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Emerging nanotechnologies offer numerous opportunities in the field of
regenerative medicine and have been widely explored to design novel
scaffolds for the regeneration and stimulation of nerve tissue. In this review,
we focus on peripheral nerve regeneration. First, we introduce the biomedical
problem and the present status of nerve conduits that can be used to guide, fasten
and enhance regeneration. Then, we thoroughly discuss graphene as an emerging
candidate in nerve tissue engineering, in light of its chemical, tribological and
electrical properties. We introduce the graphene forms commonly used as neural
interfaces, briefly review their applications, and discuss their potential toxicity. We
then focus on the adoption of graphene in peripheral nervous system applications,
a research field that has gained in the last years ever-increasing attention. We
discuss the potential integration of graphene in guidance conduits, and critically
review graphene interaction not only with peripheral neurons, but also with non-
neural cells involved in nerve regeneration; indeed, the latter have recently
emerged as central players in modulating the immune and inflammatory
response and accelerating the growth of new tissue.

KEYWORDS

graphene-based materials, CVD graphene, graphene-based neural interfaces, peripheral
nerve regeneration, nerve conduits

1 Peripheral nerve injuries and repair

Peripheral nerve injury is a global clinical issue, significantly impacting the quality of life
for patients and implying a substantial socioeconomic impact (Raza et al., 2020; Felder and
Ducic, 2022). When peripheral nerves undergo a traumatic injury, a sequence of
pathophysiological events occurs at the site of the nerve injury, where the axons
undergo Wallerian degeneration and the remaining Schwann cells (SCs) create a
favorable environment for nerve regrowth towards the target organ, by forming bands of
Bungner and releasing neurotrophic factors and extracellular matrix molecules (Faroni et al.,
2015). In recent years, increasing attention has been devoted to the possibility to repair and
regenerate nerve tissues by adopting targeted biomedical nanotechnology and tissue
engineering approaches (Silva, 2006; Li et al., 2011; Ding et al,, 2015; dos Santos et al.,
2021). In fact, although peripheral nerves can spontaneously heal after traumatic injuries,
poor regeneration outcomes are observed when surgical end-to-end nerve sutures are needed
(i.e., in the presence of nerve segment loss) due to tension at the nerve repair site. To
overcome this problem, a surgical approach employing grafts (i.e., small portions of a nerve
tissue used to fill the gap of the nerve stumps) and tissue engineering nerve conduits
(artificial structures used to bridge the nerve defects) is preferred (Faroni et al., 2015). The
nerve conduits connect the nerve stumps and provide physical guidance for the axons,
guaranteeing the correct connections of sensory and motor fibers of the distal and proximal
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Peripheral nerve regeneration: experimental strategies and advantages of nerve guidance conduits.

stumps and the fast reinnervation of the motor end plates of distal
target organs, to minimize the muscle fiber atrophy (Zhang et al.,
2019).

Traditional direct suturing involves fascicular or epineural
repairs. However, if the distance between nerve stumps exceeds
5mm, grafting or conduits are utilized. The autologous grafts
(i.e., autogenous donor nerves harvested from other parts of the
patient’s body) are the gold standard due to their nontoxicity, non-
immunogenic effects and good biocompatibility, but together with
the allografts (i.e., nerve grafts from a donor) show limitations in
terms of functional recovery (Faroni et al, 2015). Donor site
morbidity, size mismatch between the injured nerve and the
available donor nerves and significant healing times are some of
the disadvantages of autografts, while tissue rejection and disease
transmission are often related to allografts (Rebowe et al., 2018).

To overcome these problems and satisfy the demand for high-
performance nerve conduits, new promising alternatives have been
proposed to heal the damaged nerve, including the development of
biocompatible tissue engineered nerve conduits that mimic the
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structure of an autograft and provide enough support and
mechanical strength while being flexible (Sarker et al, 2018)
(Figure 1). The use of these nerve guidance conduits improves
nerve regeneration by guiding an ordered axon outgrowth and
reducing scar formation, allowing for nutrient and waste
exchange through a porous structure (Faroni et al., 2015; Sarker
et al, 2018). Ideally, the conduits should guide axonal growth
towards the severed distal nerve by reducing axonal dispersion
the
biomechanical microenvironment following nerve injury. This

and off-target reinnervation and improving neural
could be achieved by including topographic and biophysical cues
sensed by the cells via the cellular mechanotransduction (Kong et al.,
2022). The incorporation of neurotrophic factors and support cells,
such as SCs, stem cells and macrophages, is commonly used as
neuroprotective therapy (Li et al., 2022b; Kim et al., 2022), while
guiding cues, including intraluminal multi-channels, grooves in the
inner wall and extracellular matrix-like structures are known to
promote cell polarization and neurite/axon outgrowth (Chighizola

et al., 2019; Scaccini et al., 2021). In addition, electrical stimulation
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(ES) is another method for accelerating the regeneration of injured
peripheral nerves and enhancing their functional recovery, even in
the presence of large nerve gaps (Huang et al., 2012).

Current clinically approved nerve guides are primarily made
from synthetic or natural materials, including poly-glycolic acid
(PGA), polycaprolactone (PCL), polyvinyl alcohol (PVA), type I
collagen, chitosan and porcine small intestine submucosa (Rebowe
et al., 2018; Fornasari et al., 2020). Among the materials that have
been proposed for conduit production, silicon lacks long-term
stability and biodegradability, while stimulating excessive scar
tissue formation and requiring a secondary procedure for
removal (Ciardelli and Chiono, 2006). An ideal conduit should
be easily available and implantable and it should satisfy some of
these requirements: be biocompatible; inducing
immunogenic reactions in the host tissue: be porous for nutrient

without

and oxygen diffusion; be biodegradable to avoid a second surgery; be
flexible and mechanically stable to support nerve regeneration
without long-term compression; and be transparent to help the
surgeons in prosthesis positioning by evaluating the alignment of the
nerve stumps and to detect regenerated tissue in preliminary
assessments without the need to cut open the conduit (Rebowe
etal,, 2018; Stocco et al., 2023). However, no materials can satisfy all
these characteristics together: usually natural polymers, such as
collagen and chitosan, show excellent biocompatibility, low
immunogenicity and high bio-absorbability and sustainability,
but lack adequate mechanical and electrical properties, while
synthetic polymers are better in terms of versatility, mechanical
stability, but
biodegradability and there are still concerns regarding toxic

properties and  structural they have poor
residual monomers from incomplete polymerization (Pinho et al.,
2016; Boni et al.,, 2018). The synthetic polymers family includes also
conductive polymers, such as polypyrrole (PPy), polyaniline (PANI)
and polyethylenedioxythiophene (PEDOT), widely used to fabricate
nerve conduits capable of influencing cell proliferation and axonal
extension by appropriate ES (Guo and Ma, 2018).

Knowing that neurons are electrically excitable cells that
transmit electrical signals, an electrically conductive material
represents an ideal substrate for them. Indeed, it has been
demonstrated that conductive materials can enhance the electric
field produced by the cell membrane, influencing the bioelectric
properties of the cells (Guo et al., 2016). ES can also improve and
direct neurite outgrowth (Meng, 2014) and can promote axonal
elongation (Fraczek-Szczypta, 2014). In recent years, electrically
materials have alternative

conductive been proposed as

candidates for tissue engineering applications. Traditional
polymers, like Ppy, PEDOT and PANI exhibit

they show often poor

conductive
favorable conductivity. However,
mechanical properties, low solubility in available solvents, and
poor processability and biocompatibility (Kaur et al, 2015).
Consequently, there has been a growing interest on conductive
polymeric composites, realized by incorporating conductive fillers
that form a conductive network though the composite while still
maintaining the polymeric characteristics (Marsden et al., 2018).
Among the fillers that have been utilized to increase the conductivity
range of the biocompatible polymer networks, carbon-based
materials such as carbon nanotubes (CNTs) and graphene, have
attracted great attention, due to their good electrical conductivity,
chemical stability and easy functionalization (Ding et al., 2015; Shin
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et al., 2016; Geetha Bai et al., 2018; Kumar et al.,, 2021; Qian et al,,
2021; Hui et al., 2022; Bao et al., 2023).

2 Graphene for PNS regeneration

Graphene is a monolayer of sp’-hybridized carbon atoms
arranged in a two-dimensional honeycomb lattice, first isolated
from graphite in 2004 (Novoselov et al., 2004). It is a single layer
of graphite that, due to the dimensional confinement, shows record
electrical and thermal conductivity (Balandin, 2011), broadband
light absorption (Bao and Loh, 2012), and exceptional mechanical
properties (i.e., hosts extreme mechanical resistance and high
flexibility) (Papageorgiou et al, 2017). The ensemble of these
appealing properties opens up to the potential adoption of
graphene for a large number of applications, which in the
biomedical field span from biosensing to drug delivery and bio-
imaging (Zhang et al., 2012; Reina et al., 2017). Furthermore, thanks
to its carbon-based chemistry, graphene has been often presented as
an excellent candidate material for neural interfacing devices
(Kostarelos et al., 2017; Bramini et al., 2018). To date, significant
focus has been paid to the perspective adoption of graphene-based
materials (GBMs) in the central nervous system (CNS). The main
applications include cell labeling and real-time live-cell monitoring,
biomolecules delivering through the blood-brain barrier and highly
sensitive electrodes that combine stimulation and recording and
enable optoelectronic stimulation (Kuzum et al., 2014; Park et al.,
2014; Bramini et al., 2018; Rauti et al., 2019). Since the integration of
graphene with central neurons was observed to promote controlled
elongation of neuronal processes, thereby facilitating neuronal
regeneration (Li et al., 2011), GBMs have also been integrated in
tissue engineering scaffolds (Ding et al., 2015; Bramini et al., 2018;
Bai et al,, 2019). These studies have paved the way to new research
avenues, and while the CNS keeps being a central research topic,
ever-increasing attention is being devoted to the adoption of
graphene in the peripheral nervous system (PNS).

This review focuses on graphene and graphene-based neural
interfaces and devotes particular attention to the potential use of
graphene as a material for PNS regeneration, discussing how the
complex system of cells involved in nerve regeneration could be
affected by graphene. To date the overview of the adoption of
different graphene and GBMs for this application is still
incomplete. In fact, other reviews existing on the topic focus on
graphene covalent-functionalized forms such as graphene oxide and
reduced graphene oxide, or graphene flakes used in form of
composites to design 2D or 3D scaffolds without including in the
discussion other graphene forms (Grijalvo and Diaz, 2021;
Aleemardani et al., 2022; Hui et al., 2022). As a matter of fact,
the potentiality of planar highly crystalline pristine graphene in
nerve regeneration is still little considered, although it has been
reported in several works how the use of alternative graphene forms
could improve the regeneration outcome (Convertino et al., 2018;
Convertino et al., 2022). Herein, after a general introduction to nerve
guide conduits for peripheral nerve regeneration, we elucidate
graphene and GBMs synthetic methods and discuss the most
common biomedical applications of these materials, their impact
in central and peripheral neural interfaces, with a critical outlook on
their potential cytotoxicity. We then discuss the existing studies on
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TABLE 1 Comparison between different synthesis methods of graphene and GBMs: advantages, disadvantages, and typical applications.

STGENS

methods

Description

Advantages

Disadvantages

Applications

Liquid phase

exfoliation (LPE) of

graphite

Graphite exfoliation in liquid
environment followed by
ultrasonication to separate the
exfoliated flakes from the
unexfoliated ones

Mass-production, low cost,
tunability of chemical and
electrical properties

Residual unexfoliated flakes
to be removed, limited flake
size

Fillers in composites; inkjet
applications (electronic
circuits, sensors, electrodes);
filtration applications; energy
applications

Fabbro et al.
(2016), Tyurnina
et al. (2021)

Exfoliation of
graphite oxide

Reduction of
graphene oxide

Thermal
decomposition
of SiC

Chemical vapor
deposition on
transition metals

Chemical vapor
deposition on
insulators

Obtained by graphite oxide
exfoliation. Rich of oxygen-
containing functional groups

Chemical or thermal
reduction of the oxidation
state of the oxygen functional
groups to restore the sp’
structure

Graphitization of SiC crystal
surface following silicon
atoms evaporation at high
temperature. Mono to trilayer
on the Si-face; multilayer on
the C-face of SiC

Thermal catalytic
decomposition of a carbon
precursor on metal.
Monolayer growth on copper.
Multilayer growth on nickel

Self-catalytic chemical vapor
deposition or metal catalysis.
Via a transition metal film
deposited on sapphire

Mass-production, low cost,
hydrophilic, easily dispersed in
water and polar organic
solvents, tunability of chemical
and electrical properties

Electrically and thermally
conductive

Large-scale production, highly
crystalline graphene, no need
to transfer for specific
electronic applications

Large-scale production, highly
crystalline graphene, easy
transfer on arbitrary substrates

Large-scale production, highly
crystalline graphene, easy
transfer on arbitrary
substrates, no metal

Structurally defective,
electrically insulating

Low conductivity

High growth temperatures,
large scale transfer
challenging

Possible tears and breaks
during transfer, metal and
polymeric contaminants

High growth temperatures,
polycrystallinity

Fillers in composites; coating
for gas-barrier, corrosion
resistance; antibacterial
activity; sensors; drug/gene
delivery carriers; photothermal
therapy

Fillers in composites; energy
storage; antibacterial activity;
sensors; photothermal therapy

Electronic devices; sensors;
quantum Hall resistance
standard

Electronic and photonic
devices; sensors; transparent
electrodes; energy applications

Electronic and photonic
devices, sensors

Smith et al.
(2019), Li et al.
(2021)

Smith et al.
(2019), Li et al.
(2021)

Riedl et al. (2007),
Mishra et al.
(2016),
Convertino et al.
(2022)

Li et al. (2009),
Miseikis et al.
(2015), Saeed et al.
(2020)

Mishra et al.
(2019), Li et al.
(2022a)

contaminants (for metal-free
approaches)

graphene and GBMs in nerve conduits, with a special focus on the
potentiality of highly crystalline pristine planar graphene
(i.e., epitaxial graphene grown on silicon carbide and graphene
grown via chemical vapor deposition on copper or insulators).
Finally, we address the interaction of graphene with different
non-neuronal cell types involved in nerve tissue regeneration, a
crucial point to understand and predict graphene performance in
vivo upon implementation in nerve conduits.

