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Graphene nanosheets are mechanically strong but flexible, electrically conductive and bio-compatible.
Thus, due to these unique properties, they are being intensively studied as materials for the next gene-
ration of neural interfaces. Most of the literature focused on optimizing the interface between these
materials and neurons. However, one of the most common causes of implant failure is the adverse
inflammatory reaction of glial cells. These cells are not, as previously considered, just passive and suppor-
tive cells, but play a crucial role in the physiology and pathology of the nervous system, and in the inter-
action with implanted electrodes. Besides providing structural support to neurons, glia are responsible for
the modulation of synaptic transmission and control of central and peripheral homeostasis. Accordingly,
knowledge on the interaction between glia and biomaterials is essential to develop new implant-based
therapies for the treatment of neurological disorders, such as epilepsy, brain tumours, and Alzheimer's
and Parkinson's disease. This work provides an overview of the emerging literature on the interaction of
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graphene-based materials with glial cells, together with a complete description of the different types of
glial cells and problems associated with them. We believe that this description will be important for
researchers working in materials science and nanotechnology to develop new active materials to inter-
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1. Introduction

1.1 The state-of-the-art of graphene-based materials for neural
implants

Two dimensional (2D) nanomaterials have been widely
used for interfacing with biological systems in recent years due
to their diverse potential and unique physicochemical and
morphological structures." Among them, graphene has
emerged due to its outstanding properties. The unique combi-
nation of electrochemical, optical and mechanical properties
makes graphene a good candidate for biomedical applications
in biosensing, bioimaging, drug delivery, phototherapy, and
tissue engineering.”

The properties of graphene include large surface area
(2630 m* g™"),* strong mechanical strength (Young’s modulus
~1100 GPa, fracture strength ~125 GPa)’ and high thermal
conductivity (5000 W m~" K').> Furthermore, its all-carbon
backbone structure can be easily functionalized via standard
organic chemistry or electrochemistry.®® Mostly, the system of
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face, measure and stimulate these cells.

conjugated double sp> bonds in the graphene plane provides
high electronic mobility, giving graphene excellent electrical
conductivity and high flexibility. Graphene electrodes can be
extremely thin, with a single graphene sheet thickness of
~0.34 nm."® Monolayers of graphene can be grown on the
centimetre scale and deposited on different rigid or flexible
substrates (silicon, quartz, plastic, etc.).®

Mesoscopic electrodes based on multilayer graphene paper
can exhibit conductivity >10° S m™" even after 1 million
bending cycles, and thus can be used for high-frequency elec-
tronics, for example to replace metallic antennas.”

The outstanding mechanical properties of graphene are also
due to the high stability of its sp> bonds, which form the gra-
phene lattice and oppose changes in its length and angle, allow-
ing a very high resistance to elongation to be achieved.
Conversely, the bending of the sheet does not lead to a signifi-
cant deformation of these bonds, at least for the nanometric
radii of curvature that are of practical interest. Thus, graphene
electrodes can have high tensile stiffness and strength, and sim-
ultaneously, be very flexible, which makes them ideal electrodes
to contact soft samples such as brain cells.”> In addition, gra-
phene has high transparency and absorbs 2.3% of incident
visible light radiation, with an optical transmittance of 97.7%."?

Interfacing graphene with neural cells is extremely promis-
ing for neural engineering. Due to its high electrical conduc-
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tivity and mechanical flexibility, graphene represents a poten-
tially suitable material as a neuronal interface for electrical
stimulation and recording of brain signals. The chemical ver-
satility, and mechanical and electrical properties of graphene
allow the fabrication of a variety of graphene-based materials
and substrates, offering a new way to interact and dialogue
with neural cells and tissues.

The family of graphene nanomaterials can be classified
according to the number of layers, chemical modification of
the surface, purity, lateral dimensions, density of defects and
composition.’* The physical-chemical features of various gra-
phene materials influence their behaviour in the biological
environment. A general nomenclature of graphene-related
materials (GRMs) has been recently suggested in the frame-
work of the EU project Graphene Flagship guidelines to dis-
criminate single- and few-layered G (1-10 layers; GR), G oxide
(single layer, 1: 1 C/O ratio; GO), reduced G oxide (rGO), graph-
ite nano- and micro-platelets (more than 10 layers, but
<100 nm thickness and average lateral size in the order of the
nm and pm, respectively), G and G oxide quantum dots (GQDs
and GOQDs, respectively) and a variety of hybridized G
nanocomposites."?

Exploiting graphene materials to build electrodes or stimu-
lation/recording components in bioelectronic devices can
improve the functionality of existing technologies to replace or
support conventional silicon and metals materials.> Due to its
high deformability and affinity with biological macro-
molecules, GRM can improve the long-term stability and bio-
compatibility of implant devices, promoting cell growth and
proliferation and minimizing the formation of fibrous tissue
around electrodes.'® The flexibility and mechanical resistance
of graphene make it an ideal component for flexible bioelectro-
nic systems, as an integral element or structural reinforcement
or coating, able to adapt to biological tissues, limiting the
mechanical stress and increasing the lifetime of the
device."”'®

Graphene oxide (GO) films (Fig. 1B) with a nanometric
thickness can be easily fabricated via spin coating or filtering
of aqueous solutions at different concentrations.'® Although
GO is non-conductive, it can be transformed to highly conduc-
tive and reduced graphene oxide (rGO) via thermal, chemical,
and electrochemical treatments, which can be used directly as
flexible electrodes for bio-sensing, featuring high affinity with
target biomolecules.”** GO films can also be used as neural
interfaces and integrated in high-performance fully flexible
field effect transistors (FET). Recordings of the electrical
activity of electrogenic cells using graphene transistors have
been reported recently, confirming the enormous potential of
graphene for bioelectronics applications, especially in the field
of neural prosthesis. The high charge carrier mobility and
high interfacial capacitance of graphene result in a high trans-
conductive sensitivity and more effective capacitive stimulation
than silicon-based FETs. Graphene-based transistors can be
used to either stimulate or record signals from cells.*

In vivo studies have shown that neuronal activity can be
stimulated and recorded using graphene-based electrodes.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 GRM nanomaterials used as glial interfaces. (A) TEM image of GO
flakes. Adapted with permission from ref. 29 (Copyright 2019, Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim). (B) SEM image of GO film;
inset: photograph of flexible PET-ITO-GO substrate. (C) FE-SEM image
of GO nanofiber hybrid scaffold. Adapted with permission from ref. 30
(Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim). (D)
SEM image of GO 3D scaffold. Adapted with permission from ref. 31
(Copyright 2013, The Royal Society of Chemistry).

