Graphene based nanomaterials for neuro-engineering: Recent advances and future prospective
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Abstract m
Graphene unique Shysicochemical properties made it prominent among other allotropic forms of
carbon, in as of research and technological applications. Interestingly, in recent years, many

studies ex use of graphene family nanomaterials (GNMs) for biomedical applications such
as drug diagnostics, bio-imaging and tissue engineering research. GNMs have been

successfully usedto the design of scaffolds for controlled induction of cell differentiation and tissue

regeneration. @migically, it is important to identify the more appropriate nano/bio material interface
ifferentiation and tissue regeneration enhancement. Specifically, we focus this
review on graphene-based scaffolds that endow physiochemical and biological properties suitable for

a specific > the nervous system, that links tightly morphological and electrical properties. We

review diategies to exploit GNMs for neuronal engineering and regeneration, material
toxicity andgghi patibility. Specifically, we present the potentiality for neuronal stem cells
differe'ﬁ:bsequent neuronal network growth as well as the impact of electrical stimulation
throughwcells. The use of field effect transistor (FET) based on graphene for neuronal

regeneration is de;:ribed. This review concludes the important aspects to be controlled to make

<C
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graphene a promising candidate for further advanced application in neuronal tissue engineering and

biomedical use.

{

SCrip

1. Introduction

U

Graphene 18 a two-dimension (2D) material discovered in 2004, and constituted by
coplanar @idized carbon atoms . GR extraordinary physicochemical properties,
quickly le 0 a prominent position among the others allotropic forms of carbon, such as

d

fullerene, carbon nanotubes (CNTs) and diamond (Figure 1) ¥, in many research fields and

[4-6]

technologica ications . GR was at first isolated from graphite, a three-dimensional (3D)

M

mposed of many stacked GR foils, by repeated mechanical exfoliation "’ Single-

lamina

layer GR, biglayer GR, multilayer GR, GR oxide (GO), reduced GR oxide (rGO) and chemically modified

[

GR are the ipal members of the graphene family nanomaterials (GFNs) . Each member of this

D.

family poss properties, in terms of the number of layers, lateral dimension, defect density,

oxygen cofftent and overall chemical composition ™', Single layer defect free GR production is quite

g

challen its highly reactive surface and to the difficulty to suspend in water. For this

;

(51

reason, G are the most preferred materials used for biological applications .

U

A
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The properties of GFNs make them gaining more and more interest in different fields of science

and technology, including physics, chemistry, material science, environmental sciences, biology,

{

medicine an engineering %, This aspect is further confirmed by the exponentially increasing of
published y year, with more than 30,000 publications in the last decade (Figure 2a).

|
Moreover,adue to their biocompatibility associated with mechanical flexibility, transparency and

[l

thermo-elecliricalpconductivity, a large number of studies exploited the use of pristine and

G

functionaliz and GO for biomedical applications such as drug delivery, diagnostics,

bioimaginl m cell research (Figure 3) "7, For example, at the central nervous system

S

[19,20],

level, GFN nctionalized as cell labelling and real-time live-cell monitoring ; and for the

u

delivery of drug molecules to the brain effectively transposing the Blood Brain Barrier (BBB) 2+*?

The prope FNs are of particular interest for biomedical applications in neurology, for

[l

neuronal i or bio-devices, with potential applications that range from neuro-oncology to

d

[5,15,18]

neuro-regeneration and also where conductive materials may promote electrical and

chemical com ication within the nervous system.. interfacing GR with neuronal cells was also
propos tremely advantageous for exploring their electrical behavior or facilitating
neuronal Sgeneration (162324 Furthermore, they possess the potential to overcome the
limitation tal and silicon-based implantable devices, characterized by high stiffness,
high infla ry potential and poor long-term stability and in living physiological
environm&t of the nervous system >,

In this l“ focus on the different strategies exploiting GFNs for neuronal engineering

and regenerationicaffolds and platforms. Specifically, in the framework of neuronal tissues,

we ove&terial toxicity and biocompatibility, together with the potentiality of GFNs
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to promote stem cells differentiation, neuronal network growth, and neuronal tissue

stimulation taking advantage of their high electrical conductivity.

2. ChaIIenﬂnal Tissue Engineering.

& hgmebiigin 1s characterized by a complex 3D network organization allowing
communirL'ith all other sites of the human body. The ability to understand the
mechanisls reglllating a 3D neuronal network model is challenging. How the brain

elaboratesgftts als, how it propagates them along nerves and how this translates into

SC

[30-32]

actions ar inly unresolved questions. Such comprehension could help, in the future, to
ifieiadPbrain models for pathological or traumatic neuronal diseases studies .

develop a
Neuronal !ssue engineering is a multi-disciplinary research field that combines neuroscience
and bioengi g to develop biomimetic tissue constructs for CNS/PNS regeneration, as

well as fo stic and therapeutic research 1333361 1 this framework, biomaterials are

crucial ents in all tissue engineering fields as they can induce specific cellular
functio 11 differentiation, and modulate cell-cell interactions (37431

Neurons, the brain basic cellular unit are composed of a a cell body, dendrites and

axons,. Dendrites carry and compute the signals received from the surrounding neuronal
network @ axon generates the outgoing signals, i.e. the action potentials. Assembles

of axons mr or sensory neurons are called nerves, which serve as nervous system

communigation paths *”). Upon nerve injury, signal transmission between different areas of

the centr;us system (CNS) or to/ from the peripheral nervous system (PNS) is

compromi

<

iting the functionality of these complex organs. . More than 50,000 people
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each year suffer from traumatic CNS or PNS injuries resulting in behavioral inabilities

compromising the patient quality of life [28.29] Unfortunately, to restore or regenerate
damaged a is a daunting task, due to the extreme complexity of the neuronal structure
and the li epair ability in the adult nervous system. The ability to enhance repair

- : _ : .
and regengrate neurons is thus a significant challenge in modern neuroscience and neuro-

engineeri adays, this challenge is being addressed through the lens of material

G

sciences, a regeneration is highly dependent on the extracellular environment and

S

neuronal 1 ctabns,

However, diffefent tissues in the body possess different mechanical and physiological

