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Graphene unique physicochemical properties made it prominent among
other allotropic forms of carbon, in many areas of research and technological
applications. Interestingly, in recent years, many studies exploited the use
of graphene family nanomaterials (GNMs) for biomedical applications such
as drug delivery, diagnostics, bioimaging, and tissue engineering research.
GNMs are successfully used for the design of scaffolds for controlled induc-
tion of cell differentiation and tissue regeneration. Critically, it is important
to identify the more appropriate nano/bio material interface sustaining cells
differentiation and tissue regeneration enhancement. Specifically, this review
is focussed on graphene-based scaffolds that endow physiochemical and
biological properties suitable for a specific tissue, the nervous system, that
links tightly morphological and electrical properties. Different strategies are
reviewed to exploit GNMs for neuronal engineering and regeneration, mate-
rial toxicity, and biocompatibility. Specifically, the potentiality for neuronal
stem cells differentiation and subsequent neuronal network growth as well
as the impact of electrical stimulation through GNM on cells is presented.
The use of field effect transistor (FET) based on graphene for neuronal
regeneration is described. This review concludes the important aspects to

be controlled to make graphene a promising candidate for further advanced
application in neuronal tissue engineering and biomedical use.

fullerene, carbon nanotubes (CNTs) and
diamond (Figure 1),%! in many research
fields and technological applications.[*
GR was at first isolated from graphite, a
3D laminar material composed of many
stacked GR foils, by repeated mechanical
exfoliation”! Single-layer GR, bi-layer GR,
multilayer GR, GR oxide (GO), reduced GR
oxide (rGO) and chemically modified GR
are the principal members of the graphene
family nanomaterials (GFNs).®l Each
member of this family possesses its prop-
erties, in terms of the number of layers,
lateral dimension, defect density, oxygen
content and overall chemical composi-
tion.’! Single layer defect free GR produc-
tion is quite challenging, due to its highly
reactive surface and to the difficulty to
suspend in water. For this reason, GO and
rGO are the most preferred materials used
for biological applications.”!

The properties of GFNs make them
gaining more and more interest in different
fields of science and technology, including
physics, chemistry, material science, envi-
ronmental sciences, biology, medicine, and
bioengineering.’% This aspect is further

1. Introduction

Graphene (GR) is a 2D material discovered in 2004, and consti-
tuted by coplanar sp? hybridized carbon atoms.! GR extraordi-
nary physicochemical properties, quickly let it rise to a prominent
position among the others allotropic forms of carbon, such as

confirmed by the exponentially increasing of published papers
every year, with more than 30 000 publications in the last decade
(Figure 2a). Moreover, due to their biocompatibility associated with
mechanical flexibility, transparency and thermo-electrical con-
ductivity, a large number of studies exploited the use of pristine
and functionalized GR and GO for biomedical applications such
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(d) Reduced graphene oxide (rGO)

as drug delivery, diagnostics, bioimaging and stem cell research
(Figure 3)."] For example, at the central nervous system level,
GFNs were functionalized as cell labelling and real-time live-cell
monitoring;®?) and for the delivery of drug molecules to the
brain effectively transposing the Blood Brain Barrier (BBB)2122

The properties of GFNs are of particular interest for bio-
medical applications in neurology, for neuronal implants
or biodevices, with potential applications that range from
neuro-oncology to neuroregeneration®>#l and also where
conductive materials may promote electrical and chemical
communication within the nervous system.. interfacing
GR with neuronal cells was also proposed to be extremely
advantageous for exploring their electrical behavior or facili-
tating neuronal regeneration.©2324 Furthermore, they pos-
sess the potential to overcome the limitations of metal and
silicon-based implantable devices, characterized by high stiff-
ness, high inflammatory potential and poor long-term sta-
bility and in living physiological environment of the nervous
system.[25:20]

In this review, we focus on the different strategies
exploiting GFNs for neuronal engineering and regeneration
scaffolds and platforms. Specifically, in the framework of neu-
ronal tissues, we overviewed material toxicity and biocompat-
ibility, together with the potentiality of GFNs to promote stem
cells differentiation, neuronal network growth, and neuronal
tissue stimulation taking advantage of their high electrical
conductivity.
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(e) Graphene oxide (GO)

Figure 1. Classification of carbon allotropes based on dimensionality. Reproduced with permission.l¥l Copyright 2016, Elsevier.

2. Challenges in Neuronal Tissue Engineering

The brain is characterized by a complex 3D network organiza-
tion allowing communication with all other sites of the human
body. The ability to understand the mechanisms regulating
a 3D neuronal network model is challenging. How the brain
elaborates its signals, how it propagates them along nerves and
how this translates into actions are mainly unresolved ques-
tions. Such comprehension could help, in the future, to develop
artificial brain models for pathological or traumatic neuronal
diseases studies.?*32 Neuronal tissue engineering is a multi-
disciplinary research field that combines neuroscience and bio-
engineering to develop biomimetic tissue constructs for CNS/
PNS regeneration, as well as for diagnostic and therapeutic
research.3373¢ In this framework, biomaterials are crucial com-
ponents in all tissue engineering fields as they can induce spe-
cific cellular functions, direct cell differentiation, and modulate
cell-cell interactions.l?*I

Neurons, the brain basic cellular unit are composed of a a
cell body, dendrites, and axons. Dendrites carry and compute
the signals received from the surrounding neuronal network
while the axon generates the outgoing signals, i.e., the action
potentials. Assembles of axons of motor or sensory neurons
are called nerves, which serve as nervous system communica-
tion paths.l”’] Upon nerve injury, signal transmission between
different areas of the central nervous system (CNS) or to/from
the peripheral nervous system (PNS) is compromised, limiting

© 2021 Wiley-VCH GmbH
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Figure 2. a) Progress of number of documents year by year on graphene family nanomaterials for neuronal tissue engineering. b) Representative SEM
images of 3D GOx scaffolds obtained by ISISA; Scaffolds after thermal treatment are shown. Scale bare represents i) 1 mm , ii) 200 um, and iii) 50 um.
Reproduced with permission.[*¥l Copyright 2014, The Royal Chemical Society.
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Figure 3. Diverse biomedical applications graphene. Reproduced under the terms of the Creative Commons Attribution 4.0 International License.["
Copyright 2019, The Authors, published by Springer Nature.
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the functionality of these complex organs. . More than 50 000
people each year suffer from traumatic CNS or PNS injuries
resulting in behavioral inabilities compromising the patient
quality of life.?82] Unfortunately, to restore or regenerate dam-
aged axons is a daunting task, due to the extreme complexity
of the neuronal structure and the limited self-repair ability in
the adult nervous system. The ability to enhance repair and
regenerate neurons is thus a significant challenge in modern
neuroscience and neuroengineering. Nowadays, this challenge
is being addressed through the lens of material sciences, as the
regeneration is highly dependent on the extracellular environ-
ment and neuronal interactions,

