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Recent advances in nanotechnology design and fabrication have shaped the landscape for the
development of ideal cell interfaces based on biomaterials. A holistic evaluation of the requirements for a
cell interface is a highly complex task. Biocompatibility is a crucial requirement which is affected by the
interface’s properties, including elemental composition, morphology, and surface chemistry. This review
explores the current state-of-the-art on graphene coatings produced by chemical vapor deposition (CVD)
and applied as neural interfaces, detailing the key properties required to design an interface capable of
physiologically interacting with neural cells. The interfaces are classified into substrates and scaffolds to
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differentiate the planar and three-dimensional environments where the cells can adhere and proliferate.
The role of specific features such as mechanical properties, porosity and wettability are investigated. We
DOI: 10.1039/d3nh00461a further report on the specific brain-interface applications where CVD graphene paved the way to

revolutionary advances in biomedicine. Future studies on the long-term effects of graphene-based
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1. How to design a cell interface

Understanding the intermolecular mechanisms of the multi-
tude of cell types in the human body has been an extensive
effort in the scientific community. This understanding is
crucial to the development of key areas of knowledge, such as
medicine and biocybernetics. However, studying the causes
and effects of cellular behavior in vivo is extremely challenging
due to the numerous physiological signals and responses that
occur in a living organism. To simplify the problem, scientists
have turned to studying cellular behavior in a controlled and
simplified environment in vitro, where the amount and variety
of stimuli the cells receive, and trigger are limited. While this
approach can provide a more thorough evaluation, ensuring
the cell’s survivability and physiology in vitro is a challenge of
its own. Among all the different cell types and tissues, neural
cells have been one of the most extensively studied subject of
scientific research, with a focus on biomaterials and biomedi-
cal engineering techniques. The interactions within the inner
workings of the brain are still poorly understood after decades
of research. Growing neuronal networks in vitro is a viable
method to simplify the physiological environment for academic
investigation, allowing the experimentation of stimulation and/
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materials in vivo will unlock even more potentially disruptive neuro-applications.

or recording of neural activity," together with the designing of
neural networks for neuromorphic engineering.” Furthermore,
neurons in vivo are infamous for their slow and unreliable
regeneration, which makes the effects of neurological afflic-
tions devastating and often permanent.® In addition, in the
case of nerve rupture, the damage is further amplified by
secondary glial mechanisms that inhibit any cellular regenera-
tion (e.g., ischemia, post-lesion scar barrier, and free-radical
formation®?). Invasive surgery of the nervous system can also
lead to the loss of neuronal tissue, either due to damage caused
during intrusion into the nervous system or by the removal of
tumors and surrounding tissues. Thus, there is great medical
interest in developing cell replacement therapies for nerve
trauma and neurodegenerative disorders through minimally
invasive approaches.

The foremost, obvious requirement of any cell interface is
biocompatibility, which means that the interface material or
structure must be non-toxic and non-reactive to the surrounding
biological environment. Additionally, it should not induce an
immune response, inflammation, or adverse reactions when in
contact with living tissues or cells. Achieving biocompatibility
involves ensuring that the interface is compatible with the
specific physiological and biochemical conditions of the target
biological system, including factors like pH, temperature, and
moisture levels. Beginning with fundamental biological interac-
tions that dictate biocompatibility, an effective cellular adhesion
is fundamental for cell-cell physiology and communication (e.g.,
differentiation, cell cycle, migration, survival).>® The quality of
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Fig. 1 Schematic diagram of the adhesion stages for single cells in vitro.

the cell adhesion to the substrate will determine their fate in
terms of capacity to grow or to undertake a programmed cell
death, such as apoptosis or anoikis (specific cell programmed
death induced by inappropriate cell adhesion).’ Cells adhere to
the surface by physical interactions between extracellular
domain of plasma membrane proteins and the interface. These
interactions take place at localized sites called focal adhesion
(FA) points, at which transmembrane proteins, such as integrins,
anchor the plasma membrane to the extracellular matrix (ECM)
or to neighboring cells. These binding sites are also responsible
for cell migration and bidirectional transmittance of regulatory
signals, opening a pathway of communication between the
intracellular cytoskeleton and ECM.”" In vitro, the process of
cell adhesion can be divided in three stages (Fig. 1). (i) First, the
initial attachment of the cell body to the substrate by electro-
static forces happens; (ii) then, flattening and spreading of the
cell body occur; and (iii) finally full spreading and structural
organization of the actin and cytoskeleton filament with the
formation of FA sites complete the process.””*® FA points serve as
a pathway of mechanical force transmission, both by deforming
the cell in its last stage of adhesion and by exerting force on
the ECM. FA points are thus indispensable in cell migration
and maintenance of cell shape and in vivo and they are also
involved in muscle contraction and the movement of cilia and
flagella."™** Moreover, in vivo, reduced, or defective cellular
adhesion is related to a wide selection of pathologies, and it
allows malignant cancer cells to circumvent the body’s
regulations.”"* Other than apoptosis and anoikis, there are other
adverse effects to avoid when designing a cell-material interface,
as several physical and chemical interactions might lead to
accidental cell death (i.e., necrosis). Necrosis is usually con-
nected to the physical disruption of the cell membrane (e.g.,
protruding edges from the substrate piercing the cell), which can
make the cell release its intracellular contents in the extracellular
environment, with a detrimental effect on the tissue.'* Whilst
necrosis can be the result of undesirable physical interactions
between the cells and the material, apoptosis directly depends
on chemical interactions with the substrate. Unregulated bio-
chemical events in the ECM can lead to apoptosis, and as it
cannot be stopped once it has begun, the substrate must
be designed in consideration of this. For instance, blocking/
reduction of nutrient uptakes by cells will cause a disturbance of
the redox equilibrium, which in turn might activate a systematic
manifestation of reactive oxygen species (ROS). ROS are peroxides
and free radicals in the cell, byproducts of the metabolism of
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oxygen, and harmless at low stationary levels. However, if the ROS
levels rise sharply, it may cause extreme cell damage, known as
oxidative stress. Oxidative stress disrupts cellular signaling and
causes DNA breakage, leading to apoptosis.>"® The biophysical
relationship of a cell with its extracellular environment is a dynamic
one, as several extracellular stimuli can affect or even define cell
fate, such as adhesion, proliferation, and differentiation.’® In this
framework, cutting-edge manufacturing techniques that enable the
design, fabrication, and functionalization of materials at the nano-
scale have been instrumental, since materials engineering allows
the fabrication of interfaces that can provide extracellular stimuli
(ie., surface topography, spatially defined biochemical cues, stiff-
ness gradient, etc.)."®® Ranking highly among these nanomaterials
as potential candidates for new cell replacement therapy materials
are atomically thin graphene sheets. There is evidence that mor-
phologic and electronic properties of the interface, together with
surface characteristics, such as wettability and active chemical
groups, play a key part in the bio-interactions.® These interactions
are essential in modulating or tailoring cellular responses by
determining protein exchanges, adhesion qualities, cellular growth,
proliferation, migration, and in some cases differentiation."® None-
theless, it needs to be considered that the interaction with cell and
their environments might directly affect the material and its proper-
ties, due to humidity and temperature conditions,***' possible
aggressive pH setting,”> mechanical corrosion due to movements
(in case of joint implants),** and enzymes interactions.* All these
actions will influence the correct functionality of the interface, strike
its durability, and trigger its degradation.