3 Graphene and GBMs: production
methods and main biomedical
applications

Graphene and GBMs can be produced via different methods,
resulting in different materials in terms of size, shape, number of
layers, purity, lateral dimensions and chemical modification that can
influence their application (Table 1) (Kostarelos and Novoselov,
2014; Backes et al., 2020). Recently, within the European Union’s
GRAPHENE Flagship project, it has been proposed a classification
system based on three physical-chemical properties of GBMs: the
number of graphene layers, the average lateral dimensions, and the
carbon-to-oxygen atomic ratio (Wick et al, 2014). Single-layer
graphene is only one atom thick, in contrast, multilayer consists
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of a small number (2-10) of stacked graphene layers, named few-
layer graphene if the layer number is between 2 and 5. Multiple
stacking with a thickness up to 100 nm are referred to as nano-
graphite, to distinguish them from the conventional thicker flakes of
graphite powders (Bianco et al., 2013). Following the isolation of a
single layer of graphene in 2004 via mechanical exfoliation, many
efforts have been made to achieve large-scale synthesis of graphene
(Li et al,, 2021). Among the most common top-down production
methods, liquid phase exfoliation (LPE) of graphite and reduction of
exfoliated graphite oxide are typically used to produce dispersed
graphene flakes. LPE of graphite, performed by ultrasonicating (or
high-shear mixing) powdered graphite in solvents, yields graphene
flakes with controlled thickness (from 1 to 100 layers), controlled
dimension (lateral sizes from tens of nanometers to tens of microns),
and good crystalline quality within a dispersing liquid (Backes et al.,
2020; Tyurnina et al., 2021). While the resulting so-called graphene
inks hold great potential for the realization of advanced composite
materials and in energy conversion and storage, in the biomedical
field the main applications include biosensing and intracellular
delivery of small therapeutic molecules and drugs (Bonaccorso
et al,, 2016; Chen et al,, 2023). For ultrahigh-sensitive biosensors,
high-quality 2D crystals are usually required. However, for less
demanding applications, such as electrochemical detection of
analytes, LPE graphene has demonstrated good performances in
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detecting ascorbic acid, dopamine and uric acid (Qi et al., 2015;
Banavath et al., 2022). Recently, LPE graphene was shown to
enhance enzyme delivery to fibroblasts derived from patients
with lysosomal storage disorders, demonstrating its potential as
carriers for enzyme replacement therapy (Chen et al, 2023).
Graphene oxide (GO), obtained by exfoliating oxidated graphite,
is usually preferred for biomedical applications thanks to the easy
functionalization of the oxygenated species introduced during the
oxidation process (Smith et al, 2019). In addition, the resulting
flakes are strongly hydrophilic and can be easily dispersed in water,
with a broad potential in the biomedical sector. It can be easily
integrated in a polymeric matrix, increasing surface hydrophilicity,
therefore improving cell adhesion at the biomaterial surface (Pinto
et al,, 2013). However, in GO nanosheets, the large fraction of sp’
carbon covalently bonded to oxygen to form epoxy and hydroxyl
groups degrades the electronic performances of the material that is
an electrical insulator (Du et al.,, 2013). The GO properties can be
improved by removing the oxygen functional groups via different
reduction methods to produce reduced graphene oxide (rGO),
however its properties are still poor if compared with pristine
graphene due to the remaining oxygen-containing functional
groups (Smith et al,, 2019). But despite that, the presence of the
functional groups in GO and rGO represents a great opportunity to
tune their chemical and electrical properties (Li et al., 2021). Typical
biomedical applications for GO and rGO include: 1) drug and
therapeutic gene and cellular delivery, that take advantage of
graphene chemical stability, the large surface area to increase the
load rate and the easily functionalised surface chemistry; 2)
phototherapy, that exploits GO photothermal effect to kill
undesired cells and tumors; 3) biosensing, for which rGO is
usually preferred with respect to GO for its higher conductivity;
4) bioimaging, that uses graphene as contrast agents in fluorescence,
photoacoustic and magnetic resonance imaging; 5) sensing for
RNA/DNA, glucose or disease biomarkers; and 6) antibacterial
activity via oxidation and membrane stress (Bramini et al., 2018;
Geetha Bai et al., 2018; Yan et al.,, 2019; Karki et al., 2020; Li et al.,
2021; Cellot et al., 2022). Furthermore, GBMs such as LPE graphene,
GO and rGO have been used in form of composites, foams, fibers
and hydrogels to design tissue engineering 3D scaffolds with
enhanced electrical and mechanical properties, to better mimic
the in vivo environment (Bramini et al., 2018; Vlisceanu et al,,
2019; Savchenko et al., 2021; Lyu et al., 2022).

Bottom-up synthesis of graphene, on the other end, allows one
to obtain highly crystalline graphene on large (i.e., up to wafer) scale.
To this end, thermal decomposition of silicon carbide (SiC) (Riedl
et al,, 2007), and chemical vapor deposition (CVD) of graphene on
transition metals (Yu et al., 2008; Miseikis et al., 2015) as well as on
insulators such as sapphire (Mishra et al., 2019; Li et al., 2022a) can
be adopted. In the former case, graphene is formed after the
sublimation of silicon atoms from the SiC crystal surface,
whereas in the latter case, graphene is grown by depositing the
precursor’s carbon atoms into a substrate.

Epitaxial graphene on SiC combines high crystalline quality,
thickness homogeneity and an extreme cleanliness (Convertino
et al,, 2018). It can be used directly on the growth substrate that
is known to be highly biocompatible, with no need to be transferred
thus avoiding possible contaminants (Coletti et al., 2007; Oliveros
et al, 2011; Convertino et al, 2022). Despite it has been
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demonstrated to be a valid interface for peripheral neuron
integration, to date, epitaxial graphene on SiC remains an ideal
platform for proof-of-concept investigations due to the high
production costs and the non-transferability that impedes its
integration with other substrates (Convertino et al., 2018).

Concerning transition metal substrates, nickel is usually
preferred to grow multilayer graphene due to the high solubility
of carbon in nickel (Yu et al, 2008), while the low solubility of
carbon in copper allows the formation of a single layer graphene film
(Lietal.,2009). To date, CVD monolayer graphene grown on copper
has a quality comparable to the crystals obtained via mechanical
exfoliation (Pezzini et al, 2020), and is largely adopted for
that
conductivity including biosensing (Keisham et al, 2016; Singh
et al, 2018), stem cell differentiation (Park et al., 2011) and
neural electrodes (Kuzum et al., 2014; Park et al., 2014).

With respect to epitaxial graphene on SiC, the use of CVD

applications require high transparency and electrical

graphene on copper holds potential for several applications, being
the substrate cheaper and graphene transferreable to substrates of
choice. Indeed, its flexibility and mechanical resistance as well as its
excellent electrical conductivity have shown to yield positive effects
on cell viability and axon elongation (Li et al., 2011; Lee et al., 2015;
Convertino et al., 2020). To date, most of the studies that use planar
graphene as a neural interface investigate its effect on CNS neurons.
The use of CVD graphene, with or without a polymeric coating is
actually preferred to realize 2D devices as planar transparent
electrodes to stimulate and record neural activity. Indeed,
recently graphene and CNTs have been successfully used to
improve recording and ES of neurons (Keefer et al., 2008;
Kuzum et al, 2014) and, surprisingly, neural microelectrode
arrays (MEAs) fabricated using graphene obtained via CVD
performed better than gold and indium tin oxide (ITO), in terms
of signal-to-noise ratio (Rastegar et al., 2017). Park et al. developed a
CVD graphene-based, carbon-layered electrode array device that
was implanted in rodent brain for high-resolution

Thanks to

biocompatibility, transparency and flexibility, the device showed

neurophysiological ~ recording. graphene’s
long-term in vivo stability and viability for optogenetic activation of
focal cortical areas, electrophysiology and cortical imaging (Park
et al., 2014). Kuzum and coauthors developed a transparent flexible
neural electrode based on CVD graphene for simultaneous
electrophysiological recording and optical imaging, with an
improved signal-to-noise ratio and substantial reduction in
electrical interference noise (Kuzum et al., 2014). The technique
has been recently improved to integrate 2-photon microscopy,
optogenetic, stimulation and cortical recordings in the same in
vivo experiment (Thunemann et al, 2018), and it was used for
multimodal monitoring of transplanted organoids for a
comprehensive evaluation of the development, maturation and
integration between the organoid and the host brain. Recently,
CVD graphene has also been used to realize a solution-gated
field-effect transistor that showed a performance similar to
platinum black electrodes in recording visual and auditory
responses in rats (Hébert et al, 2018), with long-term stability
and biocompatibility in epicortical chronic implant (Garcia-
Cortadella et al., 2021).

Park et al., 2011 exploited graphene as a transparent electrode,
observing a good electrical coupling between graphene and neural
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stem cells (NSCs) for ES and confirming the neural activity of the
differentiated cells. The resulting neural network functionality and
effect on the NSC’s
electrophysiological state was also investigated by Guo et al,

the graphene maturation of the
2016. Graphene influenced both passive and active bioelectric
membrane properties, hyperpolarizing the resting membrane
potential and increasing the firing of action potentials during
development, resulting in an accelerated maturation and
enhanced neural performance (Guo et al., 2016).

The primary consideration when employing GBMs in
biomedical applications is their biocompatibility. Indeed, the
family of GBMs
properties that greatly influence the cell response (Wick et al.,
2014). The layer number affects the elasticity and thus the
adsorptive capacity of biomolecules that affect the cell

interactions. The lateral size influences the cellular uptake, the

includes materials with widely variable

blood-brain barrier crossing and the clearance from the body.
The carbon-to-oxygen atomic ratio highly influence the structural
properties and the surface chemistry, going from the highly
hydrophobic pristine graphene to the GO that presents oxygen
functionalities and hydrophilic regions (Wick et al., 2014). The
following section investigates the effect of the production methods
on the potential toxicity of GBMs to cell functions in neural
interfaces.

4 Graphene and GBMs: potential
toxicity in neural interfaces

4.1 Graphene nanosheet in neural interfaces

The preservation of neuronal health is key to many biomedical
applications and crucial for the realization of scaffolds that enhance
neuronal regeneration and functional recovery (Bramini et al., 2018;
Lu et al., 2023). Indeed, the potential cytotoxicity of GBMs has been
largely debated (Zhang et al., 2010; Liao et al., 2011; Fadeel et al.,
2018). It has been demonstrated that GO induces functional
alterations in primary astrocytes (Chiacchiaretta et al., 2018) and
cortical neurons (Bramini et al., 2016). An impairment of excitatory
transmission was found in primary neurons chronically exposed to
graphene oxide flakes (Bramini et al., 2016; Rauti et al., 2016).
Bramini et al. observed that, even without interfering with neuron
viability and intrinsic excitability, GO exposure decreased the
network electrical activity by creating an imbalance between
synaptic excitation and inhibition (Bramini et al., 2016). Rauti
et al, 2016 showed similar results on primary hippocampal
neurons. They reported that high concentrations of GO affected
synapse formation and function without altering cell survival.
Cytotoxicity of graphene is often observed for dispersed graphene
flakes: a shape and concentration-dependent cytotoxicity on
PC12 cells was observed for graphene flakes (Zhang et al., 2010),
just as GO had a dose-dependent cytotoxicity in human fibroblast
cells and mice (Wang et al, 2011). Since the nanosheets are
characterized by irregular protrusions and sharp edges, the
cytotoxicity has been ascribed to their capacity to disrupt the cell
membrane causing cell death (Bramini et al., 2018; Darbandi et al.,
2018). Moreover, graphene aggregates could also induce oxidative
stress, causing mitochondrial dysfunction, lipid peroxidation, or
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DNA damage (Zhao et al, 2014). However, there are still
controversial findings on graphene nanosheet biocompatibility,
probably due to the heterogeneity of the fabrication methods,
that strongly influence the size, structure, charge, impurities and
surface modification of the resulting graphene (Bramini et al., 2018;
Fadeel et al., 2018). On the other hand, GO toxicity can be drastically
reduced by functionalizing it with different coatings or reducing
agents (Kuila et al., 2012; Yang et al., 2013). It is important to notice
that the studies reported above explored the effect of graphene oxide
nanosheets dispersed in the growth medium. On the contrary, when
a flat surface coated with graphene produced by LPE was used, the
synaptic formation and network activity in hippocampal neurons
were not altered (Fabbro et al., 2016). This study reported that LPE
graphene-coated glass coverslips
behavior, supporting neuronal functional development without

retain unaltered neuronal

perturbing the neuronal network synaptic and

electrophysiological properties (neuronal passive properties,
spontaneous synaptic activity and short-term synaptic plasticity)
(Fabbro et al., 2016). Moreover, uncoated thermally reduced
graphene (TRG) was shown to favor multi-lineage differentiation
of adult mouse olfactory bulb into neurons, astrocytes and
TRG

differentiation of oligodendrocytes and the

oligodendrocytes. supported  the  morphological
formation of
functional synapses in neurons (Defterali et al., 2016). Overall,
the above in vitro studies highlighted the negative effects of a
chronic exposition to graphene sheets. It is worth noting that
scaffolds incorporated with graphene may release flakes that
could enter the bloodstream and be retained in various organs,
becoming thus dangerous if such deposition occurs in large
amounts. However long term in vivo studies that investigate the
dependence of the effects on the size, dose and functionalization of

the GO and rGO flakes are needed.

