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Abstract: This paper builds on the context and recent progress on the control, reproducibility, and
limitations of using graphene and graphene-related materials (GRMs) in biomedical applications.
The review describes the human hazard assessment of GRMs in in vitro and in vivo studies, high-
lights the composition–structure–activity relationships that cause toxicity for these substances, and
identifies the key parameters that determine the activation of their biological effects. GRMs are
designed to offer the advantage of facilitating unique biomedical applications that impact different
techniques in medicine, especially in neuroscience. Due to the increasing utilization of GRMs, there
is a need to comprehensively assess the potential impact of these materials on human health. Various
outcomes associated with GRMs, including biocompatibility, biodegradability, beneficial effects on
cell proliferation, differentiation rates, apoptosis, necrosis, autophagy, oxidative stress, physical
destruction, DNA damage, and inflammatory responses, have led to an increasing interest in these
regenerative nanostructured materials. Considering the existence of graphene-related nanomaterials
with different physicochemical properties, the materials are expected to exhibit unique modes of
interactions with biomolecules, cells, and tissues depending on their size, chemical composition, and
hydrophil-to-hydrophobe ratio. Understanding such interactions is crucial from two perspectives,
namely, from the perspectives of their toxicity and biological uses. The main aim of this study is to as-
sess and tune the diverse properties that must be considered when planning biomedical applications.
These properties include flexibility, transparency, surface chemistry (hydrophil–hydrophobe ratio),
thermoelectrical conductibility, loading and release capacity, and biocompatibility.

Keywords: graphene-related (nano) material; bionanocomposite; stimuli-responsive drug-delivery
system; biodegradability; tissue engineering; neuronal regeneration; biomedical applications; toxicity

1. Introduction
1.1. Tissue Engineering

The interdisciplinary field of tissue engineering (TE) comprises the use of biomaterials,
biological active agents, including cells, and engineering to restore or develop biological
substitutes for various tissues in the body [1]. Assembling these functional constructs
may contribute to repairing damaged tissues or whole organs. As such, TE methods have
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emerged as useful techniques in tissue regeneration and organ transplantation. TE and
regenerative medicine aim to replace or enhance damaged biological tissues by creating
substitutes, preferably via a biomimetic approach. These fields of knowledge mix engineer-
ing, (micro)biology, and medicine [2]. Recent developments in these areas have generated
significant interest in neural interfaces that can replace or enhance the function of the
nervous system that has been impaired due to illness or injury. To help individuals with
neurological disorders, neural interface technology aims to establish a connection between
the external environment and nervous system by stimulating neural tissue [3].

1.2. Scaffolds in Tissue Engineering

Cells may be grown in two-dimensional (2D) or three-dimensional (3D) cultures.
Generally, 2D cultures comprise the growth of cells on a flat surface, such as a flask or petri
dish. This method is commonly used in research given its cost-effectiveness, feasibility,
and ease of observation when analyzing cells; however, it lacks the capacity to accurately
resemble in vivo cellular environments. On the other hand, 3D cultures, which may be
performed using the hanging-drop method, microfluidic platforms, or scaffolds, allow for
interactions between cells and the extracellular matrix (ECM) to take place [4]. As such, 3D
cultures allow for improved cellular differentiation and proliferation compared to those in
2D cultures and mimic the morphologies and physiologies of in vivo cells and tissues in a
more accurate manner.

Scaffolds are structures that are used in both in vitro and in vivo TE applications and
serve as support to ensure the growth of the ECM, cell adhesion, and subsequent tissue
growth [5]. Scaffolds are typically designed to resist external pressure while maintaining
permeability to ensure the movement of nutrients and growth factors from the culture
media used to grow the scaffolds to the cells. After scaffolds have fulfilled their role in
tissue growth, the biomaterials used in their design and fabrication should degrade to
allow the cells to continue proliferating independently.

The development of scaffolds that can encourage neural tissue regeneration has gen-
erated much interest for GRMs. Recent studies have demonstrated that GRMs encour-
age the adhesion, proliferation, and differentiation of various cells, including embryonic
stem cells (ESCs), neural stem cells (NSCs), mesenchymal stem cells (MSCs), and induce
pluripotent stem cells. Many researchers have found that scaffolds based on conductive
materials can boost NSC proliferation and differentiation into neuronal or glial cell lin-
eages [6]. GRMs are therefore promising nanoplatforms for treating neural tissue injuries
in regenerative medicine.

In 2015, Jakus et al. demonstrated that human mesenchymal stem cell (hMSC) ad-
hesion, viability, proliferation, and neurogenic differentiation may be supported by 3D
printable graphene (3DG) [7]. These processes were found to occur in vitro in basic growing
media without neurogenic stimuli. Glial and neuronal gene expression was also signifi-
cantly upregulated. According to in vivo tests, 3DG exhibited promising biocompatibility
for at least 30 days.

Molecularly changing the surfaces of neural probes with anti-inflammatory agents,
adhesion of proteins, and bioactive chemicals comprises one method of regulating the
inflammatory process and improving neural electrode incorporation into brain tissue [8].
Hyaluronic acid (HA), peptides, and growth factors are a few examples of biological surface
modifications that may be used on neural devices. Other non-biological enhancements
include hydrogels, conducting polymers [9], carbon nanotubes, and hydrogel coatings [10].

A significant challenge in using neural electrodes for recording brain activity both
in vitro and in vivo is developing novel materials that produce seamless neural interfaces
with high sensitivity. Another issue that has driven the creation of innovative materi-
als is ensuring long-term stability. By considerably boosting the signal-to-noise ratio,
electroactive nanomaterials such as silicon nanowires [11], carbon nanotubes [12], and
conducting-polymer nanostructures [13] may be used to create durable and sensitive
neural interfaces.
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1.3. Properties of Effective Scaffolds

The ECM is a critical component of all types of tissues and serves as a natural scaffold
for cells to adhere to and differentiate. The ECM, therefore, contributes greatly to the
homeostasis and morphogenesis of tissues. In 3D TE, scaffolds may be developed using
various polymeric or non-polymeric materials to mimic the ECM of target tissues. When
selecting biomaterials for scaffolds, it is important to choose a material with properties that
are suitable for the target tissue and cell types being used as the properties of the material
should mimic those of the ECM of the target tissue. This will ensure that the material will
contribute to obtaining the desired results.

The properties of various scaffolds can differ in terms of structure, rigidity, strength,
pore size, and the concentrations of the polymers used [5]. The composition, cyto-, hemo-
or tissue-compatibility, bioactivity, and mechanical properties of scaffolds should further
be considered when selecting suitable biomaterials for the desired application. Natural
materials, such as HA, cellulose, collagen, and chitosan, may be found in natural ECMs but
tend to be highly degradable and difficult to purify. They also present the risk of inducing
an immune response upon use [14]. Synthetic scaffolds, on the other hand, allow greater
control and reproducibility as they can be synthesized in the manner that is desired. They
can further be modified to circumvent immune detection. Hydrophilicity, hydrophobicity,
and the surface charge of a scaffold are also properties that may determine the suitability
of a scaffold for the desired use. Hydrophobic materials, for example, have been found
to allow for cell adhesion but also present with a higher risk of inducing an immune
response as they can allow for the increased adhesion of monocytes [14]. Other studies
have found that hydrophilic materials are more effective than hydrophobic materials in
terms of cell adhesion [15–17]. Positive surface charges have further been found to allow
for increased cell adhesion compared to negative surface charges. This is because surface
charges determine the level of protein absorption into the scaffold, which is correlated with
cell adhesion [18]. Even if the exact mechanism is still not fully understood, the recognition
of the GRMs by the immune system (including complement protein gC1q) is well correlated
with the polarity and surface characteristics (which include the self-assembling capacity of
the surface).

2. Biomaterials for Tissue Regeneration

Biomaterial-related scaffolds provide porous networks, mechanical and structural
support, shape, and hierarchical structures with hydrophilic properties to allow for cell
attachment, cell–cell communication, proliferation, and differentiation for tissue regener-
ation in TE. To date, most synthetic biomaterials for TE applications may be generated
from lactic acid, caprolactone, or glycolide monomers, which can form poly(L-lactide),
polycaprolactone, and poly(L-glycolic acid) materials or copolymers [19].