U

properties, material might not mimic the physical and biological properties of all the

1

native tiss refore, an ad-hoc selection (or design) of the appropriate material (or of its

componerits) o be engineer in order to properly fit the requirements of every specific

a

[14]

tissue. ework, the extraordinary mechanical and electronic properties of GFNs

have induce archers to investigate their use in tissue engineering and regenerative

medicine " . In particular, GR ability to be combined with a variety of other bioactive

structures @pens to novel and original approaches to design materials for neuro-engineering

[

applicatio ugh GR-based materials have been widely utilized to fabricate films [**]

or 3D scaffo “8] able to sustain neuronal development and nerve fibers regrowth, there
are ong@s in order to extend the versatility and functionality of GR and its chemical
derivatiMuronal regenerative medicine. The positive role of GR and its derivatives
has also been ionﬁrmed in electrical stimulation of neuronal cells for the growth,

differentiati d the development of neuronal lineage cells. Additionally, the tunable

This article is protected by copyright. All rights reserved.
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surface and machining properties of GFNs and their nanocomposites are suitable to fabricate

neuronal tissue-like structures able to induce neuronal cells arrangement in a controlled way,

suggesting their use for neuronal tissue engineering applications. These promising results are
discussed iilgthe following sections.
H

2.1. GraphSe Nanomaterials in Neuronal Tissue Engineering.

W@rons are the main functional units of the nervous systems, they cannot

regenerat ¢ prone to permanent damage due to injury and disease *). Recently,
neuronal i gineering showed great potential to help neuronal cells recover using
platforms caffolds able to sustain or stimulate nerve regeneration. In particular, the

possibilit)! to engineer biocompatible and flexible materials incorporating therapeutic

molecules @ he way for the development of platforms supporting cellular attachment

and migra % In this process, a key role is also played by nanotechnology. Apart to
improve surface and bulk nanomaterial properties for neuro-engineering applications,
nanote monstrates its ability to offer alternative solutions in the development of

scaffolds iromoting neuronal regeneration °'**. Allowing neurons to reconstruct synaptic

networks 1n_appropriate space coordinates, and in the presence of homeostatic abilities

expressed @ oglia in 3D, may provide crucial insights into the integration of signals in
health an 531 This approach promoted the emergence of a new generation of culture
models aiied at i)imicking tissue complexity in vitro, in particular 3D neuronal arborization.
Ideal propenti a scaffold are biocompatibility, controlled biodegradability with non-toxic

degradati ucts, poor inflammatory responses, three-dimensional features with

This article is protected by copyright. All rights reserved.
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54]

appropriate mechanical properties to mimic the extracellular matrix (ECM) P* porosity

allowing ongoing vascularization and cell migration. In this framework, the unique properties

o

of GFNss, aiﬁi as the possibility to be easily manipulated, show great potential in mimic in

vivo cues gy for the treatment of neuronal injuries and diseases. It was shown that

I I . .
GFNs aregsuitable for the design of electroactive porous scaffolds that may be able to

transmit thesextegnally applied electrical signal to promote neuroregeneration > and, in this
1

. . . . 4
way, prov a unique environment for future neuroregenerative therapies [**). These

porous scWave been shown to improve the differentiation of neuronal stem cells and
functional neuroj 15657 'For example, Li et al. and collaborators were cultured neuronal stem

cells on 3D- atforms, have shown the ability of these cells to grow within the scaffold

8]

and then jate in functional neurons, astrocytes and oligodendrocytes °*). Serrano et al.

studied thmvtiation of embryonic neuronal progenitor cells using 3D porous GO scaffolds

(59]

(Figure ing, after 2 weeks, a good cell differentiation towards neurons and glia

Similarly, Jian |. demonstrated the ability of 3D-GR scaffolds to significantly increased the
number and average size of neuro-spheres favoring neuronal stem cell migration ©°. Feng and
collaborat!s prepared GR scaffolds with excellent physicochemical stability,

biocompat electrical conductivity and softness (Figure 4) "

, showing an accelerated
growth an opment of the primary motor neurons, in a long-term culture period (Figure
5) 1, 3Is;R scaffolds can be obtained using nickel foam template for chemical vapor
deposiﬂ“ Growing neuronal stem cells on these substrates allows not only a more

physiological coiition but also a substrate that can be electrically stimulated ° . Neuronal

dissoci&ampal cultures, grown on 3D-GR scaffolds were also able to reestablish

This article is protected by copyright. All rights reserved.
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the coexistence of local and global electrical activity, in the form of correlated electrical
activity varying in space and time . Furthermore, 3D-GR scaffolds possess the ability to
impact a euronal circuit, boosting spontaneous network activity and tuning the
excitation, atio 7). In a different strategy, Martin et al. built hybrid hydrogels
. E—— : : :
comblmni iR with polyacrylamide (PAM). This study demonstrates that GR improves the
biocompa@f 3D scaffold "' promoting neuronal growth. Microglia cells were also

cultured in R substrates (), but in this case, the 3D structure negatively affected the

neuroinﬂw response, probably because of the spatial constraints. /n vivo, 3D-GR
scaffolds were Mmplanted in injured rat spinal cord, showing no local or systemic toxic
response a uraging further investigation of these materials as promising platforms for
CNS repaitimimsmExploiting their electrical conductivity, 3D-GR scaffolds were also used as
stimulatimdes, to promote neuronal growth and differentiation !'®*°!. Overall, the use

of GR s 3D neuronal implants is still limited, but we expect that using strategies

improving t ompatibility of the implants will lead to the development of functional 3D-

GR platforms for nervous system applications.

2.2. Grap urocompatibility

The biocity of a nanomaterial is crucial to its application in tissue engineering and

subseqfure to organs, tissues and cells [l Among a large number of
nanom mwestigated worldwide, only a limited amount is suitable for biological
applicatlot. I% we further think about the nanomaterials for neuroengineering applications,

the numb gk, due to the complexity of the CNS. In this challenge, GFNs have made

significa ibution due to its good biocompatibility, related to its chemical properties

This article is protected by copyright. All rights reserved.
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that allow strong and non-destructive interactions at the cellular level !®*67681 The

biocompatibility of GFNs have been studied in vitro using different human cell cultures, such

[70]

as fibroblas [69], epithelial cells '™, oligodendroglia cells, fetal osteoblasts [71], red blood

72] a [74]

cells uronal cells "> and spinal cord slices
I . e - . .