4.2 CVD graphene in neural interfaces

With respect to those GBMs, planar pristine graphene, a large-
scale layer of sp® hybridized carbon atoms, guarantees unique
electrical and tribological properties, while presenting good
biocompatibility. Indeed, even in the absence of a coating, CVD
graphene was shown to be biocompatible, sustaining neuron
survival and neurite outgrowth (Table 2). Bendali et al, 2013
examined the survival and neurite outgrowth of adult retinal
neurons both on bare and polymer-coated graphene. They
confirmed the graphene potential as a cytocompatible material
for interfacing neurons with electronic devices, even though the
presence of a polymeric coating seemed to help cell adhesion and
spreading. Sahni et al., 2013 used bare graphene to culture cortical
neurons and showed long, linear neurite growth and synapse-like
structure formation. They also reported an increased adhesion of
neurons on graphene, compared to bare plastic dishes, that was
explained by van der Waals forces overcoming the hydrophobic
forces of the plastic dish. In addition, CVD graphene was found to
support the growth of primary hippocampal neurons, without
affecting cell viability and morphology and accelerating neurite
sprouting and outgrowth especially during the developmental
phase (Li et al., 2011). More recently, Pampaloni et al., 2018 have
disclosed that single layer graphene boosts neuronal activity,
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TABLE 2 Impact of graphene and GBMs used as central and peripheral neural interfaces.

Type of Substrate

graphene

Graphene impact

GO Dispersed in medium Hippocampal Downregulation of neural signaling without affecting cell Rauti et al. (2016), (2019)
neurons viability. Impairment of cell viability in larger flakes

GO Dispersed in medium Cortical neurons Downregulation of excitatory transmission accompanied by a | Bramini et al. (2016)
decreased density of excitatory synaptic contacts and
upregulation of inhibitory transmission

GO Dispersed in medium Cortical astrocytes Improved astrocyte-to-neuron communication Chiacchiaretta et al.

(2018)
Functionalized GO | Deposited on polyethyleneimine | Hippocampal Improved neurite outgrowth and branching in positively Tu et al. (2014)
(PEI)-coated glass neurons charged GO
G flakes Deposited on glass Hippocampal No altered cell and synapse behavior Fabbro et al. (2016)

neurons

Epitaxial graphene
on SiC

On the growth substrate (SiC) Dorsal root ganglion

neurons

Transferred on tissue culture
polystyrene

CVD monolayer on
copper

Hippocampal
neurons

CVD monolayer on
copper

Transferred on sapphire Retinal ganglion

neurons

CVD monolayer on
copper

Transferred on glass Hippocampal

neurons

CVD monolayer on
copper

Transferred on glass Dorsal root ganglion

neurons

CVD monolayer on
copper

Transferred on glass Hippocampal

neurons

Survival on peptide coated and peptide-free graphene

Neurite sprouting and outgrowth

Survival on peptide-free graphene

Neurite sprouting and outgrowth, improved dendritic

network formation and synaptic activity

Axon outgrowth through local stall of nerve growth factor
signaling endosomes

Improved adhesion and outgrowth. Repellent nature of poor-
crystalline graphene

Convertino et al. (2018)

Li et al. (2011)

Bendali et al. (2013)

He et al. (2016),

Pampaloni et al. (2018)

Convertino et al. (2020)

Veliev et al. (2016)

CVD monolayer on Cortical neurons

copper

Transferred on poly(ethylene
terephthalate) substrates

No altered viability and excitability on graphene with different
electrical properties

Capasso et al. (2021)

increasing the action potential frequency in hippocampal neurons
by altering extracellular ion distribution at the material interface.
They hypothesized that potassium ions are trapped at the carbon
surface, leading to a local depletion at the neuronal membrane. Also,
it has been shown, that neural affinity strongly depends on graphene
quality. Veliev et al, 2016 showed that hippocampal neurons
cultured on high quality bare graphene had an improved
adhesion and outgrowth, with a neuritic architecture similar to
conventional coated controls. On the other hand, the use of defective
CVD graphene prevented cell attachment, demonstrating that the
presence of carbon atoms alone does not guarantee the material
cytocompatibility, but rather the material crystalline quality plays a
crucial role. In contrast with these observations, Capasso and
coworkers showed that highly defective graphene characterized
by reduced electrical conductivity but comparable roughness and
hydrophilicity with respect to highly crystalline graphene, did not
affect morphology, and electrical properties
hippocampal networks (Capasso et al., 2021).

viability, in

Despite the growing number of studies, the nature of the
interaction between neurons and graphene, and the effect of
different electrical, chemical and structural properties of
graphene on neuronal activity, is still not completely clear
(Bramini et al., 2016; Rauti et al., 2016; Chiacchiaretta et al.,
2018; Pampaloni et al,, 2018). Yet, the chemistry, morphology
and tribological properties of planar graphene have shown to
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yield an overall positive effect on neural cell viability and

proliferation, with no measurable cytotoxic effects.

5 Graphene and GBMs in peripheral

nerve tissue regeneration

5.1 Graphene-based composites in

peripheral nerve regeneration

The use of GBMs as peripheral neural interfaces to realize nerve

conduits has been extensively explored by combining graphene and
its derivatives with polymers, to realize composites, whose enhanced
electrical conductivity is due to graphene sheets or CNTs inclusions
(Deng et al., 2011; Heo et al., 2011; Golafshan et al., 2017; Liu et al.,
2017), with promising results also in vivo (Jakus et al., 2015; Qian
et al,, 2018a; Qian et al., 2018b; Wang et al,, 2019a; Wang et al,,
2019b; Dong et al,, 2020; Lu et al.,, 2023; Zhang et al., 2023).
Many works examined the potential of GBMs in accelerating
nerve tissue regeneration in the absence of an external ES, emulating
the endogenous electric stimulation of the nerve tissue by contacting
the conductive scaffold with the electrically active nerve tissue
(Wang et al, 2019a). GO-coated nanofibrous scaffolds was
demonstrated to create an ideal interface of SCs growth and
successfully repaired a 10 mm sciatic nerve defect (Wang et al,
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(A) Preparation of GO-ApF/PLCL nerve conduit and animal implantation. Schematic illustration of GO-ApF/PLCL nerve conduit preparation (top);
characterization of GO-ApF/PLCL nerve conduit (center); optical images of nerve conduit at implantation (bottom) (Wang et al., 2019b). (B) 3D printed
graphene nerve conduit wrapped around the ulnar nerve (Adapted from (Jakus et al., 2015). (C) Schematic illustration of the graphene loaded PCL
conduit. The inner-most and outer-most green layers are PDA/RGD mixed layers. The purple layer is single-layered or multi-layered graphene and

PCL mixed layer. The blue layer is a repetition of the graphene and PCL mixed layer (Adapted form (Qian et al., 2018b). (D) Surgical implantation of the
GelMA/PCL nanofibers conduits (control, no rGO), rGO/GelMA/PCL at two different concentrations (A-rGO = 0.25 wt% rGO and B-rGO = 0.5 wt% rGO)
and traditional surgical approach (TEN). The motor nerve conduction velocity of the B-rGO, A-rGO, Control, and TEN groups was comparable. Adapted

from (Fang et al.,, 2020)

2019b) (Figure 2A). Silk fibroin-graphene hydrogels were shown to
promote PCI12 cell differentiation and neurite growth (Wang et al.,
2019¢). An enhanced PCI12 cell adhesion and proliferation was also
reported by Golafshan et al. in a hybrid graphene nanosheets-
sodium alginate/polyvinyl alcohol fibrous scaffold (Golafshan
et al, 2017). Gopinathan et al. illustrated the impact of
electrically conducting carbon nano-fillers including carbon
nano-fiber and nano-graphite in PCL-based porous scaffolds. All
the nano-composite films supported PCI2 attachment and
differentiation, however, carbon nano-fiber-PCL based films were
found to have better electrical conductivity and enhanced thermo-
mechanical properties when compared to nano-graphite, and
showed superior cytocompatibility (Gopinathan et al.,, 2016). The
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efficacy of graphite nanofilaments dispersed in an alginate hydrogel
was reported in Homaeigohar and coworkers (Homaeigohar et al.,
2019). Their hydrogel nanocomposite allowed to create local
conductive zones, enabling intercellular signaling and provoking
cells responses, with good biocompatibility also in vivo. Additional
research supported the anti-inflammatory ability of 3D graphene
foams, ascribed to their unique topographical features (Song et al.,
2014). Indeed, 3D graphene evoked milder neuroinflammation in
the microglia when compared to 2D graphene, suggesting that the
topographical structures of the materials might affect the material/
cell interactions and the inflammatory behaviors. Jakus et al., 2015
fabricated a 3D printable scaffold, consisting of graphene with a
minority of polylactide-co-glycolide, that could be used as an
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electrically conducting scaffold for tissue regenerative engineering
applications (Figure 2B). GO and CNTs were also embedded in
positively charged hydrogel to realize a conductive nerve conduit to
stimulate nerve cell differentiation (Liu et al., 2017). Recently, Qian
and colleagues fabricated graphene nanoparticles and PCL scaffolds
that improve in vivo axonal regeneration and nerve remyelination
after physical nerve injury, with negligible toxicity and a successful
sensory recovery even in a long nerve defect model (Qian et al,
2018b; Qian et al., 2021) (Figure 2C). They investigated the effect of
both single and multi-layered graphene fillers. Although both
fillers
remyelination

graphene induced successful axonal regrowth and

after peripheral nerve injury, single-layered

graphene conduit showed superior electrical and mechanical
properties, knowing that multi-layered
compromise electric conductivity (Ding et al., 2015; Qian et al,

structure  could
2018a), A small gap tubulization using a containing gelatin
methacryloyl (GelMA), PCL and rGO was also reported to
promote sensory and motor nerve regeneration and functional
recovery of a transected sciatic nerve even, with a conduction
function similar to the other control groups (GelMA/PCL
without rGO and traditional epineurial neurorrhaphy) without
applying ES (Fang et al, 2020) (Figure 2D). However, the
application of a therapeutic ES was found to improve the repair
and regeneration in peripheral nerve injury. Dong and coworkers
incorporated graphene powders in a fibrous scaffold and applied
exogenous ES demonstrating enhanced sciatic nerve regeneration
and functional recovery (Dong et al., 2020). Moreover, they reported
that daily stimulation exhibited significant therapeutic benefits in
restoring motor and sensory function, nerve conduction function,
targeted gastrocnemius muscle morphology, as well as promoting
regeneration and remyelination of the injured nerve. These effects
were notably superior to the brief ES and comparable to the gold
standard autograft. In addition, a micropatterned polydopamine-
(PLCL)
embedded with graphene powders was recently reported as a

decorated poly (l-lactide-co-caprolactone) conduit
multifunctional guidance conduit that combines topographical
features, surface coating and electric stimulation to promote
neural regeneration, myelination, and the recovery of motor and

sensory functions after peripheral nerve injury (Lu et al., 2023).

