductive ECM channels contained
within the frameworks™®.

It has been shown that culture of neural and cardiac cells on conductive substrates, combined
with the application of electrical stimulation, can enhance their growth, and thus the repair of

77 Graphene in particular has shown great promise in this field, with previous

the injured tissue
work in our lab and others demonstrating the potential for graphene to direct and enhance the
effect of electrical stimulation of neurons and cardiac cells in vitro'*"'7*°, Scaffolds, discussed in
detail in Section 1.3, have recently been combined with electroconductive frameworks and
stimulators in order to enhance regrowth and restoration of function’**"**®, For example, Feng
et al. 2023 has demonstrated a MXene-based hydrogel for differentiation of neural stem cells

under the influence of stimulation®”, and Han et al. 2021 has demonstrated an annular

graphene substrate for application of wireless stimulation®.

Microneedle-based Electrode Arrays

For applications that require higher resolution, smaller electrode sites, and deeper penetration
into the cortex than typical flat ECoG devices, microneedle-based electrode arrays are a popular
choice. The archetypal microneedle electrode array is the Utah array (Fig. 1.21 B), consisting of
an array of long needles, occasionally with varying lengths, typically fabricated from silicon. These
devices have been developed further into shank-based devices such as Michigan arrays, which
combine the concept of the multi-electrode shank with the microneedle array, allowing for more
recording sites and thus higher resolution. In each of these cases, the optimisation of the device
design, such as needle density, pitch, geometry, and most critically material composition is
essential, since scarring can occur rapidly if not carefully considered, leading to encapsulation of
the device and a loss of function®®*®'. Electrical properties must also be optimised, as the small
electrode sites desired for high resolution necessarily lead to higher impedance, which can in
turn cause high noise. This has driven the push for highly electrically performant materials,

allowing for the fabrication of smaller, higher resolution electrode sites.
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Future Devices

Clearly, the key trade-offs in neural interfacing are between biological integration, spatial
resolution & coverage, electrical performance, and device lifetime. This has been corroborated
by a survey of researchers from academia and industry at the Cambridge Bioelectronics
Symposium, which established that the most important properties currently lacking in
bioelectronics materials are biocompatibility/degradability, flexibility, and stability**'. Each of
the devices shown in Fig. 1.21 B, and each technology therein, has its own unique benefits and
drawbacks (Fig. 1.22), and thus are appropriate for different device applications. The next
evolution of neural interfaces will need to have more, higher resolution channels, while being
more flexible, penetrating deeper, and being more robust against scarring and degradation of
function, in order to effectively drive treatments for neurological disease and neurotrauma, as
well as human enhancement, forwards.

One promising class of designs for these novel interfaces are those consisting of neural threads
- long, flexible probes that are inserted into the brain at various points, to effectively interface

474

both intra- and sub-cortically*”. Devices of this class include Neuralink’s device, recently

#6502 NeuroRoots, developed between Stanford and

implanted into its second patient
Cambridge Universities’®, and the work being carried out in the group of Polina Anikeeva at
MIT into multipotent neural fibres with both electrode and microfluidic drug delivery
capabilities”®*®. Various approaches may be taken to enhance the properties of these electrodes
further, such as the implementation of biohybrid systems, rendering the interface between the

#8656 Graphene and other

biological system and the electrodes as seamless as possible
nanomaterials show great potential for application in this space, thanks to their built-in
flexibility, superb electrical performance, and ease of processability** ***-%¢ The keys to
further development of these devices will be high-resolution microfabrication techniques,
combined with novel, flexible and biocompatible electrode materials and device
configurations*’*. The neural interfacing devices of the future will need to be multifunctional,

robust, and high resolution, in order to fully unlock the vast potential of this field for

technological advancement and improvement of health***¢">%,
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Objectives and Aims

This thesis investigates the biomedical applications of two-dimensional nanomaterials, with a
specific focus on their potential in tissue engineering and neural interfacing applications. First,
we aimed to apply graphene to the challenge of neuronal medical device development, with a
focus on neuronal regeneration using electrical stimulation - stimulation delivered via graphene
substrates led to a significant enhancement in neurite outgrowth and cellular morphology,
yielding a versatile platform material for electroconductive tissue regeneration. Building on this,
we set out to refine our graphene formulation further to achieve higher biocompatibility and
conductivity. This material was then used to develop flexible, biocompatible microneedle-based
neural interfaces, with enhanced electrochemical performance and the potential to effect
neuronal stimulation and recording. These devices hold significant potential for applications in
both electrical stimulation therapies and bidirectional neural interfacing. Finally, demonstrating
the breadth of possibilities in the field, we aimed to show that boron nanosheets are an effective
multifunctional additive for enhancing bone repair, by tapping into the innate bioactivity of
boron, the distinctive properties of 2D nanomaterials, and the well-established properties of

collagen scaffolds.
In pursuit of these research goals, the following objectives and associated aims were established:

Objective 1: Develop a flexible, biocompatible and electroconductive graphene composite for
enhancing the electrical stimulation of neurons (Chapter 2). Specifically, the individual aims

were to:

1.1. Optimise fabrication of conductive, biocompatible collagen-graphene composites and
test their biocompatibility with neural and immune cells in vitro.

1.2. Ultilize collagen-graphene composites to enhance the axonal growth-promoting effects of
electrical stimulation on primary neurons.

1.3. Demonstrate the versatility and potential of the composite material in tissue
engineering, neural interfacing, and bioelectronics applications by fabricating porous

scaffolds, microneedle arrays, and 3D-printed circuits.
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Objective 2: Develop a graphene composite microneedle-based flexible microelectrode array, and

assess its neuronal stimulation and recording abilities, towards non-scarring, multi-channel

neural interfacing devices (Chapter 3). The specific aims were as follows:

2.1.

2.2.

2.3.

2.4.

Develop and characterise the optimal pristine graphene formulation from a range of
candidates, based on biological and electrical parameters.

Combine optimal PVP-stabilised graphene with polycaprolactone (PCL), a
biocompatible polymer, to form graphene-polymer composites (PolyGraph) and
investigate their biological interactions with neuronal and glial cells.

Enhance and measure the electrochemical properties of PCL-graphene composites by
NaOH treatment and coating with a conductive gold-palladium layer.

Develop a PCL-graphene microneedle-based electrode array with a flexible hyaluronic
acid backing, and demonstrate its potential as a bidirectional neural interfacing
electrode using a custom stimulation bioreactor, and electrophysiological measurements

of mouse brain slices.

Objective 3: Produce biocompatible polymer-stabilised boron nanosheets, and investigate their

potential as a multifunctional additive in bone tissue engineering scaffolds, thus demonstrating

the broader potential of 2D nanomaterials in tissue engineering (Chapter 4). Specifically, the

individual aims were to:

3.1.

3.2.
3.3.

3.4.

Synthesise boron nanosheets from a non-layered precursor by liquid phase exfoliation
(LPE) and characterize their physical and biological characteristics.

Fabricate boron-collagen (BColl) composite films and 3D scaffolds by lyophilisation.
Investigate the biocompatibility and osteogenic potential of these 3D scaffolds with
physiologically relevant bone cells.

Demonstrate the functional effects of this material by assessing the anti-microbial,

angiogenic, neurogenic and anti-inflammatory effects of boron loading.
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Chapter 2

Collagen/Pristine Graphene as an Electroconductive Interface Material

for Neuronal Medical Device Applications

Note

This work was carried out as a collaboration with researchers in the Tissue Engineering Research Group in the
RCSI, and forms the contents of the first publication from this PhD, entitled “Collagen/Pristine Graphene as an
Electroconductive Interface Material for Neuronal Medical Device Applications”, published in Applied Materials
Today in 2022'°". For narrative and completeness purposes, the relevant data will be included, and it will be marked
using a T where the work was carried out by/with collaborators.
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Fig. 2.1 - Pristine graphene (pG) suspensions were obtained through liquid-phase exfoliation via sonication from
graphite in gelatin solution. Collagen/pG composites were fabricated to create films and microneedle arrays by dry
casting, 3D porous structures through freeze drying, and bioelectronic circuits through 3D printing. Material properties
can be tuned by changing collagen concentration and loading of pG. The composites trophically supported the growth
of several different neural cell types and facilitated electrical stimulation of cortical neurons to enhance their growth.
Together, these results demonstrate the wversatility of NeuroGraph composites as a platform that balances
biocompatibility and physiologically relevant conductivity with robust mechanical properties that allow for the
fabrication of a range of next-generation medical devices for neural applications.
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Introduction

With their advent in the 19405, the fundamental component of electrical stimulation devices
is a conductive electrode, designed to connect organic tissue to an electronic device without
disturbing normal tissue function. Many devices employ metal-based electrodes, which have ideal
electrical properties, but the disparity in their physicochemical properties compared to the softer
neural tissues often leads to glial cell-induced scarring and longterm inflammation”®*. This
‘foreign body response’ is driven in its early stages largely by neuron-supportive astrocytes and
immune-surveillant microglia, and leads to post-implantation microhaemorrhage and scarring
which can limit long term performance®**”. To overcome this issue, recent electrode designs

look to incorporate softer conductive materials which more closely mimic the physicochemical

236,267,492,494,496

properties of neuronal tissue , improving the neurocompatibility and subsequent

implant lifespan.

Foremost among the candidates for these new softer electrodes are conductive nanomaterial

271,463,494,497

composites Carbon allotropes are particularly attractive due to their unique

274,463

mechanical, thermal, optical, and electrical properties . Among the various carbon

allotropes, the graphene family, consisting of pristine graphene (pG), graphene oxide (GO)'%,

and reduced graphene oxide (rGO)'®, have been identified as strong potential candidates for

267-270

application at the neural interface pG in particular possesses excellent electrical

107,274 71,221,510
’

conductivity, strength, and processability in addition to high biocompatibility and
has thus emerged as the lead candidate material in this thesis. Softer electrodes fabricated using
these materials have many potential applications, one of the most promising of which is nerve

°T Tackling the challenge of

repair, a critical component of recovery from any devastating injury
nerve repair often involves the use of porous, biomimetic scaffolds, either biologically derived
such as autografts or allografts, or artificially synthesized using biomaterials, to guide neurons
and axons through the injury site and promote functional regrowth®**"*", These scaffolds are
often combined with additional therapies to enhance this regrowth, such as nerve growth

factors’”, RNA delivery’™®, and electrical stimulation’ "%,

Of these therapies, electrical stimulation is one of the most promising. Based on the application
of electrical impulses or electric fields to tissue, it has been shown to enhance cellular function

and proliferation in a wide range of tissues and cell types, including cardiomyocytes™,

54



101,377

neurons , glial cells®®%

151 among others’ . The effects of electrical

and bone cells
stimulation on neurons are complex, highly tissue- and site-dependent’”, and change
significantly with time and other stimulation parameters’”’. Generally, the stimulus is designed
to contribute to the polarisation of the cell, thus making it more likely to exceed its action
potential, and thus fire - in this regard, the electrical stimulation acts somewhat like a catalyst in
chemical reactions’”. Electrical stimulation can be delivered and enhanced by a wide range of

101,170

device morphologies, from flat stimulation substrates and 3D, porous, and

398,508,573,574

electroconductive scaffolds , to more complex devices for high-resolution or patient-

575,576

specific applications, such as microelectrode arrays and 3D printed nerve guidance

398

conduits’®. This breadth of potential device configurations calls for a material that is not only

conductive and biocompatible, but processable into a wide range of morphologies.

Developing an innately biocompatible and electroconductive composite that does not require
further functionalisation steps, yet is versatile enough to produce complex geometries, is an
attractive solution to the challenge of electrical stimulation for nerve repair. We therefore
propose that a combination of collagen and pristine graphene (NeuroGraph) is an ideal
candidate for interfacing with and electrically stimulating the central and peripheral nervous
systems, leading to improved neuronal growth. We identify this material as a promising platform

for neural tissue engineering and next-generation electrical stimulation devices.
Objectives & Aims

The overall objective of this chapter was to develop a flexible, biocompatible and
electroconductive graphene composite for enhancing the electrical stimulation of neurons, and

demonstrate its versatile processability. Specifically, the individual aims were to:

1. Optimise fabrication of conductive, biocompatible collagen-graphene composites and test
their biocompatibility with neural and immune cells in vitro.

2. Utilise collagen-graphene composites to enhance the axonal growth-promoting effects of
electrical stimulation on primary neurons.

3. Demonstrate the versatility and potential of the composite material in tissue engineering,
neural interfacing, and bioelectronics applications by fabricating porous scaffolds,

microneedle arrays, and 3D-printed circuits.
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Materials and Methods

Preparation and characterization of collagen-graphene (NeuroGraph) films

Fabrication of collagen-graphene films

Pristine graphene filler was liquid-phase exfoliated via sonication using a probe sonicator
(Hielscher UP200S, 200W) from a high concentration graphite suspension (50 mg/mL) in a
gelatin stabiliser (from porcine skin, gel strength 300, Sigma)/deionized water solution
(30 mg/mL). The composite materials were created by mixing with a matrix of type I collagen
(bovine tendon, 5 mg/mL, milled form, Collagen Solutions). Briefly, the composite suspension
was blended with a homogenizer (T18/20 Ultra-Turrax®, VWR) at 15000 RPM for 1 h until
homogenous, and composite substrates were prepared via room temperature (RT) evaporation,
with graphene content varied from 0 to 60 wt% of the final substrate mass. For viability testing,
freestanding films were prepared by casting 20 mL of slurry onto a 60 mm *x 60 mm Teflon plate.

For electrical stimulation testing, 1 mL of slurry was cast onto a 22 mm * 22 mm glass coverslip.

All films then underwent dehydrothermal (DHT) crosslinking treatment for 24 h at 105 °C

under vacuum’”’.

Mechanical testing of collagen-graphene films

For the evaluation of mechanical properties, film samples of 40 mm length and 4 mm width
were cut. Film thicknesses ranged between 20 pm and 50 pm and were measured using a
micrometer (Mitutoyo). Samples were incubated in phosphate buffered saline solution (PBS) for
at least 30 min at room temperature. A separate batch of samples were kept in the dry state. The
‘top’ and ‘bottom’ sections were secured in grips connected to a Zwick Z2.5 single column testing
instrument, which was equipped with a 50 N load cell. Samples were subjected to uniaxial tensile
testing parallel to the length of the film at a constant rate of 5 mm per minute until sample
failure. Stress-strain curves were generated and used to calculate the mechanical properties of the
samples. A MATLAB code (Fig. A1.10) was used to determine the mechanical properties of the
samples. The slope of the first 10% of the stress-strain curve was used as the Young’s modulus of
the material, as the modulus at low strain is the most relevant to this work, in the toe region of
the collagen stress-strain curve. To investigate the maximum elastic modulus in the linear region
of the stress-strain curve, the code was modified to scan the stress-strain curve within set 10%

sample windows, and calculate the slope and corresponding correlation coefficient of a linear
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regression within each window. The window with the highest slope was used as the maximum

elastic modulus value for the sample.

Thermogravimetric analysis (TGA) of collagen-graphene composite films to assess thermal degradation

To assess the thermal degradation behaviour of the composites, TGA of composite films was
carried out using a thermogravimetric analyser (Q50-0783, TA Instruments, Delaware, USA) in
an open platinum pan, under an O;atmosphere. Fragments (10 mg) of composite films of weight

fractions 0, 10, 30 and 60 wt%, were ramped at 20 °C/min to 900 °C and held isothermal at

900 °C for 5 min to ensure complete combustion.
Surface contact angle measurements to assess surface hydrophilicity

To assess the hydrophilicity of the composite surface, the surface contact angle of the composite
substrates was analysed by placing 2 pL of deionized water onto the sample using an OCA 40
system (DataPhysics Instruments GmbH, Filderstadt, Germany). The contact angle was then

measured using a video setup and SCA20 software (DataPhysics Instruments).

Structural characterization of collagen-graphene composite structures via scanning

electron microscopy (SEM)

To assess composite surface topography, SEM imaging was carried out. Prior to imaging, sample
preparation for dry cast film samples consisted of sectioning with a 10 mm biopsy puncture and
mounting on a metal stub. Microneedle arrays were cut out of the mold using a scalpel, and
mounted on carbon tape on a metal stub using silver paint. Scaffolds were bisected using a tissue
chopper (McElwain, USA), and mounted on carbon tape on a metal stub. Next, samples were
sputter coated with an 80:20 mixture of gold and palladium to a thickness of 4 nm using a
Cressington 108 auto sputter coater. Imaging was then conducted using a Zeiss Ultra FE-SEM
using the InLens detector at an accelerating voltage of 5 kV, an aperture size of 30 pm and a

working distance of 5 mm, with images acquired at varying magnifications.
Characterization of surface topography by atomic force microscopy (AFM)

To assess the surface topography of the composites, AFM was carried out on a scanning probe

microscope (NanoSurf) in tapping mode under ambient conditions using aluminium-coated
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silicon cantilevers (OTESP-R3). Average image sizes were 10 x 10 pm®at scan rates of 0.5 Hz with

1024 lines per image and an aspect ratio of 1. Images were analysed using NanoSurf CoreAFM.
Assessment of electrical conductivity

Bulk electrical conductivity was determined using the four-point probe method with a probe
head (SP4-40180TR]J, Lucas Signatone) connected to a source meter instrument (Model 2450,
Keithley). Film samples of the collagen-graphene composite material were cut with a scalpel into
4 cm’squares, and readings were made in their dry state at RT. Voltage readings were obtained
by sourcing current in the +10 mA interval to screen the linear region of the films according to

Ohm’s law.
Analysis of composite material degradation in physiological conditions

To determine the degradation behaviour of the composite in physiological conditions, 6 mm
diameter circular samples of collagen and collagen-graphene (0, 10, 30, 60 wt% gelatin-stabilised
graphene) were placed in wells of a 24 well plate and 1 mL of 0.1 mg/mL collagenase (Sigma-
Aldrich, Ireland) in PBS was added to each well. Samples were weighed at time points between

1 h and 9 h, and the change in mass was plotted as percent of initial mass vs. time.
Cell culture for biocompatibility assessment and stimulation experiments
Culture of neuronal and glial cell lines

Several cell types of the neuronal lineage were tested with the collagen-graphene composites
including: human neuroblastoma cell line (SH-SY5Y; CRL-2266, ATCC), mouse motor neuron
cell line (NSC-34; Cedarlane Laboratories), human astrocytes (primary cell line, ScienCell, USA),
mouse microglia cell line (N9°*°"; RRID:CVCL_0452; kindly provided by the School of
Pharmacy and Biomolecular Sciences, RCSI). SH-SY5Y cells were grown and maintained in
growth media containing 1:1 mixture of Eagle’s Minimum Essential Medium and F12 Medium
(Sigma, USA), supplemented with the following components: fetal bovine serum to a final
concentration of 10% (FBS, Biosera, Ireland), 1% Penicillin/Streptomycin (P/S, ScienCell,
USA), and 4 mM L-glutamine (Sigma, USA). The N9 microglial line were grown and maintained
in media containing RPMI (Sigma, USA), 10% FBS (Biosera, Ireland), 1% P/S (ScienCell, USA),
and 4 mM L-glutamine (Sigma, USA). The NSC-34 cell line were grown and maintained in
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growth media consisting of Dulbecco’s Modified Eagle Medium (DMEM, Sigma) with 10% FBS
(Biosera, Ireland), 1% P/S (ScienCell, USA) and 4 mM L-glutamine (Sigma, USA). Astrocytes
were grown and maintained in astrocyte growth media - astrocyte media (ScienCell, USA), 1%
P/S, 1% FBS (Biosera, Ireland), 1% astrocyte growth supplement (ScienCell, USA). All cells
were seeded on flat circular samples cut with a biopsy punch (10 mm). All cell types were seeded
at a density of 25,000 cells per film, with the exception of astrocytes, which were seeded with a
lower density of 20,000 cells per film. Firstly, each sample was mounted on a sample holder
insert (Cell Crowns, Scaffdex, Sigma). Prior to seeding the cells, each crown-mounted sample
was sterilized by sequentially washing in ethanol solution (70%), allowing the sample to dry
completely, exposing the sample to UV light for 30 min in a sterile cell culture hood, and finally
dip washing the sample with 10% P/S solution in Dulbecco’s phosphate buffered saline (DPBS).
Afterwards, each crown was washed briefly in 0.1 M PBS, transferred into new 24 well plates

filled with culture media, and incubated (37 °C, 5% CQO,).

Culture of induced pluripotent stem cell (iPSC) derived neuronal cell lines

iPSC neural precursor cells were derived from iPSCs as previously described’®® and were derived
into neurons. Neurons were cultured in iPSC neural maintenance media NMM) (iPSC Neural
Maintenance Medium - DMEM/F12 & Neurobasal medium (Gibco, UK) (1:1), 1% P/S, 1%
GlutaMAX, 1% MEM-NEAA, 0.2% N21 (Biotechne, UK), 10 ng/mL FGF (Peprotech, UK), 1%
B27 (Gibco, UK)). Cells were then passaged by first removing culture media, and then incubating
in accutase (4 min to 6 min, RT). Cells were next collected and diluted in media before
centrifugation (1000 RPM, 3 min). Cells were then gently resuspended with minimal trituration
in NMM and plated onto Celltrex (1:100, R&D Systems, UK) coated 6-well plates for further
expansion. Alternatively, cells were counted and seeded according to the following protocol for

iPSC neurons.

Assessment of iPSC-derived neuron biocompatibility with collagen-graphene films

To assess long term neuronal survival and growth on collagen-graphene films, developing 20 day
old iPSC-derived neurons were seeded onto collagen or collagen-graphene films
(5 x 10* cells/coverslip) in 100 pL droplets before flooding the wells with NMM the following
day. iPSC neurons were also treated with 50 uM of ROCK inhibitor Y-27632 dihydrochloride
(Axon Medchem, Netherlands) for 24 h to aid neuronal survival post-seeding. Half of the media
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was then replaced with fresh NMM every 24 h to 48 h until cells were fixed in 4% PFA (20 mins,
RT), washed (3 x DPBS) and stored at 4 °C.

Culture of primary mouse neurons for electrical stimulation

For primary neuron isolates, cortical neurons were harvested under RCSI ethical approval
(REC202005013) from E18 mouse pups. Briefly, isolated cortices (N = 6 per collection) were
collected in cold 0.1 M PBS before 5mL of a papain (40 U/ml, Worthington),
Deoxyribonuclease (100 U/ml Worthington) solution containing 30 mM glucose in Hank’s
Balanced Salt Solution (Sigma-Aldrich Ireland) was pipetted onto the tissue drop by drop
(approximately 1 drop per second to avoid osmotic shock) to gently dissociate the cells and
incubated for 45 min at 37 °C at 5% CQO,. Subsequently, the papain solution was gently removed
and 1 mL of plating media (Neurobasal Plus Medium, 2% B27 Plus Supplement, 0.5 mM
GlutaMAX supplement (all from Gibco) and 10% Heat Inactivated Horse Serum (Sigma) was
then added. The tissue was then gently dissociated using Fire Polished Pasteur pipettes (Fisher
Scientific) by gently titrating the solution 15-20 times. Thereafter, the neurons were counted
using a haemocytometer and plated at a seeding density of 5 x 10°cells in a large droplet of
plating media onto each film and incubated overnight at 37 °C and 5% CO,. The next day, each
well was then flooded with 3 mL complete media (plating media without the addition of horse
serum). 1 mL of media in each well was changed every two days. On day five of the electrical
stimulation experiments, all plated neurons were first washed in 1X PBS before being fixed with
4% paraformaldehyde (PFA) in PBS for 15 min, washed three times in PBS and then blocked in
a solution of PBS containing 0.1% Triton-X100 (PBS-Tx) and 4% Bovine Serum Albumin
(Sigma, USA) for 1 h.

In vitro electrostimulation of neuronal cells

To assess the cellular response to electrical stimulation on conductive composite films, mouse
primary cortical neuronal isolates were exposed to electrical field stimulation routines in vitro
through an in-plate electrode system (8 well plate C-Dish, IonOptix) connected to an external
pacing controller (C-Pace EP, lonOptix). Prior to each daily stimulation regime, the electrodes
were rinsed daily in autoclaved water (30 min) and then sterilized with UV exposure while
submerged in 70% ethanol (30 min) in a cell culture hood. Afterwards, the electrodes were air

dried inside a sterile cell culture hood, and placed in 1% P/s in PBS until use. The electrodes

60



were then placed into the 8 well plates containing 3 mL of the respective culture media. A half
media change was done every 2 days for iPSC neurons and astrocytes, and every 3 days for the
mouse primary cortical neurons. The stimulation parameters used were 4 h/day, 12 Hz, 9.8 ms
pulse, and 200 mV/mm for the primary cortical neurons, which were informed by previous

research into electrical stimulation of neuronal cells®”.

Cellular characterization of collagen-graphene films

Cell proliferation and wviability tests

To assess cellular metabolic viability, Alamar Blue assays (Invitrogen, UK) were performed
according to the manufacturer’s instructions. Briefly, cells were incubated for 2 h at 37 °C with
a 10% solution of the reagent in the appropriate fresh cell growth medium. Thereafter, the
supernatant was removed, aliquoted in duplicate (100 pL ea.) into a black 96 well plate and the
change in fluorescence measured using excitation 535 nm and emission 590 nm with a plate
reader (Infinite M Plex, Tecan). Tested cells were re-immersed in culture media and returned to
their incubator. To assess the DNA content of samples as a proxy for the cell number, and thus
the cell proliferation, PicoGreen assays (ThermoFisher, USA) were performed according to the
manufacturer’s instructions. Briefly, the cells were lysed using lysis buffer (100 mL autoclaved DI
water, 0.5 mL Triton X-100, 29 mg EDTA (Ethylenediaminetetraacetic acid), 2.12 g sodium
carbonate), and samples were aliquoted in triplicate into black 96 well plates. 100 pL of the
samples was mixed with buffer solution and the PicoGreen reagent, and allowed to incubate for
3 minutes before measuring the fluorescence using excitation 502 nm and emission 503 nm with

a plate reader (Infinite M Plex, Tecan).