GR films sere shown to possess excellent biocompatibility promoting the growth of primary

murine himpal cultures as well as neurite sprouting and outgrowth >\, Fabbro et al.

demonstrat t GR can preserve the basal physiological neuronal activity ", maintaining

S

neuronal veyproperties, spontaneous synaptic activity, synaptogenesis and short-term

plasticity. More fecently, GR was reported to tune the extracellular ion distribution at the interface

U

with hippoc eurons, a key regulator of neuronal excitability. The ability to trap ions by GR is

[

maximized ingle layer GR is deposited on substrates electrically insulated. These biophysical

changes calis ignificant shift in neuronal firing phenotypes and affected network activity .

a

Several s demonstrated the ability of GR based substrates to promote neurites sprouting

[78]

and outgrowt to enhance neuron electrical signaling and to reduce the inflammatory

M

respon

Similar refults were obtained by Li ef al. that observed good biocompatibility of GR films

[

toward m uronal cells (Figure 6a), confirming that GR could efficiently promote

O

neuronal c owth P*7 Moreover, they showed the ability of GR to increase neurite

number ang average length, boosting neurite sprouting and outgrowth, without affecting cell

q

58

E

morph another study, Rastogi and collaborators investigated the viability of

neuronal and nofirneuronal cells grown on GR substrates, showing their ability to promote

Ul

A
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cell adhesion and cell proliferation of both cells types without any adverse side effect

encouraging the use of GR in biomedical applications.

However, chanisms of interaction of GFNs with neurons and astrocytes are still poorly
investigat ear, depicting an undefined scenario mainly dependent on GR intrinsic
charact:ri!m well as the oxygen content, lateral size or the number of layers. For
primary nggronah cultures, no changes in neuronal and glial cell viability were detected upon
GR exposgl in vivo and in vitro ®**'"* However, primary neuronal cultures exposed
to GO na ect§ displayed evident alterations in several physiological pathways, such as
calcium and lip\d homeostasis, synaptic connectivity and plasticity “**%. Defterali et al.
using the thetized rGO, showed good neuronal and glial biocompatibility, as well as
neuronal riﬁ\in neuronal stem cells. These pieces of evidence open to its use as scaffold
for neuromtion and growth in in-vivo experiments (), or as a smart material to treat

neurod diseases such as Parkinson’s.

Not only th perties of GR can affect its biocompatibility, but also the method of
preparation (Figure 6¢) ®. Compared to chemical methods, physical methods can produce
GR with @wer toxicity, higher quality and purity. Among different techniques, chemical
vapor dep@(CVD) method is one of the widely used for preparing GR. Lee et al.

investigate cytocompatibility of GR monolayer grown through CVD, using human
neurob -SYS5Y) cell culture. GR substrates were able to induce neurite outgrowth
even inMe of neurogenic factor suggesting the use of GR as a platform for neuronal
regenerative me;ine (87 Meng and collaborators compared the biocompatibility of cortical

neuronal ce VD-GR films with GR films prepared by spray coating, showing better

This article is protected by copyright. All rights reserved.
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biocompatibility for CVD-GR films, also promoting neurite outgrowth (Figure 6b) ®°.

Furthermore, the higher conductive properties of CVD-GR have been used to electrically

stimulate aan neuronal stem cells and hence direct their differentiation toward a neuronal

phenotype g combination of all these measurements holds the potential to use GR as

I I
a promisixs tool for neuronal implants and biomedical applications ®°.
Since mangapplications of GR are as neuronal interface or substrate, the toxicity could also
be reduce'moating with biopolymers improving the development of devices. GR, GFNs
and its dewmve physicochemical properties that facilitate the easy functionalization with
different f@ groups, for this reason, GFNs have been conjugated with several natural
biopolyme nctionalizing agents, for drug delivery applications. Weaver and Cui, for
example, izi rboxylic acid, functionalized GO sheets by cross-linking with Interferon-gamma

(IFNg) to s@euronal stem cells differentiation towards neurons or oligodendrocytes . The

functio GR has the ability to modify the charge on the surface and, in this way,

aterial properties. Tu et al. functionalized the methoxy terminated groups of
GO with amino, poly-m-aminobenzene sulfonic acid, resulting in a different surface charge.
The resulfing charged GO substrates were used to investigate the neurite outgrowth and
branching imary rat hippocampal neurons (Figure 7a) ®¥. The study revealed that
comparing ifferently charged GO, the positively charged one was more beneficial for

neurite_outgrowth and branching. However, further investigation is needed to explore the

th

possibi d the study to clinical studies **. Silica nanostructures are widely studied

in different areag) including biomedical and tissue engineering. The advantage of silica is

Ll

easy tunin structure, shape and surface functionalization. Solanki and colleagues,

A
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demonstrated that GO functionalized with silica nanoparticles induces enhanced neuronal
differentiation and axonal alignment in human nerve stem cells (Figure 7b-c) 1 compared to silica
nanoparticasH. Moreover, laminin functionalization of GO sheets resulted in a further improved
attachmen of cells on GO, with a higher expression of neuronal markers (e.g. B-tubulin

I, micr&ucu e-associated protein 2 and synapsin) after 2 weeks. Hence, nanocomposites of GFNs

with silica cag beya promising nanomaterial in neuroengineering.