However, different tissues in the body possess different
mechanical and physiological properties, a single material
might not mimic the physical and biological properties of all the
native tissues. Therefore, an ad-hoc selection (or design) of the
appropriate material (or of its components) has to be engineer
in order to properly fit the requirements of every specific tissue.
In this framework, the extraordinary mechanical and electronic
properties of GFNs™ have induced researchers to investigate
their use in tissue engineering and regenerative medicine.*4
In particular, GR ability to be combined with a variety of other
bioactive structures opens to novel and original approaches to
design materials for neuroengineering applications. Although
GR-based materials have been widely utilized to fabricate
films!*%] or 3D scaffolds!**® able to sustain neuronal develop-
ment and nerve fibers regrowth, there are ongoing studies in
order to extend the versatility and functionality of GR and its
chemical derivatives for neuronal regenerative medicine. The
positive role of GR and its derivatives has also been confirmed
in electrical stimulation of neuronal cells for the growth, differ-
entiation, and the development of neuronal lineage cells. Addi-
tionally, the tunable surface and machining properties of GFNs
and their nanocomposites are suitable to fabricate neuronal
tissue-like structures able to induce neuronal cells arrange-
ment in a controlled way, suggesting their use for neuronal
tissue engineering applications. These promising results are
discussed in detail in the following sections.

2.1. Graphene Nanomaterials in Neuronal Tissue Engineering

While neurons are the main functional units of the nervous
systems, they cannot regenerate and are prone to permanent
damage due to injury and disease.[*’] Recently, neuronal tissue
engineering showed great potential to help neuronal cells
recover using platforms as 3D-scaffolds able to sustain or stimu-
late nerve regeneration. In particular, the possibility to engineer
biocompatible and flexible materials incorporating therapeutic
molecules paved the way for the development of platforms sup-
porting cellular attachment and migration.*>% In this process,
a key role is also played by nanotechnology. Apart to improve
or tune surface and bulk nanomaterial properties for neuroen-
gineering applications, nanotechnology demonstrates its ability
to offer alternative solutions in the development of scaffolds
promoting neuronal regeneration.P>2l Allowing neurons to
reconstruct synaptic networks in appropriate space coordinates,
and in the presence of homeostatic abilities expressed by neu-
roglia in 3D, may provide crucial insights into the integration
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of signals in health and disease.l®! This approach promoted
the emergence of a new generation of culture models aimed at
mimicking tissue complexity in vitro, in particular 3D neuronal
arborization. Ideal properties of a scaffold are biocompatibility,
controlled biodegradability with non-toxic degradation prod-
ucts, poor inflammatory responses, 3D features with appro-
priate mechanical properties to mimic the extracellular matrix
(ECM),P4 porosity allowing ongoing vascularization and cell
migration. In this framework, the unique properties of GFNs,
as well as the possibility to be easily manipulated, show great
potential in mimic in vivo cues as the strategy for the treatment
of neuronal injuries and diseases. It was shown that GFNs are
suitable for the design of electroactive porous scaffolds that may
be able to transmit the externally applied electrical signal to pro-
mote neuroregeneration [ and, in this way, providing a unique
environment for future neuroregenerative therapies.*¥! These
porous scaffolds have been shown to improve the differentiation
of neuronal stem cells and functional neurons.®*" For example,
Li et al. and collaborators were cultured neuronal stem cells on
3D-GR platforms, have shown the ability of these cells to grow
within the scaffold and then differentiate in functional neurons,
astrocytes and oligodendrocytes.l’® Serrano et al. studied the dif-
ferentiation of embryonic neuronal progenitor cells using 3D
porous GO scaffolds (Figure 2b), showing, after 2 weeks, a good
cell differentiation towards neurons and glia.*” Similarly, Jiang
et al. demonstrated the ability of 3D-GR scaffolds to significantly
increased the number and average size of neurospheres favoring
neuronal stem cell migration.’) Feng and collaborators pre-
pared GR scaffolds with excellent physicochemical stability, bio-
compatibility, electrical conductivity and softness (Figure 4),1°!
showing an accelerated growth and development of the primary
motor neurons, in a long-term culture period (Figure 5).0°U
3D-GR scaffolds can be obtained using nickel foam template
for chemical vapor deposition of GR. Growing neuronal stem
cells on these substrates allows not only a more physiological
condition but also a substrate that can be electrically stimulated
15615 Neuronal dissociated hippocampal cultures, grown on
3D-GR scaffolds were also able to reestablish the coexistence
of local and global electrical activity, in the form of correlated
electrical activity varying in space and time.®” Furthermore,
3D-GR scaffolds possess the ability to impact a 3D neuronal
circuit, boosting spontaneous network activity and tuning the
excitation/inhibition ratio.”] In a different strategy, Martin et
al. built hybrid hydrogels combining GR with polyacrylamide
(PAM). This study demonstrates that GR improves the biocom-
patibility of 3D scaffold % promoting neuronal growth. Micro-
glia cells were also cultured in 3D-GR substrates,®! but in this
case, the 3D structure negatively affected the neuroinflamma-
tory response, probably because of the spatial constraints. In
vivo, 3D-GR scaffolds were implanted in injured rat spinal cord,
showing no local or systemic toxic response and encouraging
further investigation of these materials as promising platforms
for CNS repair'®% Exploiting their electrical conductivity,
3D-GR scaffolds were also used as stimulating electrodes, to
promote neuronal growth and differentiation.>¢ Overall, the
use of GR materials as 3D neuronal implants is still limited, but
we expect that using strategies improving the biocompatibility of
the implants will lead to the development of functional 3D-GR
platforms for nervous system applications.

© 2021 Wiley-VCH GmbH
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Figure 4. Schematic representation of the fabrication of G-NFs. a) Modification of electrospun poly(vinyl chloride) nanofibers by NH; plasma treatment
to render positively charged surface, b) assembly of negatively charged GO sheets onto the surface of the modified nanofibers, c) chemical reduction
to obtain G-NFs. SEM and optical images of nanofibers obtained in every step. Reproduced with permission.®! Copyright 2015, Wiley-VCH.