Immunohistochemical staining and fluorescence microscopy imaging

To assess cellular morphology and functional parameters such as neurite outgrowth,
immunostaining and fluorescent imaging was carried out. At specific time points, samples
for immunostaining were first briefly washed in PBS before being fixed with 10% formalin
(Sigma-Aldrich, for cell lines) or 4% PFA (Fisher-Scientific, for primary and iPSC neurons)
for approximately 15 min at room temperature, and then washed in (x3) PBS. The proteins
of interest were labelled (1:500) with the following primary antibodies: Rabbit # Tubulin
III Antibody (1:500, Sigma-Aldrich) in PBS with added 0.1% Triton-X100 (Sigma, USA)
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and 2% bovine serum albumin to reduce non-specific binding and incubated overnight at
4 °C. The next day, the primaries were removed, the cells washed (x3) with PBS, and then
incubated (1:500) with corresponding secondary antibody (Alexa Fluor® 488 Goat
AntiMouse IgG Donkey Anti-Rabbit IgG Alexa Fluor® 647 (Invitrogen, UK), Goat
AntiRabbit Antibody Alexa Fluor® 488 secondary antibody (1:500 Invitrogen)) for at least
2 h at RT. To fully image the morphology of growing cells, fluorescein isothiocyanate
labelled phalloidin (Sigma, USA) was applied at a concentration of 50 uM for 1 h at RT.
After washing (x3) in PBS,; all samples were counterstained with DAPI (0.1 ng/mL) in PBS
with 0.1% Triton-X100 and then mounted on slides with Fluoroshield™ (Sigma-Aldrich).
Samples were imaged with fluorescence microscopy using a Leica DMIL microscope (Leica
Microsystems), and the resultant images adjusted for color, brightness and contrast
afterwards using Fiji (Image] 1.52p) software. In addition, confocal imaging using a Zeiss
(710 NLO) confocal microscope was used to assess iPSC neuron and mouse primary
neuron morphology. Briefly, film samples were washed with PBS after fixation (4% PFA
for 15 min at RT) and then stained sequentially with phalloidin and DAPI according to
the provider’s indication (actin cytoskeleton/focal adhesion staining kit, Chemicon). The
composite film samples were mounted on a glass slide, and acquisition was carried out in
a sequential manner using 405 nm, 488 nm, and 561 nm lasers with the optimal emission
for each fluorescent probe used. Samples were imaged in a Carl Zeiss LSM 710 confocal

microscope (Carl Zeiss Ltd).
Fabrication of conductive structures using collagen-graphene composite
Fabrication of 3D porous scaffold from collagen-graphene composite

To assess the potential of the composite slurry for use in a lyophilization fabrication process
which can be used to create porous scaffolds for tissue engineering applications,
collagen-graphene and collagen only slurries were aliquoted in a cylindrical Teflon mold, and
snap frozen for 5 min using liquid nitrogen. The scaffolds were then freeze dried for 24 h at

—40 °C to obtain a lyophilized cylindrical scaffold with longitudinally oriented pores.
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Mold casting of microneedle array

To investigate the use of the collagen-graphene material for microneedle electrode arrays, with
potential use as electrostimulation and recording electrodes for neural interfaces, a collagen-
graphene slurry (60 wt%), with a collagen concentration of 12 mg/mL, was added to a silicone
microneedle mold (conical, height - 2.5 mm, 625 pm base diameter, tip diameter - 40 pm to
80 pm), fabricated according to a previous protocol’®. The mold and slurry were then repeatedly
degassed in a vacuum chamber for 30 min, to allow the slurry to penetrate the microneedles.
The array was then allowed to dry under a continuous flow fume hood for 72 h at RT, and then
placed in a —20 “C freezer for 4 h to assist the mold removal and to avoid damaging the needles.
The microneedle array was gently peeled from the mold, before being prepared for SEM as

outlined in section 2.2.3.
3D printing of collagen-graphene for bioelectronic circuits

To assess the potential of this composite material for 3D printing of bioelectronic circuits with
high biocompatibility, collagen was dissolved in acetic acid and blended with graphene
suspension to produce a slurry with 60 wt% graphene and final collagen concentration of
12 mg/mL. The slurry was cooled to 4 °C and printed using an Allevi 3 3D printer (Allevi Inc.,
USA) using a 22-gauge needle at a pressure of 20 PSI. Printed patterns were dried at 37 °C for
1 h. Silver contacts were painted onto printed collagen-graphene wires, and connected to an LED
(rated at 20 mA, Radionics, Ireland) and a variable power supply (Keithley 2450 Sourcemeter,
IMEX, Ireland). 20 V was passed through the circuit, with a corresponding current of 5.9 mA.
Lighting was visible from 2.5 V, corresponding to 0.23 mA.

Conductivity measurements of 3D printed collagen-graphene composite

2x1 cm patches of collagen-graphene were printed onto glass slides (N=4), and their conductivity
was measured using a 4-point probe (Sel-Tek, UK) connected to a Keithley 2450 Sourcemeter

(IMEX, Ireland). Thickness of printed patches was measured using a micrometer.
Measurement of spreading ratio to assess printability

To assess printability of the composite, the ratio between the final width of a printed line and

the gauge of the printing needle (spreading ratio) was calculated. Single straight lines, 20 mm in
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length, of collagen-graphene were printed in rows of 3 on three glass slides (N=3, n=3), and width
of lines was measured at the beginning, middle and end of the lines. Average width per line was

divided by inner diameter of the printing needle (0.413 mm) to give the spreading ratio.
Statistical analysis

A minimum number of three experimental replicates (N) with at least three technical replicates
(n) were used in all assessments. Prior determination of statistical significance, the ROUT
method (Q=10%) was used to determine the variance in the population. All data sets were
subjected to Kolmogorov-Smirnov test to assess for normality and thereafter the data tested
using appropriate parametric (ttest, one- and two-way ANOVA) and non-parametric (Mann-
Whitney U, one and two-way Kruskall-Wallis) tests. Post-hoc tests were performed using Tukey’s
multiple comparisons and Dunnett’s correction where needed. All results were plotted with the
standard error of mean and were considered significant when p < 0.05 and statistical significance
was denoted by *: *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001. Significances are relative
to control group of timepoint unless stated otherwise. All data were plotted and analysed as

means with standard error of the mean while using the software GraphPad Prism (v8.0) and

OriginLab 2024.

64






2.3 Results & Discussion

2.3.1 Production and characterization of films of type I collagen and pristine graphene (Aim 1)
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Fig. 2.2 - Bulk physical property characterization of collagen/pristine graphene (NeuroGraph)
composite films: A) Assessment of the Young’s modulus and representative stress-strain curves of the hydrated films,
as a function of pG loading, showing the robust mechanical properties of NeuroGraph. B) Conductivity measurements
in dry state, showing the composite reaching the percolation threshold as a result of increasing pG loading.
NeuroGraph 100% represents a vacuum-filtered, polymerfree network of graphene. C) Degradation testing of the
films with different pG loadings using the enzyme collagenase (at 37 °C) revealed that pG loading has no effect on
degradation rates compared to the collagen controls. D) NeuroGraph film arithmetical mean height (Sa)
measurements showed a significant increase in surface roughness on NeuroGraph60% compared to other tested films.
E) AFM images derived from 10 x 10 um zaxis scans for increasing graphene loadings also showed an increase in
surface irregularities with higher pG loadings. F) Contact angle measurements performed with deionized water
droplets on the different composites showed a small but significant increase with higher pG loadings. G) SEM imaging
of the film surfaces revealed an increase in irregular shaped surface profiles with higher pG loadings.
Scalebars = 1 um. *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001.
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Building on previous work, the gelatin-stabilised graphene material used in this study had

0 This meant that the first task for

previously been developed in the Coleman & O’ Brien labs
our study was simply to identify the correct loading of this material into the polymer matrix for
our target application. This was determined based on two primary considerations - the
mechanical and the electrical properties. To assess these properties for collagen/pristine

graphene (NeuroGraph), candidate composites were dry cast to produce homogeneous films of

varying loadings.

The effect of increasing pG concentration on the mechanical properties of each candidate
composite was assessed by performing tensile tests on PBS-hydrated films, to reproduce the
conditions found in vivo. The mechanical properties of collagen are complex and anisotropic,

582,583

due to its fibrillar nature . Its properties are also highly dependent on the scale and

morphology investigated, with collagen fibrils, films and hydrogels each exhibiting non-linear

84585 The mechanical

viscoelastic behaviour, albeit with varying stress relaxation kinetics
properties of collagen can be modulated using nanomaterial fillers, affecting the elastic, plastic,
and stress relaxation properties significantly, in a manner dependent on the nature and amount
of filler used. Following addition of 10 wt% to 30 wt% graphene to collagen, Young’s modulus
(E) of the composite films initially decreased, as seen in representative stress strain curves
(Fig. 2.2 A). This may be due to the effect of pG disrupting the interaction between individual
collagen fibrils at high graphene loadings, leading to weakening of the material’”***. However,
Young’s modulus of the 60 wt% composite was significantly higher (E = 17.8 MPa, p < 0.001)
than the collagen controls (Fig. 2.2 A). The maximum elastic modulus in the linear region of
the stress-strain curve showed a significant decrease for all formulations up until 30 wt%, while
the decrease for 60 wt% was not significant (Fig. A1.1 A). The distinction between Young’s
modulus and the maximum elastic modulus of collagen arises due to the “toe” region typical of
tensile stress in collagen, where collagen fibrils uncrimp, leading to a zone of lower modulus at
low strains, before the linear region of the stress-strain curve. The reported Young’s modulus in
Fig. 2.2 A is simply the modulus in the first 10% strain of the stress-strain curve, as this is the
most physiologically relevant region, comprising the range of strains likely to be exerted during
implantation, and the maximum local strain that cells are likely to experience. This, therefore,
includes the toe region. The maximum elastic modulus reported in Fig. A1.1 A is the maximum
modulus in the linear region of the stress-strain curve, measured in 5% strain windows. A typical

stress strain curve for collagen is illustrated in Fig. A1.2.

66



The ultimate tensile strength was also significantly lower for all NeuroGraph films (average
UTS = 16 MPa, p < 0.0001) (Fig. A1.1 B), while for the maximum strain (MS), only the highest
pG loading (60 wt%) showed a significant reduction, to a maximum strain = 41%, compared to
the other tested films (average MS = 75.19%) (Fig. A1.1 C), indicating a decrease in the ductility
of the material. Nanomaterial reinforcement at low loadings is explained using the Rule of
Mixtures for nanocomposites, while at the high loadings used in our study, the deterioration in
mechanical properties, and thus deviation from the Rule of Mixtures, is likely explained by

. . s . 97,177,586
increasing filler aggregation™ "%,

Taken together, these data show that the mechanical properties of all NeuroGraph composites
are closer to the stiffness of CNS tissues (1-100 kPa)*®" compared to that of traditional CNS
electrode materials (>100 GPa)’®, and that they are on the same order of magnitude as collagen,

9 The lower stiffness of the

which has been used extensively in neural tissue engineering
NeuroGraph films compared to traditional electrode materials is an important material property,
as exemplified by work from Woods & O’Connor et al. in our lab, which has shown that
matrix-based materials interact with glial cells in a stiffness-mediated manner’'. The flexural
modulus and the electrical performance of the material under repeated deformation may be
relevant, since biomaterials can be subject to specific tensile, compressive, and flexural stresses
depending on the location of the implant in the CNS (e.g. cortex versus spinal cord). However,
these parameters depend largely on the design and location of the implant. The versatile

processing capabilities of the NeuroGraph60% material would allow for the fabrication of

devices with a range of flexural moduli, which could be adapted to fit the desired application.

Moving on then to the electrical properties, the preservation of which is a key parameter for any
electroconductive material designed for biological applications®, we determined the
conductivity of all NeuroGraph candidates in the dry state (Fig. 2.2 B), with the percolation
threshold being reached at approximately 50 wt% pG (Fig. A1.3). The highest conductivity
(1.5 S/m) with physically stable films was achieved at 60 wt% (43.5 vol%) loading, rendering the
composite sufficiently conductive for nervous tissue”', and higher than reported previously for
graphene stimulatory composites™. It is likely that at these higher loadings, conductivity trades
off with strength, as decreasing quantities of polymer binder in a composite will likely lead to

the strength of the composite relying on the relatively weak bonds between graphene flakes’>*°.
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We next assessed the thermal and physiological degradation properties of the composites to
determine their stability in longterm physiological conditions. Thermogravimetric analysis
demonstrated a trend towards higher degradation temperature with increasing graphene
loadings (Fig. A1.1 D), indicating higher thermal stability compared to collagen alone. This
confirms the ability of the composite to undergo dehydrothermal (DHT) treatment at 105 °C
without compromising the structural integrity of the material. To assess the stability and
degradation capacity of the composite films under accelerated physiological conditions, each film
was subjected to rapid enzymatic degradation using collagenase (0.1 mg/mL) at 37 °C.
Significant loss was seen in all groups after one hour, and total loss registered after 3 hours, with
no difference between all groups, indicating that pG loading does not impact the enzymatically
induced breakdown kinetics of collagen in the films (Fig. 2.1 C). This finding indicates that the
NeuroGraph composite material shares a similar degradation profile to collagen controls.
Atomic force microscopy revealed surface topographical changes, with NeuroGraph60%

showing increased area roughness (Fig. 2.2 D), as seen in AFM topographical maps (Fig. 2.2 E).

Following this, to determine the correlation between film hydrophobicity and topography,
surface contact angles were assessed, revealing that higher pG loadings lead to significantly higher
contact angles (= 74° cf. 65° for collagen), denoting a decrease in surface hydrophilicity
(Fig. 2.2 F). The associated changes in surface roughness and hydrophobicity are known to affect

#25% and may have a positive impact on the ability of the

cell attachment and biocompatibility
substrates to support CNS cell growth™*. Finally, since material surface properties are critical for
appropriate material-cell interaction’, the topography of composite films with different pG
loadings were investigated using scanning electron microscopy (SEM) (Fig. 2.2 G). In all

composites, pG flakes visibly protruded from the surface, with flakes forming larger irregular 3D

features on NeuroGraph60% films.
Characterization of neuronal and glial cell response to NeuroGraph-based films (Aim 1)

Next, to assess the biocompatibility of the different NeuroGraph composites, human SH-SY5Y
neurons were seeded directly onto the film surfaces for 3 days, and the change in metabolic
activity, DNA content and cell morphology assessed (Fig. 2.3 A-C). Neurons examined at 1 and
3 days after seeding grew robustly, with no difference in metabolic activity and DNA content
(Fig. 2.3 B-C) between the film formulations, indicating the formation of a stable population of

neurons on the film.
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Fig. 2.3 () - Characterization of neuro-compatibility of collagen/pristine graphene films: A) Phalloidin
(actin = green) and DAPI (nuclei = blue) staining reveals that SH-SY5Y neurons grown for 3 days on the collagen
(control) and different NeuroGraph composites showed no difference in morphology, with all neurons extending long
neurites across the film surfaces. B-C) Comparison of metabolic activity (B) and DNA content (C) at 1 and 3 days
after seeding indicated that neurons readily colonized all film surfaces, in particular at higher NeuroGraph loadings.
D-E) B-tubulin 111 immunostaining of iPSC neurons, counterstained with DAPI for cell nuclei (blue) cultured for
15 days on collagen (D) and NeuroGraph60% (E) films equally generated dense networks of neurons that extended
multiple long neurites. Scalebar in A = 100 um, in D, E = 25 um. *p< 0.05.

The cells exhibited typical neuronal morphology, extending multiple long neurites from the cell
body (Fig. 2.3 A). To verify the ability of the composites to support the growth of different
neuronal types, motor neurons (NSC-34 line) were also cultured on the films and exhibited

similar robust growth, with no difference seen between the controls and composite formulations
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(Fig. A1.4). To further investigate the long-term impact of NeuroGraph substrates on human
neuronal survival and growth, induced pluripotent stem cell-derived (iPSC) neurons were

cultured on collagen and NeuroGraph60% films for 15 days.

Growing neurons on both films (Fig. 2.3 D & E) extended multiple long neurites that formed a
dense meshwork, with the NeuroGraph composite exhibiting no difference to collagen controls.
While several studies have assessed neuronal growth on graphene substrates, many use secondary

280-283

biomaterial coatings to improve surface biocompatibility, and may inadvertently shield the

neurons from direct interaction with the material. Where neurons have been seeded directly

105225570 the material supports their growth but is a poorer substrate

onto graphene surfaces
compared to ECM-coated graphene’”. In contrast, the ability of NeuroGraph60% to facilitate
robust neural cell growth in both SHSY-5Y and NSC-34 neurons and young iPSC-derived
neurons, and enhance primary neurite outgrowth compared to collagen controls
(see Fig. 2.6 A-C), suggests that graphene-ECM composites provide a better environment for
neuronal colonisation and growth, perhaps mediated through the irregular surface profiles
(Fig. 2.2 G) which are known to strongly influence cell attachment and growth™°. These data

clearly demonstrate that the NeuroGraph60% composite supports long term survival and growth

of young human-derived neurons.

The CNS is particularly sensitive to prosthetic implants and exogenous materials, and rapidly

)" to produce dense scar tissue around the

generates a foreign body response (FBR
implant’™***°_ This process is driven by the reactions of both immunoresponsive microglial
cells and astrocytes, the major supportive glial cell type in the CNS’*®, which shift to reactive
phenotypes that can reciprocally signal to each other through cytokine release to start developing
the dense glial scar layers””®®. Therefore, to investigate whether the composites may induce
‘injury-reactive’ pro-inflammatory phenotypes we next assessed if the NeuroGraph composites
impacted the growth of microglial cells (Fig. 2.4 A-C). Microglial cells seeded on all composite
films exhibited a robust >3-fold increase in DNA between 1 and 3 days after seeding (Fig. 2.4 B;
1 dws. 3d, p<0.0001), with cells possessing circular morphologies, typical of this cell type when
grown on 2D surfaces®'. Similarly, human-derived astrocytes seeded on the films exhibited the
same prolific (>3-fold) growth with significant increases in DNA content in all groups between

days 1 and 3 (p = 0.003) (Fig. 2.4 E), with the growing cells forming typical long dense parallel

arrays of cells with elongate morphology without evidence of toxicity® (Fig. 2.4 D). A small

603,604 269,602

number of studies have focused on astrocyte responses to graphene in vitro and in vivo
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As was found in the present study, in general graphene-containing substrates do not appear to
adversely affect astrocyte viability and proliferation’®”. However, astrocyte interaction with pure
forms of graphene such as uncoated flakes can lead to cellular internalization® and induce
changes in homeostatic function®***®, In contrast, we found no evidence of cellular stress with
cell morphology, proliferation, and metabolic activity similar to cells grown on collagen films,

indicating that the composites provide a stable and trophic environment for astrocyte growth.
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Fig. 2.4 (t) = Characterization of glial cell compatibility of collagen/pristine graphene films: Microglia
(A-C) and astrocytes (D-F) were grown for 3 days on NeuroGraph films to assess the effect of NeuroGraph composites
on their growth, morphology, and pro-/anti-inflammatory cytokine expression profiles. A-B) Microglia showed typical
circular morphologies when grown on the collagen and composite films (A) and exhibited metabolic activity and DNA
content changes (B) indicative of rapid colonization across the film surface. D-E) Similarly, astrocytes exhibited typical

elongate morphologies with long processes (D) and changes in metabolic and DNA content indicative of dividing cells
(E). C & F) ELISA based analysis of the pro-inflammatory cytokines IL-18 and IL-6 released by microglia (C) and
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astrocytes (F) respectively and the anti-inflammatory cytokine IL-10 released by both cell types indicated no difference
in proinflammatory cytokine release for either cell type, and a trend for increased release of IL-10 from astrocytes, in
particular cells grown on NeuroGraph60% films (F). Values shown are concentration levels (pg/mL) of test conditions
normalized to controls on tissue culture polystyrene plates. Scalebars are 100 ym. *p < 0.05, **p < 0.01,
***5 < 0.001.

Since both cell types can reciprocally stimulate each other through cytokine-mediated signalling
pathways® in the diseased and injured CNS*”, their cytokine expression profiles are robustly
indicative of pro-reparative (e.g. IL-10) or pro-inflammatory (e.g. IL-18 and IL-6) activation
states" . Therefore, we next investigated the effect of increasing graphene content on the
release of key immunomodulatory cytokines from both cell types. For microglia, the release of
pro-inflammatory IL-18 and pro-reparative IL-10 from cells grown on films was sequentially
measured at 1, 2 and 3 days after seeding (Fig. 2.4 C). For both cytokines there was no significant
change in levels between all groups, suggesting that all film types encouraged a non-polarized
‘resting’ phenotype, similar to reports of primary immune cell behaviour when exposed to

different graphene-based structures” %",

We then investigated the release of pro-reparative 1L-10 and pro-inflammatory IL-6 (Fig. 2.4 F)
from human astrocytes grown on the films over the same 3-day period. In a similar pattern to
the cytokine expression seen in microglia, there was no overall significant change in the levels of
both cytokines, but there was a trend for reduced levels of IL-6 and increased IL-10 release in
NeuroGraph60% films compared to other composites. When taken together, these data show
the ability of both glial cell types to proliferate and colonize the film surfaces, which when
coupled with no change in inflammatory IL-18 and IL-6 cytokine release and a trend for
increased IL-10 expression in astrocytes indicates that both cell types rapidly grow on the films,

without inducing inflammatory phenotypes.

This is significant, as graphene-mediated cellular stress has been known to affect
proinflammatory cytokine release®?, which was not found for the cells grown on the
NeuroGraph composites. Rather, the trend for increased astrocyte release of IL-10, a strong

613

modulator of inflammatory cytokine production in microglial cells®”, suggests that higher
graphene content may encourage non-inflammatory astrocyte phenotypes. These data thus
directly address a primary concern of many electroactive materials, i.e. adverse glial cell responses,
and indicate that NeuroGraph60% in particular is a strong candidate for a bio-interfacing

conductive substrate. There are of course other factors specific to the in vivo foreign body

response that cannot be fully accounted for by in vitro testing, such as the size, geometry, and
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electrochemical properties of the implant’®"*'**®, Our use of 2D films to monitor CNS cell

MSBRISL . as it simplifies the

responses is a common approach taken by many other studies
assessment of cell responses to materials and minimizes the ability of irregular surface features

and geometries to influence cell growth™”.

The evidence from in vivo studies indicates good tolerance of graphene flakes*”™ and that collagen

0159 - which when coupled with the

coated electrodes induce minimal scar development
rigorously demonstrated biocompatibility of the NeuroGraph composites using four different
types of neurons (two cell line, one iPSC, one primary, Fig. 2.5 A-B) and two CNS glial cell types
(Fig. 2.4), is strongly indicative of a well-tolerated biocompatible material composite. In addition,
the robust growth of primary and iPSC-derived neurons in direct contact with the composite

over two weeks is also indicative of the potential of this material for safe longer-term interaction

with neuronal circuitry.

Assessment of the synergistic effect of electrical field stimulation and conductive

NeuroGraph films on neural cell morphology and function (Aim 2)

With the NeuroGraph60% nanocomposite shown to be neurocompatible and to possess
electroconductive properties potentially suitable for neuronal stimulation, we next assessed its
ability to support primary neuron isolates and encourage axonal growth under
electrostimulation. Previous electrostimulation studies demonstrated the ability of
laminin-coated graphene films to support neural stem cell-derived growth®"**’. Therefore, we
reasoned that primary neuronal isolates grown directly on NeuroGraph60% films and subjected
to electrostimulation should be capable of supporting the neurons and enhancing neurite

outgrowth.

Mouse primary cortical neurons (MPCNs), which have previously been wused in
electrostimulatory studies®'®, were isolated and seeded on collagen control and NeuroGraph60%
films and allowed to grow for 7 days. Thereafter, the neurons were stimulated for a further 4
h/day over 5 days (12 Hz, 9.8 ms, 200 mV/mm). These stimulation parameters were established
based on the existing literature, with our values falling at the lower end of the long term neuronal
electrostimulatory range’”, to avoid inducing the creation of deleterious electrochemical species
and field-induced cellular damage to sensitive MPCNs. The pulse width was selected to maximise
the duty cycle of the stimulation using our lonOptix stimulation rig. Finally, previous work has
demonstrated that low-frequency stimulation has a beneficial effect on axonal extension and

. . .. 377,617-61
directionality’ 01761,

73



imulated

NeuroGraph 60% C

Avg Neurite Outgrowth
per Cell (Fold Change)
da

0.5+

per Cell (Fold Change)

1
A

Avg Max Neurite Length

0.0-

i

i

Fig. 2.5 - Assessment of long-term primary neuron growth and enhancement of neurite outgrowth
following external electrical stimulation on NeuroGraph substrates: A-B) DAPI and B-tubulin I11 stained
mouse primary cortical neurons grown dirvectly on the surface of collagen (A) and NeuroGraph60% (B), seen at
higher power in (A') and (B'), exhibited robust neurite outgrowth on both substrates. C) Analysis of neurite outgrowth
and maximum neurite length in unstimulated mouse primary cortical neurons indicated no significant difference
between collagen and NeuroGraph films. D-E) Stimulated neurons grown for 14 days on the collagen films showed
a greater fraction of neurons exhibiting cell stress, seen as beading and poor neuronal morphology (D’) whereas
neurons grown on NeuroGraph60% films (E) showed robust neurite outgrowth (E') and morphologies typical of
healthy neurons. F)Neurons grown and stimulated on NeuroGraph60% films showed significant increases in neurite
outgrowth and maximum neurite length compared to collagen controls. Scalebars A, B, D, E = 100 ym. *p < 0.05.
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While cells grew robustly on all films, the morphology of growing MPCNs on NeuroGraph60%
films in both the unstimulated and the stimulated conditions (Fig. 2.5 B & 2.5 E) formed denser
neuronal networks, and possessed longer neurites compared to neurons grown on collagen films
(Fig. 2.5 A & 2.5 D). In general, stimulated and unstimulated MPCNs grown on collagen films
contained a greater fraction of stressed/degenerating neurons (assessed by beading on neurite
processes®™) compared to those grown in NeuroGraph60% films, despite collagen previously
being shown to act as a suitable substrate for neuronal culture and in vivo CNS

. 589,621,622
implantation®® 621622,

This finding may be indicative of the beneficial effect of the rougher NeuroGraph60% film
surface to support neuronal growth compared to the collagen control films. MPCNs grown
without stimulation on both substrates extended long neurites that often formed a complex
meshwork of processes, with no significant difference in length (Fig. 2.5 C), although the
neurons on NeuroGraph60% exhibited a near significant (p = 0.0855) increase in neurite length
per cell. When subjected to electrical stimulation, however, cortical neurons on
NeuroGraph60% films exhibited significant increases in average neurite outgrowth per cell and
the average maximum neurite length when compared to stimulated neurons on collagen

substrates (Fig. 2.5 F). A similar increase was observed for the number of intact neurites per cell

(Fig. A1.7B & O).

These results clearly illustrate that NeuroGraph60% films support healthy growth of cortical
neurons, and are similar to findings from studies that utilised primary neurons grown on

280282 qgain indicative of strong composite biocompatibility. More

ECM-coated graphene films
importantly, we demonstrate that NeuroGraph60% is capable of delivering electrical stimulation
to support and enhance neurite outgrowth. While the in vivo parameters for electrostimulation
of different neuronal types have been well explored’| the effect of stimulation-induced neuronal
growth on graphene-based materials is not well documented, although stimulating neural stem
cells on ECM-coated graphene has been shown to support their differentiation and
maturation®"?*’, Therefore, this study develops upon these findings and demonstrates the ability

of the collagen-graphene composite to drive strong neurite outgrowth from differentiated adult

neurons seeded directly onto its surface.
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Application of NeuroGraph composites in the creation of neuronal medical devices

(Aim 3)

With the innate stability, biocompatibility, and ability to deliver electrical stimulation of the
NeuroGraph60% nanocomposite confirmed, we next aimed to assess its versatility for the
fabrication of distinct medical devices for nerve and spinal cord repair. Directionally aligned
scaffold microarchitectures are particularly well-suited for supporting anisotropic axonal
regrowth for peripheral’*” and central nervous system applications®". First, lyophilized nerve
guidance scaffolds were produced using directional freeze drying” (Fig. 2.6 A), with a highly
aligned porous internal architecture visible under SEM (Fig. 2.6 B), and an electrical
conductivity of (2 £0.5)x10° S/m. The aligned pore structure is optimised to allow cell
infiltration and drive longitudinal axonal growth along the neurotrophic conductive collagen
matrix, making it an excellent candidate for regenerative medical devices. Next, microelectrode
arrays are frequently used to record and/or deliver electrical stimulation to discrete neuronal
populations, either to restore function, or to connect to a brain-machine interface®* %,
Therefore, to demonstrate the ability of NeuroGraph60% to form fine micron-sized structural
features, a custom 5 * 5 microneedle array, with height 2.5 mm and tip diameter 40 - 80 um,
was successfully dry cast (Fig. 2.6 C, D), demonstrating the potential of the composite for
higher-resolution interfacing. Finally, the rapidly evolving field of bioelectronics relies on the
fabrication of conductive yet biocompatible circuitry, which can be difficult to achieve because
of cytotoxicity issues, the poor processability of conductive polymers or difficulties in 3D printing

with traditional conductors®®.

To address this and demonstrate the potential of the
NeuroGraph60% composite for 3D printing and additive manufacturing applications, it was
adapted into a printable bioink, capable of producing repeatable complex electroconductive
features (Fig. 2.6 E) with over 5-fold enhanced conductivity (Fig. 2.6 F, 8 S/m ¢f. 1.5 S/m for
dry cast films) and low spreading ratio (Fig. A1.9 B). The increase in conductivity in the printed
material compared with the dry-cast composites may be due to the influence of applied shear
forces during printing, causing decreased alignment of the graphene flakes, thus increasing the
conductivity. Alignment in polymer nanocomposites can give rise to nanosheet junctions with
large amounts of polymer between them, increasing the junction resistance, thus decreasing the

'8 The high printability of the material was evidenced by the average spreading ratio

conductivity
achieved, 1.89 (N=3), compared to pure collagen, which reached 6.82 (N=3) (Fig. A1.9 B). These
enhanced properties allow for the printing of circuits for bioelectronics, such as the circuit shown

below used to light an LED, confirming the utility of the material (Fig. 2.6 E & G).