Graphene electrodes produce slightly higher injection charge
levels than common metal electrodes. A reduced GO flexible
probe incorporated in parylene-C** was used to stimulate
retinal ganglion cells ex vivo and to record neural activity
in vivo from the visual cortex of a cat. Graphene electrodes,
completely transparent, were, for example, implanted in
GCaMP6f mice for electrical brain stimulation and simul-
taneous optical monitoring of neural activity.>>

GRM have been also exploited in tissue engineering appli-
cations as electroactive and highly versatile backbones for the
design of 3D scaffolds to enhance neuronal regeneration and
functional recovery of brain and peripheral injury as effective
regenerative therapy in neurological disorders (Fig. 1C and
D).>**” Advancements in the preparation of hybrid nanoscale
scaffolds allow the construction of 3D graphene nano-
structures, where the presence of surface functional groups is
beneficial for the adhesion and growth of cells.”®

The conductivity of GRMs strongly depends on their fabri-
cation process, purity, dimension, and defects. A suitable
trade-off among conductivity, geometrical factors, fabrication
process and flexibility of the device may be difficult to achieve
in most cases. Some key quantitative parameters such as the
substrate thickness, electrode impedance, charge injection
capabilities and signal-to-noise ratio need to be matched to
design and engineer novel electrodes for the recording and
stimulation of glial cells."”*

Accordingly, recent studies have revealed that a low impe-
dance and higher adhesion between the material interface
highly improve the signal to noise ratio and allow recording in
glial cells in vitro.**** In addition, the different sensitivities of
glial cells to extracellular electrical stimulation protocols com-
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pared to neurons can be exploited by using different graphene-
based devices for the selective stimulation of glia.

Compared to existing stimulation/recording strategies, the
design of bi-functional electrode arrays exploiting the different
conductivity properties of GRM coatings to allow the bi-direc-
tional sensing and triggering of cell activity may be a possible
route to selectively target the molecular mechanisms under-
lying glial functionality within brain tissue. Additionally, the
tuning ability to manage or reduce the concentration of
oxygen-containing functional groups by the chemical
functionalization of graphene materials, as well as their
unique surface properties, which allow the absorption of mole-
cules and ligands, are feasible and suitable to achieve a higher
adhesion of glial interfaces and improve their integration with
glial cells within neural tissue.**?*

Besides graphene, other biomaterials can successfully meet
the current demand for flexible and smart bio-functional
devices and probes in neural/glial engineering and neuro-
regenerative medicine. Among them, organic semiconductor
or conducting polymers, including poly(3-hexylthiophene)
(P3HT),***” (poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate) (PEDOT:PSS), and polyaniline (PANI), exhibit a wide
range of favourable properties. Their chemical stability and
biological affinity, mechanical compliance, intrinsic electrical
conductivity and photoexcitability within the visible range and
charge photogeneration capability make organic electronics
and optoelectronics surprisingly advantageous over the tra-
ditional inorganic technologies and suitable to generate novel
organic glial interfaces devoted to the recording and recovery
of brain functions.*® In addition, the use of conductive carbon
nanotubes for the fabrication of scaffolds to drive neural
regeneration and glial differentiation can contribute to the
repair or replacement of brain tissue structures in the injured
central and peripheral nervous system. Due to their high bio-
compatibility, and good mechanical and functional properties,
natural silk fibroin-based substrates have been also explored
as bioactive and soft glial platforms for drug-delivery appli-
cations and neural prosthesis implantation.**>*° Topographical
cues provided by nanofiber alignment of synthetic polymers,
such as polycaprolactone (PCL), have shown modulating
effects on the adhesion, maturation and differentiation of glial
cells, moving biomaterials research and tissue engineering
toward the potential development of polymeric glial interfaces
that can guide and support brain regenerative processes.>**

1.2 Bio-compatibility of graphene and related materials

Several in vitro and in vivo studies have been conducted to
investigate the biocompatibility of GRMs, a crucial aspect to be
evaluated to identify suitable candidates for clinical appli-
cations. Despite the general acceptance that graphene is bio-
compatible, it should be noted that GRMs are a wide class of
materials, with tunable flake size, flake thickness, defects,
etc.,"> and all these parameters need to be specified to assess
the biological activity of a material. Thus, it is not possible to
state in a single sentence that GRMs are generally toxic or
safe.’**> The synthetic method, presence of functional
groups, type of coating or treatment, size, thickness and struc-
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tural defects may have different biological impacts.'®****
Thickness, which is determined by the number of layers, is
directly related to the flexibility of the material, while the
lateral dimension is linked to the degree of deformability, and
both parameters influence the interactions of graphene with
cells, in particular with the plasma membrane.