Chitosan, alginate, starch, collagen, HA, cellulose, fibrin, silk, and their derivatives
may also be utilized to build scaffolds [20]. To manage the lengths, thicknesses, porosities,
and structures of biomaterial-related scaffolds for TE applications, a range of approaches
and techniques have been explored [21]. Apart from collagen, other animal-derived pro-
teins, such as laminin and Matrigel, have been used to create 3D scaffolds for various TE
applications, including skin restoration, bone substitution, artificial artery construction [22],
and cell transport. In order to create hydrogels for drug release and tissue regeneration,
polysaccharides may be modified through crosslinking [23].

Recent studies have assessed the potential of silkworm silk as a unique biomaterial that
may address many of the shortcomings of the current materials used in TE scaffolds. The
natural protein, silk fibroin (SF), which is obtained from silkworm silk, has been studied as
a potential biopolymer for TE due to its biocompatibility, tunable biodegradation, minimal
immunogenicity, adaptability to different forms (such as 3D scaffolds, thin films, nanofibers,
microspheres, nanoparticles, and hydrogels), excellent mechanical strength, and ease of
accessibility [24,25]. SF can further be combined with other polymers to create composite
scaffolds that support cellular differentiation, proliferation, and attachment [26]. SF-related
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biomaterials can also be utilized in various material forms, including solutions, powders,
nanoparticles, fibers, mats, films, hydrogels, sponges, and 3D structures [27].

HA, a polymer that is composed of linear glycosaminoglycan and is abundant in the
ECM, has been shown to impact cell signaling pathways, which is critical in TE. Clinical
trials have further shown that HA is useful in treating osteoarthritis, and the US Food and
Drug Administration has approved HA as a biomaterial for human use [28].

Stem cells are usually grown in vitro in a monolayer on a flat plastic substrate. This
method, however, cannot fully replicate the characteristics of cells in their native microen-
vironments. Thus, it is important to offer an adequate microenvironment for developing
functional tissues by creating biomimetic scaffolds that are analogous to stem cell niches [29].
Conductive scaffolds not only promote stem cell activities by electrical stimulation but can
also offer microenvironments that include numerous biochemical and biophysical factors
for optimum stem cell function [30]. To influence stem cell activity, several conductive mate-
rials, such as graphene, polypyrrole (PPy), poly(3,4-ethylene dioxythiophene), and polyani-
line, have been utilized in scaffolds. These materials comprise repeated single and double
bonds with conjugated π-bonds that allow free electrons to travel between atoms [31,32].

To date, various biological materials made of natural or synthetic materials have been
used for peripheral nerve regeneration, including HA, SF, polypropylene alcohol, sodium
alginate, gelatin, chitosan, and polyacrylamide (PAM) [33–39]. Although these biomaterials
have excellent potential for use in treating peripheral nerve damage, their efficacy needs to
be improved to the level that is required for the rapid regeneration and functional recovery
of peripheral nerve damage in clinical settings [40].

Due to their excellent biocompatibility, ability to retain water, and drug-delivery
capabilities, hydrogels have recently become widely used in TE including nerve regenera-
tion [41]. For example, by chemically crosslinking a biodegradable HA hydrogel conduit,
Ortuno-Lizaran et al. discovered that Schwann cells (SCs) can thrive in the conduit lu-
men [42]. In another study, collagen hydrogel-filled chitosan tubes containing ECM were
found to be possible candidates for the treatment of nerve damage [43]. The conduit could
stimulate the repair of peripheral nerve injury to some extent. Additionally, vascular
endothelial growth factor-loaded hydrogels created by Xu et al. were found to enhance the
regeneration of neurons [44]. Another study demonstrated that genipin crosslinked gelatin
conduits can successfully encourage the regeneration of peripheral nerves [45].

Due to their excellent biocompatibility, PAM hydrogels are frequently used in the field
of peripheral nerve regeneration [46]. Pure PAM hydrogels, however, often have poor
mechanical properties and are brittle. Additionally, post-implantation hydrogel scaffolds
may be distorted or even destroyed by other surrounding tissues, which renders them
unsuitable for prolonged use in TE [47]. Therefore, improving the mechanical charac-
teristics and biocompatibility of PAM hydrogels, such as by combining them with other
materials, is necessary for the implementation of these hydrogel conduits. Huang et al.
created a PAM/GO/gelatin composite hydrogel, which exhibited improved mechanical
properties [48]. A PAM/GO/gelatin/sodium alginate composite hydrogel was also suc-
cessfully prepared by Zhao et al. [49]. Sodium alginate with improved softness modified
the mechanical characteristics of the hydrogel, and gelatin enhanced its biocompatibility
and viscoelasticity. The composite hydrogel also successfully encouraged the formation
of SCs.

3. Biomedical Applications of Graphene-Related Materials

One reason why graphene has drawn the interest of scientists worldwide is its ad-
vantage to be involved in a significant number of applications due to its unique char-
acteristics [50]. It has been proven that 2D nanomaterial plays a key role not only in
automotive, environmental, agricultural, and packaging application but also in biomed-
ical practices [51–54]. Graphene is also involved in the carbomerization that leads to
α-graphyne products [55]. Given the abovementioned properties, the use of graphene
has facilitated a variety of applications in TE, cancer treatments, bioimaging, biosensing,
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DNA and RNA extractions, the production of medical devices, antibacterial, and antiviral
materials for drug and gene delivery [56].

Graphene is an especially intriguing material as it is composed of carbon in sp2

hybridization, which makes it electroconductive (Figure 1). Carbon materials are known
for their mechanical strength, stability, and biocompatibility [57]. Biocompatibility is of the
utmost importance when selecting materials for scaffolds as it allows for scaffolds to be
used safely without eliciting toxicity or an immune response [58]. Graphene is derived from
graphite and is an allotrope of carbon. These two materials have very different properties
even if they have the same composition. Graphene consists of a monolayer of carbon atoms
that comprises a honeycomb-shaped lattice [59]. The atomic structure of graphene allows
for its thinness, tensile strength, large surface area, stability, and elasticity, which have
made it a material of interest in studies developing drug-delivery platforms, bioimaging
techniques, bioelectronics, and TE methods [60]. Even if graphene has a similar hexagonal
structure as does graphite, the 2D structuration is leading to a special structure where all
the C atoms are on the surface (if we are talking about the theoretical graphene with only
one layer) and consequently the (surface) reactivity is highly increased.

Careful examinations of graphene-related materials by scientists have provided in-
sights into its composition, nature, and properties. Its high surface area, excellent electrical
and thermal conductivity, high transparency, mechanical strength, increased elasticity,
flexibility, resistance, and tuneable hydrophil-to-hydrophobe ratio have proven its great
potential and promising use in different biomedical applications [61–68].
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Figure 1. Chemical composition of graphene and processes in which it is involved. Graphene
comprises a hexagonal carbon atom arrangement, which can form zero-, one-, and three-dimensional
structures. Reprinted with permission from ref. [69]. Copyright 2012 American Physical Society.

3.1. Graphene-Related Materials in Biosensing and Bioimaging

Apart from the exploitation of the properties of graphene in TE, the properties have
also been found to be useful for biomedical applications such as biosensing and bioimag-
ing. Optical imaging, emission tomography, magnetic resonance, photoacoustic, Raman
spectroscopy, and multimodal imaging are a few of the methods that graphene has been
associated with [70]. Furthermore, graphene and its derivatives have been used to promote
the development of several distinct biosensors due to their high surface area, ability to
conduct electricity, flexibility, and capacity to quench fluorescence [71,72]. These properties
are not only useful in the development of enhanced disease-inducible microorganisms
and marker monitoring to inspect blood, urine, sweat, and saliva but are also useful in
drug discovery [73].

Photoluminescent materials are known to have significant optical properties [74].
When combined with GO, a significant enhancement in these optical properties may be
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observed due to the internal structural gaps of the nanomaterial. The addition of numerous
oxygen-comprising functional groups into GO and quantum dots (GOQDs) [75], which are
particles that comprise optical [76] and electrical qualities [77], has been found to play a
key role in the photoluminescence of large wavelengths by modulating their band gaps.
The photoluminescence of GOQDs has also exhibited quenching under distinct conditions
and may therefore facilitate medical imaging applications and biosensor production [75].
Graphene and its derivatives have also been used in other techniques, such as laser des-
orption and ionization of mass spectrometry (LDI-MS) for screening purposes [78]. In
LDI-MS, molecules are ionized and analyzed following the use of high-voltage power.
In particular, the use of GO paper in LDI-MS analyses has revealed biogenic amines in
their primitive stages [79]. Biogenic amines are solutes that regulate biological functions
in the body [80]. Generally, the LDI-MS technique decreases the amount of time needed
for complex sample procedures. It also simultaneously enables rapid screening [78] for
the recognition of metabolites, peptides, proteins, bacteria, and other medical compounds
to create drugs [81]. The technique has also been used to control and standardize the
previously discussed biosensors [82].