76



Conductivity (S/m)

=1 Cast NeuroGraph 60%
Printed NeuroGraph 60%

1cm

[F—— i gma, f B j
Fig. 2.6 - Applications of conductive collagen/pristine graphene to produce neural interfacing
structures: A-B) NeuroGraph60% was used to fabricate lyophilized porous conductive scaffolds (A) that when
imaged using SEM (B) show the porous internally aligned channels. Scalebars = 200 um. C-D) Microneedle arrays
were fabricated using the composite to produce a 5 x 5 microneedle set (C). Each needle was 2.5 mm high and had
a tip diameter of 40-80 um. When imaged at higher power using SEM (D) the fine bore and sharp tips can be clearly
seen on the individual needles. Scalebars = 800 um and 300 um (inset). E-F) The development of the
NeuroGraph60% as a printable bioink allowed for the control and fine printing of complex 3D geometries (E) with
physiologically relevant conductivity (F). G) To demonstrate the conductive function of the NeuroGraph60% bioink,

a simple circuit was printed to power an LED. Scalebar represents 1 cm. ***p < 0.001.

Together, these results show that NeuroGraph composites are a versatile material which can be
readily adapted to a wide variety of relevant neural bioengineering applications while exhibiting

excellent biocompatibility and conductivity.
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Conclusions

For next-generation neural medical devices, there is an outstanding demand for the development
of electroconductive materials that integrate seamlessly with delicate neural tissues. This study
presents novel and versatile collagen/pristine graphene nanocomposites (NeuroGraph) that
strike the key balance between physiologically relevant conductivity and neurocompatibility. We
identify one formulation, NeuroGraph60%, as an ideal candidate capable of supporting and
stimulating the growth of cell line, iPSC, and primary neurons. Coupled with its ability to
support the proliferation of CNS astrocytes and microglia with morphologies and cytokine
release profiles typical of non-inflammatory phenotypes, we identified NeuroGraph60% as a pan-
CNS cell compatible nanocomposite. Demonstrating diverse functionality, NeuroGraph60%
was used to deliver electrical stimulation to enhance the number and length of neurites, and to
produce a range of conductive, neural-interfacing structures, including porous scaffolds,
microneedle arrays, and 3D-printed circuit elements for bioelectronics. Taken together, these
findings identify NeuroGraph60% as an excellent candidate nanocomposite for future neuronal

medical device applications.
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Chapter 3
Biocompatible, Flexible and Electrically Optimised Polymer-Graphene

(PolyGraph) Composites for Neural Interfacing Devices
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Fig. 3.1 — Neural interfacing materials need to excel electrically, while integrating safely in the brain and central
nervous system (CNS) over long time scales. Nanocomposite materials are a promising solution to this challenge,
offering flexibility and electrical performance in one material. To this end, this study developed and characterised a
conductive and biocompatible graphene ink, which was then used to fabricate conductive, flexible, and processable
nanocomposites, called PolyGraph. To further enhance the electrical performance of PolyGraph, it was treated using
NaOH immersion and AuPd coating to roughen the surface and increase its conductivity respectively. This yielded
electrical properties in line with existing neural interfacing materials. Three approaches were taken to demonstrate the
versatility of PolyGraph— first, a custom stimulation rig was developed to apply electrical stimulation to neurons in a
3D hydrogel system through PolyGraph electrodes. Secondly, to demonstrate the potential for recording, a PolyGraph
microneedle was used as an electrophysiological recording electrode in an ex vivo murine brain slice model. Finally, a
manufacturing process was developed to fabricate flexible, electrically isolated microneedle-based electrode arrays from
PolyGraph. This shows that PolyGraph can form the basis for a highly biocompatible, conductive, and flexible
bidirectional neural interfacing device, with implications for the development of future soft bioelectronics for neural
interfacing.

3.1 Introduction

Over the past half-century, our understanding of central nervous system (CNS) function has

626-628

undergone a revolution , and the neural interfaces used to interrogate and influence CNS

electrical activity in research settings have evolved in turn, due to concerted research

2,443,567,629,630
efforts44 ,443,567,629,

. Despite these advances, novel neural interfacing technologies such as
microneedle-based electrode arrays, neural threads, and mesh electronics are not yet ready to

supplant the tools which currently dominate clinical neural interfacing such as
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electroencephalography (EEG and functional magnetic resonance imaging (fMRI), due to

4 There is therefore a push to

issues with invasiveness, device lifetime, and recording stability
improve the clinical readiness of these novel neural interfacing technologies, driven by the
limitations of the existing dominant techniques. While non-invasive and with high temporal
resolution, EEG suffers from low spatial resolution®”, and fMRI, while superior in spatial
resolution, can only be used in-situ, in expensive facilities®**””. The gulf between the speed of
technological development in invasive neural interfaces compared to their clinical
implementation underscores the challenges inherent with implantable, invasive devices - they
must offer durable function and resolution, without the induction of deleterious scarring,
infection following implantation, or device degradation and failure. Typically, these issues do

not arise for lack of innovation on device design, signal processing, or surgical techniques, but

rather due to fundamental limitations of existing neural interfacing materials.

Therefore, there is a growing clinical demand for novel and versatile electroconductive materials,
capable of interfacing safely and consistently with neural tissues while maintaining desirable
electrode characteristics, that will enable the development of the next generation of
biocompatible, flexible neural medical devices. In this chapter we explore one possible candidate
material, a composite of polyvinylpyrrolidone-stabilised graphene, chosen for its high
biocompatibility and conductivity, and polycaprolactone, a well-established bio-safe polymer with
diverse processing capabilities. We demonstrate the potential of this PCL-graphene composite
material for neural interfacing applications, and its fabrication into a neural interface prototype,

consisting of an array of microneedle electrodes connected by a flexible hyaluronic acid backing.

2D nanomaterials are especially well-positioned to address the challenges mentioned above,
thanks to their unique electrical, mechanical, and morphological properties when compared to
bulk materials. As readily scalable, flexible materials with superlative electronic properties and
diverse processing capabilities, they offer a compelling alternative to existing materials used as
neural interfaces (e.g. metals, highly doped semiconductors) which often induce scarring due to

PLAO6 " hosing challenges for their clinical translation.

their stiffness and poor biocompatibility
However, to fully take advantage of the beneficial properties of 2D materials, it is necessary to
alleviate concerns around hydrophilicity and biocompatibility - this is typically achieved via
stabilisation. Many stabilisers have been tested, each offering benefits and drawbacks - for

example, low molecular weight solvent (e.g. N-Methyl-2-pyrrolidone (NMP)) and surfactant (e.g.
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HBI66T it often poor

sodium cholate (SC)) stabilisation offers superb electrical properties
biocompatibility, while high molecular weight biopolymers such as gelatin or bovine serum
albumin (BSA)'0M17026638639 cqap greatly enhance biocompatibility and prevent aggregation, but
often hamper a material’s electrical properties. In attempting to strike this balance, stabilisers

168640 " polyethylene glycol, and polyvinylpyrrolidone'®**-*** have been

such as pyrene derivatives
assessed, offering high biocompatibility while maintaining electrical performance. Nonetheless,
this balance remains difficult to achieve, and is highly dependent on the target application. Thus,
stabilisers demonstrating the ability to thoroughly ameliorate the cytotoxicity of pure
nanomaterials while maintaining desirable nanomaterial properties are highly sought after in
biomedical research. As such, in this chapter we investigate four stabilisers for graphene liquid-
phase exfoliation (LPE): gelatin-coated graphene (GelGr), trypsin-treated GelGr (TrypGr, to

reduce stabiliser coating thickness via gelatin digestion), polyvinylpyrrolidone-stabilised graphene

(PVPGr) and sodium cholate-stabilised graphene (SCGr).

Bringing this all together, composites of 2D materials with bio-safe polymers present interesting
opportunities, offering easier processing and improved mechanical robustness when compared
to pure 2D materials. Optimising for electrical performance, high biocompatibility and durable
mechanical properties requires careful consideration of composite properties and precise control
of manufacturing protocols, and to this end, the chosen polymer needs to meet several criteria:
a relatively low molecular weight to minimize steric hindrance and maintain nanosheet
conductivity, along with stability, processability, and biocompatibility. Polycaprolactone (PCL),
a well-established polymer in biomedical applications®”, is one such example of a matrix that
possesses optimal properties, with high biocompatibility and versatile processability by 3D
printing, casting, and molding®*. Furthermore, the adaptability of 2D material composites in
terms of device morphology and fabrication techniques enables the design of flexible,
multiphasic electrode systems for effective stimulation and recording. However, the use of
nanomaterial composites for neural interfacing electrodes has seen little research in the literature
to this point, compared to both existing neural interface materials and 2D material-only

647% _ if optimised appropriately, they have the potential to address many of the issues

interfaces
present in these materials and interfaces. As such, in this chapter we demonstrate the fabrication
of PCL-graphene composites for neural electrodes, and the optimisation of their electrical

properties by surface treatment.
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[t is worth noting that a nanomaterial composite, in isolation, is far from a functional device -
to this end, the development of microelectrode®"®”, microneedle¥*®®, and soft
biohybrid-based**® systems, which stand to benefit greatly from this materials research, has
drastically improved the capabilities of both in vitro and clinical neural interfacing. Thanks to the
smaller addressable volume and voxel size offered by these micro-scale electrodes, these systems
enable more precise control of external devices such as prosthetics and communicators, more
accurate interpretation of neural signals, and a deeper understanding of CNS function®"®%,
These advances, particularly those in brain-computer interface (BCI) technology, hold profound
medical and societal implications, offering potential solutions for neurological disorders and
paralysis, and even dangling the possibility of human-machine communication if resolution and
signal interpretation can be advanced sufficiently*”***"*®®, For these reasons, the target device
configuration for this neural interfacing material is a microneedle-based electrode array, with

PDMS sheathing to reduce electrode size, and a flexible, biocompatible hyaluronic acid backing

for conformability with the brain and CNS.

Taken as a whole, in this chapter we detail the development of biocompatible, flexible graphene
composites for the fabrication of a multi-channel, conformable microneedle-based electrode
array, with the capacity to effect neural stimulation and recording. By simultaneously overcoming
key limitations of existing microelectrode designs and addressing challenges with existing device
materials, this research has significant relevance to the BCI space - new, softer materials with
versatile processing capabilities are in high demand for advanced neural thread, microelectrode

array, and deep brain stimulation devices™% %>,

Objectives & Aims

The overall objective of this chapter was to develop a graphene composite microneedle-based
flexible microelectrode array, and assess its electrical properties and neuronal stimulation &
recording abilities, towards non-scarring, multi-channel neural interfacing devices. The specific

aims were as follows:

1. Develop and characterise the optimal pristine graphene formulation from a range of

candidates, based on biological and electrical parameters.
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2. Combine optimal PVP-stabilised graphene with polycaprolactone (PCL), a biocompatible
polymer, to form graphene-polymer composites (PolyGraph) and investigate their biological
interactions with neuronal and glial cells.

3. Enhance and measure the electrochemical properties of PCL-graphene composites by NaOH
treatment and coating with a conductive gold-palladium layer.

4. Develop a PCL-graphene microneedle-based electrode array with a flexible hyaluronic acid
backing, and demonstrate its potential as a bidirectional neural interfacing electrode using a

custom stimulation bioreactor, and electrophysiological measurements of mouse brain slices.
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Materials & Methods

Exfoliation of Graphene

Gelatin graphene exfoliation

Bovine gelatin, a mix of peptides and protein fragments derived from hydrolysis of collagen, was
dissolved in deionised (DI) water at a concentration of 30 mg/mL. Graphite (50 mg/mL,
Graphexel Ltd, UK) was then added to the gelatin solution. The dispersion was exfoliated by
ultrasonication using an ultrasonic probe (VCX-750, Sonics, USA, amplitude 80%, max power
200 W, cycle 6 s on/2 s off) for 72 h at room temperature (RT). Liquid cascade centrifugation®’
was carried out to remove unexfoliated graphite and obtain size selected graphene. To separate
graphene from unexfoliated graphite, the dispersion was centrifuged at 500 rpm for 45 min. The
supernatant was then collected, and centrifuged at 1000 rpm for 45 min. The sediment was
redispersed in DI water by bath sonication, and repeatedly washed in DI water by centrifuging
the dispersion at 2000 rpm for 1 h, and finally redispersing in DI water. This was repeated until
gelatinous bubbles no longer formed when the dispersion was shaken. The concentration was

then measured by vacuum filtration.

Trypsin digestion of gelatin graphene

To improve the conductivity of dispersed gelatin-graphene by digesting the gelatin coating on the
graphene into peptides, and thus reducing the stabiliser coating thickness, 20 mL of gelatin-
graphene and 10 mL of trypsin solution (Sigma, Ireland) were placed in a beaker on a hot plate
(50 °C), stirring slowly, for 8 h. The resulting dispersion was centrifuged at 6000 rpm for 90 min,
and the sediment was washed twice in fresh DI water by centrifugation at 6000 rpm to remove

excess trypsin and peptides.

PVP (polyvinylpyrrolidone) graphene exfoliation

40 mg/mL of graphite (Graphexel Ltd, UK) was dispersed in 80 mL isopropanol (99.9% HPLC
IPA, Sigma, Ireland) with 2 mg/mL of PVP powder (Sigma, Ireland). The dispersion was then
sonicated (VCX-750, Sonics, USA) for 12 h at 55% amplitude, on a 6 s on/2 s off cycle. Size

655 The dispersion was first centrifuged

selection was carried out by liquid cascade centrifugation
at 1000 rpm for 90 min, and the sediment was discarded. The supernatant was then centrifuged
at 6000 rpm for 90 min, and the sediment was redispersed in fresh IPA. In order to remove

excess PVP, and if exchange to another solvent was required, the dispersion was centrifuged at
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6000 rpm for 90 min, the supernatant was discarded, and the sediment was redispersed in the
target solvent by bath sonication and agitation. This was repeated four times to ensure complete

removal of excess PVP, and/or transfer into the new solvent.

The above exfoliation parameters were varied to determine the optimal parameters for
conductivity and yield of the PVPGr exfoliation. A short description of each tested exfoliation is

given below in Table 3.1.

PVP Graphite
Concentration Concentration Solvent
(mg/mL) (mg/mlL)

Sonication Sonication

Time (h) Power (W)

Table 3.1 - Exfoliation parameters for PVP graphene optimisation testing: Description of
exfoliation parameters tested during optimisation of polyvinylpyrrolidone (PVP) based exfoliation protocol.

Surfactant exfoliation of graphene

40 mg/mL of graphite was dispersed in 80 mL DI water, with 6 mg/mL sodium cholate
surfactant (SC, Sigma, Ireland). To pretreat the dispersion and remove impurities, the dispersion
was sonicated using an ultrasonic probe (VCX-750, Sonics, USA) for 1 h, (55% amplitude, max
power 750 W, cycle of 6 s on/2 s off). The dispersion was then centrifuged at 6000 rpm for
60 min, and the supernatant was discarded. The sediment was redispersed in 80 mL of fresh DI
water, and 2 mg/mL of SC was added. The dispersion was then sonicated for 8 h at 55%
amplitude, on a 6s on/2s off cycle. Size selection was carried out by liquid cascade

6 The dispersion was first centrifuged at 1000 rpm for 90 min, and the sediment

centrifugation
was discarded. The supernatant was then centrifuged at 6000 rpm for 90 min, and the sediment
was redispersed in fresh DI water. To remove excess SC, or if solvent exchange was required, the
dispersion was centrifuged at 6000 rpm for 90 min, the supernatant was discarded, and the

sediment was redispersed in the target solvent by bath sonication and agitation. This was repeated

twice to ensure complete removal of excess SC, and/or transfer into the new solvent.

Solvent exfoliation of graphene

40 mg/mL of graphite was dispersed in 80 mL of N-methyl-2-pyrrolidone (>99% ACS Reagent
NMP, Sigma, Ireland), and sonicated at 55% amplitude (max power 750 W) with a sonic probe
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(VCX-750, Sonics, USA), for 8 h. For LCC"”, the dispersion was first centrifuged at 1000 rpm
for 90 min, and the sediment was discarded. The supernatant was then centrifuged at 6000 rpm

for 90 min, and the sediment was redispersed in fresh NMP.
Physical Characterisation of Graphene

Scanning Electron Microscopy (SEM) to assess material and device morphology

Samples were sputter coated with a 5 nm layer of an 80:20 mixture of gold and palladium using
a Cressington 108 auto sputter coater. Imaging was then conducted using a Zeiss Ultra FE-SEM
using the InLens detector at an accelerating voltage of 3 kV, an aperture size of 30 pm and a

working distance of 5 mm, with images acquired at varying magnifications.

Thermogravimetric analysis (TGA) to assess degree of polymer coating on graphene

Thermogravimetric analysis was carried out using a Q50 thermogravimetric analyser (TA
Instruments, USA). The temperature was ramped from 25 °C to 1000 °C, at a ramp rate of

10 °C min'in air.

Ultra-violet/Visible Light (UV-Vis) Spectroscopy to investigate optical properties of graphene dispersion

UV-Vis spectroscopy was carried out using a Perkin-Elmer Lambda 1050+ photospectrometer
and an integrating sphere, to collect information on the scattering, absorption, and extinction

spectra.

Raman Spectroscopy to investigate graphene defects and lateral size

Graphene dispersed in IPA was drop cast onto silicon substrates on a hot plate at 100 °C. Raman
spectroscopy was then carried out using a WITec RISE Raman system with a 633 nm laser, under

ambient conditions with a spectral resolution of 2.5 cm™ using a 600 g/mm grating.

Atomic Force Microscopy (AFM) to assess graphene dimensions

Using a Bruker Multimode 8 microscope, AFM was carried out to assess the thickness and lateral
dimensions of the flakes. Graphene inks diluted with isopropanol at a ratio of 1:100 were
drop-cast onto Si/SiO; substrates. Imaging of the samples was conducted using OLTESPA R3
cantilevers in ScanAsyst mode, and statistical data were derived from the analysis of 173 flakes.
The lateral dimensions were calculated by computing the square root of the product of the flake

length and width. Data was analysed using Gwyddion SPM software®™.
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Contact Angle measurements to assess hydrophilicity of nanomaterial composites

Films of PVPGr/PCL were sectioned with a biopsy punch into flat discs. Contact angle testing
was carried out using an OCA 25 contact angle goniometer (DataPhysics Instruments, USA),
dispensing 5 pL per drop of deionised water. The contact angle was measured using the software

provided by the manufacturer.

Mechanical Testing to measure stress-strain curves of nanomaterial composites

Mechanical testing was conducted using a Zwick Z0.5 Proline tensile tester fitted with a 100 N
load cell, at a strain rate of 0.01 %,s. Samples were cut into strips, followed by clamping and
testing in a uniaxial strain configuration. The mechanical properties were calculated from the

stress-strain curves.

Optical Profilometry to assess surface roughness of nanomaterial composites

Three-dimensional (3D) surface profiles were obtained using a Profilm3D Optical Profiler
(Filmetrics) in white-light interferometry (WLI) mode with a 50 Nikon DI objective lens. For
samples thinner than 100 nm, phase shift interferometry (PSI) mode was utilized to enhance
resolution. The profiler was calibrated using a gold thin film on Si/SiO; with a 50 nm step
height, confirmed by AFM. Profiles were levelled using a three-point levelling method, and step
heights were measured with ProfilmOnline (Filmetrics) software. The step heights were
calculated with the histogram step-height tool, which generates a histogram of pixel heights. This
data was used to determine the baseline height and the top surface of the sample, allowing for
the calculation of the average step height across the area. Once the profile was drawn, it was
smoothed by removing "invalid" pixels using the "remove outliers" function in ProfilmOnline,
which crops the z-axis to eliminate stray pixels and fills in missing data with the average value of

neighbouring pixels.

PCL-Graphene Composite Manufacture
Composites were produced by sedimenting a graphene pellet of known mass from isopropyl
alcohol, by centrifugation for 90 minutes at 6 krpm. The supernatant was then discarded, and
replaced with PCL dissolved in an organic solvent (dichloromethane or chloroform) at a
concentration of 100 mg/mL. The composite was then dispersed using a high-power tapered
sonic tip for 2 hours at an amplitude of 30%. This composite slurry was then cast into Teflon

molds in thin layers, and allowed to dry in a fume hood.
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Fig. 3.2 - Fabrication of graphene-polymer composite slurry: To fabricate graphene-PCL composites,

graphene dispersion of a known volume and concentration was sedimented by centrifugation at 6 krpm. PCL, dissolved
in an organic solvent, was added to yield a slurry of the desired concentration. This slurry was then thoroughly
redispersed and disaggregated using a tapered sonic tip for 2 h.

Cell Culture for Biocompatibility and Stimulation Testing

NSC-34 mouse motor neurons

NSC-34 mouse motor neurons (Cedarlane Laboratories) were grown in growth media consisting
of Dulbecco’s Modified Eagle Medium (DMEM, Sigma) supplemented with 10% fetal bovine
serum (FBS, Biosera, Ireland), 1% Penicillin/Streptomycin (P/s, ScienCell, USA) and 4 mM
L-glutamine (Sigma, USA).

SH-SY5Y human neuroblastoma cells

SH-SY5Y (CRL-2266, ATCC) cells were cultured in growth media containing a 1:1 mixture of
Eagle’s Minimum Essential Medium and F12 Medium (Sigma-Aldrich, Ireland), supplemented
with 10% fetal bovine serum (FBS, Biosera, Ireland), 1% Penicillin/Streptomycin (P/s,
ScienCell, USA), and 4 mM L-glutamine (Sigma-Aldrich, USA). For differentiation into mature
neuronal cells, cells were cultured in differentiation media consisting of 50 mL Neurobasal
medium (Gibco, UK), 1 mL B27 (Gibco, UK), 500 pL GlutaMAX (Sigma-Aldrich, Ireland),
1.5 pL all-trans retinoic acid (atRA, Sigma-Aldrich, Ireland).

iPSC-derived neuronal cells

iPSC neural precursor cells were derived from iPSCs as previously described’® and were

differentiated into neurons over 35 days according to protocols outlined in Nistor et al. 2015°%.
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Neurons were cultured in iPSC neural maintenance media (NMM) (iPSC Neural Maintenance
Medium - DMEM/F12 & Neurobasal medium (Gibco, UK) (1:1), 1% P/s, 1% GlutaMAX, 1%
MEM non-essential amino acids NEAA), 0.2% N21 (Biotechne, UK), 1% B27 (Gibco, UK) and
75 pM 2-mercaptoethanol (ThermoFisher, UK)). Cells were then passaged by first removing
culture media, and incubating in accutase (4 min to 6 min, RT). Cells were next collected and
diluted in media before centrifugation (1000 rpm, 3 min). Cells were then gently resuspended
with minimal trituration in NMM and plated onto Celltrex (1:100, R&D Systems, UK) coated
6-well plates for further expansion. Alternatively, cells were then counted and seeded for use.
iPSC-derived astrocytes

iPSC astrocyte progenitor cells were characterized by and obtained from the Caldwell lab

(TCD)*" and were differentiated into astrocytes over 80 days using established protocols®**®*.

Cells were grown in Serio EL media®®, consisting of Advanced DMEM-F12 (Gibco, UK), 1%
P/s, 1% GlutaMAX, 1% MEM non-essential amino acids (NEAA), 1% N21 (Biotechne, UK),
0.2% B27, 20 ng/mL human epidermal growth factor (EGF) and 20 ng/mL human leukaemia
inhibitory factor (LIF) (Peprotech, UK) until confluent.

Primary neurons

E18 mouse pups were humanely euthanized using a standard protocol (Ethics Approval
REC202005013) and dissected to isolate the cortices. In brief, six cortices per collection were
harvested and placed in cold 0.1 M PBS. To gently dissociate the cells, 5 mL of a papain
(40 U/ml, Worthington) and deoxyribonuclease 1 (100 U/ml, Worthington) solution,
containing 30 mM glucose in Hank’s Balanced Salt Solution (Sigma-Aldrich, Ireland) was
pipetted onto the tissue at a rate of approximately one drop per second to prevent osmotic shock.
The tissues were incubated for 45 minutes at 37°C and 5% CO,. After incubation, the papain
solution was carefully removed, and 1 mL of plating media (Neurobasal Plus Medium with 2%
B27 Plus Supplement, 0.5 mM GlutaMAX supplement (all Gibco), and 10% Heat Inactivated
Horse Serum (Sigma)) was added. The tissue was then gently dissociated by titration with fire-
polished Pasteur pipettes (Fisher Scientific) 15-20 times. Neurons were then counted using a
haemocytometer and seeded at a density of 5x10’ cells per droplet of plating media on each film,
followed by overnight incubation at 37 °C and 5% CO,. The next day, wells were flooded with
3 mL of complete media (plating media without horse serum), and media was changed every two

days (I mL per well). On day five of electrical stimulation experiments, neurons were washed
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with PBS (x1), fixed with 4% paraformaldehyde (PFA) in PBS for 15 minutes, washed again with
PBS (x3), and blocked for 1 hour in PBS with 0.1% Triton-X100 and 4% Bovine Serum Albumin
(Sigma, USA).

Biocompatibility Assessment in 2D Culture

Cells grown with nanomaterial in suspension with culture media

Graphene dispersions in IPA were centrifuged at 6000 rpm for 90 minutes, and the supernatant
was replaced by fresh deionised water. This step was then repeated twice to remove any remaining
IPA in the dispersion. This DI water dispersion was then autoclaved for sterilisation. Media was
made up using relevant cell culture media to the desired low and high concentration conditions
- 40 and 80 pg/ml. Cells were seeded at a density of 2x10* cells/well, and grown in standard
growth media for 24 h before replacing their media with treatment media containing graphene.

A full media replacement was carried out every 3 days.

Cells grown on films of nanomaterial composite

A 10 mm biopsy punch was used to cut circles from PCL-graphene films, which were mounted
in sample holders (Cell Crowns, Scaffdex, Sigma-Aldrich, Ireland), and sterilised using ethanol,
30 min of UV exposure, and dip washing in 10% P/s (ScienCell, USA). Cells were then cultured
on the films at a density of 1x10%cells/film. The well was filled with growth media, and metabolic
activity and DNA content were measured at the relevant timepoints according to the
manufacturer’s instructions.

Immunostaining to assess cellular morphology and proliferation

To assess cellular morphology, immunostaining and fluorescent imaging was conducted. At
specific time points, samples for immunostaining were briefly washed in PBS before being fixed
with 10% formalin (Sigma-Aldrich, Ireland) or 4% PFA (Fisher-Scientific, Ireland) for
approximately 15 min at room temperature, followed by washing (x3) in PBS. To assess mature
neuronal morphology, rabbit 8 Tubulin III (1:1000, Sigma-Aldrich) was added to PBS containing
0.1% Triton-X100 (Sigma-Aldrich, Ireland) and 1% bovine serum albumin to reduce non-specific
binding, and incubated with the cells overnight at 4°C. The next day, the cells were washed (x3)
with PBS, and incubated (1:1000) with the corresponding secondary antibody (Alexa Fluor®
555 Goat Anti-Rabbit IgG, Invitrogen, UK) for at least 2 h at RT. To fully image the morphology

of growing cells, both neuronal and glial, fluorescein isothiocyanate (FITC)-labelled phalloidin
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(Sigma-Aldrich, Ireland) was added at a concentration of 1:1000 overnight at 4°C. After washing
(x3) in PBS, all samples were counterstained with DAPI (1:1000) in PBS with 0.1% Triton-X100
and then mounted on slides with Fluoroshield™ (Sigma-Aldrich). Samples were imaged using a
Zeiss AxioObserver fluorescent microscope (Carl Zeiss Ltd., USA), and the resulting images were
analysed using FIJI (Image] 1.52p).