Natural bio ers are biocompatible, biodegradable and have low immunogenicity that
can mini oxic effects of GR ¥ and also improve its physicochemical properties. Zhou
et al. used electrogpinning to prepare scaffolds made of polycaprolactone (PCL) with or without GR
and coated _wj ly-L-lysine (PLL). The scaffold implanted into the striatum and subventricular
zone, fronﬁl days, showed a decreased microglial intensity in GR-PLL coated scaffold
compared moated scaffold 3. In another study, Shan et al. functionalized GO with PLL via

conjugati
composite that

An efficient method is covalently modifying GR or its derivatives with polymers, including

xy groups of GO with the amines of PLL, resulting in a more biocompatible

be used in to load bioactive molecules or for the release of drugs **.

polyethyles ﬁlxcol (PEG), poly [2-(dimethylamino)-ethyl-methacrylate] (PDMAEMA), chitosan,
pluronic F@U), poly (N-isopropylacrylamide) (PNIPAM) “®**, For example, PEG was used to
functionalize y conjugation of carboxylic acid groups with PEG amino groups resulting in nano-
sized PEG-& nanocomposites with good stability in a variety of physiological solutions . Following

this, m# have been performed with functionalized PEG-GO for in vitro and in vivo

biomedical applic;‘ons 192,97.98] Similarly, polyethyleneimine (PEI)-GO conjugates exhibited excellent

ability t&DNA/SiRNA and were used for gene delivery 9 This approach led to a series of

This article is protected by copyright. All rights reserved.
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[9

studies exploring GFNs in drug delivery 21 In this framework, Wen et al. developed a PEGylated-GO

with redox-responsive detachable PEG shell using disulphide linkages (NGO-SS-mPEG) ™, which

{

P

rapidly relea ncapsulated payload at tumor-relevant glutathione (GSH) levels.
Similarly, eveloped a conjugate using folic acid (FA) modified B-cyclodextrin (B-CD)

linked to carrier * n vivo biodistribution study in mice showed no appreciable toxicity by

[

PEGylated oyer 3 months 2. Recently, Xiao and collaborators (2016) used GR conjugated to a
neuro-prot eptide and once injected intravenously in a murine model of Alzheimer disease,

they were@abl€ t@¥increase learning and memory, dendritic spines formation and decrease pro-

SG

inflammat ine levels (Figure 8a) %' As described, GR is strongly explored as a novel

U

platform local delivery of therapeutic molecules, and the results are encouraging.

Functionali@ation of GR and GO can tailor their properties and strongly enhance their application as

[

carriers of tic molecules.

d

Among the diff t possible strategies to increase GR/GO biocompatibility and lower its toxicity, an

important n uld be given to modulate its lateral dimension. It does determine the maximum

\

dimens aterial, which is relevant for cell uptake, renal clearance, BBB transport, and

many otheg biological phenomena that depend on particle size ®. Yue et al. investigated the

f

toxicity of ently sized GO flakes on various cells, and results reveled that larger GO

sizes are

O

ic than nanosize ones %), This effect is in some way in contrast with what

was obsefyed in nanoparticles of different materials, which showed enhanced toxicity as

g

particles’ size is @duced ') This might be correlated with concentration: increasing the size

t

of GR, in increases the concentration of GR resulting in higher toxicity. Rauti et al.

U

also attempted tonvestigate the effect of increased lateral size of GO nanosheets (with a lateral

A
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dimension in the few micrometer range) on cultured hippocampal cells. However, after 6-8 days of
incubation, they measured a significant reduction in both neuron and glial cell densities indicating
cell toxWHevented any further functional measurements ®%. In another study, Das and
collaborat and rGO with different size and investigated the cytotoxicity on neurovascular
endoth&anr 48 h. Results showed that rGO is less toxic than GO that, instead, gave rise to a
large number of,dead cells floating and less adhered cell. Importantly, smaller sheets (0.4 um)

) 194 Different researchers thoroughly

demonstra e more toxic than larger ones (0.8 um
studied siz€ dgpen@lent toxicity. For example, Agarwal et al, demonstrated the cytotoxicity of rGO
micron sh fferent cells such as neuroendocrine PC12, oligodendroglia cells and osteoblasts
(711

The in vivoSiocompatibility and toxicity of GR nanomaterials after local/systemic administration also
needs atte ture emphasis on investigating the mechanisms of clearance and toxicity as well
as tissue distrib®tion is required to realize their true potential since knowledge of the in vivo
behaviEt GR-based materials will eventually expand their biomedical applications. Zha et
al. utili GO substrates to study in vivo toxicity, by implanting them for several months,
into the sibcutaneous tissue of rats. Blood biochemistry, hematological analysis, histological

examination and behavioral test were used for analysis and interestingly no in vivo toxicity was

observed [other study, Li and collaborators studied the in vivo toxicity of GO, using >’
IabeIIe:ﬂO—SOO nm size and 5 pg/kg concentration aqueous suspension intravenously
injected tqQ, male gnice at the tail vein. Toxicity was analyzed based on quantification of the
radioactivi 123 indicating that 55.9, 10.0, 2.2% and <2.0% of radioactivity in liver, lung, spleen

and other as observed after 10 min (Figure 8b-c) (1% The high reduction in radioactivity

<C
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was observed for PEG-GO as compared to GO pure after 10 min and 360 min. They concluded GO
more toxic to liver, lung and spleen when administered intravenously (1% However, many studies
reporteMvo toxicity of GFNs in liver, lung and spleen depends on the type of material,
concentrat be reduced by functionalizing it ®°%®. For example, it was shown that
PEGyIatEJnmeduces the toxic effects in mice, and similarly, no toxicity was measured in vivo

upon admviwn of GO as injectable hydrogels for tissue engineering '*\. Recently, PEGylated

GFNs sho uptake via oral administration, indicating limited intestinal absorption of the

nanomatewalmost complete excretion.

Overall theEreported up to now suggested that GR and its derivatives are characterized not
only by outstanding biocompatibility but also by the ability to enhance cellular functionality,
including G/th, proliferation and differentiation ™' However, the interactions of
graphene gical systems depend on many parameters, including their size, shape, surface

functional and preparation method ™), thereby, research on the biomedical applications of GR

nanomaterials ill needed.

2.3. Graphene substrates for neuronal interfaces

Neurologi€al applications of GFNs represent a field in continuous exponential expansion.

Tradition ents of CNS disorders present different challenges, thus developing a tool
able to imp neuronal regeneration is one of the main goals of modern neuroscience. As
already, i , researchers have started exploring the use of graphene for neuronal cell
cultures? r molecules to the brain, or recreate 3D-architecture. Also, GR substrates

can be explored s neuronal interfaces for facilitating neuronal regeneration ™'*"'"?] opening

<C
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new avenues in neuro-therapeutics, including neuro-oncology, neuro-surgery and neuro-
regeneration.