The simplest electrodes based on GRMs are the those com-
posed of a single layer of graphene grown via chemical vapour
deposition (CVD), and then transferred on glass, silicon or
flexible polymer substrates. Viability tests were performed to
assess the compatibility of CVD graphene-FET with living cells,
such as primary retinal ganglion cells, cardiomyocytes, and
human embryonic kidney cells. The healthy growth of cells
cultured on a transistor array also confirmed the excellent bio-
compatibility of CVD-graphene.”® In vitro studies on primary
cultures have demonstrated no changes in the viability of
neuronal cells following exposure to graphene.*>*®

In contrast to CVD graphene, electrodes based on rGO can
be processed in solution, in water, allowing high throughput,
low cost and chemical tunability. Interestingly, the published
data suggests that a higher degree of oxidation, size reduc-
tion, and functionalization of graphene derivatives by macro-
molecules can contribute to limiting their cytotoxicity and
inflammatory responses, favouring their biocompatibility and
stability in contact with biological fluids.>'® The efficient bio-
degradation of GO sheets was observed using myeloperoxi-
dase (hMPO) derived from human neutrophils*® or recombi-
nant eosinophil peroxidase (EPO) enzyme extracted from
human eosinophils.”” However, primary neuronal cultures
exposed to GO nanosheets revealed clear alterations in physio-
logical pathways and synaptic transmission processes. A
complete analysis of the effects of chronic and acute exposure
to GO was performed on cultures of rat primary cortical
neurons, evaluating its long-term effects on cell viability and
synaptic transmission. Once internalized by the neurons, the
graphene nanosheets were found to accumulate preferably in
the lysosome. Exposure to GO selectively caused the inhi-
bition of excitatory transmission, in parallel with a reduction
in the number of excitatory synaptic contacts and an enhance-
ment in inhibitory activity.*> This was accompanied by auto-
phagocytic activity and alterations in calcium dynamics and
homeostasis. These results indicate that although exposure to
graphene does not affect neuron viability, it has important

effects on neuronal transmission and neural network
functions.*>*®

1.3 New opportunities to use graphene as interfaces with
glial cells

All the above-mentioned evidences confirm the great poten-
tialities of graphene substrates as biomaterial interfaces in
neural engineering, aiming at modulating or recovering
nervous system function.

This should be placed in a larger context concerning our
understanding of how the brain works. This understanding
has been significantly modified by evidence provided over the
last four decades. The most traditional view assumes that
neurons are the only active cells in the brain, with glial cells

This journal is © The Royal Society of Chemistry 2021
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just working as passive glue supporting neurons. However,
currently, increasing experimental evidence suggests that glial
cells interact actively with neurons at the molecular, structural
and functional level to critically regulate the brain homeostasis
and modulate synaptic communication.**>"* Although they are
considered electrically silent cells, glial cells express a variety
of ion channels, receptors and transporters that allow them to
sense the variations in extracellular milieu concentrations and
physical properties. Glial cells are also capable of responding
to environmental chemo-physical stimuli by ion and water
flow through the plasma membrane or by changes in the intra-
cellular calcium concentration ([Ca®']), glio-transmitter
release or by chemokine and trophic factor secretion.’>”>>
Thus, glial response critically impacts neural networks and cir-
cuity both in physiological and pathological conditions.>®>”
Dysfunction of glial cells contributes to the pathogenesis of
several neurological disorders, such as epilepsy, spreading
depression, brain tumours, and Alzheimer’s and Parkinson’s
diseases.”” ™’

Currently, the available biomedical technologies aimed at
the study, diagnosis and therapy of nervous system (NS) func-
tions and dysfunctions require neurons to be studied both
in vitro'”**°® and in vivo.>® However, despite major efforts,
brain implants still need significant improvements in long-
term stability and functionality. Accordingly, it is becoming
evident that driving and controlling the gliotic inflammatory
reaction is critical for the success of therapeutic approaches
based on biomaterial implants and devices.”"*"*> Given that
glial cells are the first cell type responsible for the reaction of
the central nervous system (CNS) to any type of injuries,”®°
studies on glial cells are needed to understand and control the
impact of neural interfaces. Thus, there is a major challenge
and great potential in biomaterials science and engineering to
design and validate glial interfaces and devices that are
capable of driving favourable glial growth and selectively mod-
ulating glial cell functionality.>® Thus, the impact of biomater-
ials on glial cell viability, growth, proliferation and functional
properties has been investigated.?®3%3%37:5455.63,64 Notably,
traditional neural interfaces based on silicon and metal
materials display a series of important technological and
mechanical limitations in terms of spatio-temporal resolution,
selectivity, mechanical tissue mismatch, and long-term bio-
compatibility. Graphene substrates, suitably functionalized or
in combination with conventional materials, may improve the
electrical and mechanical performance of traditional implant
devices and their interaction with biological systems.>"®"”

The objective of the present work is to propose glial cells
and their biomolecular mechanisms as targets for emerging
graphene-based biomedical interfaces and devices.>® Herein,
we also critically review the advantages and challenges in
using graphene-related nanomaterials and devices for the
stimulation and control of the viability, morphology, structure
and function of glial cells. Our aim is to provide a fair intro-
ductory overview to researchers interested in the applications
of graphene in glial engineering® as electrical stimulation
implants (retinal prosthetics and bioelectronics for deep brain
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stimulation), scaffolds for the repair of injured nerves, and
drug delivery systems.

2. Glial cells

There are different types of glial cells, which are located in
many organs of the human body with different functions.
Here, we provide a brief description of these types of glial cells
and the problems associated with them. We believe that this
description will be important for researchers working in
materials science and nanotechnology to develop new active
materials to interface, measure and stimulate these cells.