In addition, a confocal microscope (Zeiss 710 NLO, Carl Zeiss Ltd., USA) was used to assess
morphology of cells grown in hydrogels. Stained samples were mounted on the underside of a

glass slide, and acquisition was done in a sequential manner using 405, 488, and 561 nm lasers.

NaOH & AuPd Treatment to Enhance Electrochemical Behaviour of PCL-Graphene

Composites

To enhance the electrical properties of the material, NaOH treatment was used to increase the
specific surface area, while AuPd coating was used to reduce the surface impedance. Composite
materials were submerged in 3 M NaOH/H,O solution for 72 h, followed by rinsing with DI
water. The same samples were then coated with a ~10 nm thick layer of an 80:20 mixture of gold

and palladium using a Cressington 108 auto sputter coater.

Electrical Characterisation of Material and Device Performance

Conductivity

DC conductivity measurements were carried out using a two-point probe setup. Thin strips of
material were cut, and silver paint electrodes were applied to each end. The resistance was then

measured using a Keithley Model 2450 sourcemeter, and the conductivity calculated.

Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS) & Chronoamperometry (CA) to
measure Charge Storage Capacity (CSC), impedance and electrochemical potential window

Two-electrode coin cells were fabricated with 3 mm diameter discs of electrode material, using
phosphate-buffered saline as the electrolyte, and polyethylene filters as separators (Fig. A2.8 A)
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were
carried out using a Biologic VMP-300 potentiostat. CV was carried out in a potential window of
+200 mV at scan rates ranging from 1 mV/s - 30000 mV/s. EIS was carried out in the frequency
range 1 Hz - 7 MHz under a potential amplitude of 10 mV. Chronoamperometry was carried

out by applying a voltage in the range -1V to 1V in steps of 100 mV, and measuring the
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magnitude of the current transient at 1s after stimulation. Analysis was carried out using

Biologic EC-Lab software, to extract the surface impedance (Z), and cutoff frequency (feutoff),

which impact the signal to noise ratio, efficiency of stimulation, resolution of recording, and

other key outputs®®.

Voltage Transients Analysis to measure Charge Injection Capacity (CIC)

Voltage transients measurements were carried out using a Swagelok three-electrode setup,
featuring glassy carbon electrodes, a graphite reference electrode, and a carbon black + Teflon
counter electrode, and using PBS as the electrolyte (Fig. A2.10 A). Chronopotentiometry was
employed to deliver a current pulse at defined current densities, and subsequently measuring the
voltage response. This data was analysed to extract the maximum polarisation achieved at a given
current density, which in turn was used to calculate the maximum charge injection capacity

(CIC.u) of the tested material.
3.2.8 Microneedle Array Manufacture for Flexible BCI Device Prototype

Microneedle bases were designed in AutoCAD, with the desired pitch, angle, and needle length.
These designs were then 3D printed using an SLA printer (Form 2, FormLabs, USA), with a
clear resin (FormLabs, USA). The molds were then washed in IPA for 30 minutes, before being
cured by 60 minutes of UV exposure at 60 °C. Polydimethylsiloxane (PDMS, Sylgard 184,
Ellsworth Adhesives, Ireland) was mixed and degassed, and poured over the microneedle bases
in a petri dish, forming a negative mold. The molds were then cured for 2 hours at 80 °C. Finally,
the negative molds were peeled away from the microneedle base carefully. This process was based

581,661

on work carried out in the O’Cearbhaill lab in University College Dublin

Microneedle arrays were fabricated by a multi-stage process, illustrated in Figure 9A. First, the
desired microneedle material was cast into films, and cut into appropriately sized squares or discs.
The resulting films were then placed in a negative microneedle mold, and melted at 200 °C for
24 h under vacuum, followed by mechanical compression with a spatula in order to fully
penetrate all needles with the material. If a free-standing, non-isolated and inflexible device was
required, the process ended here, and the microneedle array was peeled from the mold. To
render the microneedle arrays flexible and isolated, excess material was scraped away from the

needles while still in a melted state. Pillars of conductive PVPGr/PCL composite, dissolved in
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DCM at 1.5 g/mL were then printed on to the back of the exposed microneedles using custom
G-code on an FDM printer (Allevi 3, Allevi, USA). Following this, a layer of 5 mg/mL hyaluronic
acid was cast and dried onto and between the pillars, to function as the flexible base. Finally, the

devices were gently peeled from the mold base.
Assessment of Bidirectional Neural Interfacing Capabilities

Ethical declaration for ex vivo experiments

For the experiments using ex vivo mouse and rat tissue described herein (mouse back tissue, rat
spinal cord, and mouse brain slices), tissue was obtained from animals donated as post-mortem
byproducts from ongoing experiments in other groups in the RCSI, in line with our policy of

reduction according to the 3Rs of animal research.
Scaffold synthesis

Hyaluronic acid (HyA) scaffolds were prepared using a modified carbodiimide chemistry process,
as previously described in Woods & O’Connor et al.”'. The sodium salt of hyaluronic acid
(1.6 - 1.8 MDa from Streptococcus equi) was dissolved in deionised water (3 mg/mL). To
crosslink the slurry, adipic acid dihydrazide (ADH) was added in excess, while 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDAC) was added to activate the carboxylate groups on
the hyaluronic acid (800 mg per 1 g HyA). 1 M hydrochloric acid was used to reduce the pH to
4, and crosslinking was allowed to continue overnight. Following adjustment of the pH to 7, the
following day the solution was dialyzed (6 - 8 kDa) for two cycles of 24 hours in 100 mM sodium
chloride. The solution was next dialyzed in 20% ethanol, and finally in deionised water. Collagen
type-IV and fibronectin solutions were next added to the solution at a concentration of
0.1 mg/ml. To form the scaffolds, the solution was freeze-dried at -40 °C in insulated Teflon
moulds to form an aligned porous structure. Rehydration was carried out overnight using
decreasing percentages of ethanol & deionised water solutions. Finally, the scaffolds were
immersed in EDAC solution to crosslink the ECM molecules within the scaffold, followed by

washing in phosphate-buffered saline before use.

Electrical stimulation of neurons in 3D scaffold culture

To assess the cellular response to electrical stimulation using graphene composite electrodes,

neuroblastoma (SH-SY5Y) and iPSC-derived neuronal cells were exposed to electrical stimulation
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through a custom fabricated in-plate stimulation chamber. Holders were designed and 3D
printed to contain hydrogels and scaffolds, and electrodes were placed at the top and bottom of
this cell chamber. The wires from these electrodes were then connected to an external pacing
controller (C-Pace EP, lonOptix) via a custom circuit board designed to stimulate each well
simultaneously with every pulse. A half media change was done every day. Stimulation was
carried out 24 hours/day on a cycle of 55 minutes on, 5 minutes off, 12 Hz, 9.8 ms pulse, and
200 mV,/mm, which was informed by previous research into electrical stimulation of neuronal

371

cells’™ and previous successful electrical stimulation work in our lab'™".

Recording of neuronal signals in brain slice model

Individual microneedle electrodes were fabricated by removing the pillar/needle unit from the
molds described in Section 3.2.8, following 3D printing of the pillars. These individual
pillar/needle units were then NaOH and AuPd treated, and attached using silver paint to a wire.
The microelectrodes were then sheathed up to just before the tip by dipping them into PDMS
solution, to reduce the electrode site size and thus increase the resolution of stimulation and
recording. Electrodes were then wired using BNC connectors and data was pre-amplified (SR560,
Stanford Research Systems, USA), digitized (Axon DigiData 1550B, Molecular Devices) and
acquired (Clampex software, Molecular Devices) at 10 kHz and low-pass filtered at 2 kHz. Analog
signals were visualized using an oscilloscope (TBS1000C, Tektronix, USA). A wire coated with
AuPd was used as the reference electrode. Acute 350 um thick coronal brain slices, sectioned
from a mouse brain using a vibratome and maintained in a chamber constantly perfused with

oxygenated (5% O,, 95% CQO,) artificial cerebrospinal fluid (aCSF) at 37 °C to maintain viability,
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Fig. 3.3 - Bidirectional neural interfacing setup: Schematic of stimulation or recording from brain slice model
using a flexible PolyGraph neural interface.
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were then used to test the spike sensitivity of the electrodes. The microneedle electrodes were
placed on the surface of the stratum radiatum of the CA1 hippocampal region, and connected
via the pre-amplifier (gain = 100) to the recording software to capture traces. Spontaneous
neuronal activity was encouraged using a high-potassium aCSF solution to increase the spiking

rate.
Statistical analysis

A minimum of three experimental replicates (N) with at least three technical replicates (n) were
used in all assessments. Prior determination of statistical significance, the ROUT method
(Q=10%) was used to determine the variance in the population. All data sets were subjected to
Kolmogorov-Smirnov test to assess for normality and thereafter the data tested using appropriate
parametric (t-test, one- and two-way ANOVA) and non-parametric (Mann-Whitney U, one and
two-way Kruskall-Wallis) tests. Post-hoc tests were performed using Tukey’s multiple comparisons
and Dunnett’s correction where needed. All results were plotted with the standard error of mean

*.*

and were considered significant when p < 0.05 and statistical significance was denoted by *: *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Significances are relative to control group of
timepoint unless stated otherwise. All data were plotted and analysed as means with standard

error of the mean while using the software GraphPad Prism (v8.0) and OriginLab 2024.
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Results and Discussion

Optimisation of graphene formulation from range of candidate exfoliations (Aim 1)

Physical Characteristics

For healthcare applications, there is a need for 2D materials which are highly conductive as well
as exhibiting excellent biocompatibility. The first aim of this study was to overcome the trade-off
between these two properties by identifying an optimal stabiliser for graphene, thereby rendering
it suitable for use in the central nervous system. The optimisation process focused on two key
parameters: conductivity, serving as a proxy for electrical performance, and biocompatibility.
Complicating this optimisation is the fact that many biocompatible, hydrophilic stabilisers used
to reduce the cytotoxicity of nanomaterials also significantly hamper their conductivity. It is
hypothesized that this trade-off arises due to steric hindrance and the deterioration of
inter-nanomaterial junction quality, negatively impacting the network properties of the
material®**”. To investigate this mechanism and develop a solution, four stabilisers were
evaluated for graphene liquid-phase exfoliation (LPE): gelatin-coated graphene (GelGr), trypsin-
treated GelGr (TrypGr), polyvinylpyrrolidone-stabilised graphene (PVPGr) and sodium cholate-
stabilised graphene (SCGr) (Fig. 3.4 A).

Optimization began with GelGr, used in Chapter 2. The gelatin coating on the graphene surface
significantly impacted its electrical conductivity (12 S/m), meaning the conductivities of
composites fabricated using this graphene were too low to be used for low-impedance, high-
resolution interfacing®’ - however, they remained suitable for use as electrical stimulation
substrates'®"** (Fig. 3.4 B). The means by which the gelatin coating inhibits conductivity was
further examined by employing trypsin, a protease enzyme, to digest the gelatin coating on the
graphene into smaller peptide fragments®®, resulting in the TrypGr formulation. Subsequent
conductivity measurements revealed a significant improvement (Fig. 3.4 B), suggesting that the
digestion and thinning of the gelatin coating improved nanosheet junction quality, and thus
enhanced network conductivity. This observation was supported by thermogravimetric (TGA)
analysis, which showed greater mass loss (4.64%) for gelatin-coated graphene than for trypsin-
treated gelatin-graphene (0.82%), indicative of a thinner coating (Fig. 3.4 C), and scanning
electron microscopy (SEM) imaging, which showed disruption in the surface coating (inset,

Fig. 3.4 D).
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Fig. 3.4 - Physical characterisation of graphene candidates: A) Schematic of candidate graphene
formulations, showing the stabilising molecule used. B) Conductivity measurements of matrixfree graphene-stabiliser
films (bars), with diamonds showing the molecular weight for each stabiliser. C) Thermogravimetric analysis (TGA)
in air shows the removal of polymer coating layers, preceding decomposition of graphene at higher temperature. D)
SEM imaging of graphene formulations, with insets showing disruption of gelatin layer following trypsin treatment.
Scalebars are 1 um.
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To enhance the quality of graphene produced, two commonly used nanomaterial stabilisers,
sodium cholate (SC)'*> and polyvinylpyrrolidone (PVP)'®’, were next tested. Both stabilisers
exhibited significantly higher levels of conductivity than GelGr and TrypGr. This conductivity
increase is likely due to a number of factors - firstly, PVP and SC are both well-established,
efficient stabilisers of graphene, thanks to their high adhesion to the graphene basal
plane'®'%** This leads to higher-quality, thinner sheets, as visible qualitatively in the SEM

images in Fig. 3.4 D.

Secondly, there is a distinct contribution of the molecular weight of the stabiliser to the
conductivity of the graphene, highlighted by the marked increase in conductivity following the
enzymatic degradation of the gelatin layer by trypsin, which isolated stabiliser molecular weight
as the sole material variable by controlling for the exfoliation process. This is useful information
for material design, as the molecular weight of a stabiliser not only impacts electrical properties,

46 Nanomaterials with insufficiently

but biological properties such as cytotoxicity and stability
protective coatings can cause cytotoxicity due to adverse cellular interactions with the exposed
nanomaterial surface. A balance must therefore be struck between biological and electrical

properties, by tuning the molecular weight, graphene quality, and exfoliation parameters to

achieve the desired performance metrics simultaneously.

Biological Characteristics

Having compared their physical characteristics, the next step was to establish the biocompatibility
of the candidate materials based on their interactions in suspension and film forms with mouse
motor neurons (NSC-34). As an initial “worst-case scenario” challenge, cells were grown in media
containing a high concentration of each material for a period of 3 days (Fig. 3.5 A), representing
an acute release of nanomaterial into the body, which poses the highest risk of cellular
internalisation, wrapping, and other potentially negative cell-nanomaterial interactions. The
health of the cells was assessed by measuring their metabolic activity (Fig. 3.5 B) and DNA
content (Fig. 3.5 C) across 72 hours of culture with the candidate materials. Significant
cytotoxicity was observed for every material tested, with the exception of PVPGr, which showed
no significant decrease in DNA content or metabolic activity. This notable result indicates that
minimal cytotoxicity is induced by PVP-stabilised graphene, and underscores the impact of
stabiliser choice on nanomaterial biocompatibility. PVP is a commonly used biopolymer with

169,641

well-established biocompatibility and biodegradability , its larger molecular weight and thus

radius of gyration potentially shielding cells from direct contact with the nanomaterial and
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preventing protein adsorption®®. This is consistent with other results demonstrating the

potential of aromatic group-based stabilisers such as bis-pyrene

stabilisers such as polyethylene glycol (PEG)'7>%0%%%5,
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tion of graphene candidates: A) Illustration of suspension biocompatibility

assays with NSC-34 cells. B) Metabolic activity and C) DNA content analysis of NSC-34 cells grown in suspension
with 40 and 80 ug/mL of each graphene candidate. D) Illustration of collagen film biocompatibility assays with
NSC-34 cells. E) Metabolic activity and F) DNA content analysis of NSC-34 cells grown on films of collagen with
20 wt% graphene loading. G) Representative images of cells grown on each collagen-graphene film. H) Chart
representing balance of biocompatibility and conductivity for each graphene type, expressed as percentage of maximum
DNA content and conductivity. Scalebars 100 um. Significances: *p < 0.05, **p < 0.01, ***p < 0.001,

*rErp <0.0001.
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Recognising then that many real-world applications involve less severe exposure routes such as
when nanomaterials are immobilised and encapsulated in polymers, and thus cell-nanomaterial
interactions are more predictable and less frequent, cell viability was next assessed on
collagen-graphene composite films. Neurons were seeded on films of collagen containing 20%
of each graphene formulation by weight, representing a high loading typical of those required
for percolative composites (Fig. 3.5 D). In this case, the collagen matrix and reduced
concentration of free graphene seemed to shield the neurons from damage, with no significant
decrease in proliferation observed after 72 h (Fig. 3.5 E-G). This demonstrates that while
cytotoxicity is critical to consider in the context of material degradation, it can be mitigated
significantly by stabiliser and matrix choice. Considering these findings, PVPGr emerged as the
most promising candidate for further study, exhibiting a strong balance of biocompatibility with

supra-physiological conductivity (Fig. 3.5 H), making it well-suited for bioelectronic applications.
PVP-stabilised graphene (PVPGr) characterisation (Aim 1)

The data presented thus far highlights PVP-stabilised graphene (PVPGr) as the optimal candidate
material, combining physiologically relevant conductivity with high neuronal biocompatibility.
Given these promising initial results, further characterisation of this material was necessary to
establish its material and biological properties. To ensure that the observed biocompatibility of
PVPGr was not overly sensitive to the specific morphology of the graphene or its precise
exfoliation parameters, a second experiment was conducted with mouse motor neurons exposed
to a variety of PVPGr formulations, each derived from distinct exfoliation protocols (Table 3.1).
Notably, all PVPGr formulations exhibited stable metabolic activity (Fig. 3.6 A) and DNA
content (Fig. 3.6 B), far outperforming sodium cholate-stabilised graphene, which was used as a
negative control. This finding underscores the broad biocompatibility of PVPGr, demonstrating
that its biocompatibility is somewhat independent of the exfoliation parameters, and therefore

material dimensions, within the range tested.

To gain a deeper understanding of the surface and morphological properties of PVPGr, a number
of microscopic and spectroscopic analyses were carried out. First, to establish the basal plane

quality of PVPGr, Raman spectroscopy was performed (Fig. 3.6 C). By combining the intensity

ratio of the D and G peaks (i—D) with the full-width-half-maximum of the G peak (FWHMG;), we
G

can discriminate between disorder localised at the edges and disorder in the basal plane of the

flakes®®.
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Fig. 3.6 - Physical & biological characterisation of PVP-stabilised graphene (PVPGr): A-B) Metabolic
activity (A) and DNA content (B) analysis of various PVPGr formulations in suspension with NSC-34 cells, showing
robust biocompatibility across all formulations. C) Raman spectroscopy of a graphene network, with spectra typical
of minimally defected graphene sheets. D) UV-isible light spectrum of a graphene dispersion. E) SEM images of a
graphene network, showing thin nanosheets. F) AFM analysis of graphene material, showing high aspect ratios of 38
and mean lateral sizes of 941 um (N = 173). Scalebar 5 um. Significances: *p < 0.05, **p < 0.01, ***p <0.001,
**Erp <0.0001.
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The lack of correlation between j—D and FWHMGg in our data (Fig. A2.3 B) strongly suggests that
G

the observed D peak and associated disorder are not caused by basal plane imperfections, but
rather by edge defects, consistent with previously reported LPE graphene inks®*®™. Assuming

that defects are confined to the edges®”!, we can estimate the average lateral size of the nanosheets

(<L>) using the established formula LS (I—D)

k . I .
+ ——. k is the slope of 2 as a function
Ig Ig Ig

graphite

of <L>7', measured by transmission electron microscopy’”’ at a value of 0.17. Using

i—D ~ 0.05 (4 0.05) for our graphite®”” and an average ;—Dof 0.15 for the obtained graphene
G G

flakes, we can estimate that <L> = 1.13 - 3.4 um.

673,6 -
PO with a

UV-Vis spectroscopy showed the characteristic spectra of few-layer graphene
pronounced absorbance peak occurring at 284 nm (Fig. 3.6 D), alongside a significant degree of
scattering, typical of nanomaterials®”. SEM imaging provided visual confirmation of quality of
the nanosheets produced, revealing thin nanosheets with an even size distribution (Fig. 3.6 E).
Atomic force microscopy (AFM) was used to quantify these observations by characterising the
size distribution of the graphene, yielding a mean length of 0.941 pm, and a mean aspect ratio

of ~38 (Fig. 3.6 F), aligning well with the Raman data. Collectively, this characterisation validates

the successful exfoliation of high-quality graphene sheets.

Manufacture and optimisation of PCL-graphene composite materials (Aim 2)

One of the key limitations of nanomaterials is the fragility of polymer-free nanomaterial
networks - weak van der Waals interactions between particles lead to networks that are prone to

676 To ameliorate this, we aimed to develop a composite system

delamination and degradation
that harnesses the mechanical robustness and ease of processing inherent to polymers, while
preserving the exceptional properties of graphene. Our focus thus shifted to selecting an
appropriate polymer matrix for encapsulating and leveraging the properties of graphene, and
refining the manufacturing protocol for this composite. The chosen matrix needed to meet
several criteria: a low molecular weight to minimize steric hindrance and maintain nanosheet
conductivity, along with biological stability and biocompatibility. Polycaprolactone (PCL,

0645,6
#07 emerged as an

M, = 25 kDa), a well-established thermoplastic in biomedical applications
ideal candidate due to its biocompatibility and versatile processability by 3D printing, casting,
and molding®*. Furthermore, the Young’s modulus of homogeneous bulk PCL is ~350 MPa®™,
two orders of magnitude lower than gold®” and three orders of magnitude lower than platinum®®

or silicon®", which has positive implications for cellular adhesion and proliferation®**¥.
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With this candidate material established, we optimized the composite manufacturing process
(Fig. 3.7 A) to produce flexible PCL-graphene (PolyGraph) composites with minimal
aggregation. In order to determine the optimal graphene loading required to achieve a balance
between conductivity and mechanical properties, the percolation threshold was assessed across
the graphene loading range of 0.125 vol% to 20 vol% (Fig. 3.7 B). The percolation threshold
was identified by fitting of the following equation from percolation theory, where ¢ is the volume
fraction of the nanomaterial filler in the polymer matrix and ¢. is the percolation threshold. t,
then, is the critical exponent which describes the behaviour of the conductivity in the region of
the percolation threshold, related to the distribution of the junction resistances in the composite,
and 0y is a constant, dependent on the specifics of the composite system and closely related to

the conductivity of a polymer-free film of the filler material.

o =0o(p— )" Eq. 2.1
Percolation was reached at ~1.45 vol%, with a critical exponent of 3.1. This critical exponent is

683,654 which may be explained by

considerably higher than the value of t = 2 predicted by theory
broadening of the distribution of both nanosheet and junction resistances due to variable
polymer coating and sheet quality®” %, Based on this data, it was decided to continue with the

10 vol% (PolyGraph10%) and 20 vol% (PolyGraph20%) PCL-graphene composites, as they

exhibited the best balance between electrical and mechanical properties.

PolyGraph10% and PolyGraph20% yielded homogeneous, flexible films, as seen in Fig. 3.7 C.
Surface roughness analysis via white light profilometry (Fig. 3.7 D) revealed increased roughness
in PolyGraph (Fig. 3.7 E), indicating a disruption of the smooth polymer surface by the

592-594 and

embedded graphene nanosheets, with important implications for cellular interactions
electrical performance. Mechanical testing of PolyGraph revealed an increase in the Young’s
modulus with graphene addition (Fig. 3.7 F), though it also showed a significant decrease in the
ductility, as indicated by decreases in the strain at break and the maximum force (Fig. A2.4).
This decrease likely arises due to the Rule of Mixtures, where weak inter-flake interactions begin
to dominate at high loadings, reducing composite strength and ductility, while also changing its

viscoelastic properties®™.

Contact angle measurements (Fig. 3.7 G) showed a slight but
significant decrease in hydrophilicity for PolyGraph samples, likely due to changes in surface
characteristics and roughness - these modifications may impact the induced foreign body
response™. Finally, thermogravimetric analysis (TGA) confirmed that the graphene loading in

the composites was consistent with the target weight and volume fractions (Fig. 3.7 H).
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Biological characterisation of PCL-graphene composites (Aim 2)

Perhaps the most critical factor in electrode design is biocompatibility and immune response,
due to the impact these parameters have on the safety and lifetime of the device following
implantation®®®. As such, it was critical to establish the ability of cells to proliferate safely on the

surface of the material without significant cytotoxicity.
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Fig. 3.8 - Biological characterisation of PolyGraph 0, 10 & 20 vol%: A-B) Metabolic activity (A) and DNA
content (B) analysis for SHSY-5Y neurons grown on the surface of PolyGraph composites for 3 days. C) Representative
images of iPSC-derived neurons growing on the surface of PolyGraph composites for 14 days, showing robust
proliferation and neurite outgrowth across surface of PolyGraph10%. D) Metabolic activity of iPSC neurons on
PolyGraph. E) BII tubulin coverage across all FOV, showing increase in neuronal coverage on PolyGraph10%.
F) Maximum neurite length across all FOV, showing increased maximum neurite length on PolyGraph10%. Scalebars
100 pum.

To this end, two types of neuronal cell were grown on the surface of PolyGraph of varying
graphene loadings. First, a neuroblastoma-derived cell line (SHSY-5Y) was grown on PolyGraph

substrates, with no significant changes in either metabolic activity (Fig. 3.8 A) or DNA content
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(Fig. 3.8 B) indicating robust proliferation and lack of cytotoxicity. To further assess the
biocompatibility of these materials with a more physiologically relevant cell type, iPSC-derived
human neurons were grown on the surface of PolyGraph composite films, showing healthy
extension of neurites on the chosen PolyGraph10% formulation (Fig. 3.8 C & D). This was then
quantified, with PolyGraph10% exhibiting a significant increase in cellular coverage, suggesting
a beneficial effect arising potentially from increased roughness and thus increased cellular
adhesion, and from the conductive nature of the substrate (Fig. 3.8 E). PolyGraph10% also led
to a nonsignificant increase in maximum neurite length (Fig. 3.8 F). Interestingly,
PolyGraph20% seemed to indicate a degree of cytotoxicity, suggesting that there may be a critical
loading of graphene beyond which the material’s effects shift from beneficial to harmful - we
posit that this is due to increased interaction with the increasingly exposed edges of the material,
as seen in the SEM in Fig. 3.10 A, potentially leading to mechanical stress on the cells. These
findings highlight the importance of carefully optimizing the graphene loading of our composite
materials, as it is difficult to predict the biological behaviour of nanomaterials in different
configurations due to complex physical interactions and effects on surface properties - this is

true even when high biocompatibility has been demonstrated in suspension, as it has in Fig. 3.6.
Immunological characterisation of PolyGraph (Aim 2)

In addition to their biocompatibility, the foreign body response to electrodes is a critical
determinant of their long-term performance, as even a small fibrotic scar can severely limit the
lifetime and function of neural interfaces®. To investigate the immune response of iPSC-derived
CNS astrocytes, key neuron-supporting cells, to our materials, they were cultured on
PCL-graphene films for 7 days. In contrast to the poor cellular morphology and proliferation
observed on PCL and PolyGraph20% films, cells grown on PolyGraph10% extended long
processes (Fig. 3.9 A). ELISA analysis showed no significant change in release of anti-
inflammatory IL-10 or pro-inflammatory IL-6 on graphene-containing films, suggesting a lack of
a shift to a reactive phenotype (Fig. 3.9 C & D). Analysis of LDH release, often used as a marker
for cell membrane integrity and cytotoxicity, showed a slight trend towards decreased release on
PolyGraph films at day 7 (Fig. 3.9 E). In summary, PolyGraph10% films demonstrated suitable
immune compatibility based on the paracrine signalling profile when cultured with
physiologically relevant astrocytes, providing a promising preliminary insight into the scarring
potential of this material. These results, combined with PolyGraph10%’s mechanical, electrical,
and biological properties, support its potential for use in long-term neural interfaces, and it was

therefore carried forward as the optimal graphene loading for subsequent experiments.
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Figure 3.9 - Immunological characterisation of PolyGraph 0, 10 & 20 vol%: A) Representative images of
iPSC-derived astrocytes growing on the surface of PolyGraph composites for 14 days, showing robust proliferation and
healthy cellular morphologies on PolyGraph10%. B) Metabolic activity of iPSC-derived astrocytes at day 14, showing
no significant change. C) Anti-inflammatory IL-10 release of iPSC-derived astrocytes, showing no significant change
on PolyGraph composites. D) Pro-inflammatory IL-6 release of iPSC-derived astrocytes, showing no significant change
on PolyGraph composites. E) LDH release for iPSC-derived astrocytes, indicating no significant cytotoxic effect due
to PolyGraph composites. Scalebars 50 um. Significances: *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001.