2.2. Graphene Neurocompatibility

The biocompatibility of a nanomaterial is crucial to its appli-
cation in tissue engineering and subsequent exposure to
organs, tissues and cells.®®l Among a large number of
nanomaterials investigated worldwide, only a limited amount
is suitable for biological applications. If we further think
about the nanomaterials for neuroengineering applications,
the number shrink, due to the complexity of the CNS. In this
challenge, GFNs have made significant contribution due to
its good biocompatibility, related to its chemical properties
that allow strong and non-destructive interactions at the cel-
lular level.164967.68] The biocompatibility of GFNs have been
studied in vitro using different human cell cultures, such as
fibroblasts,[®) epithelial cells,”® oligodendroglia cells, fetal
osteoblasts,”Y red blood cells’? as well as neuronal cells 3]
and spinal cord slices."

GR films were shown to possess excellent biocompatibility
promoting the growth of primary murine hippocampal cul-
tures as well as neurite sprouting and outgrowth.””l Fabbro et
al. demonstrated that GR can preserve the basal physiological
neuronal activity,”®l maintaining neuronal passive properties,
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spontaneous synaptic activity, synaptogenesis, and short-term
plasticity. More recently, GR was reported to tune the extra-
cellular ion distribution at the interface with hippocampal
neurons, a key regulator of neuronal excitability. The ability
to trap ions by GR is maximized when a single layer GR is
deposited on substrates electrically insulated. These biophysical
changes caused a significant shift in neuronal firing pheno-
types and affected network activity."! Several other studies dem-
onstrated the ability of GR based substrates to promote neurites
sprouting and outgrowth,”! to enhance neuron electrical sign-
aling”® and to reduce the inflammatory response./®?!

Similar results were obtained by Li et al. that observed good
biocompatibility of GR films toward mouse neuronal cells
(Figure 6a), confirming that GR could efficiently promote neu-
ronal cells growth.®7") Moreover, they showed the ability of
GR to increase neurite number and average length, boosting
neurite sprouting and outgrowth, without affecting cell mor-
phology.”® In another study, Rastogi and collaborators investi-
gated the viability of neuronal and non-neuronal cells grown on
GR substrates, showing their ability to promote cell adhesion
and cell proliferation of both cells types without any adverse side
effect,® encouraging the use of GR in biomedical applications.

© 2021 Wiley-VCH GmbH
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Figure 5. The growth and development of motor neurons on different substrates. Fluorescent images of motor neurons after 3 d in culture for a) neu-
ritogenesis (red: the neuronal marker protein of Ill ftubulin (Tuj) for filopodia, green: dendrite marker protein of the microtubule-associated protein-2
(Map) for neurites); and b) cell maturation (red: neuraxon marker protein of tau expression), c) Neurites elongation: max and mean lengths of neur-
ites, d) Neurites sprouting: the mean number of neurite and the branches of neurite. Blue: nuclear. Scale bar a): 80 um; b) 200 um. Reproduced with

permission.l®!l Copyright 2015, Wiley-VCH.
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Figure 6. a) Neurons cultured on different substrates. (i) An optical image of neurons cultured on the border of graphene (left) and TCPS (right),
ii) scanning electron microscopy image of neurons on graphene, iii) MTT-measured viability of neurons cultured on TCPS and graphene after 7 days,
iv) LDH activity of neurons after 7 days incubation on TCPS and graphene. Reproduced with permission.58 Copyright 2011, Elsevier. b) Various factors

effecting toxicity of GFNs.

However, the mechanisms of interaction of GFNs with neu-
rons and astrocytes are still poorly investigated and unclear,
depicting an undefined scenario mainly dependent on GR
intrinsic characteristics, as well as the oxygen content, lateral
size or the number of layers. For primary neuronal cultures, no
changes in neuronal and glial cell viability were detected upon
GR exposure, both in vivo and in vitro.?28-84 However, primary
neuronal cultures exposed to GO nanosheets displayed evident
alterations in several physiological pathways, such as calcium
and lipid homeostasis, synaptic connectivity and plasticity.l2>3%
Defterali et al. using thermally synthetized rGO, showed good
neuronal and glial biocompatibility, as well as neuronal induc-
tion in neuronal stem cells. These pieces of evidence open to
its use as scaffold for neuronal induction and growth in in-vivo
experiments,®! or as a smart material to treat neurodegenera-
tive diseases such as Parkinson’s.

Not only the properties of GR can affect its biocompat-
ibility, but also the method of preparation (Figure 6c). %! Com-
pared to chemical methods, physical methods can produce
GR with lower toxicity, higher quality, and purity. Among dif-
ferent techniques, chemical vapor deposition (CVD) method
is one of the widely used for preparing GR. Lee et al. inves-
tigated the cytocompatibility of GR monolayer grown through
CVD, using human neuroblastoma (SH-SY5Y) cell culture.
GR substrates were able to induce neurite outgrowth even in
the absence of neurogenic factor suggesting the use of GR as
a platform for neuronal regenerative medicine.’”! Meng and
collaborators compared the biocompatibility of cortical neu-
ronal cells of CVD-GR films with GR films prepared by spray
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coating, showing better biocompatibility for CVD-GR films,
also promoting neurite outgrowth (Figure 6b).° Furthermore,
the higher conductive properties of CVD-GR have been used
to electrically stimulate human neuronal stem cells and hence
direct their differentiation toward a neuronal phenotype.[888]
The combination of all these measurements holds the potential
to use GR as a promising tool for neuronal implants and bio-
medical applications. 8!

Since many applications of GR are as neuronal interface or
substrate, the toxicity could also be reduced after coating with
biopolymers improving the development of devices. GR, GFNs
and its derivatives have physicochemical properties that facili-
tate the easy functionalization with different functional groups,
for this reason, GFNs have been conjugated with several nat-
ural biopolymers, as functionalizing agents, for drug delivery
applications. Weaver and Cui, for example, utilizing carboxylic
acid, functionalized GO sheets by cross-linking with Interferon-
gamma (IFNg) to stimulate neuronal stem cells differentiation
towards neurons or oligodendrocytes.’” The functionalization
of GR has the ability to modify the charge on the surface and,
in this way, ameliorating the material properties. Tu et al. func-
tionalized the methoxy terminated groups of GO with amino,
poly-m-aminobenzene sulfonic acid, resulting in a different
surface charge. The resulting charged GO substrates were used
to investigate the neurite outgrowth and branching for primary
rat hippocampal neurons (Figure 7a).2 The study revealed
that comparing the differently charged GO, the positively
charged one was more beneficial for neurite outgrowth and
branching. However, further investigation is needed to explore