The two major classes of cells that coexist in the nervous
system are neurons and glia. Neurons are electrically excitable
cells as they can generate and propagate action potentials
through the neuronal circuitry, whereas glia are typically con-
sidered non-excitable cells given that they are unable to fire
action potentials.®> ®®

The main macro classification of glia includes macroglia
and microglia (Fig. 2).°>°® Macroglia are derived from neuroe-
pithelial progenitor cells, which are neuronal progenitor cells
giving rise to radial glia. In neurodevelopment, radial glial
cells generate most of the cortical neurons, while a gliogenic
switch allows the differentiation of radial glial cells into astro-
cytes or oligodendrocyte precursor cells. After maturation,
radial glial cells disappear from many regions of the brain,
although they remain in the retina (called Miiller glia) and in
the cerebellum (called Bergmann glia). Unlike astrocytes and
oligodendrocytes, microglia originate from foetal primitive
macrophages, which migrate from the periphery to the CNS
and give rise to microglia.”®

2.1 Astrocytes

Astrocytes are macroglial cells in the CNS. The complexity and
heterogeneity of astroglial cortical cells is a major difference
that distinguishes the structure of an adult human brain from
the brain of invertebrates and other mammalians (Fig. 2A).
Astrocytes are actively involved in a wide variety of essential
physiological and pathological processes in the brain.*>®" (i)
They regulate the volume and composition of the cerebral
interstitial space. Astrocytic ramified processes envelop
neurons forming a neuron-astrocyte interface and establish a
close contact with blood vessels at the glio-vascular interface.®?
(i) Astrocytes are key elements in the control of brain homeo-
stasis as they regulate the maintenance of ions and molecule
concentrations in the brain extracellular environment through
the transmembrane flow allowed by numerous ion channels,
water channel aquaporins and transporters expressed in selec-
tive districts called microdomains.***"%% Potassium homeosta-
sis is achieved by astrocytes through the uptake and spatial
buffering of potassium (K) ions.** This mechanism aims at
removing excess K from areas of neuronal activity and dissi-
pating it on distal sites in the vicinity of blood vessels, thus
stabilizing synaptic activity.*®®> Among the variety of K* chan-
nels expressed by astrocytes, the Kir4.1 inwardly rectifying

Nanoscale, 2021,13, 4390-4407 | 4393
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Fig. 2 Glial cells in the nervous system. Immunofluorescence images of
macroglia (A, B, D, E, F, G) and microglia (C). (A) Fluorescence image of
astrocytes, adapted with permission from ref. 71 (licensed under the
Creative Commons Attribution License, Copyright 2012 Butenko et al.,
Public Library of Science). Cartoon adapted with permission from ref. 27
(Copyright 2018, Springer International Publishing AG, part of Springer
Nature). (B) Fluorescence image of NG2 glia. Adapted with permission
from ref. 72 (Copyright 2018, Elsevier). (C) Fluorescence image of
Microglia, adapted with permission from ref. 79 (licensed under the
Creative Commons Attribution License, Copyright 2008 Liu et al.,
Spandidos Publications). Cartoon adapted with permission from ref. 27
(Copyright 2018, Springer International Publishing AG, part of Springer
Nature). (D) Fluorescence image of Oligodendrocytes, adapted with
permission from ref. 73 (licensed under the Creative Commons
Attribution-Non-Commercial-ShareAlike License, Copyright 2014,
Wolters Kluwer Medknow Publications). Cartoon adapted with per-
mission from ref. 27 (Copyright 2018, Springer International Publishing
AG, part of Springer Nature). (E) Fluorescence image of Schwann cells,
adapted with permission from ref. 78 (licensed under the Creative
Commons Attribution License, Copyright 2015 Bacallao, Monje,
Public Library of Science). Cartoon adapted with permission from
ref. 27 (Copyright 2018, Springer International Publishing AG, part of
Springer Nature). (F) Fluorescence image of retinal Muller glia, adapted
with permission from ref. 74 (Copyright 2007, National Academy
of Sciences, USA). Cartoon adapted with permission from ref. 75
(Copyright 2013, The Company of Biologists). (G) Fluorescence image of
Bergmann glia present in the cerebellum, adapted with permission from
ref. 76 (Copyright 2007, Elsevier). Cartoon adapted with permission
from ref. 77 (licensed under the Creative Commons Attribution License,
Copyright 2008 Ango et al., Public Library of Science).

channels are mainly responsible for potassium homeostasis.*"**

The aquaporin-4 (AQP4) water channel is the predominant
channel expressed in astrocytes, which is involved in the regu-
lation of cell volume and K' spatial buffering as a molecular
partner of Kir4.1 to facilitate the movement of water through
the plasma membrane.®**>% (ii) Astrocytes also contribute to
the homeostasis of chloride (Cl7), calcium (Ca®") and sodium
(Na")®" and regulate extracellular pH.®>® (iii) Astrocytes par-
ticipate in the formation, functional maintenance and integ-
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rity of the blood brain barrier (BBB), a structural and func-
tional barrier formed by brain microvascular endothelial cells,
astrocytes and pericytes, which regulates the bi-directional
communication between the cerebral environment and blood
vessels and protects the brain from microorganisms and
toxins circulating in the blood.®”®® (iv) Astrocytes provide
metabolic support for neuronal activity by glucose
transporters.®

A revolutionary concept in neurophysiology was established
when the fundamental role of astrocytes in synaptic connec-
tivity was demonstrated. Subsequently, astrocytes became the
third element of the so-called “tripartite synapse”, in which
astrocytes actively exchange information with the synaptic
elements.*°%37:8%99 perisynaptic glia represent a functional
component in the transmission and modulation of brain elec-
trical signals. Perisynaptic glia respond to neuronal activity
with an increase in intracellular calcium and release of glio-
transmitters, which are neuroactive substances that can both
directly stimulate postsynaptic and presynaptic neurons, favor-
ing or inhibiting the release of neurotransmitters.’®™°
Astrocytes express a variety of neurotransmitter receptors,
including receptors for glutamate, y-aminobutyric acid (GABA),
adrenaline, adenosine triphosphate (ATP), serotonin, acetyl-
choline (Ach), and several peptides. The activation of these
receptors evokes astroglial calcium signals, which induce the
release of gliotransmitters, such as ATP, GABA, glutamate,
p-serine, and lactate.”® Although astrocytes are considered elec-
trically non-excitable cells, their ability to respond to different
extracellular chemical-physical stimuli (such as neurotrans-
mitters, temperature, osmotic gradient, mechanical and elec-
trical stimuli) by variations in their [Ca>']; defines a form of
astrocyte excitability.>*>*°°°% However, there is still little evi-
dence regarding the mechanisms underlying the response of
astrocytes to physical stimuli such as ultrasound,’® light, and
an electric field.>*>>