Electrochemical characterisation of PolyGraph10% (Aim 3)
With the biocompatibility of PCL-graphene films with key neuronal and immune cell types
established, focus was shifted to the electrochemical properties of PolyGraph10% electrodes.
There are several key parameters which dictate the electrochemical performance of an electrode
for stimulatory and recording applications, each of which can be tuned by material choice,

post-treatment and device morphology*”. Among these parameters, the surface impedance (Z),

cut-off frequency (feutoff) and charge injection capacity (CIC) are the most critical, as they impact

the signal to noise ratio, efficiency of stimulation, resolution of recording, and other key
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outputs’™. We aimed to assess the native electrochemical properties of untreated
PolyGraph10%, followed by testing a combination of surface treatments in order to enhance

these properties (Fig. 3.10 A).

To do this, we first endeavoured to establish a baseline for untreated PolyGraph10% films using
a simple two-electrode coin cell setup for measurement of electrochemical properties
(Fig. A2.8 A), with PolyGraph10% working and counter electrodes, and phosphate-buffered
saline as the electrolyte. It is worth remembering from Fig. 3.7 that graphene addition alone
causes a marked increase in the roughness and electrochemical surface area of the composites,
as corroborated by SEM imaging in Fig. 3.10 A, which already presents an advantage compared
to solid, non-porous electrode materials. The electrochemical potential window, which describes
the range of potentials within which stimulation can be safely delivered, was assessed by
chronoamperometry, with the window considered to be the linear region of the relationship
between the current at 1 s and the voltage applied. This window was found to be between -0.5 V
and 0.5 V (Fig. A2.8 B), which is somewhat narrower than the thermodynamic water window of
1.23 V*°. The impedance of PolyGraph10% was found to be 2.5 Q cm? at 1 kHz (Fig. 3.10 B),
while the charge storage capacity (CSC) was found to be 1.6 mC/cm’ at a scan rate of
1 mV/s (Fig. 3.10 C). These values are on the lower end of the range of parameters found in the
literature for electrode materials - stimulation electrodes typically possess CSC values in the range
of 1-100 mC/cm* ®"*?) while the impedance of both stimulation and recording electrodes is
typically in the range of 0.01-1 Q cm® ®"*?. However, this does not preclude the use of this
material for neural applications, as untreated platinum, a very commonly used electrode material,
has a charge storage capacity of only 210 pC/cm?®”. Finally, the cutoff frequency, which gives
information on the frequency range over which the electrode can effectively operate, was found

to be ~3040 Hz, considerably higher than the 1 kHz range of action potentials*”.

These properties, while potentially sufficient for large electrodes and stimulatory applications,
still required further optimization before being useful for higher resolution recording
applications. In order to improve and optimize the electrochemical properties of PolyGraph10%,
numerous post-treatments and their combinations were tested, to increase the specific surface
area and decrease the impedance of the material, with the aim of increasing the charge storage

and injection capacities and reducing the cut-off frequency.
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The first approach taken to increase the specific surface area of PolyGraph10% was a copolymer
dissolution technique, carried out by mixing polyvinyl alcohol (PVA), a water-soluble polymer,
with PCL, to form a phase-segregated network of polymer channels. The PVA was then washed
out with water, yielding a highly porous surface (Fig. 3.10 A). However, this fabrication process
proved to be challenging, with inconsistent separation of the polymer phases meaning

application to PolyGraph10% was impractical.

Next, spray coating of the composite surface with higher loading (70, 80 and 90 vol%)
PCL-graphene composites was investigated (Fig. 3.10 A). This coating was intended to serve a
dual purpose, decreasing the impedance of the surface and increasing the specific surface area
and roughness. However, this did not lead to any significant change in the CSC (Fig. A2.9), and
the lack of polymer binding for the coated surface increases the risk of device degradation. The
final approach that was tested with the aim of increasing the electrochemical surface area of the
PolyGraph10% electrodes was treatment with sodium hydroxide (NaOH), a well-established
technique for roughening PCL®*®, This led to a significant increase in the CSC of the treated
electrode materials, yielding an 11-fold increase to a final CSC of 17.3 mC/cm’ (Fig. 3.10 C),
corresponding to a volumetric capacitance of 787.4 mF/cm’ (Fig. A2.9 B). Furthermore,
research suggests that this roughening can have a beneficial impact on cellular adhesion and

L5946 - Eor comparison between materials with different electrochemical

proliferation
stability, these CSC measurements were taken well within their electrochemical potential
windows (in the range *0.2 V) - therefore, they do not represent the absolute maximum
achievable CSC, which is proportional to the square of the applied voltage, according to the
equation E = %CV?, where E is the energy stored in a double-layer of capacitance C, and V is the

%7 This narrowed window underestimates the contribution of any reversible

applied voltage
Faradaic processes that may occur within the water window, which can have a large impact on
the CSC. Additionally, the utility of CSC as an absolute measure has been challenged by work
suggesting that only a small proportion of the charge stored on an electrode is actually available
for injection*”. Because of this, we use the CSC only to compare groups, and rely on the more

accurate measure of the charge injection capacity to give a sense of the absolute electrode

performance. Next, to decrease the surface impedance of PolyGraph10%, AuPd treatment was
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Figure 3.10 - Electrical optimization & characterisation of PolyGraph10%: A) SEM images of various
treatments for PolyGraph10% with the intent of increasing the specific surface area of the electrodes. From left to
right: untreated PolyGraph10%, copolymer dissolution of PCL with PVA, spray coating of PCL with high loading
PCL-graphene, NaOH treated PCL. Scalebars 2 wm, with the exception of copolymer dissolution images, for which
scalebars are 100 um. B) Electrochemical impedance spectroscopy (EIS) was used to determine the interfacial
impedance of the electrode materials by analysis of Bode plots. Areal impedance at 1 kHz inset. C) Cyclic voltammetry
was used to compare the charge storage capacity of the electrodes, showing a significant increase following treatment
with NaOH and AuPd. CSC at 1 mV/s scan rate inset. D) Cut-off frequency analysis from Bode phase plots, with
significant decrease observed following surface treatment as seen in inset. E) Voltage transients measurements of
PVPGr/PCL composites were used to calculate the maximum polarisation compared to the electrochemical potential
window, to find the maximum safe charge injection capacity (CICa).
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tested. AuPd is a highly conductive alloy, frequently utilized in sputter coaters to render
non-conducting samples suitable for electron microscopy™®. This treatment decreased the
impedance of the composite materials significantly when used in conjunction with NaOH
treatment, from 2.5 Q cm” to 1.6 Q cm’(Fig. 3.10 B), further indicating that it was the synergistic

effect of both treatments that excelled, rather than either of them individually.

Based on these data, the combination of NaOH treatment and AuPd coating was chosen as the
optimal treatment to improve the electrical properties of PolyGraph10% composite films, and
was carried forward to further electrochemical analysis. Firstly, it was found that these treatments
widened the safe electrochemical potential window to ~+ 0.7 V (Fig. A2.8 C), enabling higher
voltages and thus higher currents to be delivered during stimulation without evolution of toxic
electrochemical species. We next set out to establish the cut-off frequency and charge injection
capacity of the material. The cut-off frequency was measured as 495 Hz (Fig. 3.10 D), indicating
that the treated electrodes can record in a wide frequency range. The cut-off frequency is
considered a more useful indicator of electrode performance than impedance at 1 kHz, which
offers only a snapshot of the Bode plot. Electrodes with a cut-off frequency <1 kHz in theory
have similar impedances at 1 kHz, leading us to conclude that our electrodes are suitable for

. . . . 3
measurement of action potentials in this range*”.

Finally, the charge injection capacity, measured using a three-electrode setup (Fig. A2.10 A) was
predictably seen to be highly dependent on the pulse width, reaching a maximum of
~100 mC/cm’ for a long, 1 s pulse, and levelling out near 0.65 mC/cm” for short, 200 ps pulses
(Fig. 3.10 E). This compares favourably with the literature, which shows a range of charge
injection capacities between roughly 0.1 and 80 mC/cm? *>®%%-%2 Tt is worth noting that due
to sampling rate limitations of our equipment, it was not possible to examine lower pulse widths,
nor to determine the contribution of the access voltage (V) to the voltage transient. As such, the
values obtained can be viewed as a minimum CIC attainable with PolyGraph10%, which would

0 These findings demonstrate that

increase once the access voltage is accounted for
PolyGraph10% electrodes, with their tunable electrical properties, are well-suited for advanced
neural interfacing applications, with potential for both stimulation and high-resolution

recording, opening new pathways for developing minimally invasive neural devices capable of

addressing the complex demands of both clinical and research applications.
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Microneedle-based Neural Interface Fabrication (Aim 4)

Having developed 10% PCL-graphene composites and enhanced their electrical characteristics
by surface roughening with NaOH and coating with low-impedance AuPd, we aimed to fabricate
a flexible microneedle-based neural interface using PolyGraph10% microneedle electrodes
connected by a flexible hyaluronic acid backing. Miniaturization, flexibility and high channel
count are essential for effective high-resolution neural interfacing’®® - to achieve these, a
mold-based fabrication method was employed, avoiding expensive fabrication techniques usually
used in the manufacture of neural interfacing devices, such as photolithography and chemical
vapour deposition””. A schematic of this fabrication technique is shown in Fig. 3.11 A, and a
render of the final device design, including a flexible ECM-based backing, is shown in Fig.
3.11 B. The first step in this process required melt casting of microneedle arrays of
PolyGraph10% using custom silicone microneedle molds (Fig. A2.11 A). The backings were
then scraped from these microneedles, leaving microneedles isolated in the needle holes in the
mold. In order to achieve individual electrical control over each of these microneedles,
PolyGraph10% pillars were 3D printed onto the back of the needles, yielding individual needle-
pillar electrode pairs (Fig. A2.11 B). The quality of the produced microneedles was then assessed
using white light interferometry (WLI, Fig. A2.11 C) and SEM imaging (Fig. 3.11 C), showing
that fine needles with tip diameters of ~50 pm were achieved. The 3D printability of this material
also enables fabrication of custom scaffolds and bioelectronic circuits (Fig. A2.11 D & E), with

analysis of the print spreading ratio confirming its versatility in processing (Fig. A2.11 F).

A key limitation of existing electrode designs, particularly microneedle array-based designs, is the
rigidity of the backing layer used, causing a significant mechanical mismatch between the device
and the surrounding tissue, and leading to eventual device encapsulation. To avoid this, we
demonstrate a device with electrodes that are individually isolated from each other, both
mechanically and electrically, allowing high-resolution interfacing across a range of recording
sites. In order to mechanically link the isolated electrodes, several thin layers of biocompatible,
flexible hyaluronic acid-based extracellular matrix were cast between the needles, connecting
them with a thin backing which could subsequently be peeled from the microneedle mold. This
freestanding microelectrode array (Fig. 3.11 D) is shown to be highly flexible (Fig. 3.11 E) and
conformable to the muscle tissue of a mouse (Fig. 3.11 F) and the spinal cord of a rat

(Fig. 3.11 G), suggesting its potential applications beyond the brain and CNS.
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Fig. 3.11 - Fabrication of flexible, electrically isolated microneedle arrays using PolyGraph:
A) Fabrication workflow, taking advantage of composite processability by using dry casting and 3D printing.
B) Render of an isolated microelectrode array. C) SEM images of PolyGraph10% microneedles. D-G) Optical images
of flexible, isolated microelectrode array (D), demonstrating flexibility of backing (E), penetrating mouse back tissue
(white outline indicates hyaluronic acid backing) (F), and wrapped around rat spinal cord (G).

The tensile modulus of the hydrated hyaluronic acid backing was then assessed to confirm the
high flexibility and thus low scarring potential of the ECM backing material - the resultant force
on stretching was found to be below the limit of detection of the most sensitive load cell (5 N)
available to us, indicating a highly soft, flexible material, with a stiffness likely comparing

favourably with that of the native CNS tissue (<1 kPa)”".
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Electrical stimulation & recording using PolyGraph10% electrodes (Aim 4)
In order to assess the potential of these flexible, multi-channel electrode arrays for bidirectional
neural interfacing, we developed experimental setups to effect stimulation and recording of

neurons in vitro.

Electrical stimulation of iPSC-derived neurons in 3D culture

We first aimed to assess the impact of stimulation delivered using PolyGraph10% electrodes on
neuronal survival and extension. This served to assess the potential of PCL-graphene composites
for applications such as deep brain stimulation and bidirectional neural interfaces. A custom
bioreactor was developed for stimulation of cell-laden hyaluronic acid-based porous scaffolds,
which had been previously developed in our lab for CNS applications”'. An inner chamber was
3D printed to fit inside a 6-well plate (Fig. 3.12 A), which was adapted with ports for wiring
PolyGraph10% electrodes. The bottom of the well was sealed using agarose, and scaffolds were
added between the electrodes in the central chamber. A schematic of the stimulation
configuration can be seen in Fig. 3.12 B. Stimulation was then carried out using the optimal
stimulation parameters established in Chapter 2'°'. Imaging of iPSC-derived neurons in both
stimulated and unstimulated conditions shows that further optimization of the chamber is
necessary - cells cultured in the chamber exhibited some signs of cytotoxicity, decreased
neurosphere formation, stressed cellular morphology and lack of B-tubulin I1I staining (indicative

of neuronal maturity) compared to control scaffolds maintained in a 6-well plate (Fig. 3.12 C).

These effects are likely due to a combination of factors, including the limited media volume and
diffusion capacity of the smaller, isolated stimulation chamber, potential leaching of cytotoxic
species such as silver ions from behind the protective PCL coatings on the electrodes, or residual
ethylene oxide or ethanol from sterilized polylactic acid (PLA) or PCL components’. Given the
high sensitivity of iPSC-derived neurons, which are inherently difficult to culture in 3D
environments even under optimal conditions, these factors may have led to cytotoxicity in a
manner that would not occur in more resilient cell types. While the current data are preliminary
and incomplete, they highlight challenges related to the bioreactor's design and to the broader
context of 3D electrical stimulation. Importantly, they also represent experimental progress
towards achieving effective 3D electrical stimulation of scaffolds using custom nanomaterial
composite electrodes. As such, further development and optimisation of this stimulation
bioreactor to mitigate these issues will be an essential focus for future research based on this

chapter.
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Fig. 3.12 - Electrical stimulation and recording using PolyGraph10% electrodes: A) Images of custom
electrical stimulation rig for 3D stimulation of cells in scaffolds. B) Schematic of neuronal stimulation setup, allowing
for cell stimulation within a hyaluronic acid (HyA) scaffold. C) Confocal imaging of iPSC-derived neurons growing
within a HyA scaffold. Scalebars are 100 um. D) Microneedle recording electrode with PDMS sheathing to reduce
electrode size. E) Compressive force testing of microneedles to assess robustness for tissue insertion. F) Recording of
neuronal signals in ex vivo brain slice model from single microneedle using an electrophysiological setup.
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Recording of Neuronal Signals using PolyGraph10% Microneedles

Finally, to demonstrate the potential for this device as a bidirectional neural interface, we aimed
to assess recording and stimulation using a single microneedle (Fig. 3.12 D) in an ex vivo brain
slice model. The electrodes were sheathed using PDMS to form a small electrode site at the tip
of the needle, in order to reduce the voxel size and increase the impedance, thus allowing for
recording of more localised neuronal signals. In order to confirm that the needles themselves
could survive the forces exerted upon implantation, compressive modulus testing was carried out
on individual needle/pillar pairs, yielding an average maximum compressive force of 0.36 N
(Fig. 3.12 E). This is sufficient to withstand typical insertion forces into brain tissue, which

typically range between 0.7 and 40 mN™ for microneedles.

Next, the microneedle electrode shown in Fig. 3.12 D was integrated into an electrophysiological
recording system (Fig. 3.13 E), with the aim of recording local field potentials and evoking
recordable potentials from a murine brain slice. The efficacy of recording and stimulation will
be dependent on the electrochemical properties and device configuration as discussed in
Chapter 1, each of which will impact the signal:noise ratio and thus the measurable voltage
spike*™. Preliminary experiments have been conducted using this experimental setup - however,
challenges arose with the viability of brain slice cultures. Specifically, the slices exhibited a very
low spiking rate, which could not be effectively increased, even following application of
high-potassium solution. As a result, it was not possible to observe any action potentials using
the current electrode configuration during initial testing. Combined with delays in obtaining
sufficient ex vivo brain tissue, it has not been possible to conclude this work in the timeframe of
this thesis. This being said, the work so far represents significant experimental progress in terms
of material development, electrode configuration, and electronics setup towards achieving
effective neuronal recording from ex wvivo tissue using custom nanomaterial-composite based
microelectrodes. Further development and optimisation of this custom electrophysiological
setup for neuronal recording and stimulation is earmarked as a critical component of the future

work arising from this chapter.
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Conclusions

The pursuit of soft, flexible, and electrically performant neural interfaces requires advanced
electroconductive materials which can balance the trade-offs of biocompatibility, degradation,
and neuroinflammation with electrical performance, processability, and stiffness. To address
these key requirements, this chapter developed a PCL-graphene (PolyGraph) composite by
combining an electroconductive, highly biocompatible polyvinylpyrrolidone (PVP)-stabilised
graphene formulation with biocompatible, processable polycaprolactone (PCL). These
composites were then fabricated into a non-inflammatory, flexible microneedle neural interface,
with electrical properties indicating promise for both neuronal stimulation and recording - key
outcomes for successful BCls.

First, polyvinylpyrrolidone was found to be the optimal stabiliser for liquid phase
exfoliation of thin graphene nanosheets with excellent conductivity and biocompatibility with
neuronal cells. PVP-stabilised graphene was then combined with polycaprolactone to form
conductive PolyGraph composites, which support robust axonal extension of iPSC-derived
neurons at the optimal 10 vol% loading. NaOH treatment and coating with a thin AuPd layer
were used to bring the impedance (~1.6 A cm? @ 1 kHz) and charge injection capacity
(11.7 mC/cm? for a 100 ms pulse) into line with those needed for BCI devices. Optimised
graphene composites were cast and 3D printed to form freestanding microneedle electrodes,
connected using a bioresorbable hyaluronic acid-based backing to create a flexible, multi-channel
neural interface. In ongoing work, flat PolyGraph10% electrodes were used to stimulate human
neurons in porous 3D hyaluronic acid scaffolds in a stimulation bioreactor prototype, and
PolyGraph10% microneedles were used in an electrophysiological setup to investigate the
potential of PolyGraph10% for bidirectional recording and stimulation from a brain slice
culture.

These findings demonstrate the development of biocompatible, flexible, and versatile
graphene composites for BCI devices, with potential for both neural stimulation and recording.
An optimal graphene formulation was developed and characterised, followed by its
incorporation into composites with PCL. Following treatment to optimise their electrical
properties, these composites were applied to the development of a flexible, biocompatible
microneedle electrode array for neural interfacing. This research has significant relevance to the
BCI space - new, softer materials with versatile processing capabilities are in high demand for
advanced devices?* Y% Beyond BClIs, the unique properties of PolyGraph composites
extend their potential to act as highly conductive, biocompatible materials across a wide range of

applications, such as tissue engineering, implantable electronics, and wearable devices.
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Chapter 4
Boron Nanoplatelets as an Osteogenic, Anti-Microbial and
Mechanically Reinforcing Additive for Biomaterial Scaffolds for Bone
Repair

Note

This work forms the basis for the second publication from this PhD, which has been submitted to Advanced

Functional Materials for review.
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Fig. 4.1 - Boron nanoplatelets allow us to address one of the key requirements of bone tissue engineering therapies —
multifunctionality. Bone repair scaffolds must improve osteogenesis, angiogenesis, and neurogenesis, prevent
inflammation and infection, and be mechanically similar to bone tissue. 2D boron nanoplatelets allow these
requirements to be addressed simultaneously, by opening up properties achievable only as a result of the nanoplatelet
morphology, while still taking advantage of the intrinsic biological properties of boron. In this study, we synthesize
boron nanoplatelets and combine them with a collagen matrix to form porous scaffolds with osteogenic, angiogenic,
neurogenic, antiinflammatory, and anti-microbial behaviour. This demonstrates the potential of boron as a versatile

additive for bone tissue engineering applications.

4.1 Introduction
Developments in the exfoliation of non-layered materials have opened up a wide range of
materials for potential exploitation in their two-dimensional (2D) form. For example, boron is a

key non-layered trace element in the human body, positively influencing bone health**"",

302-307 308,309

osteogenesis , angiogenesis and wound healing’", among many other biological
systems””°'. However, research into other dimensionalities of elemental boron has only picked

up speed in recent years, as production of 2D nanoplatelets from non-layered boron'* is not
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trivial. In such non-layered materials, the limited spatial anisotropy in the chemical bonding
makes exfoliation considerably more challenging, and would be expected to result in relatively
low aspect ratio nanoparticles.'** " These issues can be countered to a certain extent by careful
selection of the material to be exfoliated, as certain crystals exhibit some anisotropy in the
bonding strength of their lattice planes. The resultant preferential cleavage can lead to the
production of quasi-2D nanoplatelets with somewhat enhanced aspect ratios that can range from
as low as 4 to as high as 1400.""*'* The exact mechanism of this surprising result is highly
material dependent and appears to be driven by the formation of cracks at intrinsic defects in a

bulk precursor,'”’ which then propagate through the material.

In this work, we leverage the dimensionality of recently developed 2D boron nanoplatelets to
produce a potent scaffold additive for bone repair. Systemic boron supplementation has been
studied””’®, along with the successful use of boron-containing compounds for bone tissue
: : 1 : 1 d d b : d : 1 : 304,308,311-313
engineering applications, leading to enhanced bone repair and mineralisation . Boron
nanoplatelets, however, have yet to be applied to the repair of large, traumatic bone defects. This

is a challenging prospect, since robust osteogenesis, angiogenesis and innervation are required

707 413,708

to direct sustainable bone repair™’. On top of this, the risk of infection , the inflammatory

response of the tissue’”, and the stiffness of the biomaterial™® must be suitable to direct cell
responses. 2D materials are particularly promising for addressing these challenges

simultaneously, thanks to their unique properties, such as high surface area-volume ratio’’, sharp

38,711

edges’™™", and percolative network effects on the mechanical properties of composites’™. These

properties, which arise directly from their 2D nature and are not found in their bulk

counterparts, unlock a diverse range of possibilities and applications, from anti-microbial

78-81 82,83 24,96,97

effects®™ and drug delivery”*™, to mechanical reinforcement

To this end, and building on previous experience in the exfoliation of non-layered materials”'*

and in the development of 2D nanoparticle composites®”'*"'® from Chapters 2 and 3, we aimed

to incorporate 2D boron within a macroporous, biocompatible and biodegradable collagen

342,712,713

scaffold with proven capacity for bone repair , to extend and enhance the multifunctional

pro-regenerative characteristics of the scaffold. Since natural polymers such as collagen excel

biologically as scaffold materials’*™", but often display weaker mechanical properties’*>**

715,716 715,717

additives such as hydroxyapatite and carbon nanomaterials are often used to strengthen

the material, taking advantage of the preference of mechanosensitive bone cells for stiffer
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substrates’®. To reduce the incidence of expensive osteomyelitic complications , metal
ions and chitosan are sometimes used to impart anti-microbial activity*">"**™*, Beyond these,

scaffold-mediated drug and gene delivery is sometimes carried out using nanoparticle

83,725 405,415,416 415,418

carriers. ', while osteogenic , angiogenic , and neurogenic'” effects are often
enhanced by various bioactive ions, materials or growth factors such as Mg**, hydroxyapatite or
BMP-276727  Each of these interventions play an important role in enhancing the benefits of
natural polymer scaffolds for bone tissue repair. However, we propose to utilise the
multifunctional potential of 2D boron, which can leverage both the effects of elemental boron
and the intrinsic effects of 2D materials to address each of the above-mentioned challenges
simultaneously, in a single material - we seek to demonstrate that 2D boron is potentially an

ideal candidate for a multi-functional additive for bone tissue engineering.

Objectives & Aims

The overall objective of this chapter was to produce biocompatible polymer-stabilised boron
nanoplatelets, and to investigate their potential as a multifunctional additive in bone tissue
engineering scaffolds, thus demonstrating the broader potential of 2D nanomaterials in tissue

engineering. Specifically, the individual aims were to:

1. Synthesise boron nanosheets from a non-layered precursor by liquid phase exfoliation (LPE),
characterize their physical and biological characteristics.

2. Fabricate boron-collagen (BColl) composite films and 3D scaffolds by lyophilisation.

3. Investigate the biocompatibility and osteogenic potential of these 3D scaffolds with
physiologically relevant bone cells.

4. Demonstrate the functional effects of this material by assessing the anti-microbial,

angiogenic, neurogenic and anti-inflammatory effects of boron loading.
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Materials & Methods

Synthesis of 2D boron nanoplatelets

Preparation of inert solvents to prevent boron oxidation

Inert, anhydrous, and deoxygenated solvents were produced by drying, distillation and degassing.
The solvent was first dried using molecular sieves for 3 days. The solvent was then distilled to
remove impurities. Finally, it was degassed by bubbling nitrogen gas through it for 2 days. The

solvent was then stored in the glovebox under an argon atmosphere until use.

Sonic tip exfoliation of boron nanoplatelets

Crystalline boron powder (Stanford Advanced Materials, median particle diameter = 15 um),
stored under an argon atmosphere, and 160 mg of polyvinylpyrrolidone (PVP, M,, = 40 kDa,
Sigma Aldrich) were added to 80 mL of anhydrous, degassed N-Methyl-2-pyrrolidone (NMP, ACS
Reagent, >99% purity, Honeywell, USA) in a metal beaker. The mixture was then exfoliated for
8 h at 55% amplitude, on a 6 s/2 s on/off pulse, using a sonic probe (VCX750, Sonics &
Materials Inc., USA). Following exfoliation, the material was centrifuged at 1 krpm to cause
unexfoliated material to crash out of the dispersion. This sediment was discarded, and the
supernatant was subsequently centrifuged at 6 krpm, to remove small impurities and OD particles
from the dispersion'*. The resulting sediment was redispersed in anhydrous, degassed
isopropanol (IPA, HPLC grade, 99.9%, Sigma Aldrich), and washed twice with fresh IPA at
6 krpm to remove excess residual NMP. To slow oxidation, the resulting dispersion was stored
under argon in a glovebox (Jacomex, France) until use. For use in biological scaffolds, the
material was redispersed in deionised water (18.2 MQ) by centrifugation at 6 krpm, and washed
twice in fresh deionised water to remove traces of IPA. The concentration of the dispersions was
assessed by filtration of a known volume of dispersion using a 200 nm filter membrane, followed

by weighing.

Cryogenic exfoliation of boron

Cryogenic exfoliation was carried out by submerging a vial of 1 mg/mL boron powder and
1 mg/mL PVP in IPA in in liquid nitrogen for 5 minutes. The material was then immediately

placed in a sonic bath, and sonicated at 37 kHz for 1 hour.
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Physical characterisation of boron nanoplatelets
Establishing thermal degradation and oxidation properties using thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out using a Q50 thermogravimetric analyser (TA
Instruments, USA). The temperature was ramped from 25 °C to 900 °C, at a ramp rate of

10 °C min'in air, then held isothermal at 900 °C for 5 min to ensure complete combustion.

Elemental and oxidation analysis using energy-dispersive Xaray spectroscopy (EDX)

EDX analysis was carried out using the secondary electron detector of a Zeiss Ultra FE-SEM
(Zeiss, USA), at an accelerating voltage of 5kV and a working distance of 11 mm. Peak

assignment was carried out using INCA software (Oxford Instruments).

Scanning electron microscopy (SEM) for nanoplatelet and scaffold visualization

Where necessary, samples were first gently dehydrated using a Leica critical point dryer. Dry
samples were then sputter coated with a 5 nm layer of an 80:20 mixture of gold and palladium
using a Cressington 108 auto sputter coater. Imaging was carried out using a Zeiss Ultra FE-SEM
using the InlLens detector at an accelerating voltage of 5 kV, an aperture size of 30 ym and a

working distance of 5 mm, with images acquired at varying magnifications.