In a neurological setting, the necessary procedures become
more arduous. The human nervous system components can be
divided into two types of cells, neurons and glial cells. Neurons
are the ones responsible for transmitting chemical or electrical
signals, whilst glial play a major role in neuron maintenance. Its
tasks include regulating neurotransmitters (tri-partite synapsis),
delivering nutrition, and detecting and responding to injury.
This complexity makes it a challenge to replicate the appropriate
in vitro conditions for neural tissue and the bio-interactions of
the newly designed interface might present different effects
depending on the cellular subpopulation tested.*

2. Types of cell interfaces

In this review, we will consider substrates and scaffolds as two
kinds of interfaces used to support the growth and function of
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cells in the context of cell/tissue culture. Substrates provide
a two-dimensional (2D) flat surface for cells to attach to
and grow on, as mono- or multi-layers. They can be made of
various materials such as plastic, glass, or metals, and can be
coated with proteins, peptides, or other bioactive molecules to
promote cell attachment and growth. Scaffolds are three-
dimensional (3D) structures that provide physical support for
cells, which can grow in a complex arrangement and mimic the
in vivo tissue organization. They can be made of biodegradable
materials such as natural polymers (e.g., collagen, fibrin) or
synthetic polymers (e.g., poly(lactic-co-glycolic acid), polylactic
acid), and can be designed to mimic the architecture and
mechanical properties of native tissues. Scaffolds are com-
monly used in 3D cell culture and tissue engineering applica-
tions, where they can be seeded with cells and provide a
framework for the cells to grow and differentiate into func-
tional tissue. Substrates allow the construction of simple and
low-cost environments for cell cultures, which cannot fully
replicate the natural structures of the tissue.”® On the contrary,
scaffolds can offer physical support for cells to attach, prolifer-
ate and differentiate, as well as a microenvironment, which
overall closely mimics the natural tissue.”” In this regard, the
properties of each support must be tailored according to the
respective purpose. The growing concern in this context is
spurring the research of materials for bio-interfaces capable
of bridging the world of biology and microelectronics
with a focus on those materials integrating different relevant
attributes.”® Since its conception, there has been ample
research for graphene in bio-interfaces.>>** Graphene and its
derivatives are relished for their versatility and functionaliza-
tion methods. This review focuses on pristine and functiona-
lized graphene coatings made by chemical vapor deposition
(CVD) on (i) flat substrates, onto which the cells develop along
the plane, and (ii) 3D scaffolds, which allow complex network
formations. Specifically, we present an updated analysis of the
CVD graphene applications for neural interfaces, depicting the
crucial characteristics they should possess to safely interact
with brain tissues.

2.1. Substrates

A typical cell culture is carried out in a serum-containing
medium, and a protein layer is naturally formed before the
cells can interact with the surface. Therefore, when studying
the effect that the surface has on cell responses it is crucial to
take into consideration that this protein layer acts as an
intermediary between cells and surface.® Among all para-
meters, the hydrophilicity of the surface has a profound impact
on the viability of living systems. In vitro studies showed that
the wettability of the surface is crucial to control cellular
adhesion.®*? This is because, in the early stage of attachment,
physicochemical linkages in the cell-substrate interface occur
through ionic forces and the adsorption of these serum
proteins.*> One example comes from fibronectin, a glycopro-
tein that plays a major role in cell adhesion and proliferation,
and whilst it binds more to hydrophobic than hydrophilic
surfaces,>*> in the presence of cells, fibronectin has been
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shown to accumulate more on hydrophilic surfaces.
hydrophilic surfaces, there is an increase of fibronectin, accom-
panied by a higher proliferation and spreading of the cells. One
hypothesis to explain this phenomenon is related to the
exchange of proteins on the interface, which is expected to be
much faster on hydrophilic surfaces.>* When the cells interact
with the protein-adsorbed surface, they remove and reorganize
the adsorbed fibronectin. Cells reorganize the protein into
patches and fibrils beneath the cells for the development
of FA sites.>” As the removal of the fibronectin depends on
the exchange of plasma proteins on the surface, it makes sense
that due to stronger fibronectin adsorption on the hydrophobic
surface, and consequently, decreased fibronectin reorganiza-
tion by the cells, leading to lower proliferation and growth on
hydrophobic surfaces.***® This may explain why weak inter-
actions between cells and surfaces relate to low wettability
(i.e., low surface energy) and possibly result in cell death.** In
long-time frames, cell adhesion and growth will also depend on
nutritive and mitogenic factors present in the serum.* Further-
more, studies correlate van der Waals interactions to be the
major force of attraction between cell and substrate, with cell
adhesion increasing with increased ionic strength. This is due
to a more compressed electrostatic double layer, that acts as a
repulsion force, allowing a closer attachment of the cells to the
solid surfaces and hence an increased effect of the van der
Waals attraction, leading to better cellular adhesion. At high
ionic strength, the van der Waals forces overpower the double
layer repulsion completely,*® possibly due to aromatic amino
acids ununiformly distributed towards the membrane inter-
face, which are involved in hydrogen bonding with lipid carbo-
nyl groups or interfacial water molecules.”’ Modulating the
hydrophilicity of the surface of the biomaterial is a common
tactic in designing cell substrates for in vitro studies. This,
however, tends not to be the case for cell scaffolds as these
structures promote cell infiltration and integration within their
porous matrix over cell adhesion.

Whilst considering the hydrophilicity of the surface of great
importance in planning a cell/substrate interface, surface topo-
graphy features (e.g., roughness, elasticity, porosity, grain size),
and shear stress have proved to have a detrimental influence on
cellular behavior (Fig. 2a).**** Altogether, these physical char-
acteristics are considered sufficient to direct and influence
cell behavior (e.g., cell adhesion, migration), without the need
to rely on surface chemical modifications.** In addition, 2D
substrates should also be mechanically stable and do not
significantly deform under the forces exerted by cells during
attachment and spreading.”® The general view is that the
extent of contractile force generation depends on the cell’s
mechano-sensing abilities.”® That is, cells demonstrate
mechano-transductive responses by probing the stiffness of their
substrate. However, recent studies show that the contractile forces
generated are indeed independent of the stiffness of the
substrate.”®"” Nonetheless, contractile forces directly influence
the material, possibly compromising its mechanical strength by
deformation and redefinition of its surface chemistry.*> In general,
elastic materials show greater deformations than stiffer materials.*’

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Impact of topographical features on cell adhesion, differentiation and migration on 2D substrates. Effect of (a) physical properties of 2D substrates
on (b) cell differentiation and migration, (c) adhesion, and (d) shape and network formation. (a) Schematic diagram of different physical variables in cell
adhesion to substrates. (bl) Stiffness of the underlying substrate determines the differentiation lineage of MSCs. For soft, neurogenic matrices, the
neuronal cytoskeletal marker B3 tubulin is expressed in branches (arrows). On myogenic matrices, the muscle transcription factor MyoD1 is heavily
expressed. On stiff matrices, is expressed the marker of osteoblast transcription factor CBFal. Scale bar is 5 um. Reproduced from ref. 52 with permission
from Cell, copyright 2006. (b2) and (b3) Soft vs. Stiff substrates on determination of cellular spreading and migration. The interplay between the
shortening velocity and the generated force from the cells leads to stiff substrates generating larger forces and displaying slower migration when
compared with softer substrates. Reproduced from ref. 53 with permission from Experimental Cell Research, copyright 2013. (c) Schematic illustration of
the effect of soft and stiff hydrogels with roughness gradients on cell adhesion and differentiation to osteogenic lineage. Reproduced from ref. 54 with
permission from Nano Letters, copyright 2020. (d) Phase-contrast micrographs of confluent BAE monolayers reveal a distinct difference in endothelial
cell morphology and microfilament network organization between static environment and the environment under shear stress. Under shear stress, the
cells alter the actin cytoskeleton with the induction of actin stress fibers and cables in the direction of the flow. Reproduced from ref. 55 with permission
from Journal of Cell Science, copyright 1996.

Furthermore, substrate shrinkage leads to cellular degenera-
tion and shape deformation, leading to a higher probability of
cell detachment and subsequent apoptosis.*®**° In the case of a
substrate that presents surface stiffness gradients, the cell
interface in the softer area promotes cell migration towards
the stiffer region, a process referred as durotaxis.>® As cells
spread on stiff surfaces, they receive higher stress than on
elastic areas, thus promoting the assembly of cytoskeleton into
actin fibers and FA points, and ultimately signaling cell
spreading.”” Finally, it has been shown that ECM elasticity
plays a crucial role in determining stem cell differentiation
lineage in vitro (Fig. 2b1-2),>>>*

Studies have shown that roughness can influence various
cellular processes (Fig. 2c).*>****35%% I general, an increase
in surface roughness can enhance cell adhesion and prolifera-
tion, likely due to an increase in surface area available for cell
attachment.”*™**%6383%  However, if surface roughness
increases too much it may cause changes in cell morphology
and cytoskeletal organization, which could impact cellular
adhesion.”” ™ Furthermore, if roughness hits a critical ratio,

This journal is © The Royal Society of Chemistry 2024

the cells will fail to penetrate the surface grooves and the cell-
substrate adhesion will drop drastically.”® When adherence
increases with roughness, the cells can form tight junctions
and establish a functional network in vitro. Increasing the
roughness of the surface leads to higher surface energy area,
rising serum protein adsorption, and thus cell adhesion®®"®* In
one study, XPS analysis showed that the rough substrate bound
10 times more fibronectin than the smooth substrate.®