Astrocytes express a variety of ion channels and membrane
receptors by which they respond to neuronal activity, modifying
their membrane potential and/or by triggering [Ca®'];
variations.?®'°° Calcium oscillations can be limited to a single
cell or transmitted as “waves” to neighboring astrocytes
through gap junctional coupling, mainly formed by connexins
(Cx43).'°11%2 By the propagation of calcium waves, astrocyte net-
works define an extra-neuronal pathway for the rapid long-dis-
tance transmission of brain signals.””"'°® Two distinct molecular
mechanisms underlie the astroglial [Ca®"]; signals, ie., an
increase in [Ca®"]; caused by the entry of extracellular Ca** and
the mobilization of Ca*" from the cytoplasmic stores (Fig. 3).

The main intracellular Ca** sources are the endoplasmic
reticulum and mitochondria.>®'**'%® Extracellular Ca** can
mainly enter the cell via ionotropic channels, such as the P2X7
purinergic receptor'®® and through members of the transient
receptor potential (TRP) family."”” In particular, the transient
receptor potential vanilloid 4 (TRPV4) and ankyrin 1 (TRPA1)
are the main channels expressed in astrocytes.’*>>1087110 [
response to neuronal activity, different calcium dynamics
occur in distinct regions of the astrocytes such as the soma,

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Molecular mechanisms underlying calcium signals in astrocytes.
Reproduced with permission from ref. 105 (Copyright 2011, Elsevier
Ireland).

astroglial processes and microdomains of the end feet facing
the synapse.''" Slower and long-lasting transients occur when
the increase in [Ca*']; is due to Ca®" influx from the extracellu-
lar compartment, whereas faster, shorter and repetitive oscil-
lations occur when it depends on the release of Ca>" by the
cytoplasmic stores. Previous results have shown the impor-
tance of Ca** mitochondrial dynamics in the physiology and
pathophysiology of astroglial cells. In particular, dysregulation
of mitochondrial dynamics is associated with a number of
neuropathies. Although the molecular mechanisms underlying
pathogenic mitochondrial changes are not fully known, astro-
cytic mitochondrial networks have shown rapid Ca>" signalling
impairments, metabolic alterations and re-shaping changes in
response to injury cues.'*?

The diversity of astrocyte [Ca>]; signals has a distinct func-
tional role; however, it is far from being fully understood.'*> A
major issue is the lack of selective technologies capable of
evoking calcium signalling with selective control of distinct
components spatially and temporally. Accordingly, the avail-
ability of novel and selective technological tools, such as gra-
phene electrodes and interfaces, may represent the optimal
solution to trigger or modulate astroglial functionality in the
study and therapy of CNS function and dysfunction.

2.2 Radial Miiller glial cells in the eye retina

Radial Miiller glial cells represent the predominant macroglial
cells in the retina, covering 90% of the retinal glia."**"'®> They
are radially oriented, highly polarized and structured cells,
which span the inner retina to the photoreceptor layer in the
outer retina (Fig. 2F).

The ability of Miiller cells to control the concentration of
extracellular neuroactive substances, water, ions and pH criti-
cally modulate the function of photoreceptors and bipolar and
ganglion cells."*® Their processes enwrap retinal blood vessels
to maintain the homeostasis of the extracellular space and
allow metabolic exchange and waste clearance at the glio-vas-
cular interface. Miiller cells are essential structural com-
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ponents that ensure correct retinal formation during retinal
development and the integrity of the blood-retinal barrier in
the adult retina. Miiller glia display many common structural
and functional properties with astrocytes,''” as described in
the previous section. Importantly, Miiller glia and astrocyte
communication relies on changes in [Ca®>'];, which represent
fundamental biochemical signals that can trigger different
processes. Among the protein channels, the TRPV4 calcium
channel, the AQP4 water channel, and the Kir4.1 potassium
channel are important in retinal function and dysfunction.
TRPV4 is a polymodal sensorial channel mediating extracellu-
lar calcium entry, which underpins osmosensation and
mechanosensation in Miiller glia.''”"'® A dysfunction of
TRPV4 is observed in pathological conditions such as retinal
detachment.’*® The release of Ca** from internal stores such
as the endoplasmic reticulum®" is also a crucial signalling
pathway for Miiller glia that can be triggered by via inositol-3-
phosphate (IP3), ryanodine (RyR), and metabotropic glutamate
receptors or by mechanical and osmotic stimuli.”*® [Ca*"];
transients in Miiller cells are also triggered by neuronal activity
during photostimulation."*®

AQP4 is typically involved in the control of water homeosta-
sis in the retina in response to osmotic stress and dysregula-
tion of AQP4 results in an inflammatory response of the
retinal tissue. As described for cortical astrocytes,'*® synergic
cooperation between AQP4 and TRPV4 is essential to promote
the volume regulation mechanism through osmosensing,
water transport, calcium signalling, and osmolyte efflux."*"

Miiller glia play a critical role in retinal inflammatory
responses to injury or disorders called reactive gliosis
(Appendixt), which are also observed in response to implant
insertion.*®>! Accordingly, Muller glia ion and water channel
functions are a primary target to be considered in engineering
more compatible graphene-based retinal prosthesis and/or to
trigger the modulation of retinal neurons.