When the nz iets damaged, it is important to push their regeneration, attempting to restore

their full ify. There is a number of nanomaterials already under investigation for

nerve r.egsmn applications, anyhow the outstanding physicochemical and electrical
properties gf GERNs make it the best candidate among them. In recent years GFNs impact was
boosted chovery of its ability to improve neuronal cell differentiation and growth.
Yang et aljigvestigated the effect of GR and GO on differentiation of mouse embryonic stem
cells, revealing #iat GO can enhance dopaminergic neuron differentiation enormously and
further im ene expression (Figure 9a-b), underlying the possibility to use GO as a

ﬁ for cell transplantation therapy (131 sahni et al. demonstrated the ability of

promising

GR surfac@rove mouse hippocampal cell culture as well as branching and regrowth of

neuron ilo". Similarly, Akhavan and collaborators demonstrated that on GR nanogrids,

neuronal ste attachment and proliferation was better than other materials (e.g., quartz), with

elongated morphology and neurite outgrowth ™!, As already mentioned, Li et al. investigated the
effect of G!on mouse hippocampal culture model and observed not only excellent biocompatibility
of GR with j cell viability but also a substantial enhancement of neurite sprouting, during the
early phase.

Furthermog, improved expression of growth associate protein-43 (GAP-43) by GR, results in an

increasewutgrowth, a sign of nervous system development 1581 1n the same way, Tang et

al. investigated the formation of neuronal network and its performance once grown on GR

Ul

substrates, usi tem cell cultures. Results revealed that GR improved neuronal growth,

This article is protected by copyright. All rights reserved.
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performance and electrical signaling through calcium imaging and electrophysiological

recordings. Heo and collaborators investigated neuronal cell-to-cell interactions using

{

GR/polyeth terephthalate (PET) films. Cell viability and proliferation enhancement were
observed film substrates compared to conventional culture dish ®%. These results
H

suggest that GR can be an excellent material as a neuronal interface, improving neuronal

stem cells gdlhoggon and differentiation for long-time along with neuronal prosthetics which

G

[89 (78]

helps neuro generative medicine ™* improving nerve regeneration or repair [’*.
Wang et afdstlidig@l the differentiation of cells into neurons using GR substrates and the effect on

retinoic acid, ial inductive agent in neuroengineering. Results revealed that cells interfaced to

Us

GR showed higher cell differentiation and increased presence of retinoic acid **”). This investigation

opened a ow to identify other chemical molecules that show good inductive effect due to

FY

the presen

d

The next advancement in GR-based neuronal interfaces was provided by using GR as a coating

material. Resu vealed that using GR and GO as coated substrates support cell adherence and

\

prolifer difference in viability was observed when comparing GR/GO to other substrates

such as Poly-dimethyl siloxane (PDMS), PET and glass slide ™®. Ryoo and co-authors reported that

[

GFNs, incl GO and rGO, can be immobilized onto glass substrates treated with 3-

aminoprop xysilane (APTES) via electrostatic interactions (119 showing that the presence of

9,

GO and rG@ not only supports cell adhesion, spreading and proliferation but also improves the gene

g

transfectiom effici@hcy of cells when compared to uncoated glass substrates MY Furthermore, they

{

found an differentiation of neuronal stem cells towards neurons than glial cells on

U

) (89

GR-coated substrates compared to glass substrates (Figure 9c-e 1 In another study, Park et al.

A
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found that the GR coated substrates increased the differentiation of human neuronal stem cells into

[11

neurons ™, enforcing the idea that GR coated substrates are highly cell-friendliness and that can be

{

P

readily employed as surface coating materials in biomedical applications, such as implants, cell

culture pla cell-interfacing systems . In addition, Tang et al. cultured neuronal stem

cells o GRECoated substrates and investigated the neuronal network activity, monitoring the

f

intracellular _spogtaneous and synchronous calcium oscillations, showing that the neuronal cells

C

were able (781,

unctionally active neuronal networks
In another{scalari@, the GR-patterned arrays have been spotlighted as a novel strategy for guiding

and stimul ular behaviors, because GR can provide desirable topographical and biochemical

us

guidance ¢ 61200 Moreover, Zhang et al. found out that the width of GO-patterned arrays can

directly aff€ct cell migration, alignment, morphology and cell adhesion ™. They showed in fact that

A

the cytosk ntractility, intracellular traction and actin filament elongation were significantly

d

enhanced whe e width of the GO-patterned arrays was similar to the cell dimension. Kim et al.

also revea the shape of GO-patterned arrays could determine cell morphology, migration

M

[122]

distanc nd directionality Therefore, GFNs patterned arrays fabricated with

sophisticated control of structures and properties can provide unique opportunities for biomedical

[

applications.

Recently, @ sibility to precisely control the direction of neuronal growth gained more

and more due to the key advantages in neuroengineering it could bring. Different

n

{

nanomategals, such as aligned magnetic nanoparticles patterned substrates, aligned fibers,

hydrogels er scaffolds were investigated to promote controlled neuronal growth.

U

Lorenzont nterfaced patterned substrates of CVD single layer GR (SLG) with primary

A
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embryonic hippocampal neurons showing highly aligned neuron adhesion and growth (Figure
10a-b) [123] 'Wang and collaborators created micro-channels of fluorinated CVD-GR containing
parallel lines MS, demonstrating the ability of GR to improve cell adhesion and aligned growth,
compared one (Figure 11) ™. To note, they also found an improved expression of
specific-nesﬁarkers Tujl and MAP2 in cell cultured on fluorinated CVD-GR even in the absence

of chemicwrs M7 Yang et al. developed GO-patterned substrate composed of micro

grooves/na ¢ to thoroughly understand the growth of human neuronal stem cells and
other pro s such as differentiation, elongation, extension and adhesion and comparing
with subs ithout GO (Figure 12a-d) "%, Results showed that compared to other

substrates, GO §atterned substrates induced increased growth with elongated, aligned neurite

extension 1 adhesion, highlighting the possibility to use them as an exciting platform

in neuro-ng or stem-cell therapy for neuronal diseases treatment ™%,

2.4. Gr; _based interfaces for neuronal stimulation and field effect transistors.

As every cla neuron has its specific electrical behavior, hence it is essential to retain its

electrical functionality after regeneration or repair. Electrically conductive scaffolds can be
fabricated@y the combination of conductive polymers and carbon-based materials such as
carbon na (CNTs), graphite, and GR *'"! It has been demonstrated that GR-based
substrates ot only biocompatible but also can improve neuronal cell growth. The
investigati@n of the effect of GR on the electrical activity of neuronal networks has provided