Other from topography features of the surface, further
external stimuli can be applied to the cells after seeding. Shear
stress is a common mechanical stimulus applied in in vitro
studies. Shear stress is a physical force that arises from the
frictional drag of a fluid on a surface, can also have a significant
impact on cellular development onto planar substrates by indu-
cing a reorganization of actin cytoskeleton. The mechanical
stimulus of shear stress can alter the expression of key genes
and signaling pathways, leading to changes in cell morphology,
proliferation, alignment, and migration (Fig. 2d).>>**®® For
example, shear stress has been shown to enhance the migration
of endothelial cells in wvitro by inducing cytoskeletal

Nanoscale Horiz., 2024, 9, 384-406 | 387
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rearrangements and the formation of lamellipodia
and filopodia extensions.”® Shear stress can also affect the
differentiation of stem cells and the organization of tissue
structures by modulating gene expression and distribution of
growth factors.”*

2.1.1. Substrates for neural cells. Applying these principles
to the demanding requirements of neural cells, results can
differ entirely or from the other types of cells. Neuronal cells
prefer an environment that mimics the elasticity of the in vivo
tissue.>>” Since brain tissue is distinctly elastic,” this limits
the array of choices for the substrate material in the extremely
compliant category. For instance, spinal cord neuronal cells
grown on softer substrates formed significantly more branches
than those grown on stiffer substrates.”* In addition, neurites
from chick dorsal root ganglia explants grew longer as the
gradient of stiffness decreased in a three-dimensional genipin
gel.”> When testing the surface characteristics conductive to
neuronal adhesion and functionality, and optimal roughness
range of up to 64 nm has been associated with promoting the
adhesion and longevity of primary neurons.”® Mechanical
stimuli have long been considered for stimulating neuronal
differentiation from stem cells.”” Furthermore, Schwann cells
were grown on a fibronectin surface and sustained under shear
stress in the form of laminar fluid flow, results show that the
mechanical stress can be used to better simulate the host natural
environment for peripheral nerve regeneration by enhancing
control of nerve guidance channels manifestation.”®

Neurons are cells capable of electrical excitability, uphold a
voltage gradient across their membranes through ion pumps,
thus creating dissimilar ion concentration gradients for ele-
ments such as calcium, chloride, potassium, and sodium.”®
The application of an external electrical field has been shown to
affect cellular membrane potential through hyperpolarization
and depolarization and voltage-dependent Ca®" channels
(VDCCs).*° Indeed, intracellular calcium ion signaling is a
crucial mechanism in neuronal development, responding to
changes in ionic flow on the cellular surface.®"** Generally, the
activation of VDCCs is mediated by cell adhesion molecules
(CAMs) on the neuronal plasma membrane, which in turn
induces physiological changes in neurons.®’ Voltage pulse
stimuli in neural cells, differentiated from human NSCs, have
been shown to open Ca®" channels and increase calcium
concentration.®® Utilizing electrical fields on neural cells
in vitro has proved to incentivize neurite outgrowth and altered
cell orientation and motility.**** Thus, introducing electrical
stimuli to the cell culture in synergy with the physicochemical
factors of the substrate opens new doors in tissue engineering
and biomaterials for recreating the perfect neuronal cell
niche.®® The downside to this is that the biomaterial must be
sufficiently electrically conductive in order to support electrical
signaling among neurons.

Surface coatings. To improve cell attachment and morpho-
genesis, surface coatings can be applied to the substrates.®>%°
Surface coatings and functionalization might be key para-
meters in modulating the biocompatibility of neuron-substrate
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interfaces, playing a crucial role in the future development of
innovative implantable brain devices. The modulation of the
surface properties will indeed have a sizable influence on
the behavior of the anchoring points of neurons on solid
substrates, and as a consequence, on cell adhesion, neurogen-
esis, synaptic plasticity and formation of mature neuronal
networks.®” A selective surface coating can also enable pat-
terned neuronal networks, which are crucial in several applica-
tions. Synthetic polymers are commonly used in vitro. Poly-p or
(L)-lysine (PDL; PLL) coatings do not affect signaling pathways
or get degraded by cellular proteases. They are standard mole-
cules used in in vitro neural cultures that significantly improve
the attachment and growth of neural cells. PLL coating, for
example, increases the hydrophilicity of the interface and
improves neurite sprouting.®® Synthetic polymers are not the
only tools to enhance neuronal affinity. Research groups have
used ECM protein coatings to artificially influence cell adhe-
sion. ECM proteins are proteins that link the extracellular cues
to intracellular components, typically responsible for cell-cell
adhesion. These molecules are also thought to stimulate neur-
ite outgrowth and therefore are being studied as candidates for
enhancing interfaces in nerve reconnecting.’® Examples of
proteins used in coatings in vitro include laminin,”>®' N-
cadherin,”® fibronectin.’”®® One study tested with human
embryonic stem cells (hESCs) the viability of neural progenitor
generation on 5 different ECM coatings (PDL, fibronectin, PDL/
laminin, type I collagen, and Matrigel). They found that laminin
is the key molecule to enhance neural progenitor generation.® It
also provides chemotropism by binding chemical factors such as
nerve growth factors to the surface.”® On the other hand, to
better mimic in vivo physiology of neuronal networks, astrocyte
cells have been used in place of coating agents with primary
neurons to study their effect on adhesion and stem cell
differentiation.”*>

Despite its atomic thickness, a graphene coating on the
biomaterial can change the cell-substrate interactions substan-
tially. Its single layer of covalently bonded carbon atoms inter-
acting with organic molecules of carbon backbone enhances the
biocompatibility of the interface. With CVD graphene being the
most reliable way to produce high quality monolayer graphene,
CVD graphene-based are coatings ideal candidates in biomedical
engineering. The prowess of cells to be capable of sensing such
tiny features is what allowed for the creation of this review.
Surface coatings on substrates might help close the gap between
the intrinsic physiological differences between cells and the
underlying biomaterial, however, in vivo, cell layers form one
on the top of each other in a three-dimensional conformation
(forming tissue structures and organs). In this scenario, 2D
substrates present the limitation of restricting cell attachment
to the substrate by forcing the formation of cell monolayers, thus
moderating the complexity and size of the population to the area
of the surface.’® Once all available surface is covered, cell
viability decreases, and cell death occurs. Due to their structure
and properties, scaffolds can instead be used to easily provide
trophic support to damaged tissue, to deliver transplanted
cells and neuroprotective compounds, including proteins and

This journal is © The Royal Society of Chemistry 2024
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oligonucleotides, that can be embedded in the scaffold matrix
and released upon chemical/mechanical/biological stimuli.””
Thus, as 3D interfaces, the versatility of scaffolds, with inter-
connected networks for different biological applications
holds great potential for the development of future implantable
devices.”!