5.2 CVD and epitaxial graphene in peripheral
nerve regeneration

To date, the interaction between planar graphene and peripheral
neural cells has scarcely been investigated, even if graphene positive
effect on neurite outgrowth opens opportunities in neuroscience, neural
engineering and regenerative medicine (Lee et al., 2012; Convertino
et al, 2018; 2020). It should be stressed that the high electrical
conductivity, flexibility and these
applications can be easily met by using CVD graphene. The

transparency —required by
interaction between planar graphene and PCI12 cells, used as a
model for peripheral neurons was reported for the first time by Lee
and coworkers (Lee et al., 2012). They showed that CVD graphene
coated with fetal bovine serum (FBS) enhanced neurite outgrowth and
increased cell proliferation compared to bare glass coverslip. However,
knowing that FBS is not a traditional coating for neural cells (Sun et al,,
2012) and that it was used only for graphene and not for the glass
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control, little can be told about the impact of the graphene substrate per
se on the results. The effect of pristine planar graphene with the
traditional polymeric coating for neural cells on PC12 was then
investigated by Convertino et al, 2018 using graphene grown by
thermal decomposition on silicon carbide. In this work, it was
shown that graphene stimulated a significant increase of neurite
length in PCI2 cells and that primary DRG neurons survived both
on coated and uncoated graphene for more than 2 weeks. More recently
DRG neurons were interfaced with CVD graphene transferred on glass
and a significant increase of neurite length in the early days of culture
was observed (Convertino et al.,, 2020). Also, the structural and dynamic
information obtained when investigating the material effect on neuron
physiology, revealed that graphene effect on axon elongation is
mediated by the local stall of the nerve growth factor (NGF)
signaling endosome in the early developmental stage (Convertino
et al,, 2020). The reduced excitability of DRG neurons was ascribed
to the potassium ions adsorption on p-doped graphene, as previously
suggested by Pampaloni et al., 2018. These studies provide relevant
insights toward the understanding of graphene influence on neurite
outgrowth and elongation, key information for using this material for
neuroregeneration applications. Yet, flexibility remains a requirement
for realizing nerve conduits that was not met in the reported works since
the investigated graphene was grown or transferred on rigid substrates
(i.e, glass and SiC). The integration of CVD graphene with flexible
biocompatible substrates represents a central point for the development
of high-quality graphene-based nerve conduits. In this direction, a 3D-
graphene foam scaffold (CVD 3D-GF) grown via CVD on nickel was
coupled with a biocompatible polymer to realize a conductive porous
conduit (3D-GF/polymer) (Bahremandi Tolou et al.,, 2021). The study
confirmed the efficacy of the conduit showing improved PC12 cell
adhesion, proliferation and extension when compared to the same
conduit without graphene. Similarly, Huang and coworkers combined a
CVD graphene mesh with a hydrogel scaffold. It was loaded with the
axonal guidance molecule netrin-1 and it was shown to promote
angiogenesis and regeneration of the peripheral nerve and the
restoration of the denervated muscle (Huang et al., 2021) (Figure 3).
It is worth noting that, differently from conduits that use graphene
flakes rather than CVD graphene, the use of CVD 3D-GF/polymer
conduits is more promising due to their higher resistance to
degradation, that avoids flakes release in the bloodstream. Also,
interestingly, the percentage of graphene (2wt%) in the polymeric
matrix to achieve suitable mechanical and electrical properties was
lower than the amount usually reported for graphene flakes, thus
reducing the risk of toxic effects in vivo (Jakus et al, 2015
Bahremandi Tolou et al,, 2021). In addition to 3D-graphene foam/
polymer composites, CVD graphene was successfully transferred on a
biocompatible and biodegradable copolymer, and used as a flexible
conductive electrode for the ES of PC12 cells (Sherrell et al., 2014).
Sherrel and coworkers drop-casted the biopolymers over graphene
during fabrication, validating the ability to develop flexible
biocompatible and conductive composites without using a graphene
dispersion, but a continuous layer of high-quality CVD graphene.
Additionally, integrating monolayer graphene with transparent
polymers could also help in preserving the substrate transparency, a
feature really appreciated by the surgeons being the conduit easier to
handle and suture. Nevertheless, the development of this technique for
engineering graphene nerve conduit requires a substrate-compatible
transfer process for large-scale CVD graphene and is not compatible
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(A) Schematic illustration of netrin-1-loaded CVD-graphene-mesh/hydrogel nerve scaffold. (B) Mean diameter of muscle fibers shows no significant
difference between the autologous graft group and the scaffold + netrin-1 group. (C) The scaffold + netrin-1 group shows a significantly higher

angiogenesis of gastrocnemius muscles. Adapted from (Huang et al.,, 2021).

with the traditional manufacturing methods (e.g, dip coating,
electrospinning, molding) and 3D printing (Han and Yin, 2022).
Moreover, CVD graphene growth is more expensive than the
common top-down synthesis, however many efforts have been made
to develop a cost-effective synthesis method with controlled mass
production and superior quality (Liu et al, 2022). Nevertheless,
using CVD graphene in place of graphene flakes could have
advantages in terms of regenerative results that might be worth to
explore. The use of a continuous films could prevent agglomeration and
neurotoxicity of nano-sized graphene (GO or rGO) while stimulate
axon elongation and cell proliferation (Convertino et al, 2022).
Moreover the electrically conductivity of rGO does not reach the
one of pristine graphene, and rGO-based electrodes usually have low
impedance and high charge-injection capacity that highly affect the
recording and stimulation performances of the electrode (Bakhshaee
Babaroud et al., 2022).

6 Graphene interaction with different
non-neuronal cell types involved in
nerve tissue regeneration

Following peripheral nerve injury several cell types besides neurons
get involved. As soon as neurons get injured, SCs de-differentiate
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owing to their lost connection with axons, starting a vigorous
proliferation and acquiring a precursor-like “repair” state, which
accounts for the secretion of several pro-inflammatory factors such
as interleukin (IL)-1, IL-2, IL-6, and tumor necrosis factor a (TNF-a)
in the extracellular space (Balakrishnan et al., 2021). This promotes the
recruitment of macrophages (Li et al., 2022b) to the injury site, which
together with repair SCs are responsible for degrading and removing
degenerated axons and myelin debris, a necessary step for axonal re-
growth (Balakrishnan et al,, 2021; Endo et al,, 2022). The injury site is
also rapidly invaded by fibroblasts (Parrinello et al., 2010) and other
immune cells, including neutrophils (Kennedy and Deleo, 2009).
Indeed, the innate arm of the immune system plays a crucial role
in peripheral nerve regeneration (Kalinski et al., 2020).

Of note, other more cell types may be involved in the interaction
with the injury site, when a cell therapy (typically, a stem cell
therapy) approach is used either alone or in combination with
the nerve conduit approach (Sullivan et al, 2016). The most
thoroughly investigated cells for these applications are bone
marrow mesenchymal stem cells, neural stem cells, adipose stem
cells, skin derived precursor stem cells and, more recently, induced
pluripotent stem cells (Yi et al., 2020). In this respect, understanding
the interaction of these cell types with graphene is crucially
important to unravel and predict its performance in vivo upon
implementation in nerve conduits. For example, it was recently
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reported that GO and rGO-coated scaffolds, eventually coupled to
ES, could positively affect SCs behavior by promoting the repair
phenotype and by enhancing migration, proliferation, and
myelination ability (Wang et al., 2019b; Fabbri et al, 2021;
Aleemardani et al, 2022) as well as adipose mesenchymal
stromal cells differentiation to SCs (Llewellyn et al., 2021).

GBMs were also shown to influence immune cells. Indeed,

neutrophils were shown to recognize some carbon-based
materials as pathogens, capturing and digesting GO and CNTs
(Keshavan et al, 2019). Furthermore, GO and rGO were

analyzed for their ability to influence macrophage response, and
it was found that upon phagocytosis by the immune cells, they could
decrease both oxidative stress and proinflammatory cytokine
secretion, thus potentially boosting an appropriate immune
response for tissue regeneration (Cicuéndez et al., 2021). Similar
properties were ascribed to highly crystalline graphene particles
(30-160 nm) derived by fragmenting CVD graphene grown on a
nickel foam and phagocyted by human macrophages (Povo-Retana
et al., 2021). The macrophage phagocytosis was confirmed also for
pristine graphene flakes with an average size of 500 nm (Mcintyre
et al,, 2016). Concerning fibroblasts, monolayer CVD graphene was
found to be non-toxic and to allow migration of murine
subcutaneous connective tissue cells similar to controls (Lasocka
et al., 2018). However, nano and micro sized GO were found to
negatively impact embryonic fibroblast cell cycle and viability,
underlying again the diverging performances that different
graphene forms, with varying flake size, concentration and
surface chemistry, can have (Liao et al, 2011; Hashemi et al,
2020). Finally, graphene was also studied for its ability to
promote neural differentiation and affect the behavior of stem
cells in the context of peripheral regeneration, as extensively
reviewed elsewhere (Kenry et al, 2018; Yao et al, 2021; Hui
2022).
realized by combining GO with electrospun nanofibers were

et al, Conductive electroactive biomimetic scaffolds
found to promote SC proliferation, migration and myelination,
and to induce in vivo sciatic nerve repair with fiber regeneration
similarly to the gold standard autograft (Wang et al, 2019b).
Interestingly, graphene-based nerve conduits loaded with stem
cell derived extracellular vesicles, i.e., biological nanoparticles
displaying parental-cells-like pro-regenerative properties, has
yielded promising results in an in vivo evaluation of peripheral
nerve injury, while avoiding the issues of a cell therapy approach
(Zhang et al., 2023). Overall, the interaction of GBMs with all the
numerous cell types involved in peripheral nerve injury and
regeneration remains largely unexplored, while it constitutes a
crucial aspect to consider to avoid undesirable effects in
designing graphene-based conduits. Further research is required
in this direction to fully explore the implications of using graphene
and GBMs-to achieve an optimal pro-regenerative performance.

7 Conclusion

In the field of neural regeneration, the evaluation of the cell’s
response remains a relevant aspect. 3D scaffold should mimic the
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outer microenvironment, having physical, biological and
biochemical features that favor cells proliferation, migration
The majority of the FDA-approved

conduits are made of bioresorbable polymeric hollow tube,

and differentiation.

that limits their repair efficiency to lesions less than 3 cm long
(Meena et al, 2021). Despite the limitations of using hollow
tubes, they still have a wide clinical acceptance when compared to
most complex geometries. However, the use of innovative lumen
wall designs, the addition of inner fillers and topological
modifications, and the surface functionalization through
conductive coatings have greatly improved the regenerative
outcome. Among the conductive coatings that can be used to
stimulate, direct and accelerate peripheral nerve regeneration,
graphene and GBMs are bringing new perspectives thanks to
their excellent conductivity and mechanical strength (Parker
et al,, 2021). To date, graphene oxide and graphene covalent-
functionalized forms are preferred to realize three-dimensional
scaffolds for in vivo nerve regeneration. They have been applied
in polymeric composites, following the conduit topographical
cues and allowing the scaffold loading with molecules, growth
factors and stem cell, thus demonstrating a good integration with
the current technologies (Jakus et al., 2015; Qian et al., 2018b;
Qian etal., 2018a; Wang et al., 2019a; Wang et al., 2019b; Lu et al.,
2023; Zhang et al., 2023). Yet, due to the possible cytotoxic effect
of graphene nanosheets on nerve cells, further long-term
2018).
graphene-such as graphene obtained via chemical vapor

investigations are needed (Fadeel et al, Planar
deposition and by thermal decomposition of SiC-has shown to
have reduced cytotoxic effects (Fabbro et al., 2016; Veliev et al.,
20165 Convertino et al., 2022). Indeed, CVD graphene has been
successfully adopted for the realization of in vivo planar
electrodes, which have been used for neural imaging and
optogenetic applications (Kuzum et al., 2014; Park et al., 2014;
Thunemann et al., 2018). Although conductive electrodes are the
main field of application for planar graphene, the possibility to
use CVD graphene to design implants should not be excluded.
Indeed, CVD graphene has been reported to have a positive effect
on axonal outgrowth of peripheral neurons, a result which
suggests its possible use as an active conductive substrate for
nerve regeneration (Convertino et al., 2020). The integration of
CVD graphene with commercially available polymeric conduits
adopted in neural regeneration might ultimately improve their
the

biocompatibility and mechanical properties of the polymer.

electrical conductivity, while preserving optimized
However, also for CVD graphene possible foreign-body
reactions, long term degradation and bioresorption need to be
carefully analyzed when considering in vivo applications. As
discussed in this review, different graphene forms differently
affect the neuronal and non-neuronal cells involved in the
regeneration process (Kostarelos and Novoselov, 2014). For
this reason, additional systematic research is needed in the
coming years to truly unveil the effective potential of
graphene and GBMs for the realization of novel nerve
conduits meeting the diverse and complex requirements

emerging at the nerve injured site.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1306184

Convertino et al.

Author contributions

DC: Conceptualization, Visualization, Writing-original draft.
MT: Writing-review and editing. CG: Writing-review and editing.
LM: Conceptualization, Supervision, Writing-review and editing.
CC: Conceptualization, Supervision, Writing-review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
work has received funding from the University of Pisa under
the “PRA—Progetti di Ricerca di Ateneo” (Institutional
Research Grants)—Project No. PRA 2020-2021 92 “Quantum
Computing, Technologies and Applications,” the European
Union’s Horizon 2020 research and innovation programme
under grant agreement 881603 and by the Next-Generation

EU project ECS00000017 “Ecosistema dell'Innovazione”

References

Aleemardani, M., Zare, P., Seifalian, A., Bagher, Z., and Seifalian, A. M. (2022).
Graphene-based materials prove to Be a promising candidate for nerve regeneration
following peripheral nerve injury. Biomedicines 10, 73-23. doi:10.3390/
biomedicines10010073

Backes, C., Abdelkader, A. M., Alonso, C., Andrieux-Ledier, A., Arenal, R., Azpeitia,
J., et al. (2020). Production and processing of graphene and related materials. 2D Mat. 7,
022001. doi:10.1088/2053-1583/able0a

Bahremandi Tolou, N., Salimijazi, H., Kharaziha, M., Faggio, G., Chierchia, R., and
Lisi, N. (2021). A three-dimensional nerve guide conduit based on graphene foam/
polycaprolactone. Mat. Sci. Eng. C 126, 112110. doi:10.1016/j.msec.2021.112110

Bai, R. G., Muthoosamy, K., Manickam, S., and Hilal-alnagbi, A. (2019). Graphene-
based 3D scaffolds in tissue engineering: fabrication, applications, and future scope in
liver tissue engineering. Int. J. ofNanomedicine 14, 5753-5783. doi:10.2147/ijn.s192779

Bakhshaee Babaroud, N., Palmar, M., Velea, A. I, Coletti, C., Weingirtner, S., Vos, F.,
et al. (2022). Multilayer CVD graphene electrodes using a transfer-free process for the
next generation of optically transparent and MRI-compatible neural interfaces.
Microsystems Nanoeng. 8, 107. doi:10.1038/s41378-022-00430-x

Balakrishnan, A., Belfiore, L., Chu, T., Fleming, T., Midha, R,, Biernaskie, J., et al.
(2021). Insights into the role and potential of Schwann cells for peripheral nerve repair
from studies of development and injury. Front. Mol. Neurosci. 13, 608442-608522.
doi:10.3389/fnmol.2020.608442