© 2021 Wiley-VCH GmbH
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Figure 7. a) Observation of the neuron morphology, first row-optical images and second row- SEM (single cell) images of hippocampal neurons after
7 days of culture on GO-COOH, GO-OCH3, GO-PABS, and GO-NH2 (from left to right). Reproduced with permission.?l Copyright 2014, The Royal
Chemical Society. b) SEM showing the behavior of hNSCs on GO and SiNP-GO. SEM images confirm that the axons do not align on i) control and
ii) SiNP substrates and they align on iii) GO and iv) SiNP-GO substrates; c) Axonal alignment of differentiated hNSCs on SiNP-GO on flexible and
biocompatible substrates made from polydimethylsiloane (PDMS), i) schematic diagram of axonal alignment of differentiated hNSCs on SiNP-GO
on polymer substrates, ii) SINP-GO monolayer on PDMS, iii) Flexible PDMS substrate with SiNP-GO in media for culturing hNSCs, iv) SEM image
of SiINP-GO on PDMS substrate showing highly aligned axons from hNSCs on Day 14, v) Immunocytochemistry results showing the expression of

neuronal marker TuJ1 and axonal marker GAP43 in hNSCs. Reproduced with permission.l®l Copyright 2013, Wiley-VCH.

the possibility to extend the study to clinical studies.?* Silica
nanostructures are widely studied in different areas, including
biomedical and tissue engineering. The advantage of silica is
easy tuning the structure, shape and surface functionalization.
Solanki and colleagues, demonstrated that GO functional-
ized with silica nanoparticles induces enhanced neuronal dif-
ferentiation and axonal alignment in human nerve stem cells
(Figure 7b,c),®! compared to silica nanoparticles alone. More-
over, laminin functionalization of GO sheets resulted in a fur-
ther improved attachment and growth of cells on GO, with a
higher expression of neuronal markers (e.g., S-tubulin III,
microtubule-associated protein 2, and synapsin) after 2 weeks.
Hence, nanocomposites of GFNs with silica can be a promising
nanomaterial in neuroengineering.

Natural biopolymers are biocompatible, biodegradable and
have low immunogenicity that can minimize the toxic effects

Adv. Funct. Mater. 2021, 31, 2104887
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of GR P2 and also improve its physicochemical properties.
Zhou et al. used electrospinning to prepare scaffolds made of
polycaprolactone (PCL) with or without GR and coated with
poly-L-lysine (PLL). The scaffold implanted into the striatum
and subventricular zone, from 7 to 21 days, showed a decreased
microglial intensity in GR-PLL coated scaffold compared to
PCL-coated scaffold.”¥ In another study, Shan et al. functional-
ized GO with PLL via conjugation of epoxy groups of GO with
the amines of PLL, resulting in a more biocompatible com-
posite that can be used in to load bioactive molecules or for the
release of drugs.[*/

An efficient method is covalently modifying GR or its deriva-
tives with polymers, including polyethylene glycol (PEG), poly
[2-(dimethylamino)-ethyl-methacrylate] ~ (PDMAEMA),  chi-
tosan, pluronic F127 (PF 127), poly (N-isopropylacrylamide)
(PNIPAM).I%%I For example, PEG was used to functionalize GO

© 2021 Wiley-VCH GmbH
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by conjugation of carboxylic acid groups with PEG amino groups
resulting in nano-sized PEG-GO nanocomposites with good sta-
bility in a variety of physiological solutions.® Following this,
many studies have been performed with functionalized PEG-GO
for in vitro and in vivo biomedical applications.>%:%8 Similarly,
polyethyleneimine (PEI)-GO conjugates exhibited excellent ability
to condense DNA/siRNA and were used for gene delivery.””]
This approach led to a series of studies exploring GFNs in drug
delivery.* In this framework, Wen et al. developed a PEGylated-
GO with redox-responsive detachable PEG shell using disulphide
linkages (NGO-SS-mPEG),% which rapidly released encapsu-
lated payload at tumor-relevant glutathione (GSH) levels.
Similarly, Yang et al. developed a conjugate using folic acid
(FA) modified B-cyclodextrin (8-CD) linked to GO carrier.'!
In vivo biodistribution study in mice showed no appreciable
toxicity by PEGylated GO over 3 months.®?l Recently, Xiao and

collaborators (2016) used GR conjugated to a neuroprotective
peptide and once injected intravenously in a murine model
of Alzheimer disease, they were able to increase learning and
memory, dendritic spines formation and decrease pro-inflam-
matory cytokine levels (Figure 8a).2%192 As described, GR is
strongly explored as a novel platform for the local delivery of
therapeutic molecules, and the results are encouraging. Func-
tionalization of GR and GO can tailor their properties and
strongly enhance their application as carriers of therapeutic
molecules.

Among the different possible strategies to increase GR/
GO biocompatibility and lower its toxicity, an important note
should be given to modulate its lateral dimension. It does
determine the maximum dimension of the material, which is
relevant for cell uptake, renal clearance, BBB transport, and many
other biological phenomena that depend on particle size.®l Yue etal.
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Figure 8. The biodistribution of nGO_PEG, RGO-PEG, and nRGO-PEG after (a) oral adn (b) i.p. administration. Reproduced with permission.l%”]

Copyright 2013, Elsevier.
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investigated the toxicity of differently sized GO flakes on various
cells, and results reveled that larger GO sizes are more toxic
than nanosize ones.%3 This effect is in some way in contrast
with what was observed in nanoparticles of different materials,
which showed enhanced toxicity as particles’ size is reduced.*’]
This might be correlated with concentration: increasing the size
of GR, indirectly increases the concentration of GR resulting in
higher toxicity. Rauti et al. also attempted to investigate the effect
of increased lateral size of GO nanosheets (with a lateral dimen-
sion in the few micrometer range) on cultured hippocampal
cells. However, after 6-8 days of incubation, they measured a
significant reduction in both neuron and glial cell densities indi-
cating cell toxicity that prevented any further functional meas-
urements.?? In another study, Das and collaborators used GO
and rGO with different size and investigated the cytotoxicity on
neurovascular endothelial cells for 48 h. Results showed that rtGO
is less toxic than GO that, instead, gave rise to a large number
of dead cells floating and less adhered cell. Importantly, smaller
sheets (0.4 um) demonstrated to be more toxic than larger ones
(0.8 um).™ Different researchers thoroughly studied size
dependent toxicity. For example, Agarwal et al, demonstrated the
cytotoxicity of rGO micron sheets on different cells such as neu-
roendocrine PC12, oligodendroglia cells and osteoblasts./"