Graphene has also been used in DNA and RNA analyses. Fani et al. [83] illustrated
that electrochemical DNA biosensor analyses and T-lymphotropic virus-1 (HTLV-1) detec-
tion progressed successfully upon the use of differential pulse voltammetry (DPV). The
utilization of single-stranded DNA probes, PPy, and rGO-PPy-AuNPs together with GOs
were important for this process. Béraud et al. [84] further discussed the use of graphene
in graphene field-effect transistors, which are biosensors with high electrical conductivity
that carry out small molecule, ion, protein, and DNA analyses.

For example, DNA and RNA nucleotide base structures have been observed through
hexagonal boron nitride heterostructures and graphene. Single electron transistor devices
have also been found to be valuable for detecting nucleotide bases and sensitivity. Boron
nitride and graphene have been found to exhibit high levels of strength, which aid the
binding activity of the bases [85]. Li et al. [86] further unveiled the patterns of RNA in the
presence of graphene and found that the patterns and behavior of RNA were affected by
the number of layers, concentration, and temperature of graphene.

3.2. Graphene-Related Scaffolds

Nanomaterials have been used widely for the generation of TE scaffolds, which may
be used for cell differentiation, growth, and tissue regeneration [87] but could also represent
concerns related to their degradation and clearance [88]. Blood vessels, cartilage, muscles,
bones, and an extensive range of organs [60] are a few examples of areas where GRMs
enable the growth and modulation of tissues by activating proteins, enzymes, and growth
factors and thus have a direct impact on cell viability, adhesion, and growth, as proved
by Lee et al. [89]. Another study showed that the combination of soft polyoxyethylene
sorbitan laurate and graphene facilitated the successful adhesion of African green monkey
kidney cells, bovine embryonic cells, and Crandell–Ress feline kidney cells and highlighted
the biocompatibility of the material [90].

Graphene-related scaffolds should be designed in a way that is compatible with their
intended use and the cells that will be cultured. They should further be biodegradable/
resorbable and release byproducts that are not toxic to the host. It is also important that
they are porous so that they will allow for the adhesion and growth of cells and the
transport of metabolic waste [91]. There are various conventional and rapid prototyping
methods that may be used to fabricate graphene-related scaffolds. Conventional methods
include solvent casting, electrospinning, gas foaming, phase separation, lyophilization,
and leaching [92–94]. These methods, however, do not allow for optimal control over the
parameters of the scaffolds, such as the sizes of the pores and overall structures of the
scaffolds. This makes it difficult to reproduce scaffolds consistently [91]. Rapid prototyping
methods, which include 3D printing techniques such as stereolithography and selective
laser sintering, use computer-aided design software to circumvent these issues [5,94,95].
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Such methods allow for greater accuracy when producing scaffolds as they allow for
scaffolds to be fabricated in a layer-by-layer approach to precisely match the parameters of
the target tissue [96].

The properties of GRMs allow them to be an effective material for building a wide
range of scaffolds, as in most of them the mechanical properties especially are exploited.
Osteoblast cells have been assessed in studies on graphene nanoparticles to determine the
suitability of the nanoparticles for use in bone treatment scaffolds and bone regeneration,
especially because it can significantly enhance the mechanical properties of these grafts.
Kalbacova et al. [97] tested the biocompatibility of graphene by assessing whether SAO-
2 human osteoblast cells and MSCs would adhere to it. This experiment verified that
osteoblast expansion and development occurred at a level that was twice as significant as
the expansion and development of the osteoblasts when tested with SiO2. More significant
proliferation and differentiation, therefore, occurred in the presence of graphene. This
further indicates that graphene may be a valuable molecule that plays a crucial role in bone
tissue regeneration [98].

In skin tissue engineering, GRMs were also tested and found as a viable alternative
especially in association with several biopolymers, including collagen and gelatin, chitosan,
polycaprolactone, etc. For instance, complex polycaprolactone-graphene oxide-silver-
arginine quaternary systems were used trying to combine the beneficial activity of the
components, including the antimicrobial activity of the silver nanoparticles, while GO-
Arginine was responsible with the upregulation of endothelial nitric oxide synthase (eNOS)
expression [99]. Graphene-oxide modified electrospun polyvinyl alcohol nanofibrous
scaffolds were also obtained and proved to be efficient wound dressing, the composition
with 0.25% GO proving an over 90% contraction of the wound within 9 days [100].

TE has allowed for improved diagnostic and therapeutic techniques. Tissue and organ
transplantation methods may also be improved through TE with various biomaterials.
Biomaterials have been proven to be useful in developing biomimetic tissue constructs;
however, different host tissues have different physical, chemical, and electrical properties,
which individual biomaterials may not be able to replicate independently. Developing
composite or hybrid materials is therefore necessary to ensure each property of a tissue is
mimicked effectively [95]. Graphene-related scaffolds have also been found to allow for
the efficient differentiation of stem cells from various cell lines, which has been useful in
studies on therapies for damaged livers, brain, heart, etc. [4].

Lu et al. demonstrated that GO can interact with DNA oligonucleotides via multiple
interactions and thus could be used to protect them from enzymatic cleavage while deliver-
ing the oligonucleotides into target cells [101]. Tang et al. found similar results and further
showed that graphene sheets could adsorb oligonucleotides onto their surfaces to enhance
their specificity to complementary DNA strands [102]. These features are important in gene
therapy techniques, which require the protection of DNA from cleavage and efficacy of
the delivery of genetic material into target cells. Given that other studies have indicated
the potential use of both viral and nonviral vectors in delivering genetic material to target
cells, GRMs may potentially be used as non-viral vectors [103,104]. This could especially be
true given their nanoscale sizes and resultant ease of uptake when entering cells [105,106].
Other studies have assessed the combined use of graphene and its derivatives with other
biomaterials to amplify their physical, mechanical, and electrical properties. These proper-
ties, as well as the surface properties of the biomaterials and their resulting scaffolds, can
influence the adhesion, differentiation, and proliferation of cells while the delivery can be
triggered even by electric fields. Poly(Lactic Acid)/Graphene Oxide/Quercetin Fibrous
Scaffolds can be used as an electrical triggering system for wound dressing. Depending
on the characterististics of the electric field, the delivery can be enhanced over 8000 times
if an electric field characterized by 10 Hz is used [107]. Moreover, it has been found that
coating graphene onto a silicon dioxide surface can enhance the adhesion and proliferation
of hMSCs and osteoblasts better than silicon dioxide can alone [97]. Other studies have
shown that combining graphene with polyelectrolytic materials, such as poly-L-lysine, can
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control the electrical resistance of the materials and subsequently facilitate the adhesion of
neural cells and outgrowth of neurites [108].

Various methods may be used to characterize 3D graphene-related scaffolds. For exam-
ple, the morphology of a graphene-related scaffold may be determined using transmission
electron microscopy or atomic force microscopy imaging [109,110]. Raman spectroscopy
may be used to assess the chemical structure of the scaffold [97]. The surface chemistry of
the scaffold may be analyzed using X-ray photoelectron spectroscopy (XPS), which would
allow for the elemental and atomic compositions of the scaffold to be assessed [111,112].
In graphene-related scaffolds, XPS can determine changes in the carbon-to-oxygen ratio,
which can further indicate the reduction in GO [4]. The mechanical properties of graphene-
related scaffolds may be characterized by measuring the tensile strengths of the scaffolds,
their load-bearing capacities, and the elastic, flexural, and Young’s moduli [113,114]. Vari-
ous assays may further be performed to assess the biocompatibility of a scaffold. These
include cell viability, staining, lactate dehydrogenase, and reactive oxygen species (ROS)
assays [97,115]. Figure 2 highlight two representative SEM images of the graphene oxide at
two various magnifications [116].
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3.3. Graphene-Related Scaffolds in Neural TISSUE engineering

Graphene has the capacity to simulate the complex signaling systems in the ner-
vous system—neurons connect electrical messages using chemical signals, such as acetyl-
choline [117]—given its conductivity and biocompatibility [118].