Balandin, A. A. (2011). Thermal properties of graphene and nanostructured carbon
materials. Nat. Mat. 10, 569-581. doi:10.1038/nmat3064

Banavath, R., Abhinav, A., Nemala, S. S., Srivastava, R., and Bhargava, P. (2022).
Liquid phase high shear exfoliated few-layered graphene for highly sensitive ascorbic
acid electrochemical sensors. Mat. Adv. 3, 9019-9029. doi:10.1039/d2ma00666a

Bao, L., Cui, X, Mortimer, M., Wang, X., Wu, ], and Chen, C. (2023). The renaissance
of one-dimensional carbon nanotubes in tissue engineering. Nano Today 49, 101784.
doi:10.1016/j.nantod.2023.101784

Bao, Q., and Loh, K. P. (2012). Graphene photonics, plasmonics, and broadband
optoelectronic devices. ACS Nano 6, 3677-3694. doi:10.1021/nn300989g

Bendali, A., Hess, L. H., Seifert, M., Forster, V., Stephan, A. F., Garrido, J. A., et al.
(2013). Purified neurons can survive on peptide-free graphene layers. Adv. Healthc.
Mat. 2, 929-933. doi:10.1002/adhm.201200347

Bianco, A., Cheng, H. M., Enoki, T., Gogotsi, Y., Hurt, R. H., Koratkar, N., et al.
(2013). All in the graphene family - a recommended nomenclature for two-dimensional
carbon materials. Carbon N. Y. 65, 1-6. doi:10.1016/j.carbon.2013.08.038

Bonaccorso, F., Bartolotta, A., Coleman, J. N., and Backes, C. (2016). 2D-Crystal-
Based functional inks. Adv. Mat. 28, 6136-6166. doi:10.1002/adma.201506410

Boni, R., Ali, A., Shavandi, A., and Clarkson, A. N. (2018). Current and novel
polymeric biomaterials for neural tissue engineering. J. Biomed. Sci. 25, 90-21. doi:10.
1186/512929-018-0491-8

Bramini, M., Alberini, G., Colombo, E., Chiacchiaretta, M., DiFrancesco, M. L., Maya-
Vetencourt, J. F,, et al. (2018). Interfacing graphene-based materials with neural cells.
Front. Syst. Neurosci. 12, 12-22. doi:10.3389/fnsys.2018.00012

Frontiers in Bioengineering and Biotechnology

12

10.3389/fbioe.2023.1306184

Tuscany Health Ecosystem (THE, PNRR, 4:

Nanotechnologies for diagnosis and therapy).

Spoke

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Bramini, M., Sacchetti, S., Armirotti, A., Rocchi, A., Vazquez, E., Le6n Castellanos, V.,
et al. (2016). Graphene oxide nanosheets disrupt lipid composition, Ca 2+ homeostasis,
and synaptic transmission in primary cortical neurons. ACS Nano 10, 7154-7171.
doi:10.1021/acsnano.6b03438

Capasso, A., Rodrigues, J., Moschetta, M., Buonocore, F., Faggio, G., Messina, G., et al.
(2021). Interactions between primary neurons and graphene films with different
structure and electrical conductivity. Adv. Funct. Mat. 31. doi:10.1002/adfm.202005300

Cellot, G., Biagioni, A. F., and Ballerini, L. (2022). Nanomedicine and graphene-based
materials: advanced technologies for potential treatments of diseases in the developing
nervous system. Pediatr. Res. 92, 71-79. doi:10.1038/s41390-021-01681-6

Chen, Y., Taufiq, T., Zeng, N., Lozano, N., Karakasidi, A., Church, H,, et al. (2023).
Defect-free graphene enhances enzyme delivery to fibroblasts derived from patients
with lysosomal storage disorders. Nanoscale 15, 9348-9364. doi:10.1039/D2NR04971F

Chiacchiaretta, M., Bramini, M., Rocchi, A., Armirotti, A., Giordano, E., Vazquez, E.,
et al. (2018). Graphene oxide upregulates the homeostatic functions of primary
astrocytes and modulates astrocyte-to-neuron communication. Nano Lett. 18,
5827-5838. doi:10.1021/acs.nanolett.8b02487

Chighizola, M., Dini, T., Lenardi, C., Milani, P., Podesta, A., and Schulte, C. (2019).
Mechanotransduction in neuronal cell development and functioning. Biophys. Rev. 11,
701-720. doi:10.1007/s12551-019-00587-2

Ciardelli, G., and Chiono, V. (2006). Materials for peripheral nerve regeneration.
Macromol. Biosci. 6, 13-26. doi:10.1002/mabi.200500151

Cicuéndez, M., Casarrubios, L., Barroca, N, Silva, D., Feito, M. J., Diez-Orejas, R.,
et al. (2021). Benefits in the macrophage response due to graphene oxide reduction by
thermal treatment. Int. J. Mol. Sci. 22, 6701. doi:10.3390/ijms22136701

Coletti, C., Jaroszeski, M. J., Pallaoro, A., Hoff, A. M., lannotta, S., and Saddow, S.
E. (2007). Biocompatibility and wettability of crystalline SiC and Si surfaces. Annu.
Int. Conf. IEEE Eng. Med. Biol. - Proc. 2007, 5850-5853. doi:10.1109/IEMBS.2007.
4353678

Convertino, D., Fabbri, F., Mishra, N., Mainardi, M., Cappello, V., Testa, G., et al.
(2020). Graphene promotes axon elongation through local stall of nerve growth factor
signaling endosomes. Nano Lett. 20, 3633-3641. doi:10.1021/acs.nanolett.0c00571

Convertino, D., Luin, S., Marchetti, L., and Coletti, C. (2018). Peripheral neuron
survival and outgrowth on graphene. Front. Neurosci. 12, 1-8. doi:10.3389/fnins.2018.
00001

Convertino, D., Marchetti, L., and Coletti, C. (2022). “Graphene on SiC: platform for
spinal cord repair studies,” in Silicon carbide technology for advanced human healthcare
applications. Editor S. E. Saddow (Amsterdam, Netherlands: Elsevier), 65-98. doi:10.
1016/B978-0-323-90609-8.00002-8

Darbandi, A., Gottardo, E., Huff, J., Stroscio, M., and Shokuhfar, T. (2018). A review
of the cell to graphene-based nanomaterial interface. Jom 70, 566-574. doi:10.1007/
s11837-018-2744-0

Defterali, C., Verdejo, R., Majeed, S., Boschetti-de-Fierro, A., Méndez-Gémez, H. R,,
Diaz-Guerra, E., et al. (2016). In vitro evaluation of Biocompatibility of Uncoated
Thermally reduced graphene and carbon nanotube-loaded PVDF Membranes with

frontiersin.org


https://doi.org/10.3390/biomedicines10010073
https://doi.org/10.3390/biomedicines10010073
https://doi.org/10.1088/2053-1583/ab1e0a
https://doi.org/10.1016/j.msec.2021.112110
https://doi.org/10.2147/ijn.s192779
https://doi.org/10.1038/s41378-022-00430-x
https://doi.org/10.3389/fnmol.2020.608442
https://doi.org/10.1038/nmat3064
https://doi.org/10.1039/d2ma00666a
https://doi.org/10.1016/j.nantod.2023.101784
https://doi.org/10.1021/nn300989g
https://doi.org/10.1002/adhm.201200347
https://doi.org/10.1016/j.carbon.2013.08.038
https://doi.org/10.1002/adma.201506410
https://doi.org/10.1186/s12929-018-0491-8
https://doi.org/10.1186/s12929-018-0491-8
https://doi.org/10.3389/fnsys.2018.00012
https://doi.org/10.1021/acsnano.6b03438
https://doi.org/10.1002/adfm.202005300
https://doi.org/10.1038/s41390-021-01681-6
https://doi.org/10.1039/D2NR04971F
https://doi.org/10.1021/acs.nanolett.8b02487
https://doi.org/10.1007/s12551-019-00587-2
https://doi.org/10.1002/mabi.200500151
https://doi.org/10.3390/ijms22136701
https://doi.org/10.1109/IEMBS.2007.4353678
https://doi.org/10.1109/IEMBS.2007.4353678
https://doi.org/10.1021/acs.nanolett.0c00571
https://doi.org/10.3389/fnins.2018.00001
https://doi.org/10.3389/fnins.2018.00001
https://doi.org/10.1016/B978-0-323-90609-8.00002-8
https://doi.org/10.1016/B978-0-323-90609-8.00002-8
https://doi.org/10.1007/s11837-018-2744-0
https://doi.org/10.1007/s11837-018-2744-0
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1306184

Convertino et al.

adult neural stem cell-Derived neurons and glia. Front. Bioeng. Biotechnol. 4, 94-19.
doi:10.3389/fbioe.2016.00094

Deng, M., Yang, X, Silke, M., Qiu, W.,, Xu, M., Borghs, G., et al. (2011).
Electrochemical ~ deposition of  polypyrrole/graphene oxide composite on
microelectrodes towards tuning the electrochemical properties of neural probes.
Sensors Actuators, B Chem. 158, 176-184. doi:10.1016/j.snb.2011.05.062

Ding, X, Liu, H, and Fan, Y. (2015). Graphene-based materials in regenerative
medicine. Adv. Healthc. Mat. 4, 1451-1468. doi:10.1002/adhm.201500203

Dong, C., Qiao, F., Hou, W., Yang, L., and Lv, Y. (2020). Graphene-based
conductive fibrous scaffold boosts sciatic nerve regeneration and functional
recovery upon electrical stimulation. Appl. Mat. Today 21, 100870. doi:10.1016/
j.apmt.2020.100870

dos Santos, J., de Oliveira, R. S., de Oliveira, T. V., Velho, M. C., Konrad, M. V., da
Silva, G. S., et al. (2021). 3D printing and nanotechnology: a multiscale alliance in
personalized medicine. Adv. Funct. Mater 31. doi:10.1002/adfm.202009691

Du, W,, Jiang, X., and Zhu, L. (2013). From graphite to graphene: direct liquid-phase
exfoliation of graphite to produce single- and few-layered pristine graphene. J. Mat.
Chem. A 1, 10592-10606. doi:10.1039/c3tal2212¢c

Endo, T., Kadoya, K., Suzuki, T., Suzuki, Y., Terkawi, M. A., Kawamura, D., et al.
(2022). Mature but not developing Schwann cells promote axon regeneration after
peripheral nerve injury. npj Regen. Med. 7, 12-11. d0i:10.1038/s41536-022-
00205-y

Fabbri, R., Saracino, E., Treossi, E., Zamboni, R., Palermo, V., and Benfenati, V.
(2021). Graphene glial-interfaces: challenges and perspectives. Nanoscale 13,
4390-4407. doi:10.1039/d0nr07824g

Fabbro, A., Scaini, D., Ledn, V., Vazquez, E., Cellot, G., Privitera, G., et al. (2016).
Graphene-Based interfaces do not alter target nerve cells. ACS Nano 10, 615-623.
doi:10.1021/acsnano.5b05647

Fadeel, B, Bussy, C., Merino, S., Vazquez, E., Flahaut, E., Mouchet, F., et al. (2018).
Safety assessment of graphene-based materials: focus on human health and the
environment. ACS Nano 12, 10582-10620. doi:10.1021/acsnano.8b04758

Fang, X, Deng, J., Zhang, W., Guo, H.,, Yu, F,, Rao, F,, et al. (2020). Conductive
conduit small gap tubulization for peripheral nerve repair. RSC Adv. 10, 16769-16775.
doi:10.1039/DORA02143A

Faroni, A., Mobasseri, S. A., Kingham, P. ., and Reid, A. J. (2015). Peripheral nerve
regeneration: experimental strategies and future perspectives. Adv. Drug Deliv. Rev. 82,
160-167. doi:10.1016/j.addr.2014.11.010

Felder, J. M., and Ducic, 1. (2022). Cross-sectional evaluation of the economic burden
on patients seeking surgical treatment for chronic nerve injuries. Ann. Plast. Surg. 88,
200-207. doi:10.1097/SAP.0000000000002924

Fornasari, B. E., Carta, G., Gambarotta, G., and Raimondo, S. (2020). Natural-based
biomaterials for peripheral nerve injury repair. Front. Bioeng. Biotechnol. 8, 554257.
doi:10.3389/fbioe.2020.554257

Fraczek-Szczypta, A. (2014). Carbon nanomaterials for nerve tissue stimulation and
regeneration. Mat. Sci. Eng. C 34, 35-49. doi:10.1016/j.msec.2013.09.038

Garcia-Cortadella, R., Schwesig, G., Jeschke, C., 1lla, X., Gray, A. L., Savage, S., et al.
(2021). Graphene active sensor arrays for long-term and wireless mapping of wide
frequency band epicortical brain activity. Nat. Commun. 12, 211-217. doi:10.1038/
541467-020-20546-w

Geetha Bai, R., Ninan, N., Muthoosamy, K., and Manickam, S. (2018). Graphene: a
versatile platform for nanotheranostics and tissue engineering. Prog. Mat. Sci. 91, 24-69.
doi:10.1016/j.pmatsci.2017.08.004

Golafshan, N., Kharaziha, M., and Fathi, M. (2017). Tough and conductive hybrid
graphene-PVA: alginate fibrous scaffolds for engineering neural construct. Carbon N. Y.
111, 752-763. d0i:10.1016/j.carbon.2016.10.042

Gopinathan, J., Quigley, A. F., Bhattacharyya, A., Padhye, R., Kapsa, R. M. I, Nayak,
R, et al. (2016). Preparation, characterisation, and in vitro evaluation of electrically
conducting poly(e-caprolactone)-based nanocomposite scaffolds using PC12 cells.
J. Biomed. Mat. Res. - Part A 104, 853-865. doi:10.1002/jbm.a.35620