The in vivo biocompatibility and toxicity of GR nanomaterials
after local/systemic administration also needs attention. Future
emphasis on investigating the mechanisms of clearance and tox-
icity as well as tissue distribution is required to realize their true
potential since knowledge of the in vivo behavior of different GR-
based materials will eventually expand their biomedical applica-
tions. Zha et al. utilized GR and GO substrates to study in vivo
toxicity, by implanting them for several months, into the subcu-
taneous tissue of rats. Blood biochemistry, hematological anal-
ysis, histological examination and behavioral test were used for
analysis and interestingly no in vivo toxicity was observed.'%! In
another study, Li and collaborators studied the in vivo toxicity of
GO, using 2’1 labelled GO with 10-800 nm size and 5 pg kg
concentration aqueous suspension intravenously injected to male
mice at the tail vein. Toxicity was analyzed based on quantifica-
tion of the radioactivity of 12 indicating that 55.9, 10.0, 2.2% and
<2.0% of radioactivity in liver, lung, spleen and other organs was
observed after 10 min."%! Yang et al. studied the in vivo biodis-
tribution and toxicology of functionallized nano-graphen oxide in
mice after oral and intraperitoneal administration (Figure 8).1%]
The high reduction in radioactivity was observed for PEG-GO as
compared to GO pure after 10 min and 360 min. They concluded
GO more toxic to liver, lung and spleen when administered intra-
venously.'%! However, many studies reported that in vivo toxicity
of GFNs in liver, lung and spleen depends on the type of material,
concentration and can be reduced by functionalizing it.l>'081%%]
For example, it was shown that PEGylation of GO reduces the
toxic effects in mice, and similarly, no toxicity was measured in
vivo upon administration of GO as injectable hydrogels for tissue
engineering. ') Recently, PEGylated GFNs showed no uptake via
oral administration, indicating limited intestinal absorption of
the nanomaterial, with almost complete excretion.

Overall the studies reported up to now suggested that GR and
its derivatives are characterized not only by outstanding biocom-
patibility but also by the ability to enhance cellular functionality,
including cell growth, proliferation and differentiation.[%111112]
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However, the interactions of graphene with biological systems
depend on many parameters, including their size, shape, sur-
face functional group, and preparation method,’! thereby,
research on the biomedical applications of GR nanomaterials is
still needed.

2.3. Graphene Substrates for Neuronal Interfaces

Neurological applications of GFNs represent a field in contin-
uous exponential expansion. Traditional treatments of CNS dis-
orders present different challenges, thus developing a tool able
to improve neuronal regeneration is one of the main goals of
modern neuroscience. As already mentioned, researchers have
started exploring the use of graphene for neuronal cell cultures,
to deliver molecules to the brain, or recreate 3D-architecture.
Also, GR substrates can be explored as neuronal interfaces for
facilitating neuronal regeneration,>1%3] opening new avenues
in neurotherapeutics, including neuro-oncology, neurosurgery
and neuroregeneration.

When the nerve gets damaged, it is important to push their
regeneration, attempting to restore their full functionality. There
is a number of nanomaterials already under investigation for
nerve regeneration applications, anyhow the outstanding physic-
ochemical and electrical properties of GFNs make it the best can-
didate among them. In recent years GFNs impact was boosted
by the discovery of its ability to improve neuronal cell differen-
tiation and growth. Yang et al. investigated the effect of GR and
GO on differentiation of mouse embryonic stem cells, revealing
that GO can enhance dopaminergic neuron differentiation
enormously and further improve gene expression (Figure 9a,b),
underlying the possibility to use GO as a promising material for
cell transplantation therapy.™ Sahni et al. demonstrated the
ability of GR surfaces to improve mouse hippocampal cell cul-
ture as well as branching and regrowth of neuronal circuit.'!
Similarly, Akhavan and collaborators demonstrated that on GR
nanogrids, neuronal stem cells attachment and proliferation
was better than other materials (e.g., quartz), with elongated
morphology and neurite outgrowth."®17l As already mentioned,
Li et al. investigated the effect of GR on mouse hippocampal
culture model and observed not only excellent biocompatibility
of GR with increase cell viability but also a substantial enhance-
ment of neurite sprouting, during the early phase.

Furthermore, improved expression of growth associate pro-
tein-43 (GAP-43) by GR, results in an increased neurite out-
growth, a sign of nervous system development.’® In the same
way, Tang et al. investigated the formation of neuronal network
and its performance once grown on GR substrates, using stem
cell cultures. Results revealed that GR improved neuronal growth,
performance and electrical signaling through calcium imaging
and electrophysiological recordings. Heo and collaborators inves-
tigated neuronal cell-to-cell interactions using GR/polyethylene
terephthalate (PET) films. Cell viability and proliferation enhance-
ment were observed for GR/PET film substrates compared to
conventional culture dish.®% These results suggest that GR can
be an excellent material as a neuronal interface, improving neu-
ronal stem cells adhesion and differentiation for long-time along
with neuronal prosthetics which helps neuronal regenerative

medicine # improving nerve regeneration or repair.’®!
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Figure 9. a,b) Different effects of carbon nanotubes, graphene oxide and graphene on dopamine neuronal differentiation of GFP-reported endothe-
lial stem cells. a,b) Reproduced with permission."™ Copyright 2014, Future Medicine. c) Enhanced neuronal-differentiation of hNSCs on graphene
films. i) Bright-field (top row) and fluorescence (bottom row) images of hNSCs differentiated on glass (left) and graphene (right) after one-month
differentiation. The differentiated hNSCs were immunostained with GFAP (red) for astroglial cells, TUJ1 (green) for neuronal cells, and DAPI (blue)
for nuclei. d) Cell counting per area (0.64 mm?) on graphene and glass regions after one-month differentiation. e) Percentage of immunoreactive
cells for GFAP (red) and TU]1 (green) on glass and graphene. c—e) Reproduced with permission.[®% Copyright 2011, Wiley-VCH.

Wang et al. studied the differentiation of cells into neu-
rons using GR substrates and the effect on retinoic acid, a
crucial inductive agent in neuroengineering. Results revealed
that cells interfaced to GR showed higher cell differentiation
and increased presence of retinoic acid."® This investigation
opened a new window to identify other chemical molecules that
show good inductive effect due to the presence of GR.