GRMs have been utilized in brain interfaces and electrical recordings due to their
electrical properties [119,120]. A unique technique for enhancing the recording of neuronal
data or triggering neuronal activity has emerged and involves the development of an
expanded neural interface that combines graphene and the neurobiology [121]. A recent
study evaluated the effects of graphene electrodes on the neural activity of differentiated
neurons [122]. A network formed of graphene sheets demonstrated an increase of approxi-
mately 30% in neuronal signaling after the formation of the neural network. Spontaneous
Ca2+ oscillations in the neurons doubled in comparison with that in the control group.
These findings suggest that GRMs may encourage the growth of neural networks and im-
proved brain circuits. Liu et al. developed an implanted graphene-related brain electrode
to track electrophysiological and neurochemical signaling in vivo [123]. To measure the
concentration of hydrogen peroxide in an in vivo hyperacute stroke model, an electrode
wrapped in a rGO/Au2O3 nanocomposite was developed. This rGO-modified electrode
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provided increased electron transport between tissue and electrode surfaces, lower detec-
tion limits, and greater sensitivity to hydrogen peroxide than standard gold electrodes did.
Feng et al. also exhibited the use of soft nanofibers based on graphene for the monitoring
of brain activity [124]. Negatively charged graphene nanofibers (G-NFs) were produced on
poly (vinyl chloride) nanofibers that had undergone NH3 plasma treatment prior to the
reduction in graphene oxide nanofibers (GO-NFs) to produce the G-NFs. The ultrathin
graphene shells of the G-NFs, which completely enveloped the nanofiber surfaces, resulted
in high electrical conductivity and excellent flexibility. Thus, neurons on the G-NFs gener-
ated more neurite branches and expanded faster than neurons on the graphene films and
tissue culture plates did. Neurons on the G-NFs also exhibited elevated levels of class III
beta tubulin (TUJ1) and microtubule-associated protein 2 (MAP2) due to the geometric
cues of the G-NFs, which closely mirrored nanofibers and mature neuronal markers. By
applying electrical stimulation on neurons through G-NFs (referred to as G-NFs/ES), a
growth rate that was noticeably boosted and approximately twice as fast as that of neurons
on the G-NFs was identified. The activation of the calmodulin-kinase pathways by Ca2+ in-
flux, which is driven by the depolarizing effect of the voltage-gated Ca2+ channels induced
by G-NFs and increases intracellular Ca2+ concentrations, may have been the reason for
this stimulation. Furthermore, the 3D G-NF nanofibers had a considerable impact on the
development and growth of motor neurons. The G-NFs provided an anisotropic electron
transfer at the points where the neurons made contact, which could have led to localized
electrical stimulation.

Numerous studies have highlighted the use of graphene-related scaffolds in facilitating
the adhesion and differentiation of neural cells [125,126]. Nerve cells are electrically ex-
citable and transmit electrical signals via transmitters and synapses. They cannot undergo
mitosis, however, and therefore cannot regenerate themselves [127,128]. It is therefore
important to promote the differentiation of stem cells into neurons and electrical stim-
uli can be used in this regard [129–131]. The conductivity of graphene has further been
demonstrated to stimulate neural growth [132,133]. For example, Aznar-Cervantes et al.
found that electrospun SF scaffolds coated with rGO became conductive and improved
the adhesion of PC-12 cells better than SF scaffolds did alone. When combined with elec-
trical stimuli, the SF-rGO scaffolds allowed for the differentiation of the PC-12 cells into
neural cells [134]. Zhang et al. [135] further found that coating GO onto poly-L-lactide
nanoscaffolds could promote the neuronal differentiation of PC-12 cells. Other studies
have shown that graphene and its derivatives may also be used as carriers to transfer
growth factors from culture media to target cells, which further supplements the growth
of the desired cells [133,136]. Overall, these findings indicate that graphene is a highly
conductive material and can facilitate the differentiation of neural cells. Graphene-related
scaffolds may therefore potentially advance TE and therapeutic strategies involving nerve
cell differentiation and regeneration to ultimately improve treatment options for patients
with diseases of the nervous system [60,119,137].

The “gold standard” for healing damaged nerves or gaps in clinical settings is au-
tologous nerve grafting with sutures. Long defects or gaps are challenging to fix due to
the slow rate of axon regeneration (approximately 2–5 mm/day). A sufficient supporting
bridge, also known as a conduit, is therefore needed to reconnect damaged nerves [138].

In a study by Hong et al. [139], a 2D graphene layer produced on catalytic copper
by a chemical vapor deposition method not only demonstrated excellent biocompatibility
but also effectively simulated neurite outgrowth, suggesting that the graphene-related
material was a viable option for treating injured nerves. Several studies have also shown
that external electrical fields can promote neurite outgrowth and affect the directional
control of neurons [140,141].

Li et al. [109] further cultivated NSCs on 3D graphene foams (3D-GFs) and observed
enhanced neuronal growth. In addition to promoting NSC proliferation, the GFs had large
specific surface areas (200–800 m2/g) and 3D porous structures. Additionally, their intercon-
nected gaps improved cellular communication and allowed for efficient nutritional mass
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transfer for cells. Furthermore, the 3D-GFs displayed microscale topographic features, such
as curvatures or anisotropic microstructures, which was in contrast with the features of 2D
GRMs. These findings indicate that GFs may facilitate enhanced neuronal differentiation.

Despite the fact that GRMs have been extensively used to create films [123] or 3D
scaffolds [109,124], there are ongoing attempts to expand the adaptability and applicability
of graphene and its chemical derivatives for neurological regenerative medicine. It may
be feasible to build complex neurological structures, such as the brain or neural conduits,
using 3D printing technology.

Jakus et al. used graphene and poly(lactide-co-glycolide) (PLGA) to generate a bioink,
which they then utilized to 3D print a nerve conduit with a specific size [7]. They demon-
strated that when graphene concentrations were raised from 20% to 60%, strain ranges
could be reduced from 210% to 81%, and conductivity could increase from 200 to 600 S/m.
After 14 days of growth on 20% and 60% 3D-printed graphene (3DG), strong proliferative
behavior was observed in hMSCs cultured on the 3DG. Moreover, the expression of the
neuronal-specific markers TUJ1 and MAP2 significantly increased. It was also shown that
3DG had an effect on hMSCs that resulted in neuronal induction in a basic growth medium
free of neurogenic triggers (Figure 3a). On the 60% 3DG scaffolds, a high aspect ratio expan-
sion of neurons (greater than 100 m) was also seen. The development of a network of wires
connecting particular cells by cells on the 3DG scaffolds was noted (Figure 3b–d). A close
examination of the cells identified the presence of presynaptic terminals and 2-µm-wide
axon-like processes, which are characteristics of uni- or multi-polar neuronal morphologies
(Figure 3d). Additionally, the 3DG conduit was coiled around the nerve bundle, connected
along the nerve conduit, and then linked to the epicedium and nerve bundle by sutures
after being used on a human cadaver model (Figure 3e,f). These findings indicate that the
robust mechanical properties of the graphene-related conduit may be advantageous during
surgical procedures (Figure 3g) [142].
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In a study by Feng et al. on the influence of GO and rGO membranes on the differentia-
tion of adipose stem cells (ADSCs) into nerve cells, it was discovered that GO had a stronger
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effect on the ability of ADSCs to differentiate into neurons after 7 days of culture [143]. One
of the most frequently utilized cell lines in neuroscientific research, including investigations
into neurotoxicity, neuroprotection, neurosecretion, neuroinflammation, and synaptogene-
sis, is the PC-12 cell line [144]. In a study by Corr et al., PC-12 neuronal cells were found to
proliferate quicker on a graphene/chitosan membrane than on a graphene/poly(D, L-lactic
acid) membrane [145].

Another possible treatment option for neurodegenerative illnesses involves the growth
of NSCs, according to Huang et al., who embedded NSCs in hydrogels that were made
by combining graphene or GO with polyurethane (PU) using 3D bioprinting [146]. The
viscoelastic qualities of the hydrogel enhanced cell survival and oxygen metabolism, which
increased 2–4-fold while containing only a minimal amount (25 ppm) of graphene nanopar-
ticles. Additionally, although NSC expression is not visible in PU, the NSCs implanted in
the graphene/PU or GO/PU hydrogels exhibited marked tubulin and glial fibrous acidic
protein expression, which allowed for NSC growth.

In a study by Niu et al. [147], rat induced pluripotent stem cells (IPSCs) were cultivated
in a thin film made of SF and graphene. The graphene/SF membrane was found to support
the neural differentiation process of the IPSCs as graphene can carry electrical stimuli and
drive neuronal growth. The degree of neural differentiation was further found to increase
as the concentration of graphene increased.