2.2. Scaffolds

If substrates aim at advancing the lab-on-a-chip systems by
improving in vitro setups for the understanding of specific
biological and physiological questions, scaffolding brought an
effective solution to several branches in the medicine-application
field, such as biosensing,”® drug delivery,”'* and the regenera-
tion and restoration of damaged tissues.'>'°> When producing
biomaterial-based scaffolds, their mechanical strength, pore size,
biocompatibility and biodegradation need to be considered.
Furthermore, newly designed scaffolds need to specifically adapt
to the biological environment by mimicking the ECM where the
implant is to be placed, which later ensures that the functions
displayed by the scaffold itself are approximated to the role played
by the physiological ECM.'* Depending on which biomaterial is
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used and how it is designed, scaffolds can be differentiated into
various types in order to satisfy the biological requirement that
innovative neuro-interfaces need, such as biodegradability.
Biodegradability is of particular importance in their engineering
as it must be coordinated with tissue generation to effectively
sustain the mechanical stresses in the ECM.'** The materials used
should possess very low toxicity and should not interfere with any
other tissues when the biodegradation process occurs. If the
degradation is faster than the healing process, the formed tissue
may turn defective or even unfeasible. On the contrary, if the
degradation is too slow, it might lead to the encapsulation of the
scaffold and corresponding possible tissue rejection.'®* Moreover,
the biocompatibility and efficiency of a scaffold is dependent on
its proper mechanical strength to support cellular behavior.
Parameters like tensile strength, stiffness and elastic modulus
need to be taken into consideration when designing and fabricat-
ing a scaffold as they determine its integrity and durability, thus
depending on the application, scaffolds require different ranges
of mechanical properties. Ideally, scaffolds should mimic the
mechanical properties of the anatomical site where they are
intended to be implanted.'® Moreover, they should be able to
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Fig. 3 Effect of (a) mechanical properties and (b)-(d) pore size and porosity on 3D scaffold’s culture development and cell viability. (a) Cell viability as
indicated by MTT assay on electrospun PHB, PHB-CTS and PHB-CTS/Al,Oz in days 1, 3 and 7 of cell culture. The minimum of chondrocyte cell viability
was observed for PHB scaffolds, while the other two scaffolds had higher amounts (*p < 0.05), illustrating the importance of tailoring the mechanical
features of the scaffold to comply with certain requirements. Reproduced from ref. 106 with permission from Journal of Medical Signals and Sensors,
copyright 2019. (b) Optical micrographs of (A1-2) PGSU film, (B1-2) PGSU-5% scaffold and (C1-2) PGSU-15% scaffold and surrounding vasculature at day
7 and day 12 post fertilization. (D) shows the increase in number of blood vessels between day 7 and day 12 (***p < 0.001). The PGSU-5% scaffold (bigger
pore size and higher porosity) had a higher angiogenic response when compared to the scaffold with a smaller pore size and lower porosity (PGSU-10%).
Reproduced from ref. 107 with permission from Materials Science and Engineering: C, copyright 2020. (c) SEM pictures and (d) cell viability indicated by
MTT assay of chondrocyte cells loaded on small, medium, and large pore size scaffolds (*p < 0.05, **p < 0.01, ***p < 0.001). More cell attachment and
proliferation can be seen on the scaffolds with medium and large pore sizes, whilst they are drastically reduced on the scaffold with smaller pore sizes.
Reproduced from ref. 108 with permission from Mechanics of Advanced Materials and Structures, copyright 2022.
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avoid stress-shielding side effects, i.e., changes in the typical stress
held by the scaffold,"® and resist structural collapse during
implantation, which can result in necrosis. These characteristics
are determinant in the scaffold functionality and viability. A study
reported the role of alumina (Al,0O3;) nanowires and chitosan
(CHS) on a polyhydroxybutyrate (PHB) scaffold for cartilage tissue
engineering.'® Overall, the tensile strength increased from 2.8
MPa to 11 MPa, while maintaining appropriate cell morphology
and proliferation. Also, chondrocyte cells were shown to spread
more on PHB-CHS and PHB-CHS/3% Al,Oj; scaffolds than on PHB
scaffolds (Fig. 3a).

As the field evolved, lot of effort has been placed on the
mechanical properties a biomaterial should have for scaffold
engineering. However, many materials, which display the
needed requirements in vitro, have failed to succeed when
integrated in vivo, due to the lack of vascularization.'®® 1t is
then clear that an equilibrium between the mechanical proper-
ties and the porosity of the scaffold is required to allow cell
infiltration and, more importantly, new blood-vessel formation
and integration. Although high porosity structures might
compromise the mechanical properties of the scaffold, using
materials with high intrinsic mechanical strength can work to
compensate for this issue. Porosity and pore size play an
important role in 3D cell cultures. When it comes to 3D
structures, porous scaffolds can promote cells’ sprouting and
penetration as well as their distribution in the scaffolds.™"’
Specifically, high porosity and interconnected inner structures
ensure that nutrients and gases diffuse inward into the deep
zone of the scaffold and carry out metabolic wastes from the
inside."'" By preference, a scaffold should have a 50-90%
porosity (50% already guarantees cell migration and prolifera-
tion, but a 90% porosity is more favorable).'*""'*? For instance,
for bone regeneration purposes, it has been reported that
higher porosity is expected to enhance osteogenesis. Samour-
ides et al. demonstrated the ability of large 3D poly(glycerol
sebacate urethane) (PGSU) scaffolds with appropriate porous
structure and porosity to facilitate cell proliferation and high
collagen production.'®” According to the porosity and pore size
values, the scaffolds were categorized as PGSU-5%, PGSU-10%
and PGSU-15%. It was concluded that PGSU-5% (5 wt% poly-
mer concentration) scaffolds, possessing a high porosity (96%)
and medium range pore size (~26-28 um), not only facilitated
the ingrowth of tissue and blood vessels without requiring
supplementary biochemical stimuli (Fig. 3b), but also repro-
duced higher collagen concentration.'®” The pore size has also
a critical role in the scaffold’s viability as it should always be
greater than the size of the cell. However, the size parameter
may influence the scaffold behavior in a way that if it is too
small, it might limit cell infiltration. On the other hand, if it
goes too far beyond the size of the cells, it will affect their ability
and speed of migration, which is a consequence of a reduction
in the surface area.''’ Recently, a study showed that PCL
scaffolds with 100-150 pm pores size (medium-large) provided
the appropriate mechanical strength along with the optimal
condition for chondrocyte survival and proliferation for carti-
lage tissue engineering (Fig. 3c and d).'°® Collagen porous
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scaffolds prepared with ice particulates in the range of 150-
250 um showed the highest promoting effect on the gene
expression and the production of cartilaginous matrix proteins,
as well as on cartilage regeneration.'"

Among all the materials tested for scaffold fabrication,
polymers are widely used can be mainly categorized as natural
and synthetic polymers. Natural polymers such as chitosan,
alginate, or bacterial cellulose exhibit great biological activity as
well as remarkable biocompatibility and provide compositional
uniqueness.'**"” However, their poor mechanical properties and
fast degradation rates represent a limitation to multiple applica-
tions. On the other hand, synthetic polymers like poly(lactide-co-
glycolic acid) (PLGA), polycaprolactone (PCL), and poly(ethylene
glycol) (PEG) are man-made polymers."*®*° They can be tuned to
display enhanced characteristics like mechanical, chemical,
and rate of degradation, but lack cell recognition, and, in certain
cases, biocompatibility and non-toxicity.'*" Other than polymers,
ceramics and metals are also used in the fabrication of
scaffolds."**'** Each biomaterial has its advantages and draw-
backs. To overcome their limitations, composites have been
commonly used as they allow the collection of multiple properties
in the same scaffold."** That is, forging two or more materials in
the same scaffold grants the integration of properties that are
lacking in a single-component scaffold.

2.2.1. Scaffolds for neural cells. For what concerns nerve
tissue engineering, some common scaffold formats and mate-
rials include fibers, conduits, membranes, and aligned
scaffolds,"”> However, neural cells grow and develop optimally
when provided with spherical or cylindrical structures, likely
due to their resemblance to natural neural elements like nerves,
the spinal cord, or brain tracts.'*® If there’s a gap within the
neuronal network, neurons can reconnect by forming a kind of
bridge. This bridge can be quite long, but it does not give clear
directions to the growing nerve fibers. This misdirection can
cause them to grow in the wrong way. Thus, nerve guidance
conduits (NGCs) can work as a physical guide to direct axons
sprouting, displaying greater potential for nerve trauma
therapies."” NGCs can be made of polymeric materials. Polymeric
biomaterials have been preferred as scaffolds for nerve tissue
regeneration. This is because polymers can be programmed to
have controlled biodegradability, ideal mechanical properties,
high porosity and non-toxicity."”® Altogether, these properties
can tune a scaffold to support neurite outgrowth and differentia-
tion of human neural stem cells."**'** Conduits could also be
used as conductive materials to cause electrical stimulation,
which was shown to promote neurite extension and nerve regen-
eration after sciatic nerve crush injury in a rat model.”**

3. Graphene interfaces

As mentioned above, several biomaterials have been proposed
to create the ideal scaffold for cell/neural interfaces. Some
display exceptional properties but lack certain requirements,
especially when it comes to in vivo applications. Composites of
two or more materials can solve this issue by integrating
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different features into the same scaffold. However, they too
come with their own set of challenges, such as the complicated
fabrication techniques, high complexity and higher cost than
single-phase scaffolds. In this scenario, graphene could play a
crucial role for the new generation of brain-scaffold interfaces.
Graphene is a monolayer of carbon atoms in a honeycomb
lattice and, is a promising nanomaterial for scaffolding, contra-
rily to the usual biomaterials (e.g., polymers), its atomically thin
nature allows, simultaneously, for exceptional thermo-electrical
conductivity, high mechanical strength, biocompatibility and
easy functionalization. Graphene has been making waves in
nanotechnology since its first isolation in 2004 for its out-
standing intrinsic properties and its versatility in tuning
them."® Graphene holds favorable conditions for biological
interactions as it is biocompatible'**'** and its high surface
area with atomic thickness allows for easy calibration of its
properties™” and strong response to adsorption events.'*
In particular, the biocompatibility of graphene and graphene-
based materials (GBMs) with neural cells, including neurons,
astrocytes and endothelial cells of brain microvascular capil-
laries, has been extensively studied in recent years.'?®'3%
Studies have shown that GBMs do not cause significant toxicity
to neural cells and can even promote cell adhesion and
proliferation. However, the effects of GBMs on neural cells
can vary depending on the size, shape, and concentration of the
materials, as well as the duration of exposure.’*>'*° Hence
graphene and GBMs have been tested for biomedical applica-
tions in tissue regeneration scaffolds, biosensors,"*>'*! carries
for drug delivery,"*>'** antibacterial agents,"** and high con-
trast MRI image analysis.'*