The next advancement in GR-based neuronal interfaces was
provided by using GR as a coating material. Results revealed
that using GR and GO as coated substrates support cell adher-
ence and proliferation and no difference in viability was
observed when comparing GR/GO to other substrates such as
Poly-dimethyl siloxane (PDMS), PET, and glass slide.™ Ryoo
and co-authors reported that GFNs, including GO and rGO,
can be immobilized onto glass substrates treated with 3-amino-
propyltriethoxysilane (APTES) via electrostatic interactions,!2’!
showing that the presence of GO and rGO not only supports
cell adhesion, spreading and proliferation but also improves
the gene transfection efficiency of cells when compared to
uncoated glass substrates.'"” Furthermore, they found an
improved differentiation of neuronal stem cells towards neu-
rons than glial cells on GR-coated substrates compared to glass
substrates (Figure 9c—e).® In another study, Park et al. found
that the GR coated substrates increased the differentiation of
human neuronal stem cells into neurons,!? enforcing the idea
that GR coated substrates are highly cell-friendliness and that
can be readily employed as surface coating materials in bio-
medical applications, such as implants, cell culture platforms
and cell-interfacing systems.'"? In addition, Tang et al. cultured
neuronal stem cells on GR-coated substrates and investigated
the neuronal network activity, monitoring the intracellular
spontaneous and synchronous calcium oscillations, showing
that the neuronal cells were able to form functionally active
neuronal networks.®!
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In another scenario, the GR-patterned arrays have been spot-
lighted as a novel strategy for guiding and stimulating cellular
behaviors, because GR can provide desirable topographical
and biochemical guidance cues!'>72ll Moreover, Zhang et al.
found out that the width of GO-patterned arrays can directly
affect cell migration, alignment, morphology, and cell adhe-
sion.[22l They showed in fact that the cytoskeleton contractility,
intracellular traction and actin filament elongation were signifi-
cantly enhanced when the width of the GO-patterned arrays was
similar to the cell dimension. Kim et al. also revealed that the
shape of GO-patterned arrays could determine cell morphology,
migration distance, speed, and directionality.'?*l Therefore,
GFNs patterned arrays fabricated with sophisticated control of
structures and properties can provide unique opportunities for
biomedical applications.

Recently, the possibility to precisely control the direction of
neuronal growth gained more and more interest due to the key
advantages in neuroengineering it could bring. Different nano-
materials, such as aligned magnetic nanoparticles patterned
substrates, aligned fibers, hydrogels and other scaffolds were
investigated to promote controlled neuronal growth. Lorenzoni
et al. interfaced patterned substrates of CVD single layer GR (SLG)
with primary embryonic hippocampal neurons showing highly
aligned neuron adhesion and growth (Figure 10a,b).1?Y Wang
and collaborators created micro-channels of fluorinated CVD-GR
containing parallel lines of PDMS, demonstrating the ability of
GR to improve cell adhesion and aligned growth, compared to
PDMS alone (Figure 11)."8 To note, they also found an improved
expression of specific neuronal markers Tujl and MAP2 in cell
cultured on fluorinated CVD-GR even in the absence of chemical
inducers.'"® Yang et al. developed GO-patterned substrate com-
posed of micro grooves/nanoridge to thoroughly understand
the growth of human neuronal stem cells and other properties
such as differentiation, elongation, extension and adhesion and

© 2021 Wiley-VCH GmbH
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Figure 10. a) Schematics of the steps proposed to create an ordered neuronal network on SLG substrate, development of the neuronal network. Wide
field transmission images of neurons at DIV 7, b) No neuronal network development was found on bare glass/graphene substrates: the adhered cells
appear dead. c) A widespread neuronal network on PDL coated glass/graphene substrates is shown. d—f) Neuronal networks oriented along line pat-
terns. Reproduced under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License.'?l Copyrights 2013, The
Authors, published by Springer Nature.

comparing with substrates without GO (Figure 12a-d).'?" Results  extension and focal adhesion, highlighting the possibility to use
showed that compared to other substrates, GO patterned sub-  them as an exciting platform in neuroengineering or stem-cell
strates induced increased growth with elongated, aligned neurite  therapy for neuronal diseases treatment.>’!
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Figure 11. a) Schematic drawing of patterning MSCs by printing PDMS barriers on graphene films directly. b) Optical microscope image of printed
PDMS on fluorinated graphene film. c—g) The aligned growth of stem cell on graphene; h) Percentage of immunoreactive cells for Tujl and MAP2 on
un-patterned and patterned FG strips. Reproduced with permission.["8 Copyright 2012, Wiley-VCH.

2.4. Graphene-Based Interfaces for Neuronal Stimulation and
Field Effect Transistors

As every class of neuron has its specific electrical behavior,
hence it is essential to retain its electrical functionality after
regeneration or repair. Electrically conductive scaffolds can
be fabricated by the combination of conductive polymers and
carbon-based materials such as carbon nanotubes (CNTs),
graphite, and GR.®"] It has been demonstrated that GR-based
substrates are not only biocompatible but also can improve
neuronal cell growth. The investigation of the effect of GR on
the electrical activity of neuronal networks has provided further
outstanding surprises since GR films could be used as neu-
ronal-stimulation electrodes.[:12¢]

Indeed, graphene possesses all the desirable properties for
use in stimulation/recording electrodes: 1) GR-based electrodes
have been successfully developed and do not seem to inflict
tissue damage; 2) its high conductivity has the ability in low-
ering electrode impedance and increasing charge transfer; 3) it

Adv. Funct. Mater. 2021, 31, 2104887
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possesses exceptional flexibility and high electrochemical sur-
face area, important parameters in neuronal stimulation;?® and
4) GR electrodes produce slightly higher values of charge injec-
tion compared to common noble metal electrodes, such as Pt
or Au.[16:68]

Tang et al. investigated the neuronal response to electrical
stimulation utilizing CVD-GR as substrate (Figure 13a,b).’®!
Similarly, Heo and collaborators, through non-contact elec-
trical field stimulation, were able to control neuronal cell-to-
cell interaction, growing SHSY-5Y human neuroblastoma cells
on film composed of CVD GR/PET (Figure 13c,d).'?”) Results
revealed that a week electrical field stimulation (4.5 mV mm™,
10 s pulse duration for 32 min) was highly effective in shaping
cell-to-cell interactions of SHSY-5Y human neuroblastoma cells
(Figure 14a—c).1?”) In another study, it has been shown as neu-
ronal regeneration might be improved using highly conductive
GR-nanofilm as neuronal substrates. Indeed, neuronal-like
PC12 cells, grown on these devices showed enhanced neurite
elongation, after being exposed to constant electrical stimulation