S
<

further surprises since GR films could be used as neuronal-stimulation electrodes

[17,125]
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Indeed, graphene possesses all the desirable properties for use in stimulation/recording electrodes:
(1) GR-based electrodes have been successfully developed and do not seem to inflict tissue damage;
(2) its higfductivity has the ability in lowering electrode impedance and increasing charge
transfer; ( es exceptional flexibility and high electrochemical surface area, important

parameFeri_:nneuronaI stimulation ©); and (4) GR electrodes produce slightly higher values of charge

injection comaparngd to common noble metal electrodes, such as Pt or Au %,
Tang et al. iggated the neuronal response to electrical stimulation utilizing CVD-GR as substrate
(Figure 13Wimilarly, Heo and collaborators, through non-contact electrical field stimulation,

were able Eo con}l neuronal cell-to-cell interaction, growing SHSY-5Y human neuroblastoma cells

/mm, 10 s pulse duration for 32 min) was highly effective in shaping cell-to-cell

on film composed of CVD GR/PET (Figure 13c-d) ™. Results revealed that a week electrical field
stimulatioc

interactiom-SY human neuroblastoma cells (Figure 14a-c) ™. In another study, it has been

shown as neuronal regeneration might be improved using highly conductive GR-nanofilm as

neuronal subs . Indeed, neuronal-like PC12 cells, grown on these devices showed enhanced

neurite | after being exposed to constant electrical stimulation frequency (). Yang

et al. fabr!ated a conductive silk fibroin scaffold integrated with variable percentages of GR
to improv chanical and electrical properties of the scaffold. The scaffold was used in

in vitro an of rat bone mesenchymal stem cells (rBMSCs) and results highlighted the

[127]

enhanced €ells growth and expansion (Figure 14d) ", as well as the potential use of this

q

substra i e local electrical fields in cell cultures, biological interfaces and in vivo

{

studies ™.

U

A
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Hess et al. has achieved further progress in the detection of the electrical activity of
electrogenic cells, using arrays of GR-based solution-gated field-effect transistors (G-SG-
FETs) Figu a) "?®, They resolved and tracked the action potential of cardiomyocyte-like
HL-1 cell se transistor arrays (Figure 15¢) ™. The signal-to-noise ratio of G-SG-
I I . . . L

FETs wasgetter than most of the known devices, and their large transconductive sensitivity
make thenQing devices for biomedical applications "%,

Electrogent s were interfaced with GR field-effect transistor (GR-FETs) and GR and

nanowire w&tct transistors (NW-FETs). Interestingly, in GR-FET and (Silicon

nanowires (51 ) SINW-FETs, peak to peak signal-recording width increased with the area
of the de\ﬁndicates that the signal is the average of different points of beating cell’s
outer me Both devices showed different distinct and complementary capabilities.

Thus, GR@V -FETs represent important devices to explore further opportunities in the

lectronics for neuronal recording or stimulation [129]

Recently, Li . investigated the use of 3D-GR foams as scaffolds for cell electrical
stimulation, further showing the ability of GR to significantly enhance electrical stimulation
performans ‘Fiﬁure 15b) (561, Similarly, Serrano et al., through biocompatible freeze casting

technique, d 3D free-standing porous GO scaffold for stable growth of embryonic neuronal

0O

progenitor cefls. The conductive scaffold acts as a platform for electrical stimulation to induce

neuronal cells differentiation (Figure 16a) ®?. A series of 1-100 ms monophasic cathodic pulses

n

{

at inter s was used, pointing out a stimulation threshold current of 20-30 mA, and

improved cellularfigrowth. As already mentioned, GR exhibits electrochemical capabilities for

U

neuronal reco similar to Pt or Au, which have been for long the standard electrode materials

A

This article is protected by copyright. All rights reserved.

22



WILEY-VCH

for neuronal recording. Indeed, recent studies revealed the successful recording of local field

potentials from the rat cortex using GR-based electrodes 8%,

Recently, Kostarelos and
coIIaborMigated GR performances by recording in vivo brain activity using porous GFNs
with a goo _poise ratio ¥, In a more advanced setting, Liu et al. developed an implantable
GR-basdd rgmaectrode to detect electrophysiological and neurochemical signaling in vivo ™.
They constructed an rGO/Au,0; nanocomposite-coated electrode to detect the concentration of

H,0, in an peracute stroke model (Figure 16b-c) >, This rGO-modified electrode provided

high Hzozw% low detection limits, and stronger electron transfer between tissue and

electrode i: than traditional gold electrodes (Figure 17) 130134,

All the studies reiorted highlighted the great potential of GR and its derivatives as promising tools

for biome ications in the CNS. It is expected that the high attention given nowadays to GR

devices, inmrain interfaces, will further improve its use in medical applications.
Conclusi ure prospective
The ulti of neuronal tissue engineering research is to understand how the brain functions

and signals propagate, translating this knowledge into actions: the unravel principles will be used to

rebuild tissh interface with the nervous system. One approach is to design artificial nervous

tissues. Ino/bio materials are promising interfaces in supporting and modulating the
organizatio neuronal networks, but it is critical to identify the appropriate materials able to
induce ﬁwtiation and tissue regeneration enhancement. In the nervous system, that is
composwable cells, the conductivity of the materials is also a major parameter. Many

studies exploited She use of GFNs for neuronal tissue engineering due to their extraordinary

mechan{ectrical properties. In particular, graphene ability to be combined with a
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variety of other bioactive structures opens to novel and original possibilities. Here we
reviewed graphene-based scaffolds that endow physicochemical and biological properties fit for the
nervous syst hat links tightly morphological and electrical properties. In this review, we have

discussed cts of why GFNs have gained more importance in recent years in the context

] . . L . .
of neuronﬂglssue engineering applications. We reviewed the three most essential aspects of GFNs.