Ultravioletwisible (UV-Vis) spectroscopy

Boron nanoplatelets were first diluted 1:20 in isopropanol. UV-Vis spectroscopy was then carried
out in a quartz cuvette (path length 1 mm) using a Perkin-Elmer Lambda 1050+
spectrophotometer and an integrating sphere, to collect information on the scattering,

absorption, and extinction spectra, at a wavelength resolution of 2 nm.

Atomic force microscopy (AFM) for establishing nanoplatelet dimensions and morphology

Utilizing a Bruker Multimode 8 microscope, AFM was performed to assess the thickness and
lateral dimensions of the flakes. After dilution with isopropanol at a ratio of 1:100, the boron
inks were drop-cast onto Si/SiO; substrates. Imaging of the samples was carried out using
OLTESPA R3 cantilevers in ScanAsyst mode, and statistical data were derived from the analysis
of 147 flakes. The lateral dimensions were determined by computing the square root of the

product of the flake length and width. Data was analysed using Gwyddion SPM software®®.
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Transmission electron microscopy (TEM) for nanoplatelet visualisation

A JEOL 2100 system operating in brightfield mode was used to perform the transmission
electron microscopy measurements. Freshly exfoliated boron nanoplatelets, centrifuged between
1 and 6 krpm, was used to prepare the holey carbon TEM grids (400 mesh). 100 pL of the
dispersion (concentration of approx. 0.1 mg/mL) was drop-casted on the grids, and vacuum
dried at 80 °C in the oven overnight prior to the measurements. Images were acquired at an

accelerating voltage of 200 kV.

Xray diffraction (XRD) for establishing material crystallinity

The powder samples were structurally characterised by performing symmetric 2600 X-ray
diffraction (XRD) scans using a Panalytical X'Pert Pro diffractometer equipped with a Cu Ke

source (A = 1.5406 A) and a Ni filter to remove Kz peak intensities.

Mechanical testing to identify mechanical reinforcement of natural polymers

Mechanical testing was carried out using a Zwick Z0.5 Proline tensile tester with a 100 N load
cell, at a strain rate of 0.01 %,/s. Samples were cut into strips (2-4 mm wide), clamped, and tested
in a uniaxial strain configuration. The Young’s modulus and other mechanical properties were

calculated for each sample from the stress-strain curve.

Synthesis of 2D boron/collagen (BColl) nanocomposites

BColl slurry was fabricated by mixing type I collagen (5 mg/mL, milled form, Collagen Solutions)
with a 2D boron dispersion in deionised water and acetic acid. The composite slurry was blended
(T25 Ultra-Turrax®, VWR) at 15000 rpm for 30 min until homogenous. The composite
materials subsequently underwent dehydrothermal (DHT) crosslinking treatment for 24 h at
105 °C under vacuum. For 2D culture, they were cast in square molds and allowed to dry. For

3D culture, porous scaffolds of BColl were produced by lyophilisation - slurries were placed in
Teflon molds and freeze dried for 24 h at -40 °C to obtain lyophilized cylindrical scaffolds.
Biocompatibility testing of 2D boron sheets

Ethical declaration for ex vivo experiments

For the experiments using rat mesenchymal stem cells and dorsal root ganglia described below,

ex vivo tissue was obtained from animals donated as post-mortem byproducts from ongoing
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experiments in other groups in the RCS], in line with our policy of reduction according to the
3Rs of animal research. Rat femora for isolating mesenchymal stem cells were obtained from rats
culled under project authorisation number REC202012003, accredited by the Animal Research
Ethics Committee of RCSI (RECTHO17). Mouse spinal cords used to extract dorsal root ganglia
were obtained from animals donated by the Tissue Engineering Research Group. Post-mortem
harvesting was carried out under Health Products Regulatory Authority (HPRA) individual
license AE19127/1259, with ethical approval from the Animal Research Ethics Committee of
RCSI (RECTHO17).

Isolation of mesenchymal stem cells (MSCs)

Rat mesenchymal stem and endothelial progenitor cells were isolated from 6-8-week-old male
Sprague Dawley as described in Power et al.”?®. Both ends of the femora of the hind legs were
clipped to expose the bone marrow, which was then flushed out with rat MSC medium using an
18 G needle and a 12 mL syringe into a petri dish using Dulbecco’s Modified Eagle Medium
(DMEM) containing: 20% foetal bovine serum (FBS, Biosera, Ireland), 2% penicillin
streptomycin (P/s, Sigma Aldrich, USA), 1% non-essential amino acids (NEAA, Thermo Fisher
Scientific, USA), 1% GlutaMAX (Thermo Fisher Scientific, USA) and 0.002% Primocin (Sigma,
Ireland). The cells were then cultured in 15 mL of media under standard cell culture conditions
(37 °C, 5% CO,) for 24 h. The supernatant was then removed and centrifuged at 300 x g for

5 min.

2D culture of osteoblasts in free suspension with boron nanoplatelets

2D boron was first dispersed in DI water and sterilised by autoclaving. Osteoblastic immortalised
cells MC3T3-E1, American Type Culture Collection, ATCC, Middlesex, UK) were cultured in
T175 flasks until needed, then seeded in a 48-well plate, at a density of 1x10* cells/well. The
cells were supported in growth media consisting of Alpha Modified Eagle Medium (a-MEM,
Sigma, Ireland) with 10% fetal bovine serum (FBS, Biosera, Ireland), 1%
Penicillin/Streptomycin (P/s, ScienCell, USA) and 1% l-glutamine (I-glut, Sigma, Ireland). The
cells were seeded, and left to settle for 24 h, before the treatment was applied. Dispersions of
40 pg/mL and 80 pg/mL of boron nanoplatelets in growth media were made up, and the media
on the cells was replaced with 360 pL of fresh treatment media after 24 h of settling. After 24 h
and 72 h, 40 pL of Alamar Blue (Invitrogen, UK) was added to measure the cellular metabolic

activity, and the cells were incubated at 37 °C for 2 h. Following this, fluorescence was measured
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using excitation 535 nm and emission 590 nm with a plate reader (Infinite M Plex, Tecan), to
assess the metabolic activity of the cells. The cells were then lysed using lysis buffer (100 mL
autoclaved DI water, 0.5 mL Triton X-100, 29 mg EDTA (Ethylenediaminetetraacetic acid),
2.12 ¢ sodium carbonate) and total DNA content was assessed using the Picogreen assay
(Invitrogen, UK), which was carried out as per the manufacturer’s instructions. For assessment
of osteogenesis in 3D, 1% B-glycerophosphate (Sigma, Ireland), 0.5% ascorbic acid (Sigma,
Ireland) and 100 nM dexamethasone (Sigma, Ireland) were added to create osteogenic

differentiation media.

2D culture of osteoblasts on BColl films

BColl films were fabricated as described above, at loadings of 0 vol%, 0.5 vol%, and 1 vol%
boron nanoplatelets in collagen. MC3T3 cells were seeded on 8 mm diameter discs of these films

at a density of 2x10* cells/film, and allowed to grow for 7 days.

3D culture of osteoblasts and MSCs on BColl scaffolds

BColl scaffolds were fabricated as described above, at loadings of 0vol%, 0.5 vol%, 1vol%,
2.5 vol%, and 5 vol%. Scaffolds were sterilised in 70% ethanol for 24 h, followed by washing in
PBS (x3, 5 mins). The scaffolds were then immersed in growth media at 37 °C and 5% CO; for
24 h. Cells were passaged and seeded at densities of 3x10° - 5x10° per scaffold. Half of the cells
were seeded on each side of the scaffold for 1 hour each, before the wells were flooded with

growth media for 24 h. Growth media was exchanged for osteogenic media after 24 hours.

Analysis of boron effect on osteogenesis and bone mineralisation
Alkaline phosphatase (ALP) release quantification to assess osteogenesis

ALP release was analysed using a Sensolyte™ PNPP ALP Assay Kit (Anaspec, USA). Cells
(MC3T3 osteoblasts and MSCs) were washed with PBS at the relevant timepoints, and
subsequently lysed with ALP lysis buffer. The assay was then carried out according to

manufacturer’s instructions.

Calcium (Ca®") release quantification to assess bone mineralisation

Following culture, calcium was extracted from quartered scaffolds using 0.5 M hydrochloric acid
(Sigma, Ireland). Calcium release was analysed using a Calcium LiquiColor™ assay (StanBio,

USA), according to the manufacturer’s instructions.
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Histology
Sample preparation

Boron-collagen and collagen-only scaffolds were embedded in sucrose for 48 h, and then

sectioned in OCT using a cryostat (Leica Biosystems, UK), into 5 um thick slices.

Haematoxylin & eosin (H&E) staining to assess matrix deposition

H&E staining was carried out to image the ECM and nuclei present in the sample. The following
order was used for staining: Tap water rinse for 5 minutes, haematoxylin for 3 minutes, tap water
for 10 minutes, DI water for 5 minutes, eosin for 3 minutes, 3-4 dips in tap water, 15 dips in
95% ethanol, 15 dips 100% ethanol, 15 dips in acetone and 15 dips in xylene substitute.

Coverslips were then mounted on the samples using DPX.

Alizarin Red staining to assess calcium deposition

Alizarin Red staining was carried out to image calcium deposition present in the sample. The
following order was used for staining: Tap water rinse for 5 minutes, 250 pL of 2% Alizarin Red
(Generon, Ireland) per slice for 30 minutes, 5 dips in acetone, 20 dips in 1:1 acetone:xylene
substitute solution, xylene substitute for 5 minutes. Coverslips were then mounted on the

samples using DPX.

Immunofluorescence staining to assess cellular morphology and proliferation

Cells, on both boron-collagen films and scaffolds, were fixed using 10% formalin (Sigma,
Ireland), and stained with phalloidin (Sigma, USA) for the cell membrane, and DAPI (Thermo-
Fisher Scientific, USA) for the cell nucleus. The samples, once fixed and stained, were
fluorescently imaged using a Zeiss AxioObserver inverted microscope. Infiltration analysis into
boron-collagen and collagen scaffolds was carried out by measuring the radial distance from the

edge of the scaffold to the furthest infiltrated cell at 15° intervals around the cross-section.

Anti-microbial testing with S. aureus and E. coli

Staphylococcus aureus (S. aureus, Newman) and Escherichia coli (E. coli) bacteria were cultured
separately for 24 h at 37 °C in brain/heart infusion broth, before 1 mL of bacteria was plated
into wells containing sterile boron discs (diameter = 6 mm) at a density of 5 x 10° CFUs/mL.
These samples were then cultured for another 24 h at 37 °C. The broth was subsequently

removed, and the samples were washed with phosphate buffered saline. Live-dead staining was

126



carried out with SYTO 9 and propidium iodide (LIVE/DEAD® BacLight™ Bacterial Viability
Kit L7007, Thermo Fisher Scientific, USA), according to manufacturer instructions. Imaging

was carried out on a Zeiss LSM 710 NLO confocal microscope and analysed using FIJI.

ELISA analysis of MSC paracrine signalling profile on BColl scaffolds

ELISA analysis was carried out using a 19-target multiplex array of rat cytokines (AAR-CYT-1-4,
CliniSciences, Ireland). Samples were diluted 1:2 with blocking buffer, and analysis was carried
out according to manufacturer’s instructions. Densitometry measurements were carried out

using FIJI. A blank reading consisting of cell-free media was subtracted from the data.

Neurogenic analysis by dorsal root ganglia (DRG) culture with BColl scaffolds

To assess the ability of the scaffolds to enhance neurogenesis in an ex vivo model, dorsal root
ganglia (DRGs) from 5-month-old adult female C57 mice (N=9, 385 - 500 g) were seeded onto
the scaffolds. DRGs were isolated and dissected using a previously established method®'. 20-24
DRGs and their roots were dissected from each animal. The roots were then trimmed of their

associated nerves using micro-scissors (F.S.T. Cat # 15000-08) and cultured on scaffolds in

neurobasal medium with 1% P/s, 1% GlutaMAX and 2% B27 supplement for 14 days.

Statistical analysis

A minimum number of three experimental replicates (N) with at least three technical replicates
(n) were used in all assessments. Prior determination of statistical significance, the ROUT
method (Q=10%) was used to determine the variance in the population. All data sets were
subjected to Kolmogorov-Smirnov test to assess for normality and thereafter the data tested
using appropriate parametric (ttest, one- and two-way ANOVA) and non-parametric (Mann-
Whitney U, one and two-way Kruskall-Wallis) tests. Post-hoc tests were performed using Tukey’s
multiple comparisons and Dunnett’s correction where needed. All results were plotted with the
standard error of mean and were considered significant when p < 0.05 and statistical significance
was denoted by *: *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001. Significances are relative
to control group of timepoint unless stated otherwise. All data were plotted and analysed as

means with standard error of the mean while using the software GraphPad Prism (v8.0) and

OriginLab 2024.
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Results and Discussion
Synthesis of boron nanoplatelets (Aim 1)

Boron is a relatively new member of the two-dimensional material family due to its non-layered
nature™. As a result, before commencing biological characterisation, optimization of the
synthesis protocol was required, in order to both achieve optimal flake yield and quality, and
high biocompatibility by means of non-cytotoxic stabilising molecules. This optimisation was
carried out along three axes - bulk crystallinity, solvent choice, and exfoliation method. With
amorphous boron powder as the precursor, liquid phase exfoliation was carried out in a range
of solvents - isopropanol (IPA), ethanol (EtOH) and N-methyl-2-pyrrolidone (NMP). These initial
exfoliations failed to yield particles with a 2D morphology, instead yielding OD nanoparticle
dispersions, as seen in Fig. A3.1 A-C. This result suggests that the lack of anisotropy in the boron
bonding leads to isotropic cleavage, and the subsequent formation of nanoparticles. However,
the efficiency of LPE for non-layered materials can be enhanced in similar ways to that of LPE
for layered materials. For example, cryogenic treatment can be used to render inter-atomic bonds

more brittle, and thus prone to fracture along existing defects during exfoliation'*">"*®,

In order to induce this thermal fracturing, and thus exfoliation along a plane, cryogenic
exfoliation in IPA and NMP was then tested. This approach was more successful, yielding a mix
of morphologies, including OD nanoparticles, 1D nanoribbons, and 2D nanoplatelets
(Fig. A3.1 D). These morphologies potentially arise due to the formation of cracks following
cryogenic treatment, which then propagate through the material'**. However, it was not possible
to efficiently separate these morphologies, nor to render the exfoliation more selective for 2D
nanoplatelets. Based on these results, we shifted to the use of crystalline boron precursors, which
provide crystalline planes along which exfoliation can occur'®, due to intrinsic stacking faults of

boron icosahedra in the 3D crystal reducing the cleavage energy along the {001} plane'”.

With this in mind, 2D boron nanoplatelets were ultimately exfoliated successfully from a
crystalline precursor in NMP, chosen for its favourable surface tension and solubility

2142 As seen in the scanning electron microscopy (SEM) (Fig. 4.2 A) and

parameters
transmission electron microscopy (TEM) (Fig. 4.2 B) data, the resulting boron nanoplatelets
exhibited a 2D morphology indicative of successful selective exfoliation, which was confirmed by
atomic force microscopy (AFM) measurements (Fig. 4.2 C). Statistical analysis of these images

revealed a broad distribution of nanoplatelet dimensions, with lengths (L) ranging from

50 to 500 nm and thicknesses (t) ranging from 1 to 80 nm (Fig. 4.2 D). The nanoplatelet length
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Fig. 4.2 - Morphological characterisation of boron nanoplatelets: Scanning electron microscopy (SEM)
(A, scalebars 500 nm) and transmission electron microscopy (TEM) (B, scalebars 100 nm) imaging were used to
visualise successful exfoliation of the boron nanoplatelets. C-F) Atomic force microscopy (AFM) imaging (A) of 147
boron nanoplatelets was used to assess the length (D), thickness (E) and aspect ratio (F) distributions of the
nanoplatelets, corroborating the 2D morphology seen in the SEM and TEM. Scalebar 2 um.
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and thickness distributions are shown in Fig. 4.2 D and Fig. 4.2 E as histograms. The average

flake length was measured as 150 + 6 nm, with an average thickness of 6.9 + 0.8 nm. Knowledge
of nanoplatelet length and thickness allow the calculation of the aspect ratio (AR = %) The AR

distribution is shown in Fig. 4.2 F and has a mean of 38. This data gives us an insight to the
surface area:volume ratio of our material, which is critical for many applications” - for the
average nanoplatelet dimensions attained in this work, the surface area:volume ratio is 0.32,
>5 times larger than that of the smallest widely commercially available nanoparticles, which have

PLB2 and a surface area:volume ratio of 0.06 (Fig. 1.1). This means more of the

a radius 50 nm
material is exposed to the surrounding tissue at any given time, improving the efficiency of the
material at delivering intrinsic biological effects™”.

Physical characterisation of boron nanoplatelets (Aim 1)

Following the successful exfoliation of boron nanoplatelets, the crystal, thermal and optical
properties of the material were established. A primary concern about elemental boron materials
is oxidation"®, since it can lead to changes in material properties such as conductivity, surface
chemistry and biocompatibility”’"'*"™* To assess the degree of oxidation suffered by the material,
thermogravimetric analysis (TGA) and energy-dispersive X-ray spectroscopy (EDX) were carried
out. The tendency of the material to oxidise was first observed in TGA data (Fig. 4.3 A), which
showed that upon heating of the boron under an air atmosphere, the mass increased significantly

138,735,736

due to the formation of oxides , with the rate of oxidation increasing rapidly beyond

500 °C. The main oxidation peak (Fig. 4.3 A, inset) is centred at 550 °C, consistent with

previous reports of the oxidization of boron™’.

EDX (Fig. 4.3 B) was then carried out both on samples exfoliated in ambient conditions with
commercial solvents, and on samples exfoliated in inert conditions with anhydrous,
deoxygenated solvents. Boron exfoliated in both conditions exhibited incomplete oxidation after
prolonged storage in ambient and inert conditions, as indicated by comparison with the most

common boron oxide, B,Os, which would correspond to 60 at% oxygen”".

This suggests the
occurrence of surface oxidation, slowing oxidation of the bulk of the nanoplatelet. Furthermore,
these analyses show that the oxidation of the boron primarily occurs during the exfoliation
process as a result of dissolved oxygen in the solvents, rather than during storage, as ambient-
exfoliated boron that was stored under inert conditions still exhibited a significant amount of

oxidation. As a result of these measurements, the standard exfoliation protocol was adapted to

use inert, degassed, and anhydrous solvents.

130



The final characterisation of the boron nanoplatelets was intended to reveal any shifts in
crystallinity or optical properties arising after exfoliation. The UV-visible absorption spectrum of
a dispersion of boron nanoplatelets exfoliated in anhydrous, degassed NMP is shown in
Fig. 4.3 C. We note that the considerable scattering background, typical of nanomaterial
dispersions®”, has been removed (Fig. A3.3). The same spectrum has been replotted in the inset,
with the absorbance on a log scale, plotted versus photon energy. This graph clearly shows our
boron nanoplatelets to be semiconducting, with a bandgap of slightly under 1 eV. This could be
consistent with either crystalline boron or amorphous boron which display optical gaps of 0.9
and 0.7 eV respectively””’. However, our relatively featureless spectrum is more in line with

739

amorphous boron’”. The increase in absorbance below 250 nm (above 5.1 eV) may arise due to

the presence of boron oxide, an insulator with a larger bandgap, around 5.23 eV,
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Fig. 4.3 - Physical characterisation of boron nanoplatelets: A) Thermogravimetric analysis (TGA) of boron
nanoplatelets in air, with an increase in sample mass with temperature showing oxidation of boron nanoplatelets
upon heating. Inset shows derivative of mass loss. B) Energy-dispersive Xaay spectroscopy (EDX), used to assess the
elemental makeup (atomic %) of the sample under different conditions of exfoliation and storage — exfoliation in
anhydrous, deoxygenated solvents was demonstrated to have the largest impact on the prevention of oxidation in the
material. C) UV-Visible light spectroscopy (UV-Vis) of a boron nanoplatelet dispersion showing absorption spectra
typical of a semiconducting nanomaterial. D) Xray diffraction patterns (XRD) used to assess the crystallinity of the
starting bulk boron powder and exfoliated boron nanoplatelets, showing a potential shift towards an amorphous
allotrope following exfoliation.
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In order to assess whether there was a shift in the crystallinity of the material due to the
exfoliation, powder X-ray diffraction (XRD) (Fig. 4.3 D) was carried out. The XRD spectrum for
the bulk boron precursor is consistent with the crystalline form of B-boron, as shown in the

12,741

literature "', and matches well with the relevant powder diffraction file from the ICDD

database™ (PDF #080-032). The XRD spectrum for the 2D boron nanoplatelets, on the other
hand, is indicative of a shift towards an amorphous allotrope of boron/boron oxide. Such
amorphization has been observed previously for LPE of non-layered materials such as red
phosphorus*’. Furthermore, this indicates that no transition to a borophene-like phase occurs.

0 suggesting that

This is consistent with previous work on LPE of crystalline boron precursors
top-down exfoliation of boron leads to the formation of few-layer nanoplatelets consisting of the
bulk material, rather than the allotropically distinct borophene phases™. Taken together, the
physical characterisation of the material shows that we have successfully exfoliated 2D

nanoplatelets of amorphous boron, which are suitable for leveraging the benefits of both the

intrinsic properties of boron and their 2D morphology.

Fabrication and characterisation of 2D films and 3D scaffolds of BColl (Aim 2)

We propose that one important application of our boron nanoplatelets is as a filler material in
polymer-based composites. One significant advantage of high aspect ratio nanoplatelets, when

compared to quasi-spherical nanoparticles, is their ability to mechanically reinforce polymers.

351,718,745-748
,7118,74 74’ and thus

Stiffness is well-established as a key regulator of cellular differentiation
mesenchymal stem cells (MSCs) will exhibit different differentiation behaviour on a stiff
substrate than a soft substrate. Models such as shear-lag theory™ and Halpin-Tsai theory”® clearly
show that composite reinforcement depends sensitively on filler particle aspect ratio, with higher
aspect ratio particles leading to greater reinforcement. As discussed in Chapter 2, the mechanical

582,583

properties of collagen are complex due to its fibrillar structure , and this complexity is

compounded when nanomaterial fillers are introduced.

To test the magnitude of mechanical reinforcement and its effect, composite films were
fabricated by blending boron nanoplatelets with collagen to form boron-collagen (BColl) slurry,
followed by casting into homogenous films of 0, 0.5, 1, 2.5 and 5 vol% boron loading
(Fig. 4.4 A). Tensile testing was then carried out using thin strips of these BColl films. Examples
of stress-strain curves for BColl composites with differing boron volume fractions (V¢) show a

clear increase in stress at all strains as the boron loading is increased, a clear sign of reinforcement
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(Fig. 4.4 B). While various parameters can be extracted from these stress-strain curves, we focus
on the Young’s modulus (E, Fig. 4.4 C) and the ultimate tensile strength (UTS, Fig. 4.4 D). In
both cases, we see steady increases as the volume fraction is increased, with saturation occurring
at a loading of roughly 2.5 vol%, and both parameters undergoing a near doubling in their values
on addition of boron. The average Young’s modulus of BColl composites was 973 MPa,
comparing favourably to the typical stiffness range of trabecular bone, 10 MPa - 3000 MPa™'. A
significant increase was further observed in the initial tensile modulus of the material
(Fig. A3.8 A), within the first 0.5% strain, the regime primarily experienced by cells, as well as a
trend towards an increase in the toughness (Fig. A3.8 B). These increases render the
environment more suitable for osteogenic differentiation, potentially contributing to the

increase in osteogenic potential observed for the BColl material.

To understand the reinforcement of the BColl composite films, we analysed the data in
Fig. 4.4 C using Halpin-Tsai theory”®. The Halpin-Tsai equations describe the composite
modulus, E, as a function of the filler volume fraction, Vi, the moduli of filler, Er, and matrix,

. L . . . .
Ewm, as well as the platelet aspect ratio, . This particular model is appropriate when nanoplatelets

are aligned in the plane of the composite, and has been shown to describe composites of BN
nanoplatelets in polymer matrices quite well”?. It has been shown that applying the

approximations that Er/Ey >> 1 andV, <<1, which are appropriate for most nanocomposites,

to the basic Halpin-Tsai equation gives the following simplified expression”*:

E.V

A
{EF/EM +1} (Eq. 4.1)
2L/t

This equation predicts a linear increase in composite modulus with nanoplatelet volume
fraction. We can test the applicability of this equation by plotting its prediction on top of our
data using our measured values for Ey (0.64 GPa) and %(38), as well as a previously reported
value for the stiffness of amorphous boron (Er = 300 GPa)”. This prediction is shown as the
solid line in Fig. 4.4 C and matches the data reasonably well, especially at low loadings, where
the model is most applicable. This clearly shows that our stiffness results are consistent with

theory, confirming that boron nanoplatelets are an appropriate reinforcing material for collagen.
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Fig. 4.4 - Characterisation of BColl composite films & scaffolds: A) Images of BColl films at each boron
loading. B) Representative stress-strain curves for BColl composites. C-D) Measurement of the Young’s modulus (C)
and ultimate tensile strength (D) for BColl films, showing significant reinforcement with boron loading. The line in
C is a plot of Equation 4.1 using the following values: Er= 300 GPa, Em= 0.64 GPa, % = 39. E) Images of BColl
scaffolds at each boron loading. F) Compressive modulus testing of BColl scaffolds. G) Measurement of the porosity

of BColl scaffolds at varying boron loadings, showing a slight increase in porosity for 5 vol% boron loading.
Significances: *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001.

These results imply that boron nanoplatelets are a promising multifunctional composite
component for reinforcing the struts of collagen-based tissue engineering scaffolds. To investigate
this further, macroporous BColl composite scaffolds (Fig. 4.4 E) were produced by
lyophilisation, at boron loadings of 0, 0.5, 1, 2.5 and 5 vol%.

Mechanical testing of these BColl scaffolds to determine compressive modulus revealed a slight

trend towards reinforcement at lower boron loadings (Fig. 4.4 F), followed by a drop-off in
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modulus, likely to be related to the increased porosity of the higher loading scaffolds (Fig. 4.4 G)
- this increase was observed for the highest boron loading, and it is posited that it is due to a
slight dilution of the collagen slurry caused by the addition of the boron dispersion during

synthesis.

Biocompatibility of 2D boron/collagen (BColl) films with bone cells (Aim 3)

As with any novel biomaterial additive, it was necessary to establish the biocompatibility of the
boron nanoplatelets before proceeding with functional testing, to ensure safe degradation and
excretion of the scaffold after implantation. Boron nanoplatelets, stabilised with
polyvinylpyrrolidone (PVP), a biosafe polymer™* for biocompatibility and hydrophilicity, were
added to the media of osteoblasts (MC3T3-E1, osteogenic cell line™). Cells were grown in
suspension with 40 pg/mL and 80 pg/mL of boron for 72 h. Metabolic activity and DNA
content analysis (Fig. 4.5 A) showed robust proliferation of the cells in the presence of boron,
with a significant increase in both measures for 80 ng/mL of boron after 72 h. This indicates
that the material is non-cytotoxic and can promote proliferation of bone cells, even in free
suspension with high concentrations of the material. This is essential, as during the degradation

of BColl scaffolds, boron will be released into the surroundings and must be safely excreted.