© 2021 Wiley-VCH GmbH
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Figure 12. Preparation of GO-based patterned substrates. a) Schematic illustration of GPS fabrication. b) High-magnification SEM images. c) Raman
spectroscopy analysis of the GPS. d) Enhancement of neuronal differentiation of hNSCs on the GPS after 5 days in culture, immunofluorescent staining
to check for the expression of Tuj1 and MAP2 (neuronal markers) and GFAP (astrocyte marker) in hNSCs cultured on each substrate; Reproduced with

permission.'’l Copyright 2016, American Chemical Society.

frequency.®”) Yang et al. fabricated a conductive silk fibroin
scaffold integrated with variable percentages of GR to improve
the mechanical and electrical properties of the scaffold. The
scaffold was used in in vitro analysis of rat bone mesenchymal
stem cells (rBMSCs) and results highlighted the enhanced cells
growth and expansion (Figure 14d),12% as well as the potential
use of this substrate to induce local electrical fields in cell cul-
tures, biological interfaces and in vivo studies.!'®!
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Hess et al. has achieved further progress in the detection of the
electrical activity of electrogenic cells, using arrays of GR-based
solution-gated field-effect transistors (G-SG-FETs) (Figure 15a).[12%]
They resolved and tracked the action potential of cardiomyocyte-
like HL-1 cells across these transistor arrays (Figure 15c).[2)
The signal-to-noise ratio of G-SG-FETs was better than most of
the known devices, and their large transconductive sensitivity
make them promising devices for biomedical applications.!?’!
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Figure 13. a) The development of neuronal networks by NSC differentiation on graphene substrates, i—iv) Representative images immunostained by
antibody against b-tubulin at different culturing times (day 1 to day 14); b) Graphene substrate increases spontaneous synaptic activity and firing and
miniature synaptic activity. Representative spontaneous synaptic currents (sPSCs), i,ii) and miniature synaptic current (mPSCs), iii,iv) are shown in
both TCPS and graphene groups. Reproduced with permission.®l Copyright 2013, Elsevier. ¢) Schematic illustrating the morphological features of the
graphene electric field stimulator and electric field stimulation protocol. i) Side view and ii) top view of the PET/graphene film stimulator. The electrical
field forms between two graphene electrodes. Neuronal cells located between two electrodes were observed by live optical microscopic imaging. di)
Optical microscopic images showing that the two graphene electrode edges were separated by a 2 mm gap. Neuronal cells were placed between gra-
phene electrodes. ii) TEM images depicting cross-section view of 6 layers of the graphene stimulator. Total thickness of six layers is 2.3 nm. iii) AFM
images of the graphene surface. Reproduced with permission.'”l Copyright 2010, Elsevier.

Electrogenic cells were interfaced with GR field-effect tran-
sistor (GR-FETs) and GR and nanowire field-effect transistors
(NW-FETs). Interestingly, in GR-FET and (Silicon nanowires
(SINW)) SINW-FETs, peak to peak signal-recording width
increased with the area of the devices. It indicates that the
signal is the average of different points of beating cell’s outer
membrane. Both devices showed different distinct and comple-
mentary capabilities. Thus, GR and NW-FETs represent impor-
tant devices to explore further opportunities in the field of
future bioelectronics for neuronal recording or stimulation.3

Recently, Li et al. investigated the use of 3D-GR foams as
scaffolds for cell electrical stimulation, further showing the

Adv. Funct. Mater. 2021, 31, 2104887 2104887

ability of GR to significantly enhance electrical stimulation
performance (Figure 15b).1°% Similarly, Serrano et al., through
biocompatible freeze casting technique, fabricated 3D free-
standing porous GO scaffold for stable growth of embryonic
neuronal progenitor cells. The conductive scaffold acts as a
platform for electrical stimulation to induce neuronal stem
cells differentiation (Figure 16a).°%! A series of 1-100 ms mono-
phasic cathodic pulses at intervals of 10 s was used, pointing
out a stimulation threshold current of 20-30 mA, and improved
cellular growth. As already mentioned, GR exhibits electro-
chemical capabilities for neuronal recordings similar to Pt or
Au, which have been for long the standard electrode materials
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Figure 14. Cell-to-cell interactive reactions to electric field stimulation. a). Schematic illustrations of cell-to-cell interactive reactions between two separated
cells under electric field stimulation. i) Cell-to-cell decoupling (CD). Cells belonging to the CD group separated from each other after stimulation. ii) Cell-
to-cell coupling (CC). The CC group was further classified into two groups: The newly formed cell-to-cell coupling (NCC) group and the strengthened cell-
to-cell coupling (SCC) group. The NCC represents a group of cells that respond to electric field stimulation by forming new contacts between cells. The
SCC represents a group of cells strengthening existing contacts between cells after electric field stimulation. iii) Cell-to-cell wavering (CW). Cells belonging
to the CW group exhibit a wavering behavior following electric field stimulation. Reproduced with permission.l”/ Copyright 2010, Elsevier. b) A bar graph
categorizing behavioral reactions to electric field strengths. c) The categorization of CC cells. When we further categorized CC into two groups, there was
a clear effect of electric field on NCC; Reproduced with permission.['”] Copyright 2010, Elsevier. d) CCK-8 assays of rBMSCs cultured on G/SF fibrous scaf-

folds. Reproduced with permission.l8l Copyright 2017, The Royal Chemical Society.

for neuronal recording. Indeed, recent studies revealed the suc-
cessful recording of local field potentials from the rat cortex
using GR-based electrodes.'®126] Recently, Kostarelos and col-
laborators investigated GR performances by recording in vivo
brain activity using porous GFNs with a good signal-to-noise
ratio.®® In a more advanced setting, Liu et al. developed an
implantable GR-based neuronal electrode to detect electro-
physiological and neurochemical signaling in vivo.'*Y They
constructed an rGO/Au,03; nanocomposite-coated electrode to
detect the concentration of H,0, in an in vivo hyperacute stroke
model (Figure 16b,c).3! This rGO-modified electrode provided
high H,0, sensitivity, low detection limits, and stronger elec-
tron transfer between tissue and electrode interfaces than tradi-
tional gold electrodes (Figure 17).[131132]

All the studies reported highlighted the great potential of GR
and its derivatives as promising tools for biomedical applica-
tions in the CNS. It is expected that the high attention given
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nowadays to GR devices, including brain interfaces, will further
improve its use in medical applications.