3.1. Graphene properties

Graphene is a two-dimensional allotrope of carbon, first dis-
covered in 2004 by mechanical exfoliation of highly oriented
pyrolytic graphite.’*® Endowed with unique and outstanding
properties, the interest in integrating graphene in multiple
fields quickly rose. It can be described as an atomically-thin
single layer of firmly packed carbon atoms, arranged in a sp’-
hybridized honeycomb lattice. This arrangement, resulting in
strong carbon-to-carbon ¢ bonds, along with graphene electro-
nic band structure, is responsible for the remarkable thermal
and electrical conductivity the material displays.'*” Moreover,
graphene was found to be one of the strongest nanomaterials
ever tested, with high Young’s modulus (~1 TPa) and high
intrinsic strength (130 GPa), to have chemical stability and
good biocompatibility.**#**° The delocalized electrons in gra-
phene pi-bonds make the material incredibly conductive, with
high intrinsic carrier mobility of 2 x 10° ecm?® v ' s 1.1%°
Despite its formidable strength, graphene is a flexible material,
allowing better distribution of forces and reduced localized
stress in the cells. Flexible substrates/scaffolds not only promote
longer neurites, but a greater density of outgrowths.”*”>*!
However, the effect of substrate flexibility on neural cell migra-
tion is complex and not fully understood. Furthermore, gra-
phene conformability is useful for coating irregular shaped
scaffolds.'® Graphene is a transparent 2D material, from a low
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optical absorbance of around 2.3%.">> Therefore, it allows for
optical imaging and monitoring of cells grown in vitro."*® Being a
2D material, its thickness is much smaller than its lateral
dimensions. When fully exposed, graphene has a theoretical
surface area of ~2630 m> g .'*® Such a large surface area
provides high degree of interaction with cells.”*>'>* That being
the case, graphene and GBMs, such as graphene oxide (GO),
reduced graphene oxide (rGO) and graphene nanocomposites,">>
appear to be attractive candidates for the biomedical applica-
tions field. However, a main concern arises: GBMs can either be
biocompatible or toxic to cells.'*® Ensuring a non-toxic inter-
action between GBMs and cells relies on how their properties are
tuned. An ideal material to use in neuroscience and regenerative
biology is one that avoids damaging the cells physically, such as
its plane edges piercing the cell membranes, and chemically, like
triggering a strong immunological reaction when interfacing
with living cells.>**® How living cells respond to these nanoma-
terials is highly dependent on their properties like size, surface
chemistry, hydrophilicity, surface area, lateral size, etc.'>” For
example, the biocompatibility of graphene can be further
improved with surface functionalization of the basal plane or
edges.”® In a perfect graphene plane, the surface is chemically
inert, this would turn surface functionalization costly energy
wise. But this would imply an infinite-scale film without edges
and defects. However, this is practically impossible as graphene
unavoidably comes with edges, vacancies, impurities, Stone—
Wales defects, etc.'®”'*® Without these, a covalent bond to a
carbon atom in the basal plane dictates that the atom adopts a
tetrahedral sp® geometry. This change not only presents a size-
able energy requirement but induces stress on the plane.'*®
However, edge atoms and vacancies can adopt the tetrahedral
geometry without causing stress to the plane, therefore these
regions have greater chemical reactivity than the basal plane
atoms."® High chemical reactivity regions together with graphe-
ne’s high surface-to-volume ratio allow for easy and extensive
functionalization options for graphene surfaces in order to tune
their electrical, optical, magnetic, hydrophilic properties and
more, for enhanced cellular compatibility.'*"*>® Furthermore,
increasing the hydrophilicity of the graphene also serves for a
more homogenous dispersion of the material in an aqueous
solution for the purpose of drug deliveries in vivo.'®"'®* The
application of graphene and related materials across all relevant
fields is constrained by their current production methods. The
realization of their transformative impact hinges on surmount-
ing the challenges posed by existing fabrication techniques.
Whether it is scalability, cost-effectiveness, or reproducibility,
these challenges serve as important obstacles to overcome in
GBM device manufacturing.

3.2. Graphene production

When it comes to producing GBMs, there are generally two
approaches: the bottom-up and top-down. The former relies on
the use of physical and chemical processes to trigger the
assembly of simple units to larger nanostructures. The latter
involves breaking down larger structures of a material to
produce the desired nanostructures from them. Mechanical
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exfoliation, liquid phase exfoliation (LPE) and the exfoliation of
previously oxidized graphene to obtain GO and respective
reduction to rGO are examples of top-down fabrication techni-
ques of graphene. On the other hand, the bottom-up approach
includes processes like chemical vapor deposition and epitaxial
growth on silicon carbide.'®® The exfoliation of bulk graphite
has been a viable method to produce high-yield pristine gra-
phene. Among carbon materials, bulk graphite has the parti-
cularity of having strong covalent (in plane) bonds but weak van
der Waals (vdW) interactions (out-of-plane). Accordingly, liquid
phase exfoliation involves breaking down bulk graphite into
graphene flakes in a liquid solvent by using an energy form
(e.g., ultrasonication), by overcoming these weak vdw forces."®*
The flakes can then be separated and collected through filtra-
tion or other methods. Generally, LPE includes two main
different strategies for the exfoliation of bulk graphite: cavita-
tion via ultrasonication'®® and shear forces through a high-
shear mixer."®® Both processes facilitate the exfoliation process
and are followed by a washing/purification step to yield pure
single- and few-layer graphene. CVD is a bottom-up synthesis
method in which substances, in a vapor phase, go through a
chemical reaction to generate the deposition of a solid phase
material in a target substrate, usually under vacuum. Typically,
a CVD equipment is composed by a gas delivery system, a
reaction chamber, a vacuum system; an energy system, an
exhaust gas treatment system, and a control system.'®” The
elementary steps of a typical CVD process occur on or in the
vicinity of a substrate. First, the reactant gases enter the reactor.
They either (i) undergo gas-phase reactions to form intermedi-
ate reactants and gaseous by-products, which then adsorb onto
the heated substrate and diffuse on the surface, or (ii) diffuse
directly to the substrate. This leads to a continuous thin film
formation via nucleation, growth, and coalescence.'®” Finally,
gaseous products from the reaction and unreacted species
desorb from the surface and are carried away. Transition metal
substrates such as nickel (Ni) and copper (Cu) are commonly
used for the CVD synthesis of graphene as they also work
as reaction catalysts. This growth process follows two steps:
(i) desegregation of carbon from the carbon gas precursor
(usually CH, or C,H,); and (ii) formation of graphene on the
surface of the metal catalyst, using the segregated carbon.'®®
Regarding this technique, Li et al. were the first to report large-
area high-quality monolayer graphene growth on copper sub-
strates. The films were reported to be mainly single-layer
graphene (95%) and were continuous across copper surface
steps and grain boundaries.'®® On the other hand, Yu et al.
reported the fabrication of few-layer graphene (FLG) on poly-
crystalline Ni foils.’”® The main conclusion was that the cooling
rate affected the thickness of the graphene layers, with FLG (3-4
layers) being produced with a cooling rate of 10 °C s~ *.'""
Among all production techniques, CVD graphene is the most
suitable for designing a biological interface with high reprodu-
cibility and uniformity in properties over large areas,'”>*”* For
in vitro cell interfaces studies, CVD graphene showed to
improve cell viability and adhesion compared with its uncoated
counterparts for a range of «cell types, including
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endothelial,'”>'"® fibroblast,"”” and osteoblast cells.'”*7%17°
However, CVD graphene still remains limited to surface coating
applications, as opposed to the versatility of composites or
other graphene fabrication techniques.