In another study by Magaz et al. [148], electroactive SF/rGO nanofiber scaffolds were
created by adding a 10 wt% concentration of GO to SF and performing in situ reductions.
The surface roughness and protein adsorption capacity of the scaffold were found to
increase as the volume fraction increased. The reduction treatment significantly improved
the conductivity of the scaffold compared to that of the SF/GO samples and increased the
proliferation of neuronal NG108-15 cells, which encouraged protrusion and expansion.

In order to create a GO/antheraea pernyi silk fibroin (ApF)/poly(L-lactic acid-co-
caprolactone) (PLCL) scaffold, Wang et al. coated GO onto an electrospun ApF/PLCL
composite scaffold [149]. Following the addition of GO, the mechanical properties of
the ApF/PLCL scaffold and the hydrophilicity of the stent were improved. The GO-
coated ApF/PLCL scaffold also greatly increased PC-12 cell differentiation, SC migration,
proliferation, and myelination, and upregulated the expression of focal adhesion kinase.
This scaffold effectively healed a 10-mm sciatic nerve lesion in vivo and demonstrated a
healing capacity comparable to that which follows autologous transplantation [150].

3.4. GRMs for Teranostics

Since graphene is a multifunctional carbon nanostructure, it is not infrequent for it to
be utilized in cancer treatments and therapies. QDs, other carbon nanomaterials, GO, and
graphene itself are usually involved in processes such as tumor screening, chemotherapies,
and photothermal and photodynamic therapies [151]. Graphene can also be considered a
nanocarrier for anticancer drugs in cancer cells [152].

The surface of graphene has been found to exhibit covalent and noncovalent activities,
which are of utmost importance for its interactions with cancer cells, tissues, and anticancer
drugs [153]. Various studies have described graphene as a “smart” nanomaterial due to its
ability to activate its therapeutic qualities by taking advantage of tumor microenvironments
and pH as well as the endogenous and exogenous stimuli [154].

Acidic pH and hydrogen peroxide are two of the features that play a vital role in
the activities of tumor microenvironments. Lin et al. [155] showed that a specific type of
graphene oxide (N-GO) can mimic hydrogen peroxide-related activities. Such activities
include elevating the levels of ROS and turning hydrogen peroxide into ROS-hydroxyl
radicals (HO) in Hela tumors, which results in the necrosis of the cancer cells. Although
HO radicals show high toxicity levels, they do not negatively affect normal cells and tissues.
Overall, these effects can be advantageous since drug resistance to tumors can be decreased,
side effects on normal cells and tissues can be diminished, and significant biocompatibility
can be achieved for a number of tumor therapies.
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GRMs are attractive for drug delivery and gene delivery especially because their
surface can be tuned easily from highly hydrophobic to highly hydrophilic (according to
the numbers of graphene sheets as well as the physically or chemically conjugation with
different molecules such as, for instance, polyethylene glycol, surfactants, etc.). A proper
functionalization can lead to a proper hydrophyl-hydrophobe ratio and thus the delivery
rate can be adapted according to the needs. Moreover, GRMs are able to absorb visible
and infrared light and thus photothermia can be generated with the main aim to act as a
triggering factor in delivery. These findings highlight graphene as an ideal platform for
gene and drug-delivery technologies [156].

Gene therapy is a medical approach that either treats or prevents disease by tar-
geting genetically and adversely altered genes through various nanocarriers, such as
graphene [157]. Lo et al. [158] found that graphene quantum dots (GQDs) could be used to
eliminate colon cancer tumors in mice. Polyethylenimine and green fluorescent proteins
(GFPs) were used to covalently bind the GQDs to the cancer cells. In this way, tumor cell
membrane permeability was achieved, which was then followed by doxorubicin adminis-
tration. In short, the GQDs provided a higher level of inhibition in the colon cancer tumors
when combined with doxorubicin as opposed to using the drug alone. Lower toxicity levels
were also found in the presence of the GQDs alone.

GO has also been used as a nanocarrier for methotrexate, a drug against cancer cells,
to test if the toxicity of the drug can be enhanced in tumors. Abdelhamid and Hussein [159]
tested the drug in combination with graphene with hepatocellular carcinoma cells (HepG2),
human embryonic kidney cells (HEK293A), and porcine skin fibroblasts (PEFs). The results
revealed high toxicity levels in the cancer cells (HEK293A) in contrast to the normal cells
(HEK293A and PEFs). Other studies have shown that drugs naturally tend to migrate
toward nanocarriers. Various drugs have also been found to form π–π interactions and
hydrogen bonds with the surface of graphene [160].

3.5. Graphene-Related Materials for the Treatment of Infections

It is also critical to consider the antimicrobial and antibacterial activities of graphene
to achieve an in-depth understanding of its mechanisms and functions for biomedical
applications. Biofilm formation is one of the most common ways to study a microorganism
colony [161]. However, ensuring that biofilms and other materials are not contaminated by
microbes is challenging. Antimicrobial resistance further threatens the effective prevention
and treatment of diseases. It is therefore necessary to discover novel antimicrobial agents
that will act against antimicrobial (multi) resistant bacterial strains resistance. Such agents
may include graphene-related materials [162].

Various microbes have been identified for use in medical devices such as ventilators,
urinary catheters, and dentistry devices. Developing devices with antimicrobial coat-
ings is therefore necessary to diminish contamination levels. GRMs can be utilized to
create suitable nanomaterial layers or device coatings to eliminate microorganisms [163].
Graphene and GO-coated aluminum plates have been used in studies on the microbial
activity of E. coli. The results revealed the activity of E. coli was restrained and high levels
of antimicrobial efficacy were achieved on the graphene and GO aluminum plates. Addi-
tionally, graphene nanowalls have been used as coatings for stainless steel-related materials
and exhibited high activity against Gram-positive and -negative bacteria. The bacterial
membranes appeared to be damaged following their exposure to the sharp edges of the
graphene nanowalls [164].

Along with the intrinsic antimicrobial activity of the GRMs, more complex formu-
lations based on GRMs and metal and metal-oxide nanoparticles, polyelectrolytes or antimi-
crobial agents were proposed. Certainly, the GRMs/Ag(/Polymer) or GRMs/ZnO(/Polymer)
binary(/ternary) systems are some of the mostly studied GRM-based antimicrobial sup-
ports [165]. A special attention is paid to the development of drug-delivery systems based
on GRMs and antimicrobial agents. Figure 4 highlights the preparation of a complex,
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hybrid antimicrobial system based on PEGylated GO and silver nanoparticles and loaded
with antimicrobial agents such as sulfadiazine [166].
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Some of the most important applications of the GRMs are presented in Table 1.

Table 1. Most relevant applications of GRMs in medical field.

Application GRMs Comments Refs.

Tissue engineering GRMs, in general

GRMS are evaluated in a wide range of applications, in
blood vessel, cartilage, muscle or bone tissue engineering.

The role of the GRMs is especially related to the
enhancement of the mechanical properties.

[60]

Nerve tissue
engineering

GRMs, in general: silk
fibroin—rGO; PLA-GO, etc.

The presence of the graphenic backbone can assure proper
electrical conduction and can assist the differentiation and

even the orientation of the neural cells, even the
orientation of the nerve tissue constructs.

[127–137]

RNA and DNA
analysis

GRMs, in general:
rGO-PPy-AuNPs; pure

graphene, etc.

Graphene and graphene oxide materials including
composites can be used in the analysis of the nucleic acids. [101,102]

Sensors Graphene, GO, GQDs, and
GOQDs

Graphene oxide and especially graphene oxide at
quantum dots level can be specifically accumulate and act

as sensors for a wide range of metabolites, peptides,
proteins, bacteria, and other medical compounds.

[75–78]

Drug and gene
delivery in teranostics GRMs, in general

GRMs can be used in teranostics being able to adsorb and
release a wide range of antitumoral agents. The sorption

and desorption characteristics can be easily tuned
according to the nature of the biological active agents and

the release needs.

[151–160]

Drug delivery in the
treatment of infections GRMs, in general

GRMs is used in the treatment of the infections being able
to release the antimicrobial agents according to the needs.
Additionally, external triggering factors (especially electric

fields and infrared radiation) can be used to tune the
delivery and thus the antimicrobial activity.