2.3 Radial Bergmann glia in the cerebellum

Radial Bergmann glia (BG) are specialized astrocytes of the cer-
ebellum cortex. BG are unipolar glial cells with cell bodies situ-
ated in the Purkinje cell (PC) layer and radial fibers extending
through the cerebellum molecular layer (Fig. 2G). BG are criti-
cally involved in the fine-tuning of neuronal processing. Ca**
signalling in BG cells plays a key role in regulating the struc-
tural and functional interactions between these cells and PC
synapses. Bergmann glia express a-amino-3-idrossi-5-metil-4-
idrossazol-propionic acid (AMPA) glutamate receptors
(AMPARSs) permeable to Ca®*. Genetic deletion of AMPA recep-
tors results in impaired BG calcium signaling, alteration in
synaptic transmission, and consequently, the dysfunction of
cerebellar motor coordination in adult mice."*>****** m vivo
imaging studies have also described different types of spon-
taneous and spatially localized Ca** signals in the cerebellum
of mice depending on their motor behavior. Notably, spon-
taneous Ca®" signalling in BG can be amplified in response to
electrical stimulation of afferent fibres.'* Thus, the evidence
suggests the hypothesis that Ca®>" signals in BG cells can
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become a possible target for graphene-based glial interfaces
and electrodes aiming at stimulating and controlling motorial
coordination and the arousal or startling of the brain states.

2.4 Microglia

Microglia are immunocompetent cells specifically equipped
for surveillance of the CNS environment. Thus, microglial cells
represent the endogenous brain immune defence system,
which is responsible for CNS protection against all types of
pathogenic factors. Their pathological potential has been
extensively investigated'>>'*® also considering being a poten-
tial target for neurological treatment. Microglia in the healthy
mature CNS, including the brain, spinal cord, and the eye and
optic nerve, are in a “resting” state and have a ramified mor-
phology, ie., a small soma with fine cellular processes
(Fig. 2C). Although the role of microglia in the pathological
brain is widely recognized, the role of these cells is unknow in
healthy brains. It has been demonstrated that microglia can
remodel synapses during development and in the adult
brain."*” To closely monitor the health of the brain, microglial
cells move constantly, scanning the local environment to
signal possible lesions of the nervous tissue. They are also
equipped with numerous receptors and immune molecule
recognition sites, which make them perfect sensors of the
status of the CNS tissue.®®®® Sensing of neurotransmitters,
e.g., acetylcholine, glutamate, GABA, and ATP, is well docu-
mented, as well as the consequent changes in [Ca*'];, mem-
brane potential, cytokine release, motility and voltage sensitive
Currents.126’128’129

All CNS diseases involve microglia, which typically convert
from the resting/surveillant cell type in the normal brain to an
activated amoeboid form, specialized to operate within the dis-
eased environment.®®™*° Amoeboid or reactive microglia
modify their cell shape, gene expression and functional behav-
ior and acquire phagocytic capacity, which is essential for the
removal of cellular debris and apoptotic cells and synaptic
remodeling.68,70,126,1297131

Microglia-mediated neuroinflammation is one of the hall-
marks shared by various neurodegenerative diseases, includ-
ing Parkinson’s disease, Alzheimer’s disease, and amyotrophic
lateral sclerosis.**"** Thus, microglia may become an elective
target for graphene-based drug delivery approaches aiming at
reducing the inflammatory response observed in chronic
neuropathology.

2.5 NG2 Glia

A more recently discovered type of glia in the CNS is neuron/
glia antigen 2 (NG2). NG2 glia are a type of glial cells that have
an oligodendrocyte progenitor cell (OPC) antigenic phenotype
and do not express any of the phenotypic markers for mature
astrocytes, oligodendrocytes, and microglia.”*'** During devel-
opment, NG2 immunopositive OPCs give rise to both myelinat-
ing oligodendrocytes and a substantial portion (5-10% of all
glia) of NG2, which persist throughout the white and grey
matter of the mature CNS. NG2-glia are characterized by a
small soma and numerous thin, radially oriented processes
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(Fig. 1B). NG2 glia express voltage-gated Na", Ca®" and K*
channels, as well as glutamate and GABA receptors, and they
actively communicate with neurons in healthy brains."’
The majority of NG2 glia in the mature and healthy
CNS appear to be fully differentiated, but in the adult brain,
NG2 glia may generate neurons and astrocytes as well as
oligodendrocytes,”>*** acting as multipotent adult neural stem
cells. Notably, NG2 glia are highly reactive and rapidly respond
to CNS insults by outgrowth and proliferation of processes.
Activated NG2 glia participate in glial scar formation together
with astrocytes.”>'** The potential of reactive NG2 glia to orig-
inate different neural cell types, their ability to shape neuronal
synapse formation, their plasticity in response to neuronal
disease, and their emerging importance in myelin mainten-
ance and remodelling to repair injured neurons make them a
unique group of glial cells and of attractive interest for bio-
medical engineering.”” Additionally, microglial channels and
receptors, which mediate their response to neurotransmitters,
growth factors and alteration in the surrounding environment,
can become molecular targets for graphene-based scaffolds
and devices aiming at regeneration of the function and struc-
ture of neural tissue.®>"3**%3

2.6 Oligodendrocytes

Oligodendrocytes are cells that provide the myelin sheath,
which is the lipid/protein envelop that surround axons in the
CNS and allows saltatory and fast conduction of the action
potential propagation (Fig. 2D).°®> Given the role of oligoden-
drocytes in myelination, diseases such as multiple sclerosis
and amyotrophic lateral sclerosis, which are characterized by
disruption of the myelin and chronic axon degeneration, are
also called oligodendropathies.””