3.3. Biocompatibility of graphene-based materials

Biocompatibility, defined as the ability of a material to interact
harmoniously with living organisms without inducing adverse
reactions, is a critical determinant in the success of neural
implants. The brain’s delicate environment demands materials
that not only exhibit favourable electrochemical properties but
also foster a symbiotic relationship with neural tissues. As a
prospective class of materials for neural interfaces, GBMs need
to be fully investigated in terms of biocompatibility.**® Studies
on the cytotoxicity and biocompatibility of 2D materials have
been carried out both in vitro and in vivo, however, the
molecular and biochemical pathways underlying 2D material
toxicity when in contact with biological systems is still a major
challenge, as multiple parameters have to be considered lead-
ing to discrepancy in the present literature.>**8"'%? As of today,
the scientific community is reaching an agreement regarding
such key characteristics that might affect the material biocom-
patibility, such as lateral dimensions, thickness, surface chem-
istry and functionalization, oxidation degree, formulation and
the biological system used to test the biocompatibility.'3**8*
For these reasons, we should remember that it is not correct to
generalize on 2D materials biointeractions and biocompatibil-
ity. In the specific case of GBMs and nervous tissue, there is a
wide and extensive literature highlighting their safe use for the
development of brain implants and interfaces, displaying
encouraging results both for graphene sheets (2D-flakes) in
solution and graphene-based supports and scaffolds (2D-films).
This is a necessary distinction to make as one of the main safety
concerns for GBMs come from their nanoforms, as nanosheet
liquid suspensions or aerosols.*®*8%181:185 At the same time,
implantable devices might release fragments due to degrada-
tion/delamination of the 2D-films, thus making the investiga-
tion of the biological effects over time of outmost importance
as well as the biodistribution of such fragments. Graphene has
indeed been proved to cross biological the blood-brain barrier
in vitro without affecting its permeability and the microvascular
endothelium viability."®®

GBMs intended for neurological applications necessitate
further assessments to evaluate their biocompatibility. For
instance, for drug delivery it becomes crucial to conduct tests
on concentration-dependent cytotoxicity. This involves investi-
gating the mechanisms of cytotoxicity in vitro and examining
the material’s biodegradability in vivo. Meanwhile, in the con-
text of scaffolds for tissue engineering or biosensing it is
imperative to continuously monitor the GBMs in terms of
mechanical stability, biocompatibility, and potential long-
term toxicity to prevent the initiation of chronic neuro-
inflammation. So far, GBMs produced in liquid phase have
already been tested on different cell types, including primary
neurons'®”'*® and astrocytes,'®”™® blood-brain barrier
endothelium,'®**°! both in vitro and in vivo studies.'®®°> The
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main results display an extremely good interaction of GBMs
with neural cells, without showing any sign of cytotoxicity and
neuro-inflammation due to astrocytic increased activity or
astrogliosis. Specifically, it was seen that chronic graphene
and GO exposure did not cause alterations in cell viability
and network formation. However, investigations on cell func-
tionality revealed some physiological effects specific to GO
exposure at synaptic signaling level, indicating GO can interfere
and alter neuronal post-synaptic currents, calcium oscillations
and neuron-to-astrocyte communication."®”'®® These lates
results could now be exploited to introduces GO nanosheets
for the treatment of specific synaptic pathologies. On the other
hand, BMIs are in need of implants designed for transient
usage. In in vitro studies, the feasibility of neuronal cell growth
on flat substrates coated with GBMs has already been tested
and demonstrated. These studies underscore the capacity of
GBM films to support the growth and differentiation of neuro-
nal cells, as well as to enhance neuronal activity.'8>'%3719°
Generally, CVD graphene films with high hydrophilicity have
considered more biocompatible and secure when compared to
graphene nanosheets, making CVD graphene potentially viable
for future implantable devices."*® In summary, reports about
the neural biocompatibility of GBM exist in the literature with
studies suggesting their benign effects with poor or null
cytotoxicity, low inflammatory cell response and positive phy-
siological effects on neuronal synaptic plasticity.

3.4. CVD graphene for substrates

In the last decade, graphene incorporation in biological
scaffolds has been tested with the goal of improving the
substrate intrinsic properties. Due to its outstanding qualities,
including high mechanical strength, chemical stability and
biocompatibility, CVD graphene is quite an attractive candidate
for designing and developing neural tissue in scaffolds.
Graphene-based coatings have been already applied to various
types of neural scaffold materials, such as polymers and
ceramics. Moreover, these coatings can also be functionalized
with different molecules and chemical groups, such as growth
factors or adatoms, to further promote neural cell adhesion,
proliferation, migration, and differentiation. The flexibility of
graphene on polymeric substrates (e.g., PET) allows for
the creation of soft and flexible interfaces that can adapt to
the mechanical properties needed to promote cell migration
and neurite outgrowth.®'°® The crystalline quality of graphene
seems to affect the cellular adhesion of neurons. Various
reports have been showing this material can enhance the
performance of neural interfaces, namely in terms of
biocompatibility,>*'”® cell adhesion and proliferation'”**%”
and neural cell-to-cell interactions.™®®'*® Particularly, pristine
CVD graphene was reportedly transferred to glass coverslips
and cultured with hippocampal neurons.®® It was found that as
disorder rises within the grid, the surface shifts from cell
adhesive to fully repellent, suggesting that high crystalline
quality of graphene enhance cellular adhesion of neurons.
In another work, Park et al. discovered the enhanced neuronal
differentiation of human neural stem cells (hNSCs) on
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graphene.®® Graphene was grown by CVD, transferred onto
glass substrates, and placed into a laminin solution, to aid
hNSC attachment. The hNSCs were seeded on the substrate and
were differentiated for approximately one month. During the
differentiation process, some of hNSCs differentiated into
neurons, whereas others differentiated to glia, supporting the
activity of neurons. Overall, graphene worked as an excellent
cell-adhesion layer during the long-term differentiation process
and induced the differentiation of hNSCs more toward neurons
than glial cells (Fig. 4a). Furthermore, the authors reported the
neural activity of the differentiated cells and suggested that
graphene can be used as an excellent nanostructured scaffold
for promoting NSC adhesion and differentiation for long-term
periods. In addition, Hong and colleagues examined neural cell
adhesion and neurite outgrowth on graphene-based biomi-
metic substrates, as well as the biocompatibility between neural
cells and graphene or CNTs.”’ Graphene membranes were
synthesized by CVD and transferred onto glass coverslips and
graphene sheets were patterned on SiO,/Si substrates. For the
neural cell adhesion, both graphene surfaces were covered with
50% fetal bovine. The graphene-coated substrates were shown
to substantially enhance the adhesion, neurite outgrowth, and
proliferation of neural cells (Fig. 4b and c). The results also
suggest that the graphene-patterned substrates have a specific
surface property that can promote neural cells. Ideally, a
neuron-friendly interface should possess high wettability and
electrical conductivity.>"?°> However, studies show that pris-
tine graphene, although having high intrinsic conductivity, has
poor wetting behavior,”®® which can limit some biological
applications. Accordingly, using different kinds of GBMs can
contribute to maximizing properties such as biocompatibility
and wettability. GO has higher wettability than graphene itself
and was reported to interact more easily with neurons in terms
of membrane adhesion and intracellular uptake.>***°° Even so,
GO and rGO generally have low electrical conductivity.® Alter-
natively, the functionalization of pristine graphene appears to
be a viable solution. Functionalized forms®°®*°” are promising
approaches of graphene manipulation which have quickly
gathered interest in the neural interface applications.
Moschetta et al. developed a biological interface for primary
neuronal networks.® As-grown CVD graphene was hydroge-
nated by a hydrogen plasma treatment and transferred to a
PET substrate. The results showed the growth of primary
neurons with high cellular adhesion and viability (Fig. 4d)
and preserved physiological intrinsic firing properties. Also,
the PET/HGr substrates exhibited an enhanced excitatory trans-
mission, two times higher than PET/Gr ones. The authors
suggest that, in addition to conductivity, wettability plays a
critical role in the formation of mature neuronal networks and
may even be of greater importance. Similarly, graphene func-
tionalization with oxygen or fluorine, by using pre-treatment in
0, or C;Fg gas environments has been reported.>’® The pro-
liferation of SH-SY5Y cells was found to be enhanced by
oxygenated graphene sheets compared to pristine graphene.
The hydrophilic environment of the graphene sheets facilitated
cell adhesion, leading to increased cell viability and neuronal
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Fig. 4 Graphene influence on the improvement of neurite outgrowth and cell adhesion, proliferation and differentiation in 2D cultures. (a) Bright field
(top) and fluorescence (bottom) images of hNSCs differentiated both on glass and graphene. Graphene not only provided more hNSCs adhesion than
glass, but also induced the differentiation of hNSCs more toward neurons than glial cells. Reproduced from ref. 83 with permission from Advanced
Materials, copyright 2011. (b) PC-12 spreading with apparent neurite outgrowth on graphene-based biomimetic substrates and (c) evaluation of PC-12
cells proliferation with WST-8 assay on bare glass coverslips and glass coverslips with FBS-covered graphene. The cells proliferated more on the glass
coverslip with FBS-covered graphene than on the bare glass coverslip (*p < 0.05). Reproduced from ref. 200 with permission from BioMed Research
International, copyright 2014. (d) Potential of hydrogenated graphene in cell adhesion and viability. The Middle and Lower panel show SEM images of
cultured neuronal networks, confirming no substantial affectation of cell morphology. Reproduced from ref. 209 with permission from Advanced
Materials, copyright 2012. (e) Fluorescent images of immunostained MSCs for (1) Tujl and GFAP and (3) Nestin and MAP2 cultured on FG, G, and
polystyrene (PS), as the control, in the presence (+RA, yellow) and in the absence (—RA, red) of retinoic acid. Neuronal markers Tujl and MAP2, are highly
expressed in MSCs cultured on FG, conversely to Nestin and the glial-specific marker GFAP. This indicates a preference of morphologically induced
differentiation towards the neuronal lineage over the glial lineage. (2) and (4) Show the percentage of immunoreactive MSCs on FG, G, and PS, confirming
high neuronal differentiation of MSCs, further enhanced by the addition of RA. Reproduced from ref. 209 with permission from Advanced Materials,