Once the biocompatibility of the boron nanoplatelets had been established, to further
demonstrate that BColl composite materials were well-tolerated by cells, osteoblasts were grown
on the surface of 0, 0.5, and 1 vol% BColl films for 7 days, similar to work in previous chapters
assessing the biocompatibility of nanocomposite materials'®'. Metabolic activity and DNA
content analysis demonstrated robust proliferation of the cells across the surface of the material
(Fig. 4.5 B). The cell coverage observed for the BColl materials was significantly higher than that
of collagen (Fig. 4.5 C), as verified by fluorescent staining of the cells with phalloidin and DAPI,
with confluent cell layers forming on the surface of the BColl samples (Fig. 4.5 D & E), showing
that BColl is not only well-tolerated in a 2D culture environment with bone cells, but that it
appears to be enhancing the proliferation and viability of these cells, due to the bioactive effects
of boron and its oxides™*”****%*? Various mechanisms that explain ion-mediated enhancement
of growth fail to account for boron, which typically does not exist in the B** form due to the high
jonisation energies needed to achieve this state™®, so other research suggests that the release of
bio-active ions from the covalent compounds of boron*” leads to activation of the BMP and

MAPK pathways, and subsequent osteogenic and angiogenic effects’™***2,
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Analysis of anti-microbial potential of BColl composite films (Aim 4)

With the biocompatibility of the boron material confirmed in 2D, focus shifted to testing the
anti-microbial activity of the BColl composite, since infection is a key concern during the
implantation and lifetime of any scaffold. Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) bacteria were cultured on the surface of BColl films for 24 hours, followed by live-dead
staining. There was a significant drop in E. coli viability at all concentrations of boron tested
(Fig. 4.6 A). This indicates the potential of the boron to inhibit the growth of gram-negative
bacteria on the surface of its composites, addressing a key clinical issue - Masters et al.”” states
that 20% of all trauma-related skeletal infections and 35-55% of those in foot/ankle infections

are caused by gram negative bacteria.

However, it is important to note that no anti-microbial effect was observed with S. aureus
bacteria (Fig. 4.6 B). This difference is potentially due to differing interactions of the boron
edges with the bacterial membranes of gram-positive (S. aureus) vs. gram-negative (E. coli) bacteria.
Gram-positive bacteria, while possessing more porous membranes and thus less resistance to
typical anti-microbial agents, have considerably thicker cell membranes™ than gram-negative
bacteria, which possess a thinner but more complex outer membrane. This thin membrane may
be sliced more deeply by sharp nanoplatelets, leading to a greater antimicrobial effect’”™*™, This
indicates that boron nanoplatelets have the potential to be used in conjunction with a traditional
anti-microbial agent, leading to effective inhibition of both bacterial subgroups, as demonstrated
previously by Tasaltin et al.”® Furthermore, adaptations of the boron nanoplatelets, including
size selection for smaller, thinner nanoplatelets, or inclusion of nano-needle (~1D) or nano-sword

(1D/2D) morphologies may improve the inhibitory effect of boron on bacterial growth.
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Fig. 4.6 - Anti-microbial testing of BColl films: Anti-microbial testing with BColl films of varying boron
loadings ranging from 0-5 vol%, with E. coli (4) and S. aureus (B) bacteria grown for 24 h, showing significant
anti-microbial activity against E. coli bacteria. Live-dead staining coverage was analysed using FIJL.

Significances: *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001.
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4.3.6 Biocompatibility and osteogenesis-inducing effect of BColl scaffolds with osteoblasts and
mesenchymal stem cells (MSCs) (Aim 3)

To demonstrate the potential of BColl in a 3D culture environment, osteoblasts were cultured
in BColl scaffolds for 21 days. Both metabolic activity (Fig. 4.7 A) and DNA content analysis
(Fig. 4.7 B) showed no significant difference from the control after 21 days, indicating a high
degree of biocompatibility of BColl scaffolds with bone cells. The osteogenic potential of the
boron was assessed by measuring the release of alkaline phosphatase (ALP), a key enzymatic

regulator of bone formation™, and by the deposition of calcium, indicative of bone

mineralisation.
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Fig. 4.7 - Assessment of osteogenic effect of BColl scaffolds with a bone cell line: A-B) Metabolic Activity
(A) and DNA content (B) of osteoblasts grown on BColl scaffolds for 21 days, showing high levels of biocompatibility.
C) ALP release of osteoblasts on BColl scaffolds, trending towards increased release for BColl scaffolds. D) Calcium

release of osteoblasts on BColl scaffolds, showing a significant increase indicative of increased bone mineralisation on

BColl scaffolds. Significances: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

There was a trend towards increased ALP release for the BColl scaffolds at each measured
timepoint (Fig. 4.7C) and calcium deposition showed a significant increase at 21 days
(Fig. 4.7D), indicative of improved bone mineralisation. This shows that boron supplementation

leads to robust proliferation and enhanced osteogenic behaviour in osteoblasts.
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While the MC3T3 osteoblast cell line is a good model for osteoblast mineralisation in general,
they are not perfect models, with a differing gene expression profile, and variable degrees of
mineralisation when compared with the primary osteoblasts they are intended to replicate’?. For
these reasons, we decided to assess the biocompatibility, osteogenic potential, and functional
performance of the boron nanomaterial with a more physiologically relevant cell type. For this
purpose, mesenchymal stem cells (MSCs) are highly therapeutically relevant, as they are readily
differentiated to an osteoblastic lineage by media supplementation, and are used clinically in
musculoskeletal applications®*™*. By culturing MSCs on BColl scaffolds, we are thus able to
more accurately model long-term clinical implantation. MSCs were grown on BColl scaffolds for
28 days followed by fluorescent staining and confocal imaging, showing that the cells had
proliferated robustly across the BColl scaffolds, and maintained a healthy cellular morphology
(Fig. 4.8 A). Biocompatibility was assessed by metabolic activity (Fig. 4.8 B) and DNA content
(Fig. 4.8 C) analysis. No significant difference was observed between the boron-treated samples
and the collagen-only controls, indicating that the BColl material is well-tolerated even by

sensitive MSCs at high concentrations, up to 5 vol%, for extended periods of culture.

The osteogenic potential of these cells was then assessed, as before, by analysing ALP release
and measuring calcium deposition. There was no significant difference observed in the ALP
release for the BColl samples (Fig. 4.8 D) - however, ALP release has a short peak, typically
around day 8 as the differentiating cells commit to the osteoblastic lineage™, and thus it may
have been missed by the timepoints analysed. This peak is reflected in the higher per cell
expression of ALP for all conditions at days 1 and 7, compared to the later timepoints. As
described above, the key indicator of osteogenic potential for any biomaterial is the quantity of
calcium deposition. This was measured at days 21 and 28, when MSC-derived osteoblasts had
matured sufficiently (Fig. 4.8 E). A significant, dose-dependent increase was seen in the calcium
deposition for BColl samples when compared with collagen-only scaffolds. This indicates that
boron is having a positive effect on the rate of mineralisation, and thus the osteogenic potential
of the cells, pointing towards the potential of BColl scaffolds to accelerate bone formation after

implantation.

Cross-sections of these scaffolds were stained, and infiltration analysis showed that cells in
BColl scaffolds were colonising deeper into the scaffold (Fig. 4.8 F). Finally, SEM (Fig. 4.8 G)

and EDX (Fig. A3.6) of these scaffolds showed increased calcium phosphate deposition for
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Fig. 4.8 - Assessment of osteogenic effect of BColl scaffolds with osteogenically-differentiated
mesenchymal stem cells: A) Confocal microscope images of lateral cross sections of BColl scaffolds with MSCs
grown in them for 21 days, stained with phalloidin for the cell membrane, and DAPI for the cell nucleus, showing
robust cellular proliferation and infiltration of the scaffolds. B) Metabolic activity of MSCs on BColl scaffolds and
C) DNA content of MSCs on BColl scaffolds indicate high levels of biocompatibility. D) ALP release of MSCs on
BColl scaffolds, showing significant fall-off in release after differentiation is complete. E) Calcium release of MSCs
on BColl scaffolds, showing significant, dose-dependent increase in calcium deposition and thus bone mineralisation.
F) Percentage infiltration of MSCs into boron scaffolds measured radially from the geometric centre of the scaffold,
showing significant increase in infiltration for boron-containing scaffolds. G) SEM imaging showing increased
calcification in BColl scaffolds, and exposed boron flakes in the collagen matrix. Significances: *p < 0.05, **p < 0.01,
***p < 0.001, ****p <0.0001.
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boron containing scaffolds, and further SEM showed areas with exposed boron flakes on the
higher loading samples (Fig. 4.8 G). While the increase in calcium deposition with boron

scaffolds is lower compared to additives like osteoconductive hydroxyapatite’®"

or expensive
osteoinductive growth factors BMP-2"" these scaffolds exhibit both osteoconductive and
osteoinductive properties. Additionally, boron scaffolds offer a multifunctional profile,
encompassing osteogenic, angiogenic, neurogenic, anti-microbial, mechanically reinforcing, and
anti-inflammatory effects—that addresses key challenges in bone repair. Achieving such
comprehensive functionality would otherwise require the use of multiple, potentially
incompatible additives. Furthermore, although growth factors like BMP-2 provide strong
osteoinductive effects, they are associated with several adverse outcomes at high concentrations

and high cost when used clinically™™.

Neurogenic assessment of BColl scaffolds with dorsal root ganglia (Aim 4)

To assess the impact of boron loading on innervation, a key functional outcome in bone repair,
the neurogenic effect of BColl was assessed. Dorsal root ganglia (DRGs) isolated from rats, a
model of neuronal tissue that is both aged and injured, and thus particularly difficult to heal,
were cultured on the surface of BColl scaffolds for 14 days. Staining and confocal imaging
subsequently established that DRGs extended neurites effectively on BColl scaffolds and
maintained healthy morphologies (Fig. 4.9 A). We next established that the scaffolds led to no
cytotoxic or inflammatory effect, by measuring LDH (Fig. 4.9 B) and pro-inflammatory TNF-a
release (Fig. 4.9 C), which showed no significant difference compared to the collagen control

scaffolds.

The neurite outgrowth from the DRGs was extracted from these images, showing an increase
in the maximum migration distance of DRG neurites on BColl scaffolds (Fig. 4.9 D). This was
qualitatively confirmed by SEM imaging of the same scaffolds, showing significant neurite
outgrowth on BColl scaffolds (Fig. 4.9 E). This data shows that boron contributes to a supportive
ST |y

environment for neurogenesis and innervation, a key process in bone regeneration

employing a highly physiologically relevant tissue explant model.
ployimng ghly phy. g Yy p

142



A 0vol% B 1vol% B 5vol% B

B-tubulindll
[}]
B C o
15 c 20
0 2 $e
g © __ Collagen g 5 15
© 5 Collagen % - = O
K < x £ .2 2 Collagen
T o5 32 g9
=l W~ 22 o5
= zZ =0
= x 2
0.0 0.0 T 0.0
=
Collagen 0.5vol% B mu 1vol% B = 25v0l%B mm 5v0l%B

5vol% B

Fig. 4.9 - Assessment of neurogenic effect of BColl scaffolds on dorsal root ganglia (DRGs):
A) Representative confocal microscopy images of DRGs on surface of scaffolds, stained with S-Ill-tubulin as a marker
of neuronal maturity and for cell morphology, and counter-stained with DAPI for nuclei. B) Lactate dehydrogenase
(LDH) release was assessed, showing no significant cytotoxicity for BColl scaffolds with DRGs. C) Tumour Necrosis
Factor alpha (TNF-@) release was assessed to examine the effect of BColl scaffolds on the inflammatory signalling
response of DRGs, showing a slight trend towards decreased TNF-« release. D) Maximum migration distance of
neurites from DRG centre showing a slight increase in migration for BColl scaffolds, measured from confocal images
by using NeuriteTracer'” and FIJI. E) SEM images of DRGs growing on BColl scaffolds, with significant neurite

outgrowth visible on both samples.

4.3.8 Angiogenic, immunomodulatory, and neurogenic effect of BColl scaffolds on MSCs
(Aim 4)

The final aim of this study was to demonstrate the benefits of boron incorporation for the
paracrine release profile of mesenchymal stem cells, a key cell type that modulates bone
remodelling via cross-talk with other bone cells, and via their differentiation into osteoblasts’*.
Effects on the paracrine signalling of these cells can potentially have a downstream impact on

the therapeutic efficacy of the scaffold, so a multiplex ELISA array was used to assess the cytokine
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Fig. 4.10 - Investigation of paracrine release profile of rMSCs on BColl scaffolds: A) Assessment of
cytokine release profile of rat mesenchymal stem cells using a multiplex ELISA array. Heatmap indicating relative
change to collagen-only control. B) Matrix detailing the primary effects of each cytokine assessed in the ELISA data.

Green corresponds to literature evidence of an effect, grey to contradictory or highly environment-dependent effect, red
corresponds to evidence of a negative effect and white corresponds to no evidence for an effect. Numbers are citations.

release profile of mesenchymal stem cells on the BColl scaffolds at day 7 (Fig. 4.10 A). Of course,

many of the cytokines assessed using this array have multiple potential effects, which were

assessed by a literature review (Fig. 4.10 B). Firstly, several cytokines can be used to corroborate
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the calcium deposition data, indicative of enhanced osteogenic signalling and a more favourable
environment for osteoblastic differentiation. Several factors involved in both osteogenesis
(monocyte chemoattractant protein-1 (MCP-1 (CCL2)), macrophage inflammatory protein-3
alpha (MIP-3ac (CCL20))"**'%) and osteoclastogenesis (interleukin-la/B  (IL-1a/B)"™?°",
fractalkine (CX3CL1)*'*"'"® and tumor necrosis factor alpha (TNF-a)) were upregulated in BColl
scaffolds. We posit that the apparent dose-dependent increase in these osteogenic and
osteoclastogenic factors results in a more favourable scaffold environment for infiltrating MSCs,
which in turn impacts the rate of osteoblastic differentiation, bone remodelling, and calcium
deposition within the scaffold. It is well-established that an increase in osteoblast activity will

often be associated with an increase in osteoclast activity, to maintain bone homeostasis’".

Tissue inhibitor of metalloproteinase 1 (TIMP-1), a cytokine involved in tissue remodelling, is
also upregulated in the BColl scaffolds, corroborating the shift towards a supportive environment
for bone remodelling. A dose-dependent increase was observed in the expression of angiogenic
factors such as vascular endothelial growth factor A (VEGF-A), fractalkine’™ and
lipopolysaccharide-induced CXC chemokine (LIX)*®. This is backed up by a strong trend for
enhanced VEGF release from a human ELISA assay on the BColl samples (Fig. A3.9). This is a

921, and

key finding, as vascularisation is an important target in bone regenerating biomaterials
the induction of infiltrating MSCs to a pro-angiogenic phenotype renders the scaffold a more

favourable environment for blood vessel formation.

Enhanced vascularisation is not the only non-bone related effect essential for bone repair
however - innervation is required for healthy bone repair*”’. Both nerve growth factor-beta
(B-NGF) and ciliary neurotrophic factor (CNTF) were upregulated in the BColl scaffolds,
indicating an improvement of the neurogenic environment of the scaffold following boron
addition, and corroborating the results found with dorsal root ganglia. This is consistent with
the literature, where boron-containing compounds have been previously evaluated for their

. . 315
neuroprotective and neuroregenerative effects™.

Finally, increased anti-inflammatory signalling of MSCs in BColl scaffolds was indicated by
downregulation of key inflammatory cytokines interleukin-6 (IL-6), interferon gamma (IFN-y)
and granulocyte-macrophage colony-stimulating factor (GM-CSF), with associated upregulation
of anti-inflammatory cytokines such as interleukin-4 (IL-4) and interleukin-10 (IL-10). This is a

highly notable result, as nanomaterials often cause inflammatory responses in biological
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systems’ .. This anti-inflammatory effect of boron has been observed in previous work *?#-92

y
suggesting that boron-mediated immunomodulation may be countering any nanomaterial-
induced inflammatory effect. It is worth addressing that many of the cytokines implicated in
osteogenesis, osteoclastogenesis, and angiogenesis above are also associated with inflammatory
and immune responses from macrophages and other cell types in vivo. However, taking the data
as a whole, it is clear that boron incorporation in the scaffolds leads to healthy, proliferative cells
with a pro-osteogenic paracrine signalling profile. This, coupled with the downregulation of key

pro-inflammatory cytokines, makes it significantly more likely that the upregulation of these

pleiotropic cytokines is associated with reparative processes.

Conclusions
This study demonstrates that boron nanoplatelets can be used as a versatile and powerful additive
for enhancing the regenerative properties of biomaterial scaffolds for bone repair, thanks to their
unique combination of intrinsic and 2D material-specific properties. High aspect ratio 2D boron
nanoplatelets, stabilised with polyvinylpyrrolidone, were synthesised using an optimised liquid-
phase exfoliation approach. Their biocompatibility was confirmed across a range of exposure
conditions and cell types, demonstrating their safety for biomedical applications. Boron
increased the osteogenic potential of both osteoblasts and osteogenically differentiated
mesenchymal stem cells in long-term 3D scaffold culture. Boron-collagen (BColl) scaffolds also
boosted angiogenic, neurogenic and anti-inflammatory cytokine signalling, key targets for
regenerative therapies, in addition to increasing neurite migration of neuronal tissue explants
on scaffolds. Additionally, the 2D morphology of the nanoplatelets yielded anti-microbial activity
against E. coli, and significantly enhanced the tensile modulus, toughness, and strength of
collagen. These findings highlight BColl as a versatile composite biomaterial, offering
multifunctional benefits for key bone regeneration targets such as mineralisation, angiogenesis,
and innervation, along with improved mechanical and antimicrobial properties. In summary,
this study employs cutting-edge nanoscience and novel exfoliation techniques to develop
biocompatible boron nanoplatelets and BColl composite scaffolds, which represent a promising
new treatment for tackling bone repair in orthopaedic, reconstructive, and tissue engineering

applications.
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“The problem with the future is that it keeps turning into the present.”

Calvin & Hobbes, Bill Watterson

Discussion & Future Work

Overview

The diversity and versatility of 2D materials presents us with a wealth of opportunities for
innovative research, but also begs the question - which fields stand to benefit the most from the
2D material revolution? Narrowing down from the broad spectrum of applications discussed in
the introduction, we have focused on two main fields in this thesis, both involving the
incorporation of 2D materials into biomedical devices and materials. Firstly, tissue engineering
is explored in some detail, with Chapter 2 primarily concerned with neuronal medical devices,
and Chapter 4 investigating bone tissue engineering. In both studies, 2D materials demonstrate
their significant potential for enhancing regrowth of tissue following injury. The second field is
that of neural interfacing devices, encompassing electrical stimulation of and recording from
neurons. This is a primary area of research for Chapters 2 & 3, which show the promise of 2D

materials and 2D material composites for neural interfacing.

In recent years, scientific interest in the biomedical applications of 2D materials has grown
rapidly, although not without roadblocks. The challenge of achieving high-yield exfoliation of
2D materials initially slowed research into their applications - this problem has been addressed
by advances in novel exfoliation techniques such as liquid phase exfoliation (LPE)'*.
Furthermore, rendering these materials, which often have innate cytotoxicity either as a result of
their composition or dimensionality, sufficiently biocompatible has proved a challenge'**®.
Much research has therefore been dedicated to the development of biocompatible stabilisers,
polymer coatings, and green exfoliation techniques, with the goal of assuaging toxicity

168,174,175,198
concerns A1 .

While the upside for these materials is theoretically massive, turning that potential into
translatable medical devices and therapies suitable for human patients is far from trivial, with a
plethora of advances having been made in recent years to overcome difficulties in fabrication,
stability, and performance of 2D nanomaterial-based devices and therapeutics'***"**. Despite
these difficulties, 2D nanomaterials are becoming increasingly well positioned for clinical

translation, and the treatment modalities they enable and enhance are becoming increasingly
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powerful®?®®, This thesis leverages the revolutionary potential of these materials, and the unique
properties they unlock, in biomedicine - specifically focusing on their role in tissue engineering
and neural interfacing, enabling the development of highly promising multipotent treatments

and devices.

Collagen/Pristine Graphene as an Electroconductive Interface Material for
Neuronal Medical Devices

In Chapter 2, we aimed to develop a flexible, biocompatible, and electroconductive substrate for
electrical stimulation. This was successfully achieved by optimizing the composition and
fabrication of conductive & biocompatible collagen-graphene composites (NeuroGraph), which
were subsequently used to deliver electrical stimulation to primary neurons. To further
demonstrate the versatility and potential of NeuroGraph for neuronal medical device
applications, we fabricated a range of conductive, neural-interfacing structures, including porous
scaffolds, microneedle arrays, and 3D circuits for bioelectronics, demonstrating that

NeuroGraph constitutes a versatile platform material for electroactive neural interfacing devices.

There has been much progress in fields amenable to the use of 2D materials, informing their
future development, unlocking new possibilities, and presenting fresh challenges to overcome.
To begin with, tissue engineering is a field that has rapidly matured and continues to progress,
with recent innovations including gene therapies’®*”®, biomimetic hydrogels” and complex
multiphase scaffolds®®!”***, Each of these innovations has enabled more rapid, more robust,
and more physiologically relevant tissue regeneration in important biological systems, from skin

348-350

to bone. Progress has been made in recent years into the optimal pore size , matrix

46

s 3 . 357,358
composition” -, archltecture 7'

351-353 . . .
for tissue engineering

and mechanical properties
scaffolds - however, success in clinical translation has been modest, highlighting the need for
additives and treatments to further enhance the regrowth induced and supported by these
scaffolds. Treatment modalities such as electrical stimulation have shown significant promise in
many tissues, as have specialised scaffolds designed to direct and harness electrical stimuli, thus

. . . . 101,170,377,398,50:
improving their regenerative effect'*"'"*’" .,

At the core of the challenge in this research is the trade-off between physicochemical properties,
biocompatibility, and biodegradability. Materials that are optimal from an electrical or
mechanical standpoint may not be (and are often not) the same materials that excel biologically.
This is where the focus of this study lay, and where future work building on it will be directed.

2D nanomaterials offer the unique ability to simultaneously leverage the beneficial
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physicochemical properties of the filler nanomaterial in a manner that is tunable by the filler
loading, while largely maintaining the properties of the matrix, particularly at low loadings. This
sets nanomaterial composites apart from metals, conductive polymers, and other bulk materials,
which generally do not exhibit the same tunability in their properties. However, taking advantage
of these biphasic materials is far from trivia. Composite formation, loading effects, and

nanomaterial biocompatibility all play a role in complicating the optimization process.

NeuroGraph effectively navigates these challenges, leveraging the lower stiffness and higher
biocompatibility of collagen alongside graphene’s electroconductivity to yield soft, conductive
(~1.5S/m) composites with low modulus (< 20 MPa), which are otherwise challenging to
achieve. Since cells are effectively interfacing with collagen, a well-established biopolymer,
concerns around scarring and adverse immunological responses are minimised, as indicated by
the proliferation and healthy cellular morphology of multiple neuronal and glial cell types on
the surface of the material. This is especially the case when compared to traditional stiff electrode
materials such as metals and highly-doped semiconductors, and even to conductive polymers,
which as non-biologically native materials must be optimized and assessed independently for

P95 NeuroGraph demonstrates the benefits of applying electrical

their biocompatibility
stimulation and conductive materials simultaneously, with a synergistic effect on the neurite
outgrowth of primary neurons grown on NeuroGraph substrates. Finally, NeuroGraph exhibits
a versatility in processing that sets it apart from traditional materials, which often require

complex fabrication techniques to produce devices such as scaffolds and bioelectronic circuits,

which are readily achievable with NeuroGraph.

As always, it is worth noting that there are several key limitations of this study. Firstly, while the
conductivity of NeuroGraph is similar to neural tissue”’, and sufficiently high to deliver electrical
stimulation effectively'®, it is insufficient for low-impedance applications such as bidirectional
neural interfaces’*®. The second, and related, limitation is the high graphene loading required to
achieve conductivity, due in part to the presence of a thick gelatin layer on the graphene surface -
this impacts the mechanical and surface properties of the composite. Work to address these
limitations forms the basis of Chapter 3 and will be discussed in the next section. Finally, more
robust optimization of the electrical stimulation parameters across the wide parameter space of
frequency, voltage, and duration’” could further enhance the magnitude of the beneficial effects

of electrical stimulation on conductive substrates.
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In conclusion, in this study we outlined the development and characterisation of versatile type-I
collagen/pristine graphene (NeuroGraph) nanocomposites, that strike the essential balance
between physiologically relevant electrical conductivity and neurocompatibility. Combined with
its processability into a range of conductive, neural-interfacing structures, including porous
scaffolds, microneedle arrays, and 3D printed circuit elements for bioelectronics, this indicates
the potential of the soft, conductive NeuroGraph material as a versatile candidate for future

neuronal medical devices.

Biocompatible, Flexible and Electrically Optimised Polymer-Graphene
(PolyGraph) Composites for Neural Interfacing Devices

Building on the learnings from Chapter 2, we aimed in Chapter 3 to develop the next generation
of biocompatible graphene, and to use it to manufacture graphene composite-based flexible
microelectrode arrays for non-scarring bidirectional neural interfaces. This was achieved by
developing and characterising the optimal graphene formulation based on biological and
electrical parameters, and combining it with polycaprolactone (PCL) to form conductive,
processable, and tunable graphene-polymer composites (PolyGraph). The electrochemical
properties of PolyGraph were then enhanced using NaOH and AuPd treatment, bringing them
into the ranges necessary for effective neural stimulation and recording. As the field of neural
interfacing is moving towards higher-resolution electrodes with smaller addressable volumes, we
next endeavoured to develop a flexible microneedle-based electrode array. Consisting of
individually isolated electrodes and an ECM backing, this device demonstrated that
costeffective, simple fabrication protocols could be used to produce a flexible, biocompatible
neural interfacing microelectrode array. Finally, to assess the functional capabilities of this array,
an experimental setup for electrical stimulation of neurons was demonstrated in 3D using flat
PolyGraph electrodes, and initial recording from a brain slice culture was carried out using
sheathed PolyGraph microneedles in an electrophysiological setup. This work is ongoing, and

forms the basis of the future work arising from this chapter.

With the global market for bioelectronics forecasted to reach $16-28 billion by 2030%,
positioning PolyGraph in this rapidly rising tide of progress is crucial. To do so, it is worth
examining where neural interfacing devices have come from, and where scientists and the public
see them heading in the future™"*”*%7 From their humble beginnings as low-resolution, non-
invasive devices such as EEG, the draw of higher channel count and spatiotemporal resolution,

and therefore increased informational quality and therapeutic potential, has driven these devices
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to become smaller and more invasive’>****. This has, of course, brought its share of trade-offs,
with increased invasiveness leading to higher stakes for electrode biocompatibility. To this end,
research into electrically conductive materials that are not only flexible, but soft, has shown great
promise in recent years™*”* ¥ If mechanically stiff and hard materials can be excised from a
neural interfacing device entirely, the potential for scarring surrounding any part of the device is

considerably lower, yielding more robust, scalable, and long-lived devices”! 047445,

In this landscape, PolyGraph positions itself as a key step along the path to development of
electrically, biologically, and mechanically performant nanomaterial composites, allowing
advantage to be taken of the properties of both the chosen matrix and the nanomaterial filler. A
survey of researchers from academia and industry at the Cambridge Bioelectronics Symposium
found that the most important material properties currently lacking in bioelectronics materials
are biocompatibility/degradability, flexibility, and stability*' - PolyGraph makes strides to

address each of these concerns, among others.

Firstly, the robust biocompatibility of both the graphene filler and the chosen matrix with
multiple neuronal types and physiologically relevant glial cells, along with the increased macro-
and micro-flexibility of the overall device, bode well for the long-term biocompatibility of this
material in vivo. Its amenability to readily accessible and comparatively economical polymer
processing techniques such as drop casting and 3D printing signifies its potential for devices
ranging from flexible microelectrodes to soft deep brain stimulation electrodes - this robust
processability differentiates it from current devices, which often require expensive lithographic

processes.

The next key factor is stability - while many materials such as MXenes and polypyrrole are prone
to oxidative degradation under physiological conditions, physicochemically inert graphene
nanosheets are effectively as stable as the matrix they are combined with. This in turn highlights
the importance of the tunability of nanomaterial composites, and the utility of adapting the
composite composition based on the required mechanical, electrical and biological properties -
this differentiates composite materials from single-phase materials such as metals and conductive
polymers, which often require complex treatments and synthesis protocols to effectively tune

their properties.