Firstly, we r ly discussed the cytotoxicity of GFNs and concluded that it depends on various

parameters s as size, surface charge, surface functional group, number of layers, time-dependent

toxicity, cwwn—dependent toxicity, and preparation technique. According to the recent

findings, graphe and its derivatives have been revealed to have not only outstanding

biocompatib t also the ability to enhance cellular functionalities, including cell growth,
ifferentiation. We concluded that most GFNs and composites are non-toxic at the

concentration ired for their use in neuronal tissue engineering.

d

Second nt the potentiality for neuronal stem cells differentiation and subsequent

neuronal n rowth. Various GFNs and GFNs composites with polymers, other nanomaterials,

V]

electrospun nanofibers, films, and 3D graphene foam are shown and considered promising

candidates¥or generation of neuronal networks. 3D GFNs and 3D scaffolds composed of GFNs have

1

shown sup Its in the development of 3D neuronal network with good biocompatibility.

Q

Finally, we d the impact of GFNs on cells through electrical stimulation. We also discussed

the po e FET based on GFNs for electrical sensing and stimulation of cells for neuronal

{

regenerati®h. Graphene presents promising results leading to the conclusion that GFNs based

scaffolds are suitable for regeneration or repair of neurons with retention of electrical behavior.

5

Moreover, ally conductive scaffolds can be fabricated by a combination of conductive

A
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polymers and graphene. It has been demonstrated that graphene-based substrates are not only
biocompatible but also can improve neuronal cell growth. When investigating the effects of
graphene electrical activity of neuronal networks, studies show that graphene is providing

characteri

pt

n be used for neuronal-stimulation electrodes. Additionally, the tunable

] .. . . . :
surface and machining properties of graphene-based materials are suitable to fabricate the

f

neuronal tigsueghike structures in order to align the arrangement of neurons suggesting that

G

these nano Is have enormous potentials for neuronal tissue engineering applications.

S

Further re hg¥’ needed for focusing on how to engineer the GFNs for advanced applications in

the fields of neurogngineering. The biocompatibility, biodegradability, biostability and mechanism of

Ul

interaction be further studied. This review covers the most crucial aspects that need to

I

be contro make graphene a promising candidate for further advanced bioactive

applicatiofis 1 ronal tissue engineering and biomedical use.

d
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Figures and captions

(a) Graphene (GR) (b) Few-layer Graphite (FLGR)  (c) Graphite (GP)

(d) Reduced graphene oxide (rGO) (e} Graphene oxide (GO)

Figure 1. Class of carbon allotropes based on dimensionality. Reproduced with permission from ref. Bl
Copyright »Elsevier.
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Figure 2. (a) progress of number of documents year by year on graphene family nanomaterials for neuronal
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A

to the surface of the modified nanofibers, (c) chemical reduction to obtain G-NFs. SEM

nanofibers obtained in every step. Reproduced with permission from ref. 611, Copyrights

and optical i
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Figure 5. The gro and development of motor neurons on different substrates. Fluorescent images of motor
d in culture for (a) neuritogenesis (red: the neuronal marker protein of lll B-tubulin (Tuj) for
filopodia, green: dendrite marker protein of the microtubule-associated protein-2 (Map) for neurites); and (b)
cell maturation (red: neuraxon marker protein of tau expression), (c) Neurites elongation: max and mean
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nuclear. Sc * 80 um; b) 200 um. Reproduced with permission from ref. (6] Copyrights 2015 Wiley-

VCH.
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Figure 6. (a) cultured on different substrates. (i) An optical image of neurons cultured on the border
of graphengl{left) and TCPS (right), (ii) scanning electron microscopy image of neurons on graphene, (iii) MTT-
measured v neurons cultured on TCPS and graphene after 7 days, (iv) LDH activity of neurons after 7

]

PS and graphene. Reproduced with permission from ref. (58 . Copyrights 2011 Elsevier.

view of neurite number and length of primary neuron cells with a relatively low
= 500 um) Cells were cultured onto nonfunctionalized graphene nanosheet film (NGNF)
ks. Alexa Fluor® 488 ant-Rabbit green staining showed that both the neurite length and
ed after an additional 7 days of growth. Reproduced with permission from ref. (861,
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Figure 7. (a)Ob ion of the neuron morphology, first row-optical images and second row- SEM (single cell)
images of hippo al neurons after 7 days of culture on GO—-COOH, GO-OCH3, GO-PABS, and GO-NH2
i produced with permission from ref. (241, Copyrights 2014 The Royal Chemical Society. (b)
havior of hNSCs on GO and SiNP-GO. SEM images confirm that the axons do not align on (i)
substrates and they align on (iii) GO and (iv)SiNP-GO substrates; (c) Axonal alignment of
on SiNP-GO on flexible and biocompatible substrates made from polydimethylsiloane
(PDMS), (i) schematic diagram of axonal alignment of differentiated hNSCs on SiNP-GO on polymer substrates,
(i) SINP-GO monolayer on PDMS, (iii) Flexible PDMS substrate with SiNP-GO in media for culturing hNSCs, (iv)
SEM image iNP-GO on PDMS substrate showing highly aligned axons from hNSCs on Day 14, (v)

(from le
SEM showin
control and (i

E

Immunocytochemistry results showing the expression of neuronal marker TuJ1l and axonal marker GAP43 in

hNSCs. Rep ith permission from ref. o, Copyrights 2013 Wiley-VCH.
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2014 Future Medicine, 2011 Wiley-VCH. (c) Enhanced neuronal-differentiation of hNSCs on graphene films. (i)
Bright-field (top row) and fluorescence (bottom row) images of hNSCs differentiated on glass (left) and
graphene (right) after one-month differentiation. The differentiated hNSCs were immunostained with GFAP
(red) foers, TUJ1 (green) for neuronal cells, and DAPI (blue) for nuclei. (d) Cell counting per area
(0.64 mmz) on.grkaphene and glass regions after one-month differentiation. (e) Percentage of immunoreactive
cells for GH
Copyrights 28