copyright 2012.

proliferation of SH-SY5Y cells compared to the hydrophobic
environment of the pristine graphene sheets. Additionally,
fluorinated graphene (FG) sheets were used as a scaffold for
stem cell growth.>*® Pristine graphene (G), partially fluorinated
graphene (PFG) and FG were transferred to SiO,/Si substrates.
The results showed that the full fluorination of graphene
caused the MSCs to proliferate faster, with increased cell
density, when compared with G and PFG, which proves that
the C-F bonding facilitates better cell adhesion and prolifera-
tion. Also, MSCs cultured on FG demonstrated neuron-like
morphologies with visible neurite protrusions indicating
further neuronal maturation. The expression of neuronal gene
markers was further enhanced by adding the neuro-inductive
agent retinoic acid (RA) (Fig. 4e). The fluorinated graphene
films were then patterned into microchannels (30 pm) by
printing PDMS line on top of the FG. As the MSCs preferentially
adhere to FG, their cell bodies and infrastructure conform to
the shape of the adhesive substrate, the results show enhanced
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neurogenesis via confinement-induced cell elongation. Patterning
the cell substrate to create specific adhesive and non-adhesive areas
for modulating neural development (e.g:, neural growth, cell migra-
tion and differentiation) has shown to be an effective method of
enhancing and generating custom neuronal networks in the
absence of chemical stimulants.*'*'*> Asymmetric geometries of
the substrate force rearrangement of cytoskeleton structures and
stimulate the sprouting of neurites, which are an early event of
neuronal differentiation,** by induced cell polarity,*'®****'> and
guide growing axons down handmade pathways.>'® Methods for
patterning graphene have been extensively researched for its many
applications in device designing and manufacturing.>*” Photolitho-
graphy has been used to pattern CVD graphene to columns and
grid-like patterns. When interfaced with bone marrow-derived
hMSCs, the in vitro cell culture displayed increased neuronal
markers expressions when compared to unmodified CVD gra-
phene. The advanced neural differentiation is hypothesized to
result from hMSCs alignment on the patterned graphene.”'® Single

This journal is © The Royal Society of Chemistry 2024
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pulse UV laser ablation technique proved to an effective way to
pattern monolayer CVD graphene while minimizing the laser
damage effects. Primary embryonic hippocampal neurons were
cultured on the substrate and developed a neuron network mimick-
ing the pattern design on the graphene.”’® Using the same
patterning method on CVD graphene seeded with primary cortical
neurons, one group applied single-molecule localization micro-
scopy combined with cluster analysis to quantitatively study the
distribution of the adhesion protein vinculin in the cells of neurons
on glass and graphene substrates. Cells on graphene expressed
higher number and larger size of vinculin clusters than on glass.**
Neurons displayed rearrangement and fragmentation of vinculin
clusters over time, with higher cluster density on graphene com-
pared to glass. Which explains to cell migration towards graphene
stripes on micropattern substrates. Graphene-based substrates
have been a reliable and relatively easy-to-produce method for
studying cellular interactions in a lab environment. However, as
studies grow ever more specialized in their relative field of research,
so do the requirements for the substrate’s properties. This evolu-
tion in research demands new and more effective platforms that
not only display biocompatibility with the cell culture, but also
mimic the intricate physiological conditions specific to the targeted
application. To this end, graphene-based biomaterials have
branched into more complex cell environments such as the realm
of 3D interfaces.

3.5. CVD graphene for scaffolds

The need to evolve cell scaffolds to the next level is more
pronounced than ever before, as they are equipped with physi-
cal and chemical characteristics that more closely resemble the
conditions of in vivo tissue. Increasing the dimensionality of
the substrate that can interact with cells comes with reasonable
arguments. When cells grow on substrates, they can only attach
to the planar surface, forcing the culture to adopt a monolayer
nature, whilst in vivo layering is regular.’® Interconnected 3D
networks, especially in the nervous system, not only enable
more complex cell-cell and cell-ECM interactions and
exchanges, but also allow for a greater adhesion due to the
increase in surface area.>”" In this regard, a porous 3D scaffold
has been shown to facilitate the transfer of nutrients and gases
and promote cell growth, migration and proliferation, leading
to the formation of larger and more complex tissue.>"*** The
aromatic structure of graphene scaffolds increases the local
concentrations of adhesion proteins in the matrix (e.g., lami-
nin, collagen, fibronectin) by non-covalent binding.>*® In the
case of neurons, the interconnected available area for growth is
useful for providing conductive pathways for charge transport
and neural network formation.'*

Graphene-based materials have been used to create porous
scaffolds with neuron-affinity formats, including NGCs, mem-
branes and fibers.?***2* However, to maintain the pristine state
of monolayer graphene still remains the challenge in the
fabrication of graphene scaffolds. One approach is to use
CVD graphene coatings, by fabricating graphene foams (GFs).
They can be described as three-dimensional counterparts to
planar graphene, which possess several favorable physical and
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electrical traits (e.g., high pore volume, distinguishable thermal
and electrical conductivity, controllable degradation rate),**®
but are created as porous scaffolds, considerably augmenting
the available surface area for cellular proliferation.?*® Their
good electrical conductivity is a key factor as neurons commu-
nicate via electrical impulse and the interconnected porous
network facilitate the diffusion of nutrients and oxygen, which
is crucial for neuron survival and growth. The most common
example is synthesizing 3D-GFs by CVD, using a Ni foam as
template (Fig. 5). Reports have shown how scaffolds based on
GFs can enhance neural cell adhesion, proliferation and differ-
entiation of neural cells.”**™*° Specifically, a study demon-
strated the feasibility of GF as a 3D scaffold for functional
myotube growth, highlighting the functionality of the myotubes
with electrical stimulation, which produced observable motion
of the GF from the contraction of the cells.**® After 2 days in
differentiation media, both the laminin-coated GF samples and
the uncoated (bare GF) had observable cell growth demonstrat-
ing the feasibility of both scaffolds for C2C12 attachment. After
day 6, both samples exhibited multinucleated myotube for-
mation (Fig. 5d). In addition, a 3D-GF/polycaprolactone (PCL)
caused the cells to exhibit more elongated cell shape than PCL
scaffold itself, highlighted by yellow arrows (Fig. 5b).>*® The
proper mechanical properties of this structure enhanced PC12
cells proliferation. Finally, these graphene-based structures
were shown to electrically stimulate cells differentiated from
NSCs, confirming their efficiency as conductive platforms to
mediate electrical stimulation for differentiated NSCs
(Fig. 4c),>*° provide the differentiation of NSCs into neural
lineages (Fig. 5a),”>” and exhibit substantially longer neurite
extensions on GF-based scaffolds than on collagen scaffolds
(Fig. 5€).2*° In summary, adopting scaffolds for interfacing with
cells seems to be the next logical step in in vitro studies.
However, the fabrication of these materials relies on complex
techniques and heavy expenditure. The possibility of 3D sub-
strates becoming a common method of interfacing with cells
must precede the development of new and more efficient
fabrication techniques in microtechnology.