[161–166]
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3.6. Other Property-Derived Applications for GRMs

It has further been found that the high surface area of graphene in conjunction with its
high chemical stability [167] enhances the catalysis of chemical reactions [168], which is of
utmost importance in the production of electrochemical devices for biomedical applications.
Zhou et al. [169] established that the activation of potassium hydroxide electrolytes can
lead to greater graphene catalytic activity, which can be exploited for the neural electrode
technique. This tool detects and regulates neural activity. According to Wei and Wang [170],
examining the transmission of information between the nervous system and medical
devices is fundamental in neuroscience since observations on neural activity can aid in the
discovery of potent medicines and cures for neurological diseases. For the development
of successful medical devices, neural electrodes, which can also measure neural activity
when combined with graphene, must show excellent biocompatibility, minimal resistance,
cause minimal damage, and balance neural activity and regulation [171–173]. Graphene
may therefore be used in neuroscience and related biomedical applications as it exhibits all
of the above characteristics.

NeuroMem, a neurodevice that exploits graphene to mirror the activity of synapses in
the brain, is an extraordinary and promising development for future practices in the field.
It is a low-cost memristor device that not only portrays behavioral and neurological data
but also provides access to memories through enhanced neuroimaging [174]. Graphene
generally holds exceptional electrical properties and is usually employed as a conducting
channel, charge-storing layer, or transparent electrode [175]. It is therefore widely used
in memristor devices due to its high conductivity levels. NeuroMem combined with a
reduced GO-synthesized (prGO) film has been found to be non-volatile, with the resistance
of the device being manageable by adjusting the device value within specific ranges. This
memristor is therefore a promising discovery in neurology and artificial intelligence [174].

4. Toxicity of Graphene-Related Materials

Graphene has been given the title “material of the future” and is increasingly being
introduced in all the fields within science. However, it is necessary to consider the potential
toxic effects of graphene in animal and human health. Over the years, environmental and
biological safety concerns have been raised about the use and risks of graphene. Although
graphene appears advantageous due to its abovementioned properties, studies have shown
that it is associated with cellular apoptosis, necrosis, autophagy, cytoskeletal disorders,
organelle and protein dysfunction, oxidative stress, physical destruction, DNA lesions, and
inflammatory responses [176,177].

Graphene can also appear noxious if it is conglomerated in inordinate amounts in
tissues and organs [176], such as the lungs [178], since it can lead to cellular damage and
functional impairments. Generally, the toxic activity of GRMs is attributed to their lateral
sizes, surface structures, functionality, and torque to consume proteins [176]. The most
common way for individuals to be at risk following exposure to graphene is through its
inhalation when in the form of dry powder [179].

The type and quality of graphene are significant factors that must be considered in
biomedical applications since they can affect mammalian cells and lead to cell membrane
lesions and, consequently, apoptosis. These issues comprise some of the major challenges
in the commercialization of graphene. There is therefore a need to develop GRMs with
exceptional quality and in large amounts with little cost [64].

Despite the abovementioned challenges, the focal point in developing GRMs is control-
ling the size of graphene products, which will allow for toxicity to be diminished in animals
and humans [89]. In a study by Yang et al. [180], polyethylene glycol (PEG)-functionalized
graphene did not deteriorate the liver and kidney functions in mice for 3 months. Most
recent studies have suggested that using GRMs that can be easily excreted from and de-
graded in the human body can also aid in controlling toxicity. According to toxicologists,
toxicity control can also be achieved by modifying the chemical composition of graphene
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or by administering it discontinuously. Experts have also reported that no risks have been
recorded in the industrial applications of graphene [181].

The toxicity of graphene can also be reduced by forming polymer nanocomposite
molecules with GRMs. The materials can be constrained through the polymer matrix
nanocomposites, which further restricts their permeability. Enriched oxygen graphene
molecules can further diminish the hydrophobicity of polymeric matrices to assist in cell
adhesion and expansion [64].

By elucidating the mechanisms of graphene and considering the current compre-
hension of its functionalities, it can be assumed that not all GRMs can necessarily be
characterized as hazardous. Likewise, not all of the materials can be characterized as
harmless [177]. Numerous studies have reported that graphene is not toxic, especially in
low amounts, and that graphene can be produced safely for use in biomedical applica-
tions. Moreover, graphene is made from carbon, which is a generally harmless material.
Nevertheless, the potential toxicity and risks of using graphene in biomedical applications
require further assessment, especially since several studies have highlighted that graphene
can become hazardous at certain stages of the development of products [181].

Despite there being many studies that demonstrate the promising characteristics of
graphene in scaffolds for nerve TE, implants, and therapeutic drug-delivery vehicles, sev-
eral studies have shown that graphene can exert toxicity in the host or to cells [66,182,183].
The extent of its potential toxicity, however, remains unclear. This is due to several rea-
sons. For example, graphene sheets vary in size and have several derivatives, which
comprise different physicochemical properties and may therefore exert variable levels of
toxicity [184]. Moreover, numerous studies have found that graphene can exert toxicity in a
dose-dependent manner both in vitro and in vivo [185–187]. For example, Wang et al. [185]
found that GO could cause cytotoxicity in human lung fibroblasts and decrease cell ad-
hesion after 24 h when administered in doses greater than 20 µg/mL. Zhang et al. [187]
further found that graphene itself could cause cytotoxicity in human neuronal cells when
administered in doses of 10 µg/mL. Other studies have noted different thresholds for
the dose of graphene, or its derivatives, that may cause cytotoxicity. Ren et al. [188], for
example, reported that 50 µg/mL of GO could cause cytotoxicity in fibroblasts, and Lv
et al. [189] found that 80 µg/mL of GO could cause both cytotoxicity and decreases in cell
viability in cells from the human neuroblastoma cell line SH-SY5Y [188,189]. These findings
indicate that the thresholds of the doses at which graphene and its derivatives can exert
toxicity vary, possibly depending on the types of cells being tested and the derivatives,
do not cause significant levels of toxicity in the host or to cells. Chang et al., for example,
evaluated the effects of GO in human lung epithelial cells and found that it did not cause
cytotoxicity but did cause oxidative stress in a dose-dependent manner [190]. The use of
graphene and its derivatives in the form of films, however, has produced more promising
results. Agarwal et al., for example, found that rGO films were not cytotoxic to mouse
pheochromocytoma cells, human oligodendroglia cells, or human fetal osteoblasts [191].
Li et al. further found that graphene films with poly-L-lysine were biocompatible with
neuronal cells and promoted their growth in vitro [192]. GO films have also been studied
by Ruiz et al., who found that the films were biocompatible with mammalian colorectal
adenocarcinoma HT-29 cells and improved their proliferation and adhesion [193]. These
findings indicate that the forms (e.g., films) of graphene and its derivatives being used can
influence the cytotoxicity and efficacy of the materials.

Another limitation of using graphene nanoparticles in biomedical applications in-
volves their shapes, which typically comprise sharp edges. These edges have been found to
be damaging to cell membranes as they can penetrate the membranes edge-first, especially
when the graphene particles are of a small size [106]. Significant damage to cell membranes
can disrupt the normal reparative functions of the cell and cause cytoplasmic contents
to leak, which eventually leads to cell death. This issue may be circumvented, however,
by utilizing appropriate-sized graphene nanoparticles with larger dimensions. Akhavan
et al., for example, found that rGO nanosheets with lateral dimensions of 11 ± 4 nm were
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more cyto- and genotoxic than their larger counterparts that had lateral dimensions of
3.8 ± 0.4 µm [194]. The smaller nanosheets were also more toxic when administered in
large doses of 100 µg/mL, which is consistent with the abovementioned findings regarding
the dose-dependent toxicity of graphene. It is important to note, however, that it is easier to
remove smaller graphene nanoparticles than larger nanoparticles from organs. Larger GO
nanoparticles, for example, have been found to aggregate, which hinders their clearance
from the body. Smaller nanoparticles, on the other hand, have been found to be easily
removed [195]. Graphene nanoparticles should therefore be of an optimal size that is not
too large or small to avoid damaging cells while ensuring the ease of their clearance.

5. Challenges and Future Prospects

Other studies have shown that graphene itself can be non-biodegradable, which can
lead to toxicity and hinder effective tissue regeneration [196]. Biodegradability is a key
characteristic that allows biomaterials to go from being stable to soluble so that they can be
effectively resorbed or excreted from the body. Given the toxicity of accumulated graphene,
it is important for graphene nanoparticles to be excreted from the body. Hydrolytic and en-
zymatic degradation with enzymes such as myeloperoxidase, horseradish peroxidase, and
lignin peroxidase have been found to be effective in degrading GO, especially in the pres-
ence of low concentrations of hydrogen peroxide [197–200]. Neutrophils and macrophages
have also been reported to cause the degradation of graphene, which indicates the im-
portance of the immune system in mediating the effects of graphene in the body. Girish
et al. found that graphene could be phagocytosed by macrophages in vivo and in vitro,
which indicates a potential role of the phagocytic immune response in the biodegradation
of graphene [201]. Mukherjee et al. further found that GO can be degraded by neutrophils
via myeloperoxidase [202]. The degradation products were also assessed for toxicity and
were found to be noncytotoxic. Similar results have been reported by Holt et al. [203], who
determined that the degradation products of GO are not toxic to cells and that GO-related
nanomaterials can be used for long-term TE applications. The question of whether GRMs
can be used long-term without harming the body has been another prevalent issue in the
field, especially since most studies have only assessed the short-term use of graphene. The
findings described by Holt et al. [203] should therefore be further researched, especially in
studies assessing the various derivatives of graphene, to fully determine the feasibility of
the long-term use of graphene-related biomaterials in TE.