In summary, PolyGraph exhibits a combination of stability, biocompatibility and processability
that would be very challenging to achieve with single-phase materials, positioning it as a key

candidate for next-generation neural interfaces. The combination of these material properties
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with the low-cost, adaptable microelectrode fabrication process employed in this chapter yields a
prototype brain-computer interface electrode with both local softness due to the composite
material, and device-wide flexibility and conformability due to the flexible backing layer, which
shows initial promise for interfacing effectively with neurons as a bidirectional neural interfacing

device.

While PolyGraph offers clearly differentiated benefits, there are also limitations worth
highlighting, requiring further research. Firstly, the stimulation and recording capabilities of the
PolyGraph electrodes have yet to be rigorously demonstrated, due to experimental complexities
and delays. This will be addressed in future work, by assessing the capacity of the flat electrodes
depicted in Figure 3.12 A to enhance neuronal growth in scaffolds, and by using PolyGraph
microneedles to both stimulate and record from a murine brain slice ex vivo model, using the
setup depicted in Figure 3.12 F. Next, PolyGraph’s electrochemical properties, while firmly in

473,483,691,692,699-702

the range required for neural interfacing devices , could be enhanced by further

surface treatment optimization, as well as by drawing on insights from existing electrode materials
such as platinum, iridium oxide, PEDOT:PSS and MXenes**?%1¥29% 4 enhance key
electrochemical parameters such as the impedance, charge injection capacity and cut-off

frequency. This would enable smaller, lower noise, and higher resolution electrodes.

Regarding the mechanical properties of PolyGraph, they are appropriate for microelectrode
arrays, which require sufficient stiffness to enable penetration of the target tissue’ - however,
the stiffness of the PCL matrix does not lend itself well to applications requiring ultra-high
flexibility and tissue integration. For the same reason, PCL is not an optimal substrate for
neuronal growth or stimulation, limiting the potential of this material for use as a stimulation
substrate. Both of these issues could be addressed by investigating graphene incorporation in a
wider range of matrices, using stiffer materials for tissue penetration, ultra-compliant materials

#6-9% or even stimuli-responsive polymers

such as hydrogels for minimally invasive implantation
to switch between stiff and soft following implantation®*°*°. There are also potential approaches
to further enhance the biocompatibility and decrease the foreign body response to PolyGraph -
for example, protein coating or biohybridisation with iPSC-derived neurons could be

d®! " Finally, as is the case for all novel biomaterials and implantable devices,

considere
extensive in vivo testing will be required to establish the behaviour of PolyGraph and its derivative
devices under physiological conditions over clinically relevant timeframes, with specific reference

to its scarring potential, resolution, and stability of electrical performance.
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In conclusion, this study introduces PolyGraph, a multi-phase material combining
electroconductive, bio-optimised graphene with a biocompatible polymer. PolyGraph was
fabricated into a conductive, non-inflammatory, and flexible microneedle neural interface
prototype with potential for both stimulation and recording - key outcomes for successful BCls.
This research has significant relevance to the BCI space - new, softer materials with versatile
processing capabilities are in high demand for advanced devices?*****%* Beyond BCls, the
unique properties of PolyGraph composites extend their potential to act as highly conductive,
biocompatible materials across a diverse range of applications, such as tissue engineering,

implantable electronics, and wearable devices.

Boron Nanoplatelets as an Osteogenic, Anti-Microbial and Mechanically
Reinforcing Additive for Biomaterial Scaffolds for Bone Repair

For years, graphene has held a pronounced “firstmover” advantage in the field of 2D materials.
[ts dominance in the early years of the field was a matter of both necessity, as research into other
materials was yet in its infancy, and convenience, as graphene is comparatively easy to produce,
and has extraordinary properties - researchers did not find themselves bored by the prospects
laid out before them. That being said, graphene cannot do everything, and with advancements
in other 2D materials emerging constantly, neglecting to investigate the biomedical applications

of at least one such competitor (or compatriot) in this thesis would mean failing to capture the

breadth of the field.

To this end, the final objective of this thesis was to produce biocompatible polymer-stabilised
boron nanosheets, and demonstrate their potential for applications in bone tissue engineering
scaffolds as a multifunctional additive. This was successfully achieved by synthesizing boron
nanosheets from a non-layered precursor using liquid phase exfoliation (LPE), followed by their
physical and biological characterisation. Following this, 3D scaffolds consisting of boron mixed
with collagen (BColl) were fabricated by lyophilisation to produce tailored scaffolds with
architecture suitable for bone repair, and their osteogenic potential was assessed with
physiologically relevant bone cells. Finally, showcasing of the diverse applications of 2D boron,
we demonstrated the anti-microbial, angiogenic, neurogenic and anti-inflammatory effects of 2D
boron. In general, this study serves as a reminder of the potential of 2D materials outside of

those most commonly used, such as graphene and the transition metal dichalcogenides® .

Tissue engineering in general, and bone tissue engineering specifically, are fields replete with

countless additives, techniques, and treatments. In pursuit of the next big treatment, many
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materials have been tested - some of which only offer marginal benefits to one singular aspect
of tissue regeneration, and which do not possess much promise in the clinic. This study aimed
to counter this trend not only by excelling in each functional outcome to a greater extent than
the extant bone tissue engineering additives - the likes of hydroxyapatite and bone morphogenic

05,126,712 . . .
45126127 _ but by improving functional outcomes across a

protein-2 (BMP-2) are stiff competition
wide range of targets, acting as a multipotent additive for bone regeneration. Evidence for this is
found in the fact that boron addition provides benefits for osteogenesis and appears to accelerate
bone remodelling, while also fostering a more supportive scaffold environment for blood vessel
and nerve infiltration. This addresses all three tissues involved in bone regeneration*'*"""%%,
while demonstrating a reduction in inflammatory paracrine signalling and a shift towards a pro-

reparative environment.

Importantly, the high surface area:volume ratio unique to 2D materials means that these effects
can be achieved with a smaller amount of additive, simplifying synthesis protocols and reducing
the challenge of graceful scaffold degradation. This high surface area:volume ratio could be
exploited further, to enable highly efficient drug delivery or gene therapy in bone scaffolds™**’.
Carrying on, boron further differentiates itself from existing additives by exhibiting the capacity

to reduce microbial proliferation, addressing a key concern for traumatic orthopaedic injuries’”.

Finally, the mechanical properties of bone scaffolds are critical, as bone cells are highly

M rendering the increase in modulus for boron-containing collagen highly

mechanosensitive
significant for regenerative outcomes. Interestingly, the latter two effects arise as a result of the
2D nature of boron nanosheets, rather than being intrinsic properties of boron itself. This draws
attention once more to the many benefits of using 2D nanomaterials to achieve properties that
would be inaccessible in the bulk.

Future work should bolster the evidence for the functional effects of boron that we have
demonstrated, and provide insight into the mechanisms underlying them. For example, robust
assessment of the mechanisms underlying angiogenesis and neurogenesis, and of the magnitude
of any induced effect, is necessary to establish how boron compares with the literature as regards
its functional behaviour. There are also still open questions surrounding the anti-microbial effect
of the boron nanosheets - namely, how it may be enhanced by modifications to the morphologies
of the nanosheets, and how it differs depending on the strain of bacteria being addressed’” """

™ Finally, further in vitro and in vivo studies should be carried out to examine the potential of

these scaffolds in a highly clinically relevant model, such as a critically sized bone defect*”.
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In conclusion, this study employs cutting-edge nanoscience and novel exfoliation techniques to
demonstrate that biocompatible boron nanosheets can be used as a versatile and powerful
additive for enhancing the regenerative properties of biomaterial scaffolds for bone repair, thanks
to their unique combination of intrinsic and 2D material-specific properties. BColl offers
multifunctional benefits for key bone regeneration targets such as mineralisation, angiogenesis,
and innervation, along with improved mechanical and antimicrobial properties, and represents
a promising addition to the arsenal of treatments at the disposal of bone tissue engineers for

tackling bone repair in orthopaedic, reconstructive, and tissue engineering applications.
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Conclusion

If this thesis demonstrates anything, it should be the concept of balance. Straddling nanomaterial
physics and regenerative/augmentative medicine, this work has been shaped by the freedoms
and constraints of these fields. Throughout each study, we have balanced biocompatibility with
electrical performance, nanomaterial loading with composite properties, device design with
processability, and more. The materials developed - NeuroGraph, PolyGraph and BColl - have
been tuned for their respective applications: electrical stimulation for neural tissue regeneration,
neural interfacing electrodes, and multipotent bone repair scaffolds, each demonstrating the
capacity of nanomaterial composites to harness the unique properties of both constituent phases.
Graphene was first applied to the challenge of neuronal medical device fabrication, with a focus
on enhancing neural growth via electrical stimulation. Electrical stimulation on graphene
substrates led to a significant enhancement in neurite outgrowth and cellular morphology,
yielding a versatile platform material for electroconductive tissue regeneration. Building on this,
our graphene formulation was then further refined for high biocompatibility and conductivity,
leading to the development of flexible, biocompatible microelectrode neural interfaces, with
enhanced electrical performance. These devices hold significant potential for application to both
electrical stimulation therapies and bidirectional neural interfacing. Finally, demonstrating the
breadth of possibilities in the field, boron nanosheets were shown to be an effective
multifunctional additive for enhancing bone repair by tapping into the innate bioactivity of
boron, the distinctive properties of 2D nanomaterials, and the well-established properties of

collagen scaffolds.

While we have merely scratched the surface of the vast potential that 2D nanomaterials hold for
biomedical applications, the applications investigated here represent a microcosm of the broader
challenges and opportunities in the field. The versatility of materials like graphene, boron, and
their composites presents a compelling vision for future devices and treatments, smoothing the
trade-off between physicochemical and biological properties. Ultimately, refining the scalability
and robustness of these composites, while tuning their properties for a wide range of
applications, will bring them ever closer to clinical translation. As our appreciation for material
behaviour at the nanoscale and the complex interplay between biology, nanomaterials and
matrices deepens, these materials could reshape how we view regeneration and augmentation -

unlocking a dimension that we could not previously perceive.
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Turn

It's the immediate calm after a headwind that gets me
You turn, and suddenly you're free
Each step comes with such ease

You feel foolish for ever struggling

The only reminder, your memory's dregs
Is the dull ache fading in your legs
Your slowing heart rate

And a sense that you are tougher than before

You pass others as they grind along
At best you remember and cheer them on
At worst you forget

And judge them for their pace

Do not forget.
The unseen force, sand-blasted shins
The watering eyes, the fights within

The push for some vague, internal win

Do not forget.
That running back the way you came
You do not come back quite the same

That peace feels so different after pain

Don't forget your legs and lungs they burned
Don't forget each step, each inch you earned
Before the wind, your path, your luck

All turned
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Appendices

Appendix 1 - Additional Figures for Chapter 2
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Fig. Al.1 - Characterization of bulk physical properties of collagen/pristine graphene (NeuroGraph)
composite films: A-C) Assessment of the maximum elastic modulus in the linear elastic region of the stress-strain
curve (A), ultimate tensile strength (B), and maximum strain (C) of the hydrated films, as a function of pG loading
and obtained by stressstrain measurements. D) Thermogravimetric analysis of NeuroGraph films under an O;
atmosphere, with inset chart showing the temperature at which half of the sample is degraded. E) AFM images derived
from z-axis scans for collagen only, 10%, 30%, and 60% NeuroGraph samples. F) Contact angle goniometric images
for collagen only, 10%, 30%, and 60% NeuroGraph samples. G) Assessment of surface topographic features of
NeuroGraph films, namely minimum line roughness, through AFM. * Denotes statistical significance: *p < 0.05,
**»<0.01, ***p<0.001, ****p <0.0001.
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Processes. In Hamlin M (Ed.), ISBN: 978-953-51-1031-6, InTech, DOI: 10.5772/54234.
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Fig. Al1.3 - Percolation curve of collagen-graphene composites: Percolation
curve for collagen-graphene composites, indicating percolation onset at 23.8 vol%, with
a maximum conductivity achieved at 60 vol%, before composite mechanical properties
began to degrade. 0 = Conductivity, ¢ = Volume fraction of filler, 0o = Conductivity
of filler, t = Percolation exponent, ¢b. = Percolation threshold.
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Fig. Al.4 - Further characterization of neuro-compatibility of collagen/pristine graphene

films: A) NSC-34 neurons grown for 3 days on collagen and composites films immunostained with S-tubulin 111
exhibited typical neuronal morphologies with no differences between the groups. B) Assessment of metabolic activity
and C) DNA content of neurons grown on the films at 1 and 3 days after seeding showed similar values for both
parameters across all groups. Scalebar = 100 ym. *p< 0.05.
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Fig. A1.6 - Further electrical stimulation data: A) Image of the lonOptix electrical stimulation rig used for
stimulation in this study, with electrodes in plates shown. B-E) Representative images of mouse primary cortical
neurons on collagen without stimulation (B), NeuroGraph without stimulation (C), collagen after stimulation (D),
and NeuroGraph after stimulation (E). All cells stained with [-Illtubulin and DAPI and taken at 10x
magnification. Scalebars 100 um.
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Fig. Al.7 - Further electrical stimulation data: A) Representative images of mouse primary cortical neurons on
NeuroGraph 60% after stimulation, collagen after stimulation, NeuroGraph without stimulation, and collagen
without stimulation. All cells stained with S-Ill-tubulin and DAPI and taken at 20% magnification. B-C) Number
of neurites per cell for unstimulated (B) and stimulated (C) mouse primary cortical neurons on collagen and
NeuroGraph60%. * Denotes statistical significance: ***p<0.001. Scalebars 100 pum.
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Fig. A1.8 - Higher magnification electrical stimulation images: A) Representative images of mouse primary
cortical neurons on NeuroGraph60% and collagen after stimulation. All cells stained with B-Ill-tubulin and DAPI
and taken at 20% magnification and zoomed in to focus on individual neurons.
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Fig. A1.9 - Printability of NeuroGraph: Spreading ratio data for 12 mg/mL collagen and
NeuroGraph60% slurries extrusion printed at 4°C. * Denotes statistical significance: ***p<0.001.
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%Elastic Modulus by percent strain
clear all

close all

cle

%Written by Jessica Perez, Pedro Jose Gouveia, Javier Gutierrez Gonzalez,
%Gabriel Costa and Jack Maughan

% Input:

% Excel files: files containing stress and strain of the sample that underwent uniaxial tensile testing. This code can do
% multiple files in one run.

% Note: The resulting file will contain the results of all the files that are inputted. You can input them in forms of

% conditions but it is not necessary as the excel file exported has the data labelled by the sample name

%Output:

% (1) Figure that contains a subplot of 3 graphs

%  (I) Stress vs Strain curve of data with the line of the elastic

% modulus in red

%  (II) Slope vs Strain

%  (IIT) Rsquare vs Strain

% (2) Excel sheet named 'ElasticModulusResults.xIsx'. It contains the following data for all the samples analyzed in one run.
%  (I) 'R2": Rsquared of elastic modulus line

%  (II) 'Elastic Modulus': slope of best fit line i.e. the elastic modulus
%  (III) 'Tensile Strength': max stress i.e. tensile strength

%  (IV) 'Strain": the strain at max stress

%% Elastic Modulus MATLAB code

%This is to prompt how many times you will run the code i.e. how many files you want to analyse.
prompt="How many samples will be analysed? (Input number in Command Window): '
s=input(prompt);

fori=1:s

%Extracting data from excel file

prompt= 'Select the file of the sample/condition '
[filename, pathname] = uigetfile(™.*, 'Select file');
data=xlIsread(filename);

index=size(data, 1);

%Two options here. Read carefully and comment the one you don't need and uncomment the one that you do need
%(1) There is data in the first column of wall thickness

strain=data(9:index,3); %for sheets where data starts on 7th row 4th column

stress=data(9:index,4); %for sheets where data starts on 7th row 3rd column

9%(2) There is no data in the first column of wall thickness making it 3 columns instead of 4 in the data array
%strain=data(7:index,4); %for sheets where data starts on 7th row 4th column

%stress=data(7:index,3); %for sheets where data starts on 7th row 3rd column

SMmax = max(stress); %max stress or tensile strength

SSmax = strain(find(stress == SMmax,1)); % strain for tensile strength

% Define length of the slope which you want to calculate Elastic Modulus for:
% window size with fraction of datapoints
winsz = 10; % in percentage
sampint = 2; % position a sliding window every sample interval
szdata = length(strain); % get full size of datapoints
% get initial and final positions of each sliding window
%Used to find the maximum elastic modulus in the linear region of the curve
%posl = 0:sampint:(floor(max(strain)-winsz)); % initial pos every 2% % -winsz makes sure the vector stops at max(strain) -
winsz%, so that a winsz window fits
%posF = posl + winsz; % final pos for 5% windows
%Used to find the elastic modulus in the first 10% of the stress-strain curve
posl = 0;
posF = 10;
GetData = [J;
%% Select input data:
tic

235




for nwin = 1:length(posl)
initpoint = min(find(strain >= posl(nwin)));
endpoint = min(find(strain >= posF(nwin)));
datax = strain(initpoint:endpoint);
datay = stress(initpoint:endpoint);
[p SI = polyfit(datax,datay,1); % p returns 2 coefficients fittingr=a_1 *x +a_2
Rsq = 1 - (S.normr/norm(datay - mean(datay))*2; % check that polyfit returns R2 by doing this
GetData.b(nwin) = p(2); %p is from polyfit and in this calculates the y intercept of the line that will be tangent line that
will be seen in the graph
GetData.m(nwin) = p(1); %p is from polyfit and in this calculates slope
GetData.Rsq(nwin) = Rsq; %Rsq from equating using S info from polyfit
GetData.centre(nwin) = mean(strain([(initpoint endpoint]));
GetData.initpoint(nwin)=initpoint;
GetData.endpoint(nwin)=endpoint;
end
timefun = toc;
maxm = max(GetData.m);
cmmax = min(find(GetData.m == maxm)); % first max m centre
%These commands gets all the data that is relevant for the maximum slope
GetData.mmax = GetData.m(cmmax);
GetData.Rmmax = GetData.Rsq(cmmax);
GetData.bmmax = GetData.b(cmmax);
GetData.initpointmmax=GetData.initpoint(cmmax);
GetData.endpointmmax=GetData.endpoint(cmmax);
9%makes matrix of the data relevant to the max m to be used to export the data into an excel sheet
m1=GetData.mmax;
b1=GetData.bmmax;
ip=GetData.initpointmmax;
ep=GetData.endpointmmax;
EMgraph_x=transpose(linspace(strain(ip),strain(ep), 1000));
EMgraph_y=(m1.*EMgraph_x)+b1; %this calculates the numbers for your y-axis i.e. strain from the equation y=mx+b
figure;
subplot(3,1,1)
plot(strain, stress, 'b', 'LineWidth', 1.5);hold on;
plot(EMgraph_x,EMgraph_y,'r','LineWidth',1.5);hold on;
plot(SSmax,SMmax,'ro');hold on;
title('Stress (y) vs Strain (x)')
subplot(3,1,2)
plot(GetData.centre, GetData.m, 't', 'LineWidth', 1.5)
title('Slope')
subplot(3,1,3)
plot(GetData.centre, GetData.Rsq, 'k, 'LineWidth', 1.5)
title(Rsquared for Linear Fit')
newfilename = erase(filename," xIsx"); %deletes extension xlsx, if the excel sheet is different extesion, change this
saveas (gcf,newfilename,'jpeg'); Y%saves the figure as a jpeg with the filename
R2(i)=GetData.Rmmax;
m(i)=GetData.mmax;
b(i)=GetData.bmmax;
str(i)=string(newfilename); %this makes a matrix with the filename so that it can show which sample corresponds to the data
SS(i)=SSmax;
SM(i)=SMmax;
end
R2=transpose(R2);
m=transpose(m);
str=transpose(str);
SM=transpose(SM);
SS=transpose(SS);
output=[str R2Z m SM SS]J; %all output data that comes from the code
h={'Sample','R2', 'Elastic modulus', 'Ultimate Tensile Strength', 'Maximum Strain (%)'};
q=lh;num2cell(output)];
filename="ElasticModulusResults.xlsx'; %name of file that will be exported
xlswrite(filename, q);

Fig. A1.10 - MATLAB code for calculating the Young’s modulus for a stress-strain curve
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Appendix 2 - Additional Figures for Chapter 3
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Fig. A2.1 - Nitrogen TGA of graphene candidates: Thermogravimetric analysis carried out under nitrogen on
graphene samples (A), with individual traces shown in B for GelGr, TrypGr, PVPGr and SDCGr.
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Fig. A2.2 - AEM analysis for PVPGr nanosheets: Histograms of A) Nanosheet width B) Nanosheet area C)
Nanosheet thickness and D) Layer number.
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Fig. A2.3 - Further physical characterisation of PVPGr and PolyGraph: A) Derivative of TGA spectrum
for PVPGr/PCL 10v0l%, showing peaks in decomposition corresponding to PCL (~500 °C) and PVPGr (~750 °C)
respectively. B) Raman statistics for PVPGr, with the lack of correlation between the Ip/Ic ratio and the fullaidth-
halfmaximum (FWHM) of the G peak indicating a defectfree basal plane.
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Fig. A2.4 — Mechanical testing of PolyGraph: A) Strain at break and B) maximum force measurements for
PCL and PolyGraph10%, showing a decrease in ductility due to addition of graphene.
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Fig. A2.5 - Percolation curves: Percolation curves (A-B) and fitting parameters (C) for GelGr (A) and PVPGr
without washing (B), showing significant improvements in electrical properties for PolyGraph compared to
Collagen/GelGr, and a significant improvement of the electrical performance following washing of excess polymer

stabiliser from the graphene material.
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Fig. A2.6 - Mouse primary cortical neurons grown on PolyGraph substrates: Mouse primary neurons
grown on the surface of PolyGraph composites for 14 days imaged using confocal microscopy following staining with
B-tubulin Il for neuronal morphology and DAPI for nuclei. Robust proliferation across the surface indicated
biocompatibility with sensitive, physiologically relevant cells.

PolyGraph10%

B-111 tubulin
DAPI

PolyGraph20%

Fig. A2.7 - iPSC neurons on PolyGraph: iPSC neurons grown on PolyGraph for 14 days, imaged by confocal
microscopy following staining with B-111 tubulin for the neuronal cell body and DAPI for the cell nucleus. Scalebars
are 100 um.

240



( : / Bottom cap
\f_:;‘ — Electrolyte (PBS)

Separator ———__

@« Electrode

Electrolyte (PBS) — @<« Electrode

Wave spring \\y \

Spacer

P —— Top cap

B 0.010 V°"’f§ 5W \llndow C Voltage Window
—_ — i =02 ! .7V

E 0.005 E

7] 7]

é 0.000 ém :

: |

£ -0.005 2 :

S 300 ; .

-0.010 - /\_‘/\/’
-08 -06 04 -02 00 02 04 06 08 -10 08 -06 -04 02 0.0 02 04 06 08 10
Voltage (V) Voltage (V)

Fig. A2.8 - Electrical characterisation of PVPGr and PolyGraph composites: A) Schematic of two-electrode
coin cell setup used for electrochemical characterisation. B) Current at Is from chronoamperometry, showing the
potential window of untreated PolyGraph at +0.5 V. C) Current at Is from chronoamperometry, showing the
potential window of the AuPd + NaOH treated PolyGraph at ~+0.7 V.
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Fig. A2.9 — Charge storage capacity for composites treated by spray coating: A) Impact of graphene spray
coating and AuPd coating on charge storage capacity of PolyGraph composites. B) Volumetric capacitance of
PolyGraph composites following surface treatments.
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Fig. A2.10 - Voltage transients curves: A threeelectrode setup (A) was used to capture wvoltage transients
following square wave excitation at a series of pulse widths ranging from 200 us to 1 s (B) to calculate the charge

injection capacity. Electrochemical potential window (~+0.7 V) shown in blue.
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Fig. A2.11 - 3D printing of PolyGraph: A) Drycast microneedle array. B) Microneedle array in mold, with
pillar backing. C) White-light interferometry profile of microneedle. D) Cylindrical construct for tissue engineering
applications 3D printed from PolyGraph10% using a solvent printing method. E) Optical images of 3D printing

process for backing pillars, allowing needle isolation. F) Determination of optimal printing speed for reduced spreading
ratio when 3D solvent printing PolyGraph.
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Fig. A2.12 - Ex vivo application of microneedle array: A-C) Further images of flexible microneedle array on
ex vivo samples of embalmed rat spinal cord (A & C), and mouse back tissue (B).

Fig. A2.13 - Electrical stimulation setup: A) Electrical stimulation bioreactor, with 3D printed holders for disc
electrodes. B) Combiner circuit, used to increase duty cycle of stimulation with IonOptix C-Pace rig. C) Setup

connected within incubator.
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Appendix 3 - Additional Figures for Chapter 4

IPA-Exfoliated

%o

od EP s

Fig. A3.1 - Exfoliation of boron in various solvents: A-C) Exfoliation of amorphous boron using a sonic tip
in isopropyl alcohol (A), ethanol (B) and NMP (C), leading to nanoparticulate morphology. D) Cryogenically assisted
exfoliation of amorphous boron in NMP, leading to a mix of 0D, 1D and 2D morphologies.
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Fig. A3.2 - Further AFM characterisation of boron nanoplatelets: A) Nanosheet width B) Nanosheet aspect

ratio (width:thickness) C) Nanosheet aspect ratio (length:width) D) Nanosheet area.
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Fig. A3.3 - UV-Visible light spectroscopy (UV-Vis) of a boron nanosheet dispersion: Extinction (€),
scattering (o) and absorption (@) spectra typical of a semiconducting nanomaterial.
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Fig. A3.4 - Biocompatibility of boron stabilisation: A-B) It was necessary to determine if the
nanosheets required any stabilisation to remain dispersed and sufficiently hydrophilic in physiological
conditions, as is the case with many nanomaterials of non-biological origin. To investigate this, mouse
motor neuron cells (NSC-34 cell line) were grown in the presence of boron, with and without stabilisation
by PVP. This experiment demonstrated that PVP increased the biocompatibility of the boron nanosheets
significantly, as seen by a significant increase in metabolic activity (A) and DNA content (B) for the
PV Pstabilised material. Significances: *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001.
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Fig. A3.5 - Histological staining of MC37T3s on BColl scaffolds: A) H&E histological staining
of collagen-boron scaffolds with MC3T3s. B) Alizarin Red histological staining of collagen-boron
scaffolds with MC3T3s. Scalebars for A & B are 2 mm. C) SEM of MC3T3s in collagen-boron

scaffolds. Scalebars are 100 ym.
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Fig. A3.6 - EDX of celldaden BColl scatfolds: A-B) EDX analysis of collagen (A) and BColl (B)
scaffolds, showing that the deposits on boron-containing scaffolds consist of calcium phosphate, the main
component of bone mineral, corroborating enhanced bone mineralisation in the presence of boron.
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Fig. A3.7 - Histological analysis of rat mesenchymal stem cells on BColl scaffolds: To assess
the extent and distribution of calcium deposition on the scaffolds, histological staining was carried out
with HEE and Alizarin Red. Alizarin Red staining indicated robust mineralisation of both collagen and
BColl samples, throughout the sample. Scalebars 2 mm. SEM imaging was also carried out, to determine
if there were any changes to the pore structure of the scaffolds following boron loading. Scalebars 100
um.
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Fig. A3.8 - Further mechanical analysis of BColl films: A) Tensile modulus of BColl films in
first 0.5% of strain, the regime most often experienced by cells, showing significant reinforcement in
most BColl groups. B) Toughness measurements for BColl films, showing a trend towards increased

toughness for all samples. Significances: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. A3.9 — Assessment of angiogenic effect of boron: Analysis of VEGF release by human

ELISA in rat MSCs after 3D scaffold culture for 28 days, showing trend towards increased VEGF
release with boron addition.
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Fig. A3.10 - Assessment of neurogenic effect of boron: A) Max neurite length and B) average
neurite length of DRGs grown on surface of BColl scaffolds for 14 days.
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