Grijalvo, S., and Diaz, D. (2021). Graphene-based hybrid materials as promising
scaffolds for peripheral nerve regeneration. Neurochem. Int. 147, 105005. doi:10.1016/j.
neuint.2021.105005

Guo, B, and Ma, P. X. (2018). Conducting polymers for tissue engineering.
Biomacromolecules 19, 1764-1782. doi:10.1021/acs.biomac.8b00276

Guo, R, Zhang, S., Xiao, M., Qian, F,, He, Z., Li, D,, et al. (2016). Accelerating
bioelectric functional development of neural stem cells by graphene coupling:
implications for neural interfacing with conductive materials. Biomaterials 106,
193-204. doi:10.1016/j.biomaterials.2016.08.019

Han, Y., and Yin, J. (2022). Industry news: the additive manufacturing of nerve
conduits for the treatment of peripheral nerve injury. Bio-Design Manuf. 5, 6-8. doi:10.
1007/542242-021-00166-z

Hashemi, E., Akhavan, O., Shamsara, M., Majd, S. A., Sanati, M. H., Daliri Joupari, M.,
etal. (2020). Graphene oxide negatively regulates cell cycle in embryonic fibroblast cells.
Int. . Nanomedicine 15, 6201-6209. doi:10.2147/ijn.5260228

Frontiers in Bioengineering and Biotechnology

13

10.3389/fbioe.2023.1306184

He, Z., Zhang, S., Song, Q., Li, W,, Liu, D, Li, H,, et al. (2016). The structural
development of primary cultured hippocampal neurons on a graphene substrate.
Colloids Surfaces B Biointerfaces 146, 442-451. doi:10.1016/j.colsurfb.2016.06.045

Hébert, C., Masvidal-Codina, E., Suarez-Perez, A., Calia, A. B., Piret, G., Garcia-
Cortadella, R., et al. (2018). Flexible graphene solution-gated field-effect transistors:
efficient transducers for micro-electrocorticography. Adv. Funct. Mat. 28, 1-15. doi:10.
1002/adfm.201703976

Heo, C., Y00, ]., Lee, S., Jo, A., Jung, S., Yoo, H,, et al. (2011). The control of neural cell-
to-cell interactions through non-contact electrical field stimulation using graphene
electrodes. Biomaterials 32, 19-27. doi:10.1016/j.biomaterials.2010.08.095

Homaeigohar, S., Tsai, T. Y., Young, T. H,, Yang, H. ], and Ji, Y. R. (2019). An
electroactive alginate hydrogel nanocomposite reinforced by functionalized graphite
nanofilaments for neural tissue engineering. Carbohydr. Polym. 224, 115112. doi:10.
1016/j.carbpol.2019.115112

Huang, J., Lu, L., Zhang, J., Hu, X,, Zhang, Y., Liang, W., et al. (2012). Electrical
stimulation to conductive scaffold promotes axonal regeneration and remyelination in a
rat model of large nerve defect. PLoS One 7, €39526. doi:10.1371/journal.pone.0039526

Huang, Q., Cai, Y., Zhang, X,, Liu, J., Liu, Z., Li, B, et al. (2021). Aligned graphene
mesh-supported double network natural hydrogel conduit loaded with netrin - 1 for
peripheral nerve regeneration. ACS Appl. Mat. Interfaces 13, 112-122. doi:10.1021/
acsami.0c16391

Hui, Y., Yan, Z,, Yang, H., Xu, X,, Yuan, W,, and Qian, Y. (2022). Graphene family
nanomaterials for stem cell neurogenic differentiation and peripheral nerve
regeneration. ACS Appl. Bio Mat. 5, 4741-4759. doi:10.1021/acsabm.2c00663

Jakus, A. E., Secor, E. B, Rutz, A. L., Jordan, S. W., Hersam, M. C., and Shah, R.
N. (2015). Three-dimensional printing of high-content graphene scaffolds for
electronic and biomedical applications. ACS Nano 9, 4636-4648. do0i:10.1021/
acsnano.5b01179

Kalinski, A. L., Yoon, C., Huffman, L. D., Duncker, P. C., Kohen, R,, Passino, R,, et al.
(2020). Analysis of the immune response to sciatic nerve injury identifies efferocytosis
as a key mechanism of nerve debridement. Elife 9, €60223-e60241. doi:10.7554/elife.
60223

Karki, N., Tiwari, H., Tewari, C., Rana, A., Pandey, N., Basak, S., et al. (2020).
Functionalized graphene oxide as a vehicle for targeted drug delivery and bioimaging
applications. J. Mat. Chem. B 8, 8116-8148. doi:10.1039/d0tb01149¢

Kaur, G., Adhikari, R., Cass, P., Bown, M., and Gunatillake, P. (2015). Electrically
conductive polymers and composites for biomedical applications. RSC Adv. 5,
37553-37567. doi:10.1039/c5ra01851j

Keefer, E. W., Botterman, B. R., Romero, M. L, Rossi, A. F., and Gross, G. W. (2008).
Carbon nanotube coating improves neuronal recordings. Nat. Nanotechnol. 3, 434-439.
doi:10.1038/nnano.2008.174

Keisham, B., Cole, A., Nguyen, P., Mehta, A., and Berry, V. (2016). Cancer cell
hyperactivity and membrane dipolarity monitoring via Raman mapping of interfaced
graphene: toward non-invasive cancer diagnostics. ACS Appl. Mat. Interfaces 8,
32717-32722. doi:10.1021/acsami.6b12307

Kennedy, A. D., and Deleo, F. R. (2009). Neutrophil apoptosis and the resolution of
infection. Immunol. Res. 43, 25-61. d0i:10.1007/s12026-008-8049-6

Kenry, K., Lee, W. C,, Loh, K. P, and Lim, C. T. (2018). When stem cells meet
graphene: opportunities and challenges in regenerative medicine. Biomaterials 155,
236-250. doi:10.1016/j.biomaterials.2017.10.004

Keshavan, S., Calligari, P., Stella, L., Fusco, L., Delogu, L. G., and Fadeel, B. (2019).
Nano-bio interactions: a neutrophil-centric view. Cell Death Dis. 10, 569. doi:10.1038/
541419-019-1806-8

Kim, J. W., Kim, J. M., Choi, M. E,, Jeon, E. ], Park, J., Kim, Y., et al. (2022). Platelet-
rich plasma loaded nerve guidance conduit as implantable biocompatible materials for
recurrent laryngeal nerve regeneration. npj Regen. Med. 7, 49. doi:10.1038/s41536-022-
00239-2

Kong, L., Gao, X,, Qian, Y., Sun, W., You, Z., and Fan, C. (2022). Biomechanical
microenvironment in peripheral nerve regeneration: from pathophysiological
understanding to tissue engineering development. Theranostics 12, 4993-5014.
doi:10.7150/thno.74571

Kostarelos, K., and Novoselov, K. S. (2014). Exploring the interface of graphene and
Biology. Science 344, 261-263. doi:10.1126/science.1246736

Kostarelos, K., Vincent, M., Hebert, C., and Garrido, J. A. (2017). Graphene in the
design and engineering of next-generation neural interfaces. Adv. Mat. 29, 1-7. doi:10.
1002/adma.201700909

Kuila, T., Bose, S., Mishra, A. K., Khanra, P., Kim, N. H,, and Lee, J. H. (2012).
Chemical functionalization of graphene and its applications. Prog. Mat. Sci. 57,
1061-1105. doi:10.1016/j.pmatsci.2012.03.002

Kumar, R,, Rauti, R,, Scaini, D., Antman-Passig, M., Meshulam, O., Naveh, D., et al.
(2021). Graphene-based nanomaterials for neuroengineering: recent advances and
future prospective. Adv. Funct. Mat. 31. doi:10.1002/adfm.202104887

Kuzum, D., Takano, H., Shim, E., Reed, J. C., Juul, H., Richardson, A. G., et al. (2014).
Transparent and flexible low noise graphene electrodes for —simultaneous

frontiersin.org


https://doi.org/10.3389/fbioe.2016.00094
https://doi.org/10.1016/j.snb.2011.05.062
https://doi.org/10.1002/adhm.201500203
https://doi.org/10.1016/j.apmt.2020.100870
https://doi.org/10.1016/j.apmt.2020.100870
https://doi.org/10.1002/adfm.202009691
https://doi.org/10.1039/c3ta12212c
https://doi.org/10.1038/s41536-022-00205-y
https://doi.org/10.1038/s41536-022-00205-y
https://doi.org/10.1039/d0nr07824g
https://doi.org/10.1021/acsnano.5b05647
https://doi.org/10.1021/acsnano.8b04758
https://doi.org/10.1039/D0RA02143A
https://doi.org/10.1016/j.addr.2014.11.010
https://doi.org/10.1097/SAP.0000000000002924
https://doi.org/10.3389/fbioe.2020.554257
https://doi.org/10.1016/j.msec.2013.09.038
https://doi.org/10.1038/s41467-020-20546-w
https://doi.org/10.1038/s41467-020-20546-w
https://doi.org/10.1016/j.pmatsci.2017.08.004
https://doi.org/10.1016/j.carbon.2016.10.042
https://doi.org/10.1002/jbm.a.35620
https://doi.org/10.1016/j.neuint.2021.105005
https://doi.org/10.1016/j.neuint.2021.105005
https://doi.org/10.1021/acs.biomac.8b00276
https://doi.org/10.1016/j.biomaterials.2016.08.019
https://doi.org/10.1007/s42242-021-00166-z
https://doi.org/10.1007/s42242-021-00166-z
https://doi.org/10.2147/ijn.s260228
https://doi.org/10.1016/j.colsurfb.2016.06.045
https://doi.org/10.1002/adfm.201703976
https://doi.org/10.1002/adfm.201703976
https://doi.org/10.1016/j.biomaterials.2010.08.095
https://doi.org/10.1016/j.carbpol.2019.115112
https://doi.org/10.1016/j.carbpol.2019.115112
https://doi.org/10.1371/journal.pone.0039526
https://doi.org/10.1021/acsami.0c16391
https://doi.org/10.1021/acsami.0c16391
https://doi.org/10.1021/acsabm.2c00663
https://doi.org/10.1021/acsnano.5b01179
https://doi.org/10.1021/acsnano.5b01179
https://doi.org/10.7554/elife.60223
https://doi.org/10.7554/elife.60223
https://doi.org/10.1039/d0tb01149e
https://doi.org/10.1039/c5ra01851j
https://doi.org/10.1038/nnano.2008.174
https://doi.org/10.1021/acsami.6b12307
https://doi.org/10.1007/s12026-008-8049-6
https://doi.org/10.1016/j.biomaterials.2017.10.004
https://doi.org/10.1038/s41419-019-1806-8
https://doi.org/10.1038/s41419-019-1806-8
https://doi.org/10.1038/s41536-022-00239-2
https://doi.org/10.1038/s41536-022-00239-2
https://doi.org/10.7150/thno.74571
https://doi.org/10.1126/science.1246736
https://doi.org/10.1002/adma.201700909
https://doi.org/10.1002/adma.201700909
https://doi.org/10.1016/j.pmatsci.2012.03.002
https://doi.org/10.1002/adfm.202104887
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1306184

Convertino et al.

electrophysiology and neuroimaging. Nat. Commun. 5, 5259-5310. doi:10.1038/
ncomms6259

Lasocka, I., Szulc-Dabrowska, L., Skibniewski, M., Skibniewska, E., Strupinski, W.,
Pasternak, I, et al. (2018). Biocompatibility of pristine graphene monolayer: scaffold for
fibroblasts. Toxicol. Vitr. 48, 276-285. doi:10.1016/j.tiv.2018.01.028

Lee, J. H,, Shin, Y. C,, Jin, O. S., Han, D.-W,, Kang, S. H., Hong, S. W., et al. (2012).
Enhanced neurite outgrowth of PC-12 cells on graphene-monolayer-coated substrates
as biomimetic cues. J. Korean Phys. Soc. 61, 1696-1699. doi:10.3938/jkps.61.1696

Lee, J. S., Lipatov, A., Ha, L., Shekhirev, M., Andalib, M. N,, Sinitskii, A., et al. (2015).
Graphene substrate for inducing neurite outgrowth. Biochem. Biophys. Res. Commun.
460, 267-273. doi:10.1016/j.bbrc.2015.03.023

Li, J., Chen, M., Samad, A., Dong, H., Ray, A., Zhang, ]., et al. (2022a). Wafer-scale
single-crystal monolayer graphene grown on sapphire substrate. Nat. Mat. 21, 740-747.
doi:10.1038/541563-021-01174-1

Li, ., Zeng, H., Zeng, Z., Zeng, Y., and Xie, T. (2021). Promising graphene-based
nanomaterials and their biomedical applications and potential risks: a comprehensive
review. ACS Biomater. Sci. Eng. 7, 5363-5396. doi:10.1021/acsbiomaterials.1c00875

Li, N,, Zhang, X, Song, Q., Su, R,, Zhang, Q., Kong, T., et al. (2011). The promotion of
neurite sprouting and outgrowth of mouse hippocampal cells in culture by graphene
substrates. Biomaterials 32, 9374-9382. doi:10.1016/j.biomaterials.2011.08.065

Li, X,, Cai, W., An, J., Kim, S., Nah, J., Yang, D, et al. (2009). Large area synthesis of
high quality and uniform graphene films on copper foils. Science 324, 1312-1314.
doi:10.1126/science.1171245