Given the potential of using graphene in biomedical applications, many studies have
aimed to determine methods to reduce its toxicity and improve its biocompatibility. Al-
though graphene does not degrade on its own, its carboxylate derivatives can degrade un-
der suitable conditions [204]. Studies have been conducted on the various ways to produce
graphene while assessing its related cytotoxic effects. Chemical vapor deposition-produced
graphene has been found to increase the generation of ROS, lactate dehydrogenase, and
cell death in the brain [205]. It has also been proven that GO has a considerable cytoxic
effect on fibroblasts at a concentration of 50 µg/mL. Other studies have shown that human
carcinomic alveolar basal epithelial cells (A549) may only become cytotoxic at concen-
trations of approximately 80 µg/mL, with increased exposure levels eventually leading
to apoptosis [188].

Graphene has also been demonstrated to be hazardous in vivo in animal experiments.
For example, one study found that after injecting GO into the lungs and liver, GO ag-
gregated in a dose-dependent manner [206]. These negative effects may have been due
to the fact that proteins connect to GO non-specifically and that GO is unstable in vivo.
The lungs were where GO was mainly aggregated, likely because they are typically the
first organs in which graphene-related substances flow after being injected. Other stud-
ies have revealed that although the duration of the circulation of GO in the blood was
longer than that of other nanomaterials, its absorption in the reticuloendothelial system
was minimal. A 14-day study using a GO dose of 1 mg/kg of body weight exhibited its
biocompatibility with red blood cells and no pathological changes in the organs examined.
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Subsequent experiments assessed the capacity of the scaffold to cause thrombosis after
being encapsulated with rGO [207]. The adhesion of platelets between the coated and
uncoated cellular tissue was not markedly altered. Platelet–leukocyte clumps were not
found to adhere, and DNA fragmentation was unchanged. These findings demonstrate the
hemocompatibility of rGO, which makes it a potentially promising material for replacing
bioprosthetic heart valves [208].

Following functionalization with PEGylation, graphene has been found to act dif-
ferently in vivo and be far more biocompatible. PEGylated graphene with a diameter
between 10 and 50 nm has been found to exhibit low levels of cytotoxicity over the course
of 1 month. PEGylated graphene has also been found to accumulate and then be gradu-
ally removed over time [209]. The decreased toxicity of PEG-functionalized 125I-labeled
nanographene sheets (NGSs) in vitro has further been reported by Yang et al. [180]. Data
on the biochemistry, hematocrit levels, and histology of mice were gathered over the course
of 3 months following treatment with 20 mg/kg of graphene to assess long-term toxicity.
PEGylated NGSs were found to become concentrated in the liver and spleen after being
intravenously administered. The NGSs were then excreted and therefore demonstrated
good biocompatibility.

Another study examining the impact of GO on medical devices examined the bio-
compatibility of GO after the implantation of subcutaneous and peritoneal tissue at two
oxygenation levels. The findings revealed an inflammatory response that resembled a usual
reaction to a foreign body. GO (20 mg/kg) was injected into several tissues with varied
C-to-O ratios. Flow cytometry was used to measure the number of inflammatory cells.
The macrophage levels were lower in the GO-treated groups than in the control group
during the course of a 2-week monitoring period. Notably, larger monocyte numbers and a
stronger pro-inflammatory milieu were linked to higher GO oxidation levels. The variables
that determine graphene-related toxicity are therefore the dose of graphene used, its size,
the treatment period, and the number of layers of graphene. It has also been proposed that
the surface characteristics of graphene and its derivatives, such as the functional groups and
their chemical structures, are directly connected to the toxicity of the materials. Cytotoxicity
may, however, be reduced by crosslinking the derivatives with biocompatible materials or
controlling the sizes of the compounds through synthetic methods [210].

Graphene-related products can further damage cells and induce oxidative stress. Con-
sequently, while functionalizing graphene and its derivatives, it is crucial to consider their
purity. Overall, given that GRMs come in various sizes and shapes and can be produced
through various methods, determining and minimizing the toxicity of the materials for
clinical usage is essential.

6. Conclusions

Overall, studies in the field have produced conflicting results. Many studies have
demonstrated the cytotoxicity of graphene nanomaterials in TE applications, whereas others
have indicated that they are biocompatible. These inconsistencies may be due to several
causes, including the cell types being assessed and their genetic background, experimental
techniques and parameters, culture conditions for in vitro experiments, the derivatives
and forms of graphene being used, and their physicochemical properties. Further studies
are therefore necessary to understand the correlation between these factors and graphene-
related cytotoxicity. A larger number of methods to functionalize graphene for use in
specific TE applications, such as in neurodevices, targeted drug delivery, implants, DNA
sensing, and scaffolds for tissue regeneration, are also needed given the numerous factors
that can influence the cytotoxicity and efficacy of graphene-based and -coated materials and
devices. Moreover, many studies have assessed the toxicity of graphene and its derivatives
in lung or liver cells, but few have studied the cytotoxic effects of graphene on neural cells.
Elucidating these issues and further studying the impact of graphene on neural cells will
allow for in vivo applications to be more successful, which may eventually lead to human
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clinical trials taking place and, finally, the commercial and biomedical use of GRMs and
devices in nerve TE.

Author Contributions: Conceptualization, A.-I.L. and K.A.; methodology, A.-I.L. and K.A.;
writing—original draft, A.-I.L., K.A., A.S. and J.V.; writing—review and editing, A.-I.L., K.A., A.-L.R.,
D.F. and A.F.; visualization, D.F.; supervision, A.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

2D, two-dimensional; 3D, three-dimensional; 3DG, 3D printable graphene; 3D-GF, 3D graphene
foam; ADSC, adipose stem cell; ApF, antheraea pernyi silk fibroin; AuNP, gold nanoparticle; CBM,
carbon-based material; ECM, extracellular matrix; G-NF, graphene nanofiber; GO, graphene oxide;
GO-NF, graphene oxide nanofiber; GOQD, graphene oxide quantum dot; GQD, graphene quan-
tum dot; HA, hyaluronic acid; HEK293A, human embryonic kidney cells; HepG2, hepatocellular
carcinoma cells; hMSC, human mesenchymal stem cell; HO, hydroxyl radical; HT-29, mammalian
colorectal adenocarcinoma cells; HTLV-1, T-lymphotropic virus-1; IPSC, rat-induced pluripotent stem
cell; LDI-MS, laser desorption and ionization of mass spectrometry; MAP2, microtubule-associated
protein 2; MSC, mesenchymal stem cell; NIH-3T3, fibroblast cell line from a mouse NIH/Swiss
embryo; NSC, neural stem cell; PAM, polyacrylamide; PC-12, catecholamine cells; PEF, porcine skin
fibroblast; PEG, polyethylene glycol; PLCL, poly(L-lactic acid-co-caprolactone); PPy, polypyrrole;
PU, polyurethane; RAW264, monocyte/macrophage-like cells; rGO, reduced graphene oxide; ROS,
reactive oxygen species; SAO-2, human osteoblast cells; SC, Schwann cell; SF, silk fibroin; SH-SY5Y,
SK-N-SH neuroblastoma cell line; TE, tissue engineering; TUJ1, class III beta tubulin; XPS, X-ray
photoelectron spectroscopy.

References
1. Lavik, E.; Langer, R. Tissue engineering: Current state and perspectives. Appl. Microbiol. Biotechnol. 2004, 65, 1–8. [CrossRef]
2. Khan, F.; Tanaka, M. Designing smart biomaterials for tissue engineering. Int. J. Mol. Sci. 2018, 19, 17. [CrossRef] [PubMed]
3. Hatsopoulos, N.G.; Donoghue, J.P. The Science of Neural Interface Systems. Annu. Rev. Neurosci. 2009, 32, 249–266. [CrossRef]
4. Bai, R.G.; Muthoosamy, K.; Manickam, S.; Hilal-Alnaqbi, A. Graphene-based 3D scaffolds in tissue engineering: Fabrication,

applications, and future scope in liver tissue engineering. Int. J. Nanomedicine 2019, 14, 5753–5783.
5. Chan, B.P.; Leong, K.W. Scaffolding in tissue engineering: General approaches and tissue-specific considerations. Eur. Spine J.