In a healthy human brain, oligodendrocytes are generated
continuously, and they allow the remodeling and homeostasis
of myelin throughout their life.®®'*° The spatial and functional
relationship of oligodendrocytes with other glial cells is critical
for myelin homeostasis, the impairment of which can trigger a
neuroinflammatory gliotic cascade.””"*® The need to under-
stand the nature and the dynamics of this complex cross-talk
occurring during the damage and repair calls for the gene-
ration of graphene-based interfaces and electrodes capable of
modulating these processes. The use of these devices will
increase the global knowledge on demyelinating diseases and
may help in the development of novel and more holistic ways
to manipulate and improve remyelination of injured neural
tissue.

2.7 Schwann cells in the peripheral nervous system

In the peripheral nervous system (PNS), the same myelination
task performed by oligodendrocytes in the CNS is in charge of
Schwann cells (SC), which enwrap and myelinate peripheral
axons.®® SC are key cellular elements in assisting the regener-
ation of peripheral nerve after injury (Fig. 2E). There are four
types of mature SC in the PNS, including myelinating Schwann
cells, non-myelinating Schwann cells, perisynaptic Schwann
cells of the neuromuscular junctions (NM]Js) and terminal
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modulate the electrical activity of neuronal cells represents the
biggest challenge in neuroscience research and neuroengineer-
ing. It is now established that electrodes implanted for the
study and therapy of brain function and dysfunction interact
with glial cells, not only with neurons (Fig. 4). When a bulk,
rigid electrode is inserted in the tissue a pronounced inflam-
mation area, it is characterized by sparse neurons, a high
number of reactive astrocytes, and more importantly, the pres-
ence of an activated microglia shield around the probe is
visible (in red, Fig. 4b). In comparison, a soft and porous elec-
trode will induce an increase in low gliosis and neurodegenera-
tion, and in some circumstances, colonized by cells coming
from the surrounding tissue (Fig. 4c). This will give rise to a
sort of synthetic/cellular hybrid material, where the maximum
electrode/tissue integration is obtained."*’

Activation of microglia and astrocytes is also at the centre
of many neuroinflammatory pathways as well as the typical
in vivo reaction to the insertion of a neuroprosthetic implant.
In the acute phase of gliosis, activated microglia attach to the
surface of the electrode and release pro-inflammatory factors,
the reaction progresses to a chronic phase where a dense astro-
cyte encapsulation envelops the electrode, forming a scar, iso-
lating the neural electrode and increasing the distance
between the electrode and the target active neurons, thus dra-
matically affecting the amplitude of recorded or the efficacy of
delivered electrical signals to and from neurons. From an elec-
trical interfacing view, astrogliosis is responsible for an
increase in electrode impedance, and consequently, a
reduction in input/output voltages amplitudes.'**4°

Similar to the process described in the brain, Miiller glial
cells undergo reactive gliosis in response to retinal prosthesis,
leading to the formation of a glial scar. The latter severely com-
promises the device performance as it can envelope the device
and the entire retina at the late stages of degeneration."*! Glial
fibrillary acidic protein (GFAP) immunostaining of implanted
retinal prosthesis based on organic polymers and silk fibroin
demonstrated (Fig. 5) that gliosis started immediately after

Current Opinion in Neurobiology

Fig. 4 Comparison of the tissue reactivity around a stiff and compact
neuronal electrode vs. a probe made of a soft and (micro)porous
material. (a) Healthy tissue is characterized by a well-organized neuronal
network and a relatively low amount of uniformly dispersed microglial
cells and reactive astrocytes; (b) a bulk, rigid electrode inserted in the
tissue producing an inflammation area and tan activated microglia shield
around the probe (in red); and (c) a soft and porous electrode inducing
low gliosis and neurodegeneration, being colonized by cells coming
from the surrounding tissue. Adapted with permission from ref. 139
(Copyright 2017, Elsevier).
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Fig. 5 Reactive astrogliosis in retinal implants. GFP reactivity in the
inner retina after 7 DPI and 150 DPI. Adapted with permission from ref.
36 (Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).

surgery (one week), but then decreased thereafter to return to
the baseline five months after surgery.*®'*> All these results
strongly encourage the development of electrode interfaces,
which can reduce glial cell activation and promote anti-inflam-
matory glial cell phenotypes, resulting in biocompatible and
long-term stable neural interfaces. Given the well-established
role of astrocytes and microglia and the newly acquired knowl-
edge on oligodendrocyte and NG2 glia susceptibility to inflam-
mation-induced injury, novel strategies and materials should
be considered to improve the biological impact of implanted
devices.

Recent in vivo evidence suggested that glial cells can be a
direct target of neural implants for brain stimulation thera-
peutical approaches."?*'**'** Deep brain stimulation (DBS)
has emerged as a powerful surgical therapy for the manage-
ment of treatment-resistant movement disorders, epilepsy,
Parkinson’s disease and neuropsychiatric disorders."*> To
date, the underlying biophysical mechanism of DBS in the
treatment of these disorders is far from understood. The
majority of studies on DBS are focused on the change in
neuronal activity in the immediate stimulated target area.
However, it is apparent that DBS will not only affect neurons,
but mainly glial cells, and that a change in both cell types may
contribute to its therapeutic effect."*?