3.6. Brain-interfaces based on CVD graphene for biomedical
applications

As discussed in the previous sections, CVD graphene is one
optimal candidate to create 2D and 3D neural environments, by
promoting cell adhesion and proliferation and electrical stimu-
lation. Producing graphene through CVD allows for optical
transparency, making it ideal for studying neural networks
and cortical features, where optogenetics and calcium imaging
provide complementary information.**' In this regard, CVD
graphene can be used for revolutionary devices capable of
interfacing directly with the brain. One example is represented
by graphene-based flexible electrodes and field-effect transis-
tors (GFETs) for recording neural signals in brain-computer
interfaces, able to conform to the irregular surface of the brain
and enable stable signal recording. Microelectrodes can be also
used to neuro-stimulate the brain with electrical impulses that
modulate neural activity. This brings relevance especially to the
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Fig. 5 Review of CVD-grown 3D-GF scaffolds on Ni foam templates, considering their coatings, cells used and main results. (a) Immunofluorescence
images of NSCs stained with Tujl (specific neuron marker), GFAP (intermediate filament protein in astrocytes) and DAPI (membrane viability) on 3D-GFs
coated with ploy-t-ornithine (PLO) and laminin. NSCs are shown to differentiate into neural lineages. The 3D-GFs fabricated with the original Ni
templates were defined as soft scaffold and with the extruded one (75%) as stiff scaffold. Reproduced from ref. 227 with permission from ACS Applied
Materials & Interfaces, copyright 2016. (b) SEM images of PC12 cells on 3D-GF/PCL scaffolds after 1 week of culture. Higher proliferation was achieved as
a result of good mechanical properties. Reproduced with permission from ref. 228. (c) Electrical stimulation of the cells differentiated from NSCs on
laminin-coated 3D-GFs: (1) fluorescence imaging of the cells pre-incubated with Fluo-4 AM dye on 3D-GFs before (left) and after (right) electrical
stimulation; (2) Plot of the relative fluorescence intensity change AF/F of the circled cell in panel (1) versus the stimulation time period. Reproduced from
ref. 229 with permission from Scientific Reports, copyright 2013. (d) Confocal Z-stack images of C2C12 cells cultured on Bare GF and laminin-coated GF.
Blue, nuclei; red, actin. Growth on bare GF after culture in differentiation media (DM) for (A) 2, (B) 4, and (C) 6 days. Laminin-coated GF after culture in DM
for (D) 2, (E) 4, and (F) 6 days. Scale bars: 20 pm. Reproduced from ref. 226 with permission from ACS Biomaterials Science & Engineering, copyright 2016.
(e) Comparison of differentiated DA neurons with mouse MSCs in contact with (1, 3, 5) collagen gels and in contact with (2, 4, 6) collagen-coated GF. (1, 2)
NeuN (red) and B-III tubulin (green); (3,4) TH (red) and B-IIl tubulin (green); (5, 6) NeuN (red) and vimentin (green). In all instances, the differentiation of
mouse MSCs into a neuronal phenotype resembling dopaminergic (DA) neurons was observed. GF-based scaffolds exhibited substantially longer neurite
extensions compared to those cultured in contact with collagen. Scale bars: 30 pm. Reproduced from ref. 230 with permission from Stem Cells
International, copyright 2018.
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treatment of diseases such as the Parkinson’s and epilepsy.
Zhao et al. developed implantable neural electrodes by encap-
sulating CVD-grown graphene on Cu microwires.”*> The
graphene-encapsulated Cu microwires demonstrated signifi-
cantly reduced toxicity to brain tissues, as evidenced by
in vitro cell tests, in vivo histology, and MRI studies. The high
MRI compatibility opens new opportunities for brain activity
studies and clinical applications requiring continuous MRI and
electrophysiological recordings. In addition to MRI applica-
tions, multilayer CVD graphene electrodes were shown to
enable multimodal neural recording and electrical and optoge-
netic stimulation, while allowing artifact-free MRI studies.**®
CVD graphene-based microelectrodes were also shown to
provide simultaneous in vivo calcium imaging and electrocorti-
cography (ECoG) recording of neural activity?®* and the detec-
tion of changes in beating frequency.>*> GFETs are another
platform on which CVD graphene can and has been integrated.
The intrinsic amplification effect of transistor configuration
leads to a higher SNR than electrodes.>*® Garrido’s group
fabricated solution-gated GFETs on polyimide substrates sui-
table for p-ECoG recordings through studies of spontaneous
slow-wave activity, sensory-evoked responses on the visual and
auditory cortices, and synchronous activity in a rat model of

396 | Nanoscale Horiz., 2024, 9, 384-406

epilepsy. The SNR of this technology was similar to that of Pt
black electrodes for frequencies under 100 Hz.>*! The same
group used the same kind of devices to In vivo record and map
brain electrophysiological signals. Specifically, the devices
provided high-fidelity in vivo recording of cortical spreading
depression signals at sub 0.1 Hz frequencies.>®” Finally, the
GFETs allowed for amplitude modulation of neural signals
in situ, simplifying the technical complexity multiplexed neural
probes.>*®

4. Conclusions, challenges, and future
prospects

Substrates and scaffolds are made of biomaterials engineered
to interact with biological systems with the goal of facilitating
cell adhesion and proliferation. All this ultimately aims at
promoting tissue regeneration, organ repair, or the study of
cellular behaviors in controlled environments. Biomaterials can
be natural, like gelatine, silk, and collagen, or synthetic, like
polymers, and they are used in a wide range of medical
applications, such as drug delivery, tissue engineering, and
implantable devices. However, the development of new
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substrates and scaffolds and the advancement of existing ones
is of utmost importance, especially to target particularly sensi-
tive tissues and organs such as the brain and the central
nervous system in general. Among all, biocompatibility is the
primary characteristic that any cell interface must have. There-
fore, cell substrates and scaffolds need to be bioinert, mini-
mizing tissue reactivity, and bioactive, exploiting the
interaction with a living tissue to positively influence the
biological response. Recently, graphene-based scaffolds and
substrates have been investigated and developed for both
neural tissue engineering and treatment and diagnosis of
neurological diseases, exploiting their electrically conductivity,
versatility and flexibility. However, before graphene could be
routinely used to engineer sophisticated bio-sensing interfaces
adaptable to the central nervous system, a detailed comprehen-
sion of its behavior of in a biological context is mandatory. To
address this point, reliable in vitro models are fundamental
before moving to in vivo applications. In this review, we
identified the crucial prerequisites for in vitro and in vivo
neuroscience research on graphene-based substrates and scaf-
folds: (i) wetting properties; (ii) topography and roughness; (iii)
electrical conductivity; and (iv) interactions with the extra-
cellular matrix. We highlighted the need of hydrophilic sur-
faces (also possibly obtained by surface modification strategies)
when designing substrates and scaffolds for biological applica-
tions to improve cell adhesion and growth. We underlined that
topographical cues are extremely powerful tools to influence
cell behavior in terms of adhesion, morphology, migration and
differentiation. The geometrical features of substrates and
scaffolds might even cooperate with biochemical compounds
to synergistically control the biological response. Especially in
central nervous system applications, the electrical conductivity
provided by graphene might lead to beneficial effect on the
neural cells. Finally, we explored the differences between
substrates and scaffolds when coming to extracellular matrix
interactions, highlighting how substrates could be better suited
for in vitro studies, while scaffolds might be exploited in in vivo
applications due to their 3D structure and porosity that better
mimic the physiological conditions. In this scenario, a crucial
point that future research will have to address is to transfer the
large body of knowledge obtained from in vitro evidence to the
in vivo context. A detailed elucidation of all these aspects will
greatly improve our ability to engineer and select suitable
interfaces for brain-tissue engineering and regenerative medi-
cine applications. Although most studies agree that graphene
displays a safe biocompatibility, when designing planar sub-
strates and scaffolds its long-term interactions with cells are
still relatively obscure. Further studies are required on graphe-
ne’s long-term and in vivo biocompatibility and biodegradation
to fully understand its effects on intracellular mechanisms and
signaling protocols, to properly make the transition to in vivo
neuro-applications. Moreover, molecular consequences and
biological effects from the interaction of neuroimmune cells
and graphene supports are still unknown. Similarly, there is the
need of experiments to measure the expression of factors
secreted by microglia and characterize its activation in the
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presence of graphene. Nonetheless, future functionalization
techniques might as well push graphene compatibility with
cells to new heights and facilitate its transition to more
complex 3D environments.
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