Li, X, Guan, Y, Li, C, Zhang, T, Meng, F., Zhang, J, et al. (2022b).
Immunomodulatory effects of mesenchymal stem cells in peripheral nerve injury.
Stem Cell Res. Ther. 13, 18-13. doi:10.1186/s13287-021-02690-2

Liao, K. H,, Lin, Y. S., Macosko, C. W., and Haynes, C. L. (2011). Cytotoxicity of
graphene oxide and graphene in human erythrocytes and skin fibroblasts. ACS Appl.
Mat. Interfaces 3, 2607-2615. doi:10.1021/am200428v

Liu, F, Li, P,, An, H,, Peng, P., McLean, B., and Ding, F. (2022). Achievements and
challenges of graphene chemical vapor deposition growth. Adv. Funct. Mat. 32, 1-20.
doi:10.1002/adfm.202203191

Liu, X., Miller, A. L., Park, S., Waletzki, B. E., Zhou, Z., Terzic, A., et al. (2017).
Functionalized carbon nanotube and graphene oxide embedded electrically conductive
hydrogel synergistically stimulates nerve cell differentiation. ACS Appl. Mat. Interfaces
9, 14677-14690. doi:10.1021/acsami.7b02072

Llewellyn, S. H., Faroni, A,, Iliut, M., Bartlam, C., Vijayaraghavan, A., and Reid, A. J.
(2021). Graphene oxide substrate promotes neurotrophic factor secretion and survival
of human schwann-like adipose mesenchymal stromal cells. Adv. Biol. 5, €2000271.
doi:10.1002/adbi.202000271

Lu, S., Chen, W., Wang, J., Guo, Z., Xiao, L., Wei, L., et al. (2023). Polydopamine-
decorated PLCL conduit to induce synergetic effect of electrical stimulation and
topological morphology for peripheral nerve regeneration. Small Methods 2200883,
22008833-€2200916. doi:10.1002/smtd.202200883

Lyu, C, Cheng, C., He, Y., Qiu, L., He, Z., Zou, D,, et al. (2022). Graphene hydrogel as
a porous scaffold for cartilage regeneration. ACS Appl. Mat. Interfaces 14, 54431-54438.
doi:10.1021/acsami.2c11307

Marsden, A. J., Papageorgiou, D. G., Vallés, C, Liscio, A., Palermo, V., Bissett, M. A.,
et al. (2018). Electrical percolation in graphene-polymer composites. 2D Mater 5,
032003. doi:10.1088/2053-1583/aac055

Mcintyre, J., Verma, N. K, Smith, R. J., Moore, C., Nerl, H,, Mcevoy, N, et al. (2016). A
comparison of catabolic pathways induced in primary macrophages by pristine single walled
carbon nanotubes and pristine graphene. RSC Adv. 6, 65299-65310. doi:10.1039/c6ra02476a

Meena, P., Kakkar, A., Kumar, M., Khatri, N., Nagar, R. K, Singh, A,, et al. (2021).
Advances and clinical challenges for translating nerve conduit technology from bench
to bed side for peripheral nerve repair. Cell Tissue Res. 383, 617-644. doi:10.1007/
500441-020-03301-x

Meng, S. (2014). Nerve cell differentiation using constant and programmed electrical
stimulation through conductive non-functional graphene nanosheets film. Tissue Eng.
Regen. Med. 11, 274-283. doi:10.1007/s13770-014-0011-1

Miseikis, V., Convertino, D., Mishra, N., Gemmi, M., Mashoff, T., Heun, S., et al.
(2015). Rapid CVD growth of millimetre-sized single crystal graphene using a cold-wall
reactor. 2D Mater 2, 014006. doi:10.1088/2053-1583/2/1/014006

Mishra, N., Boeckl, J., Motta, N., and Tacopi, F. (2016). Graphene growth on silicon
carbide: a review. Phys. Status Solidi Appl. Mat. Sci. 2289, 2277-2289. doi:10.1002/pssa.
201600091

Mishra, N, Forti, S., Fabbri, F., Martini, L., McAleese, C., Conran, B. R,, et al. (2019).
Wafer-scale synthesis of graphene on sapphire: toward fab-compatible graphene. Small
15, 1-8. d0i:10.1002/smll.201904906

Novoselov, K. S., Geim, A. K., Morozov, S. V., Jiang, D., Zhang, Y., Dubonos, S. V.,
et al. (2004). Electric field effect in atomically thin carbon films. Science 306, 666-669.
doi:10.1126/science.1102896

Oliveros, A., Coletti, C., Frewin, C. L., Locke, C., Starke, U., and Saddow, S. E. (2011).

Cellular interactions on epitaxial graphene on SiC (0001) substrates. Mat. Sci. Forum
679-680, 831-834. doi:10.4028/www.scientific.net/MSF.679-680.831

Frontiers in Bioengineering and Biotechnology

14

10.3389/fbioe.2023.1306184

Pampaloni, N. P., Lottner, M., Giugliano, M., Matruglio, A., D’Amico, F., Prato, M.,
et al. (2018). Single-layer graphene modulates neuronal communication and augments
membrane ion currents. Nat. Nanotechnol. 13, 755-764. doi:10.1038/s41565-018-
0163-6

Papageorgiou, D. G., Kinloch, I. A., and Young, R.J. (2017). Mechanical properties of
graphene and graphene-based nanocomposites. Prog. Mat. Sci. 90, 75-127. doi:10.1016/
j.pmatsci.2017.07.004

Park, D. W., Schendel, A. A., Mikael, S., Brodnick, S. K., Richner, T.J., Ness, J. P., et al.
(2014). Graphene-based carbon-layered electrode array technology for neural imaging
and optogenetic applications. Nat. Commun. 5, 5258-5311. doi:10.1038/ncomms6258

Park, S. Y., Park, J., Sim, S. H., Sung, M. G, Kim, K. S, Hong, B. H,, et al. (2011).
Enhanced differentiation of human neural stem cells into neurons on graphene. Adv.
Mat. 23, 263-267. doi:10.1002/adma.201101503

Parker, B. J., Rhodes, D. 1., O’Brien, C. M., Rodda, A. E., and Cameron, N. R. (2021).
Nerve guidance conduit development for primary treatment of peripheral nerve
transection injuries: a commercial perspective. Acta Biomater. 135, 64-86. doi:10.
1016/j.actbio.2021.08.052

Parrinello, S., Napoli, L, Ribeiro, S., Digby, P. W., Fedorova, M., Parkinson, D. B., et al.
(2010). EphB signaling directs peripheral nerve regeneration through sox2-dependent
Schwann cell sorting. Cell 143, 145-155. doi:10.1016/j.cell.2010.08.039

Pezzini, S., Migeikis, V., Pace, S., Rossella, F., Watanabe, K., Taniguchi, T., et al.
(2020). High-quality electrical transport using scalable CVD graphene. 2D Mater 7,
041003. doi:10.1088/2053-1583/aba645

Pinho, A. C, Fonseca, A. C,, Serra, A. C., Santos, J. D., and Coelho, J. F. J. (2016).
Peripheral nerve regeneration: current status and new strategies using polymeric
materials. Adv. Healthc. Mat. 5, 2732-2744. doi:10.1002/adhm.201600236

Pinto, A. M., Gongalves, I. C., and Magalhaes, F. D. (2013). Graphene-based materials
biocompatibility: a review. Colloids Surfaces B Biointerfaces 111, 188-202. doi:10.1016/j.
colsurfb.2013.05.022

Povo-Retana, A., Mojena, M., Boscd, A., Pedros, ., Peraza, D. A., Valenzuela, C., et al.
(2021). Graphene particles interfere with pro-inflammatory polarization of human
macrophages: functional and electrophysiological evidence. Adv. Biol. 5, €2100882.
doi:10.1002/adbi.202100882

Qi, S., Zhao, B., Tang, H., and Jiang, X. (2015). Determination of ascorbic acid,
dopamine, and uric acid by a novel electrochemical sensor based on pristine graphene.
Electrochim. Acta 161, 395-402. doi:10.1016/j.electacta.2015.02.116

Qian, Y., Song, J., Zhao, X., Chen, W., Ouyang, Y., Yuan, W, et al. (2018a). 3D
fabrication with integration molding of a graphene oxide/polycaprolactone
nanoscaffold for neurite regeneration and angiogenesis. Adv. Sci. (Weinh) 5,
1700499. doi:10.1002/advs.201700499

Qian, Y., Wang, X,, Song, J., Chen, W., Chen, S, Jin, Y, et al. (2021). Preclinical
assessment on neuronal regeneration in the injury-related microenvironment of
graphene-based scaffolds. npj Regen. Med. 6, 31. doi:10.1038/s41536-021-00142-2

Qian, Y., Zhao, X, Han, Q., Chen, W, Li, H., and Yuan, W. (2018b). An integrated
multi-layer 3D-fabrication of PDA/RGD coated graphene loaded PCL nanoscaffold for
peripheral nerve restoration. Nat. Commun. 9, 323. doi:10.1038/s41467-017-02598-7

Rastegar, S., Stadlbauer, J., Fujimoto, K., McLaughlin, K., Estrada, D., and Cantley, K.
D. (2017). “Signal-to-noise ratio enhancement using graphene-based passive
microelectrode arrays,” in Proceedings of the 2017 IEEE 60th International Midwest
Symposium on Circuits and Systems (MWSCAS), Boston, MA, USA, August 2017
(IEEE), 507-510. doi:10.1109/MWSCAS.2017.8052971

Rauti, R, Lozano, N., Le6n, V., Scaini, D., Musto, M., Rago, L, et al. (2016). Graphene
oxide nanosheets reshape synaptic function in cultured brain networks. ACS Nano 10,
4459-4471. doi:10.1021/acsnano.6b00130

Rauti, R., Medelin, M., Newman, L., Vranic, S., Reina, G., Bianco, A., et al. (2019).
Graphene oxide flakes tune excitatory neurotransmission in vivo by targeting
hippocampal synapses. Nano Lett. 19, 2858-2870. doi:10.1021/acs.nanolett.8b04903

Raza, C,, Riaz, H. A,, Anjum, R,, and Shakeel, N. ul A. (2020). Repair strategies for
injured peripheral nerve: review. Life Sci. 243, 117308. doi:10.1016/j.1fs.2020.117308

Rebowe, R,, Rogers, A., Yang, X., Thomas, S. C. K., Zhongyu, L. S., and Li, Z. (2018).
Nerve repair with nerve conduits: problems, solutions, and future directions. J. Hand
Microsurg. 10, 61-65. doi:10.1055/s-0038-1626687

Reina, G., Gonzélez—Dominguez, J. M., Criado, A., Vazquez, E., Bianco, A., and Prato,
M. (2017). Promises, facts and challenges for graphene in biomedical applications.
Chem. Soc. Rev. 46, 4400-4416. doi:10.1039/C7CS00363C

Riedl, C., Starke, U., Bernhardt, J., Franke, M., and Heinz, K. (2007). Structural
properties of the graphene-SiC(0001) interface as a key for the preparation of
homogeneous large-terrace graphene surfaces. Phys. Rev. B - Condens. Matter Mat.
Phys. 76, 245406-245408. doi:10.1103/PhysRevB.76.245406

Saeed, M., Alshammari, Y., Majeed, S. A., and Al-Nasrallah, E. (2020). Chemical
vapour deposition of graphene—synthesis, characterisation, and applications: a review.
Molecules 25, 3856. doi:10.3390/molecules25173856

Sahni, D, Jea, A., Mata, J. A., Marcano, D. C,, Sivaganesan, A., Berlin, J. M., et al.
(2013). Biocompatibility of pristine graphene for neuronal interface. J. Neurosurg.
Pediatr. 11, 575-583. doi:10.3171/2013.1.peds12374

frontiersin.org


https://doi.org/10.1038/ncomms6259
https://doi.org/10.1038/ncomms6259
https://doi.org/10.1016/j.tiv.2018.01.028
https://doi.org/10.3938/jkps.61.1696
https://doi.org/10.1016/j.bbrc.2015.03.023
https://doi.org/10.1038/s41563-021-01174-1
https://doi.org/10.1021/acsbiomaterials.1c00875
https://doi.org/10.1016/j.biomaterials.2011.08.065
https://doi.org/10.1126/science.1171245
https://doi.org/10.1186/s13287-021-02690-2
https://doi.org/10.1021/am200428v
https://doi.org/10.1002/adfm.202203191
https://doi.org/10.1021/acsami.7b02072
https://doi.org/10.1002/adbi.202000271
https://doi.org/10.1002/smtd.202200883
https://doi.org/10.1021/acsami.2c11307
https://doi.org/10.1088/2053-1583/aac055
https://doi.org/10.1039/c6ra02476a
https://doi.org/10.1007/s00441-020-03301-x
https://doi.org/10.1007/s00441-020-03301-x
https://doi.org/10.1007/s13770-014-0011-1
https://doi.org/10.1088/2053-1583/2/1/014006
https://doi.org/10.1002/pssa.201600091
https://doi.org/10.1002/pssa.201600091
https://doi.org/10.1002/smll.201904906
https://doi.org/10.1126/science.1102896
https://doi.org/10.4028/www.scientific.net/MSF.679-680.831
https://doi.org/10.1038/s41565-018-0163-6
https://doi.org/10.1038/s41565-018-0163-6
https://doi.org/10.1016/j.pmatsci.2017.07.004
https://doi.org/10.1016/j.pmatsci.2017.07.004
https://doi.org/10.1038/ncomms6258
https://doi.org/10.1002/adma.201101503
https://doi.org/10.1016/j.actbio.2021.08.052
https://doi.org/10.1016/j.actbio.2021.08.052
https://doi.org/10.1016/j.cell.2010.08.039
https://doi.org/10.1088/2053-1583/aba645
https://doi.org/10.1002/adhm.201600236
https://doi.org/10.1016/j.colsurfb.2013.05.022
https://doi.org/10.1016/j.colsurfb.2013.05.022
https://doi.org/10.1002/adbi.202100882
https://doi.org/10.1016/j.electacta.2015.02.116
https://doi.org/10.1002/advs.201700499
https://doi.org/10.1038/s41536-021-00142-2
https://doi.org/10.1038/s41467-017-02598-7
https://doi.org/10.1109/MWSCAS.2017.8052971
https://doi.org/10.1021/acsnano.6b00130
https://doi.org/10.1021/acs.nanolett.8b04903
https://doi.org/10.1016/j.lfs.2020.117308
https://doi.org/10.1055/s-0038-1626687
https://doi.org/10.1039/C7CS00363C
https://doi.org/10.1103/PhysRevB.76.245406
https://doi.org/10.3390/molecules25173856
https://doi.org/10.3171/2013.1.peds12374
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1306184

Convertino et al.