Although DBS has just been approved by the FDA for the
treatment of Parkinson’s disease and many tremor diseases,
ongoing investigations are directed to study the potential of
cerebellum DBS in  the restoration of  motor
functionalities."**'*” Given the
Bergmann glia in motor behaviour and the role of Ca*>* signal-
ling in cerebellum synaptic transmission, neuro-plasticity and
neuro-modulatory potentialities of DBS can be exploited to
stimulate and modulate functional signals and reorganization
of glial network in the cerebellar cortex for motor function
recovery. Preclinical evidence has shown that the cerebellar
DBS of the dentate nucleus can promote synaptic plasticity
and improve post-stroke motor recovery in rodent models of

involvement of cerebellar
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stroke. Interestingly, a notable reduction in dystonia by DBS
has been reported, highlighting the important role of the cer-
ebellum as a therapeutic target for DBS."*”

Similarly, non-invasive electrical brain stimulation by the
application of direct current (DCS) has been shown to be an
effective treatment to alleviate various neuropsychiatric and
neurological disorders and enhance learning and memory for-
mation in humans. DCS promotes plasticity in neuronal net-
works in vitro and in vivo. This effect has been mainly attribu-
ted to the direct modulation of neurons, but the effects of DCS
on glial structures have only been sparsely investigated. Recent
studies have revealed that astrocytes are principally involved in
the DCS mechanism of action, confirming that the direct
modulation of glial function by DCS and secondary effects on
neuronal plasticity are now conceivable.'?*'**

Retinal prosthesis technologies capable of providing high-
acuity artificial vision are clinically approved biomedical
devices to treat people blinded by retina degenerating diseases,
such as retinitis pigmentosa and age-related macular degener-
ation. Current retinal prosthesis is mainly based on arrays of
photodetectors, which process images combined with elec-
trode arrays that stimulate these retinal ganglion
neurons.'*®'*® However, the quality of restored vision in
current retinal prostheses is still quite low.

Also, in this case the role of Miiller glia as a cellular target
in biomedical devices aiming at the recovery of vision in
degenerated retina is totally unexplored. The need for novel
technologies to study glia is also needed to provide further
understanding of their role in physiology and not only for
pathological meanings. Studying glial cell function with high
spatio-temporal resolution and specificity is challenging
because they do not generate action potentials.’>® Currently,
the available tools to study the functional properties of glial
cells mainly include electrophysiology, extracellular recording
by micro-electrode arrays and calcium imaging techniques.
Patch-clamp has become the gold standard technique to
stimulate and record whole cell currents in non-excitable glial
cells.’*>**? However, patch-clamp is an invasive and low-
throughput technique with limited spatial distribution as the
recording site is restricted to the cell body of the cells.
Extracellular recording by planar microelectrode arrays (MEA)
provides the opportunity for non-invasive long-term detailed
characterization of electrical activity of populations of electro-
genic cells cultured on a substrate.*'>*"'*> However, one of
the main challenges of MEA technology is to obtain a low elec-
trode impedance to guarantee an adequate signal to noise
ratio, which is necessary to allow the detection of small extra-
cellular signals, especially the slow (theta frequency range) and
low (few microvolts) variations of transmembrane potentials
typically occurring in non-excitable cells, such as glial cells.
Strategies to achieve low electrode impedance focus on increas-
ing the effective surface area by using nanostructured electro-
des. Recently, an inorganic glial-silicon nanowire (SiNW) inter-
face was proposed as a bioelectronic platform for the recording
of variations in astrocyte transmembrane potentials.®
Similarly, Rocha and colleagues reported an ultra-sensitive
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detection strategy exploiting a large electrode area maximizing
the double-layer capacitance to record the electrical activity of
non-electrogenic rat glioma cells.** The calcium imaging tech-
nique represents a common approach used to monitor the
Ca”" responses in astrocytes. It is based on the use of Ca**
fluorescent dyes, which exhibit fluorescence variations corre-
lating with changes in [Ca*'].""®"®® The calcium imaging
method provides an efficient and versatile tool to spatially and
temporally explore different calcium signals in glial cells
in vitro®*>® and in vivo.”®"®® Recent evidence indicated that
extracellular electrical stimulation by the use of the transpar-
ent organic cell-stimulating and sensing transistor (O-CST)
architecture induces [Ca®"]; responses in rat primary neocorti-
cal astrocytes.” Similarly, photoexcitation of intrinsically light-
sensitive, bioorganic polymer interfaces has been shown to
cause significant depolarization of the astroglial resting mem-
brane potential, which is associated with an increase in whole-
cell chloride conductance.’” The ability to selectively evoke
calcium signals and ionic conductance in astrocytes provides
substantial proof of the potential of carbon-based bioelectro-
nics in modulating the astroglial functionality.

4. Graphene as a glial interface

4.1 Graphene and astrocytes

Consolidated evidence indicates that FLG and GO flakes do
not affect the viability and proliferation of astrocytes
in vitro.*>**** Injection of rGO flakes in the rodent hippo-
campus did not induce reactive astrogliosis, indicating that
graphene nanomaterials are also well tolerated in vivo.'®'
However, a limited number of studies have described the
effects induced by graphene-related materials on astrocyte
functionality. In the study by Chiacchiaretta and colleagues,
the consequences of long-term exposure of primary rat astro-
cytes to pristine graphene (GR) and GO flakes were investi-
gated, demonstrating that GR and GO can interfere with a
variety of intracellular processes after their internalization
through the endo-lysosomal pathway and improve the homeo-
static properties expressed by astrocytes in vitro (Fig. 6).°*
Astrocytes exposed to graphene acquire a more differentiated
morphology associated with dramatic rearrangement of the
cytoskeleton. Mostly, internalization of GO induces profound
functional alterations in the upregulation of the Kir channels
and increase in glutamate clearance. In addition, astrocytes in
contact with GO promote the functional maturation of co-cul-
tured neurons, increasing the intrinsic excitability and density
of the GABAergic synapses. This suggests that graphene nano-
materials profoundly influence the physiology of astrocytes
in vitro with consequences on the activity of the neuronal
network.®*

Bramini and collaborators investigated the molecular
changes induced in cortical astrocytes by few layer graphene
(FLG) and GO flakes (Fig. 9A). Proteomic and lipidomic ana-
lyses revealed alterations in several cellular processes, includ-
ing intracellular calcium homeostasis and cholesterol metab-
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Fig. 6 (a—e) Interaction of GR and GO flakes with primary astrocytes.
Adapted with permission from ref. 64 (Copyright 2018, the American
Chemical Society).

olism.>® The common processes affected by both FLG and GO
include