H I

and TUJ1 (green) on glass and graphene. Reproduced with permission from ref. [89].
edicine, 2011 Wiley-VCH.
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Figure 10. @ atics of the steps proposed to create an ordered neuronal network on SLG substrate,
development of the neuronal network. Wide field transmission images of neurons at DIV 7, (b) No neuronal
network de t was found on bare glass/graphene substrates: the adhered cells appear dead. In (c) a
network on PDL coated glass/graphene substrates is shown. In (d-f) neuronal networks
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oriented alogg line patterns. Reproduced with permission from ref. [123]. Copyrights, 2013 open access, Nature
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Figure 11. atic drawing of patterning MSCs by printing PDMS barriers on graphene films directly. (b)

optical age of printed PDMS on fluorinated graphene film. (c-g) The aligned growth of stem cell
on graphene; (h) Percentage of immunoreactive cells for Tujl1 and MAP2 on un-patterned and patterned FG

strips. Repraguced with permission from ref. (w7, Copyrights 2012 Wiley-VCH.
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shown in bo and graphene groups. Reproduced with permission from ref. (781, Copyrights 2013 Elsevier,
2010 Elsevier. (c) Schematic illustrating the morphological features of the graphene electric field stimulator
and electricgeld stimulation protocol. (i) Side view and (ii) top view of the PET/graphene film stimulator. The
electrical fi etween two graphene electrodes. Neuronal cells located between two electrodes were

observed by, ical microscopic imaging. (d)(i) Optical microscopic images showing that the two graphene

electrode e separated by a 2 mm gap. Neuronal cells were placed between graphene electrodes. (ii)
TEM images d€ ng cross-section view of 6 layers of the graphene stimulator. Total thickness of six layers is
2.3 nm. (iii) es of the graphene surface. Reproduced with permission from ref. 1261, Copyrights 2013
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Figure 14. interactive reactions to electric field stimulation. (a). Schematic illustrations of cell-to-

cell interactive reactions between two separated cells under electric field stimulation. i) Cell-to-cell decoupling

field stimulation by forming new contacts between cells. The SCC represents a group of cells strenthening
existing contacts between cells after electric field stimulation. iii) Cell-to-cell wavering (CW). Cells belonging to
the CW gr exhibit a wavering behavior following electric field stimulation. Reproduced with permission

%lghts 2010 Elsevier, 2017 The Royal Chemical Society. (b) A bar graph categorizing
o electric field strengths. (c) The categorization of CC cells. When we further categorized
CC into two '
G/SF fibrous olds. Reproduced with permission from ref. (27, Copyrights 2010 Elsevier, 2017 The Royal

Chemlcaﬂ
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here was a clear effect of electric field on NCC; (d) CCK-8 assays of rBMSCs cultured on
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the calcein-stained cell layer on the same array. (ii) Exemplary single spikes. The current response has been
converted to an extracellular voltage signal. The upper spike resembles a capacitive coupling followed by the
opening of Wbltage-gated sodium channels whereas in the bottom one the ion channels dominate over the
capacitive c > 1¢) (i) Five consecutive spikes recorded with one transistor (grey) and their average (black).
urrent of a G-SGFET (top) and a 3.6 kQ resistor. The resistance of the transistor was 3 kQ.
is shifted up for clarity. (iii) Exemplary current noise power spectral density of a G-SGFET

(ii) Recording

The transist

in a low-noise Up (red) and a 1 kQ resistor measured in the cell setup (black). The dashed line serves as a
guide to th ing a 1/f dependence. (iv) Effective gate noise of a graphene (red stars) and a silicon
SGFET ( UD refers to the UGS at which the minimum of the current is observed. The arrow marks
the point oimaxim!-n transconductance. Reproduced with permission from ref. [128) Copyright 2011 Wiley-

VCH, 201 ss Nature Scientific Report. (b) Electrical stimulation of the cells differentiated from NSCs
on 3D-GFs. cence imaging of the cells pre-incubated with Fluo-4 AM dye on 3D-GFs before (left) and
after (right) electricaljstimulation. Panel (ii) plots the relative fluorescence intensity change DF/F of the circled

cell in panel us the stimulation time period. Reproduced with permission from ref. (561, Copyright 2011

WiIey-V%n Access Nature Scientific Report.
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Figure 16. (a) Quantification of ENPC differentiation on 3D scaffolds over time. Histograms show the
percentage gf substrate area positively stained for map-2, vimentin, tau, and synaptophysin. Time points: 1
day (light ys (light color) and 14 days (dark color) Reproduced with permission from ref. 59,
Copyright 2Q he Royal Society of Chemistry; (b) Schematic illustration of rGO/Au,0s;-modified gold
electrode e-step electrochemical process and (c) real-time CV plot for the formation of the
rGO/Au,0; n3 posite was indicated with the numbers corresponding to the schematic. Reproduced with

permissirm]. Copyright 2015 American Chemical Society.
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Figure 17. Th micrograph of a TTC- stained coronal section at 2 mm anterior to bregma, (a) The
neuronal be was implanted into the S1FL for real-time monitoring of the relative changes in
electroche ction and real-time SSEPs recording (marked as black line), (b) The amperometric
responses to re recorded by noncoated gold electrode (Channel-2) and rGO/Au,0; electrode (Channel-
3) at -0.5 mtime of 1500 s, the S1FL brain was illuminated by laser light for 15 min to induce
photothromBati emic stroke (marked as square pale yellow area), (c) The first bare gold electrode

veloped neuronal probe was used to record the changes in neuronal activities (SSEPs)
f, [130]

(Channe

before an ischemic stroke. Reproduced with permission from re . Copyright 2015 American

Chemical Soci
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stem cellg ﬁ tiation and subsequent neuronal network growth as well the impact of
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electrical on through GNM on cells. It concludes the important aspects need to be

controlr graphene a promising candidate for neuronal tissue engineering.
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