3. Conclusions and Future Prospective

The ultimate goal of neuronal tissue engineering research
is to understand how the brain functions and signals propa-
gate, translating this knowledge into actions: the unravel prin-
ciples will be used to rebuild tissue and to interface with the
nervous system. One approach is to design artificial nervous
tissues. Indeed nano/bio materials are promising interfaces in
supporting and modulating the organization of 3D neuronal
networks, but it is critical to identify the appropriate mate-
rials able to induce cell differentiation and tissue regenera-
tion enhancement. In the nervous system, that is composed of
excitable cells, the conductivity of the materials is also a major

© 2021 Wiley-VCH GmbH
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Figure 15. ai) Combination of an optical microscopy image of a transistor array and a fluorescence image of the calcein-stained cell layer on the same array.
i)y Exemplary single spikes. The current response has been converted to an extracellular voltage signal. The upper spike resembles a capacitive coupling
followed by the opening of voltage-gated sodium channels whereas in the bottom one the ion channels dominate over the capacitive coupling; ci) Five
consecutive spikes recorded with one transistor (grey) and their average (black). ii) Recording of the current of a G-SGFET (top) and a 3.6 kQ resistor.
The resistance of the transistor was 3 kQ. The transistor current is shifted up for clarity. iii) Exemplary current noise power spectral density of a G-SGFET
in a low-noise setup (red) and a 1 kQ resistor measured in the cell setup (black). The dashed line serves as a guide to the eye showing a 1/f dependence.
iv) Effective gate noise of a graphene (red stars) and a silicon SGFET (blue squares). UD refers to the UGS at which the minimum of the current is observed.
The arrow marks the point of maximum transconductance. Reproduced with permission.?%l Copyright 2011, Wiley-VCH. b) Electrical stimulation of the cells
differentiated from NSCs on 3D-GFs. i) Fluorescence imaging of the cells pre-incubated with Fluo-4 AM dye on 3D-GFs before (left) and after (right) electrical
stimulation. Panel (i) plots the relative fluorescence intensity change DF/F of the circled cell in panel (a) versus the stimulation time period. Reproduced
under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 license.*®! Copyright 2013, The Authors, published by Springer Nature.
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Figure 16. a) Quantification of ENPC differentiation on 3D scaffolds over time. Histograms show the percentage of substrate area positively stained for
map-2, vimentin, tau, and synaptophysin. Time points: 1 day (light grey), 7 days (light color) and 14 days (dark color) Reproduced with permission.>
Copyright 2013, The Royal Society of Chemistry; b) Schematic illustration of rGO/Au,03-modified gold electrode using a one-step electrochemical pro-
cess; and c) real-time CV plot for the formation of the rGO/Au,03; nanocomposite was indicated with the numbers corresponding to the schematic.
Reproduced with permission.[*l Copyright 2015, American Chemical Society.

parameter. Many studies exploited the use of GFNs for neu-
ronal tissue engineering due to their extraordinary mechan-
ical and electrical properties. In particular, graphene ability
to be combined with a variety of other bioactive structures
opens to novel and original possibilities. Here we reviewed
graphene-based scaffolds that endow physicochemical and
biological properties fit for the nervous system that links
tightly morphological and electrical properties. In this review,
we have discussed various aspects of why GFNs have gained
more importance in recent years in the context of neuronal
tissue engineering applications. We reviewed the three most
essential aspects of GFNs.

Firstly, we thoroughly discussed the cytotoxicity of GFNs and
concluded that it depends on various parameters such as size,
surface charge, surface functional group, number of layers,
time-dependent toxicity, concentration-dependent toxicity, and
preparation technique. According to the recent findings, gra-
phene and its derivatives have been revealed to have not only
outstanding biocompatibility but also the ability to enhance
cellular functionalities, including cell growth, proliferation and
differentiation. We concluded that most GFNs and composites
are non-toxic at the concentration required for their use in neu-
ronal tissue engineering.
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Secondly, we present the potentiality for neuronal stem
cells differentiation and subsequent neuronal network growth.
Various GFNs and GFNs composites with polymers, other
nanomaterials, electrospun nanofibers, films, and 3D graphene
foam are shown and considered promising candidates for gen-
eration of neuronal networks. 3D GFNs and 3D scaffolds com-
posed of GFNs have shown superior results in the development
of 3D neuronal network with good biocompatibility.

Finally, we discussed the impact of GFNs on cells through
electrical stimulation. We also discussed the possibility to use
FET based on GFNs for electrical sensing and stimulation of
cells for neuronal regeneration. Graphene presents promising
results leading to the conclusion that GFNs based scaffolds are
suitable for regeneration or repair of neurons with retention of
electrical behavior. Moreover, electrically conductive scaffolds
can be fabricated by a combination of conductive polymers and
graphene. It has been demonstrated that graphene-based sub-
strates are not only biocompatible but also can improve neu-
ronal cell growth. When investigating the effects of graphene
on the electrical activity of neuronal networks, studies show
that graphene is providing characteristics that can be used for
neuronal-stimulation electrodes. Additionally, the tunable sur-
face and machining properties of graphene-based materials are

© 2021 Wiley-VCH GmbH
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Figure 17. The photomicrograph of a TTC- stained coronal section at 2 mm anterior to bregma. a) The neuronal probe was implanted into the STFL for
real-time monitoring of the relative changes in electrochemical detection and real-time SSEPs recording (marked as black line). b) The amperometric
responses to H,0, were recorded by noncoated gold electrode (Channel-2) and rGO/Au,0; electrode (Channel-3) at —0.5 V. At the time of 1500 s, the
ST1FL brain was illuminated by laser light for 15 min to induce photothrombotic ischemic stroke (marked as square pale yellow area). c) The first bare
gold electrode (Channel-1) of the developed neuronal probe was used to record the changes in neuronal activities (SSEPs) before and after ischemic

stroke. Reproduced with permission.I'®!l Copyright 2015, American Chemical Society.

suitable to fabricate the neuronal tissue-like structures in order
to align the arrangement of neurons suggesting that these
nanomaterials have enormous potentials for neuronal tissue
engineering applications.

Further research is needed for focusing on how to engineer
the GFNs for advanced applications in the fields of neuroen-
gineering. The biocompatibility, biodegradability, biostability
and mechanism of interaction need to be further studied. This
review covers the most crucial aspects that need to be controlled
to make graphene a promising candidate for further advanced
bioactive applications in neuronal tissue engineering and bio-
medical use.
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