Sarker, M. D., Naghieh, S., Mcinnes, A. D., Schreyer, D. J., and Chen, X. (2018).
Regeneration of peripheral nerves by nerve guidance conduits: influence of design,
biopolymers, cells, growth factors, and physical stimuli. Prog. Neurobiol. 171, 125-150.
doi:10.1016/j.pneurobio.2018.07.002

Savchenko, A., Yin, R. T., Kireev, D., Efimov, 1. R., and Molokanova, E. (2021).
Graphene-based scaffolds: fundamentals and applications for cardiovascular tissue
engineering. Front. Bioeng. Biotechnol. 9, 797340-797348. doi:10.3389/fbioe.2021.
797340

Scaccini, L., Mezzena, R., Masi, A.De, Gagliardi, M., Gambarotta, G., Cecchini, M.,
et al. (2021). Chitosan micro-grooved membranes with increased asymmetry for the
improvement of the Schwann cell response in nerve regeneration. Int. J. Mol. Sci. 22,
7901. doi:10.3390/ijms22157901

Sherrell, P. C,, Thompson, B. C., Wassei, J. K., Gelmi, A. A., Higgins, M. ], Kaner, R. B,, et al.
(2014). Maintaining cytocompatibility of biopolymers through a graphene layer for electrical
stimulation of nerve cells. Adv. Funct. Mat. 24, 769-776. doi:10.1002/adfm.201301760

Shin, S. R, Li, Y. C, Jang, H. L., Khoshakhlagh, P., Akbari, M., Nasajpour, A., et al.
(2016). Graphene-based materials for tissue engineering. Adv. Drug Deliv. Rev. 105,
255-274. doi:10.1016/j.addr.2016.03.007

Silva, G. A. (2006). Neuroscience nanotechnology: progress, opportunities and
challenges. Nat. Rev. Neurosci. 7, 65-74. doi:10.1038/nrn1827

Singh, V. K., Kumar, S., Pandey, S. K, Srivastava, S., Mishra, M., Gupta, G, et al. (2018).
Fabrication of sensitive bioelectrode based on atomically thin CVD grown graphene for
cancer biomarker detection. Biosens. Bioelectron. 105,173-181. doi:10.1016/j.bi0s.2018.01.014

Smith, A. T., Marie, A., Zeng, S., Liu, B., and Sun, L. (2019). Synthesis, properties, and
applications of graphene oxide/reduced graphene oxide and their nanocomposites.
Nano Mat. Sci. 1, 31-47. doi:10.1016/j.nanoms.2019.02.004

Song, Q., Jiang, Z., Li, N, Liu, P, Liu, L., Tang, M., et al. (2014). Anti-inflammatory
effects of three-dimensional graphene foams cultured with microglial cells. Biomaterials
35, 6930-6940. doi:10.1016/j.biomaterials.2014.05.002

Stocco, E., Barbon, S., Faccio, D., Petrelli, L., Incendi, D., Zamuner, A., et al. (2023).
Development and preclinical evaluation of bioactive nerve conduits for peripheral nerve
regeneration: a comparative study. Mat. Today Bio 22, 100761. doi:10.1016/j.mtbio.
2023.100761

Sullivan, R,, Dailey, T., Duncan, K., Abel, N., and Borlongan, C. V. (2016). Peripheral
nerve injury: stem cell therapy and peripheral nerve transfer. Int. J. Mol. Sci. 17, 2101.
doi:10.3390/ijms17122101

Sun, Y., Huang, Z.,, Liu, W, Yang, K., Sun, K,, Xing, S., et al. (2012). Surface coating as
a key parameter in engineering neuronal network structures in vitro. Biointerphases 7,
29. doi:10.1007/s13758-012-0029-7

Thunemann, M, Lu, Y., Liu, X,, Klllg, K,, Desjardins, M., Vandenberghe, M., et al. (2018).
Deep 2-photon imaging and artifact-free optogenetics through transparent graphene
microelectrode arrays. Nat. Commun. 9, 2035-2112. doi:10.1038/s41467-018-04457-5

Tu, Q, Pang, L., Chen, Y., Zhang, Y., Zhang, R., Lu, B,, et al. (2014). Effects of surface
charges of graphene oxide on neuronal outgrowth and branching. Analyst 139, 105-115.
doi:10.1039/C3ANO01796F

Tyurnina, A. V., Tzanakis, 1., Morton, J., Mi, J., Porfyrakis, K., Maciejewska, B. M.,
etal. (2021). Ultrasonic exfoliation of graphene in water: a key parameter study. Carbon
N. Y. 168, 737-747. doi:10.1016/j.carbon.2020.06.029

Veliev, F., Briangon-Marjollet, A., Bouchiat, V., and Delacour, C. (2016). Impact of
crystalline quality on neuronal affinity of pristine graphene. Biomaterials 86, 33-41.
doi:10.1016/j.biomaterials.2016.01.042

Frontiers in Bioengineering and Biotechnology

15

10.3389/fbioe.2023.1306184

Vlisceanu, G. M., Iovu, H., and Ionitd, M. (2019). Graphene inks for the 3D printing
of cell culture scaffolds and related molecular arrays. Compos. Part B Eng. 162, 712-723.
doi:10.1016/j.compositesb.2019.01.010

Wang, J., Cheng, Y., Chen, L., Zhu, T., Ye, K,, Jia, C,, et al. (2019a). In vitro and in vivo
studies of electroactive reduced graphene oxide-modified nanofiber scaffolds for
peripheral nerve regeneration. Acta Biomater. 84, 98-113. doi:10.1016/j.actbio.2018.
11.032

Wang, J., Zheng, W, Chen, L., Zhu, T., Shen, W, Fan, C,, et al. (2019b). Enhancement
of Schwann cells function using graphene-oxide-modified nanofiber scaffolds for
peripheral nerve regeneration. ACS Biomater. Sci. Eng. 5, 2444-2456. doi:10.1021/
acsbiomaterials.8b01564

Wang, K., Ruan, J., Song, H., Zhang, J., Wo, Y., Guo, S., et al. (2011). Biocompatibility
of graphene oxide. Nanoscale Res. Lett. 6, 8. doi:10.1007/s11671-010-9751-6

Wang, L., Song, D., Zhang, X., Ding, Z., Kong, X., Lu, Q., et al. (2019¢). Silk-graphene
hybrid hydrogels with multiple cues to induce nerve cell behavior. ACS Biomater. Sci.
Eng. 5, 613-622. doi:10.1021/acsbiomaterials.8b01481

Wick, P., Louw-Gaume, A. E., Kucki, M., Krug, H. F., Kostarelos, K., Fadeel, B., et al.
(2014). Classification framework for graphene-based materials. Angew. Chem. - Int. Ed.
53, 7714-7718. doi:10.1002/anie.201403335

Yan, Y, Li, C, Wu, H, Du, J,, Feng, J., Zhang, J., et al. (2019). Montmorillonite-
Modified reduced graphene oxide stabilizes copper nanoparticles and enhances
bacterial adsorption and antibacterial activity. ACS Appl. Bio Mat. 2, 1842-1849.
doi:10.1021/acsabm.8b00695

Yang, K, Li, Y., Tan, X, Peng, R, and Liu, Z. (2013). Behavior and toxicity of
graphene and its functionalized derivatives in biological systems. Small 9, 1492-1503.
doi:10.1002/smll.201201417

Yao, X, Yan, Z., Wang, X,, Jiang, H., Qian, Y., and Fan, C. (2021). The influence of
reduced graphene oxide on stem cells: a perspective in peripheral nerve regeneration.
Regen. Biomater. 8, rbab032-9. doi:10.1093/rb/rbab032

Yi, S., Zhang, Y., Gu, X., Huang, L., Zhang, K., Qian, T., et al. (2020). Application of
stem cells in peripheral nerve regeneration. Burn. Trauma 8, tkaa002. doi:10.1093/
burnst/tkaa002

Yu, Q, Lian, ], Siriponglert, S., Li, H., Chen, Y. P., and Pei, S.-S. (2008). Graphene
segregated on Ni surfaces and transferred to insulators. Appl. Phys. Lett. 93, 113103.
doi:10.1063/1.2982585

Zhang, P. X,, Han, N,, Kou, Y. H,, Zhu, Q. T, Liu, X. L., Quan, D. P,, et al. (2019).
Tissue engineering for the repair of peripheral nerve injury. Neural Regen. Res. 14,
51-58. doi:10.4103/1673-5374.243701

Zhang, W., Fang, X, Li, Q. Pi, W., and Han, N. (2023). Reduced graphene oxide-
embedded nerve conduits loaded with bone marrow mesenchymal stem cell-derived
extracellular vesicles promote peripheral nerve regeneration. Neural Regen. Res. 18,
200-206. doi:10.4103/1673-5374.343889

Zhang, Y., Ali, S. F,, Dervishi, E., Xu, Y., Li, Z., Casciano, D., et al. (2010). Cytotoxicity
effects of graphene and single-wall carbon nanotubes in neural phaeochromocytoma-
derived PC12 cells. ACS Nano 4, 3181-3186. d0i:10.1021/nn1007176

Zhang, Y., Nayak, T. R, Hong, H., and Cai, W. (2012). Graphene: a versatile
nanoplatform for biomedical applications. Nanoscale 4, 3833-3842. doi:10.1039/
c2nr31040f

Zhao, J., Wang, Z., White, J. C., and Xing, B. (2014). Graphene in the aquatic
environment: adsorption, dispersion, toxicity and transformation. Environ. Sci. Technol.
48, 9995-10009. doi:10.1021/es5022679

frontiersin.org


https://doi.org/10.1016/j.pneurobio.2018.07.002
https://doi.org/10.3389/fbioe.2021.797340
https://doi.org/10.3389/fbioe.2021.797340
https://doi.org/10.3390/ijms22157901
https://doi.org/10.1002/adfm.201301760
https://doi.org/10.1016/j.addr.2016.03.007
https://doi.org/10.1038/nrn1827
https://doi.org/10.1016/j.bios.2018.01.014
https://doi.org/10.1016/j.nanoms.2019.02.004
https://doi.org/10.1016/j.biomaterials.2014.05.002
https://doi.org/10.1016/j.mtbio.2023.100761
https://doi.org/10.1016/j.mtbio.2023.100761
https://doi.org/10.3390/ijms17122101
https://doi.org/10.1007/s13758-012-0029-7
https://doi.org/10.1038/s41467-018-04457-5
https://doi.org/10.1039/C3AN01796F
https://doi.org/10.1016/j.carbon.2020.06.029
https://doi.org/10.1016/j.biomaterials.2016.01.042
https://doi.org/10.1016/j.compositesb.2019.01.010
https://doi.org/10.1016/j.actbio.2018.11.032
https://doi.org/10.1016/j.actbio.2018.11.032
https://doi.org/10.1021/acsbiomaterials.8b01564
https://doi.org/10.1021/acsbiomaterials.8b01564
https://doi.org/10.1007/s11671-010-9751-6
https://doi.org/10.1021/acsbiomaterials.8b01481
https://doi.org/10.1002/anie.201403335
https://doi.org/10.1021/acsabm.8b00695
https://doi.org/10.1002/smll.201201417
https://doi.org/10.1093/rb/rbab032
https://doi.org/10.1093/burnst/tkaa002
https://doi.org/10.1093/burnst/tkaa002
https://doi.org/10.1063/1.2982585
https://doi.org/10.4103/1673-5374.243701
https://doi.org/10.4103/1673-5374.343889
https://doi.org/10.1021/nn1007176
https://doi.org/10.1039/c2nr31040f
https://doi.org/10.1039/c2nr31040f
https://doi.org/10.1021/es5022679
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1306184

	Graphene-based nanomaterials for peripheral nerve regeneration
	1 Peripheral nerve injuries and repair
	2 Graphene for PNS regeneration
	3 Graphene and GBMs: production methods and main biomedical applications
	4 Graphene and GBMs: potential toxicity in neural interfaces
	4.1 Graphene nanosheet in neural interfaces
	4.2 CVD graphene in neural interfaces

	5 Graphene and GBMs in peripheral nerve tissue regeneration
	5.1 Graphene-based composites in peripheral nerve regeneration
	5.2 CVD and epitaxial graphene in peripheral nerve regeneration

	6 Graphene interaction with different non-neuronal cell types involved in nerve tissue regeneration
	7 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