2008, 17, 467–479. [CrossRef] [PubMed]
6. Aydin, T.; Gurcan, C.; Taheri, H.; Yilmazer, A. Graphene Based Materials in Neural Tissue Regeneration. Adv. Exp. Med. Biol.

2018, 1107, 129–142.
7. Jakus, A.E.; Secor, E.B.; Rutz, A.L.; Jordan, S.W.; Hersam, M.C.; Shah, R.N. Three-dimensional printing of high-content graphene

scaffolds for electronic and biomedical applications. ACS Nano 2015, 9, 4636–4648. [CrossRef]
8. Grill, W.M.; Norman, S.E.; Bellamkonda, R.V. Implanted Neural Interfaces: Biochallenges and Engineered Solutions. Annu. Rev.

Biomed. Eng. 2009, 11, 1–24. [CrossRef]
9. Kim, D.H.; Wiler, J.A.; Anderson, D.J.; Kipke, D.R.; Martin, D.C. Conducting polymers on hydrogel-coated neural electrode

provide sensitive neural recordings in auditory cortex. Acta Biomater. 2010, 6, 57–62. [CrossRef]
10. Mazzatenta, A.; Giugliano, M.; Campidelli, S.; Gambazzi, L.; Businaro, L.; Markram, H.; Prato, M.; Ballerini, L. Interfacing

Neurons with Carbon Nanotubes: Electrical Signal Transfer and Synaptic Stimulation in Cultured Brain Circuits. J. Neurosci. 2007,
27, 6931–6936. [CrossRef]

11. Dvir, T.; Timko, B.P.; Kohane, D.S.; Langer, R. Nanotechnological strategies for engineering complex tissues. Nat. Nanotechnol.
2011, 6, 13–22. [CrossRef] [PubMed]

12. Keefer, E.W.; Botterman, B.R.; Romero, M.I.; Rossi, A.F.; Gross, G.W. Carbon nanotube coating improves neuronal recordings. Nat.
Nanotechnol. 2008, 3, 434–439. [CrossRef]

13. Asplund, M.; Thaning, E.; Lundberg, J.; Sandberg-Nordqvist, A.C.; Kostyszyn, B.; Inganäs, O.; von Holst, H. Toxicity evaluation of
PEDOT/biomolecular composites intended for neural communication electrodes. Biomed. Mater. 2009, 4, 4. [CrossRef] [PubMed]

http://doi.org/10.1007/s00253-004-1580-z
http://doi.org/10.3390/ijms19010017
http://www.ncbi.nlm.nih.gov/pubmed/29267207
http://doi.org/10.1146/annurev.neuro.051508.135241
http://doi.org/10.1007/s00586-008-0745-3
http://www.ncbi.nlm.nih.gov/pubmed/19005702
http://doi.org/10.1021/acsnano.5b01179
http://doi.org/10.1146/annurev-bioeng-061008-124927
http://doi.org/10.1016/j.actbio.2009.07.034
http://doi.org/10.1523/JNEUROSCI.1051-07.2007
http://doi.org/10.1038/nnano.2010.246
http://www.ncbi.nlm.nih.gov/pubmed/21151110
http://doi.org/10.1038/nnano.2008.174
http://doi.org/10.1088/1748-6041/4/4/045009
http://www.ncbi.nlm.nih.gov/pubmed/19636110


Nanomaterials 2023, 13, 1092 19 of 26

14. Ghasemi-Mobarakeh, L.; Prabhakaran, M.P.; Tian, L.; Shamirzaei-Jeshvaghani, E.; Dehghani, L.; Ramakrishna, S. Structural
properties of scaffolds: Crucial parameters towards stem cells differentiation. World J. Stem Cells 2015, 7, 728–744. [CrossRef]
[PubMed]

15. Ferrari, M.; Cirisano, F.; Morán, M.C. Mammalian Cell Behavior on Hydrophobic Substrates: Influence of Surface Properties.
Colloids Interface Sci. Commun. 2019, 3, 48. [CrossRef]

16. Goddard, J.M.; Hotchkiss, J.H. Polymer surface modification for the attachment of bioactive compounds. Prog. Polym. Sci. 2007,
32, 698–725. [CrossRef]

17. Xu, L.C.; Siedlecki, C.A. Effects of surface wettability and contact time on protein adhesion to biomaterial surfaces. Biomaterials
2007, 28, 3273–3283. [CrossRef]

18. Allen, L.T.; Tosetto, M.; Miller, I.S.; O’Connor, D.P.; Penney, S.C.; Lynch, I.; Keenan, A.K.; Pennington, S.R.; Dawson, K.A.;
Gallagher, W.M. Surface-induced changes in protein adsorption and implications for cellular phenotypic responses to surface
interaction. Biomaterials 2006, 27, 3096–3108. [CrossRef]

19. Khan, F.; Smith, J.O.; Kanczler, J.M.; Tare, R.S.; Oreffo, R.O.C.; Bradley, M. Discovery and Evaluation of a Functional Ternary
Polymer Blend for Bone Repair: Translation from a Microarray to a Clinical Model. Adv. Funct. Mater. 2013, 23, 2850–2862.
[CrossRef]

20. Khan, F.; Ahmad, S.R. Biomimetic Polysaccharides and Derivatives for Cartilage Tissue Regeneration. In Biomimetics: Advancing
Nanobiomaterials and Tissue Engineering; John Wiley & Sons: Hoboken, NJ, USA, 2013; pp. 1–22.

21. Khan, F.; Tanaka, M.; Ahmad, S.R. Fabrication of Polymeric Biomaterials: A Strategy for Tissue Engineering and Medical Devices.
J. Mater. Chem. B Mater. Biol. Med. 2015, 3, 8224–8249. [CrossRef]

22. Lee, C.H.; Singla, A.; Lee, Y. Biomedical applications of collagen. Int. J. Pharm. 2001, 221, 1–22. [CrossRef] [PubMed]
23. Coviello, T.; Matricardi, P.; Marianecci, C.; Alhaique, F. Polysaccharide hydrogels for modified release formulations. J. Control.

Release 2007, 119, 5–24. [CrossRef] [PubMed]
24. Sun, W.Z.; Zhang, Y.; Gregory, D.A.; Jimenez-Franco, A.; Tomeh, M.A.; Lv, S.; Wang, J.; Haycock, J.W.; Lu, J.R.; Zhao, X. Patterning

the neuronal cells via inkjet printing of self-assembled peptides on silk scaffolds. Prog. Nat. Sci. Mater. Int. 2020, 30, 686–696.
[CrossRef]

25. Huang, W.W.; Ling, S.J.; Li, C.M.; Omenetto, F.G.; Kaplan, D.L. Silkworm silk-based materials and devices generated using
bio-nanotechnology. Chem. Soc. Rev. 2018, 47, 6486–6504. [CrossRef]

26. Feng, R.; Sang, Q.; Kuang, Y.; Sun, X.; Yan, Z.; Zhang, S.; Shi, J.; TIan, G.; Luchniak, A.; Fukuda, Y. Mutations in TUBB8 and
Human Oocyte Meiotic Arrest. N. Engl. J. Med. 2016, 374, 223–232. [CrossRef]

27. Gregory, D.A.; Zhang, Y.; Smith, P.J.; Zhao, X.; Ebbens, S.J. Reactive Inkjet Printing of Biocompatible Enzyme Powered Silk
Micro-Rockets. Small 2016, 12, 4048–4055. [CrossRef] [PubMed]

28. Spicer, A.P.; Tien, J.Y. Hyaluronan and morphogenesis. Birth Defects Res. C. Embryo Today 2004, 72, 89–108. [CrossRef]
29. Evans, N.D.; Gentleman, E.; Polak, J.M. Scaffolds for stem cells. Mater. Today Commun. 2006, 9, 26–33. [CrossRef]
30. George, P.M.; Bliss, T.M.; Hua, T.; Lee, A.; Oh, B.; Levinson, A.; Mehta, S.; Sun, G.; Steinberg, G.K. Electrical preconditioning of

stem cells with a conductive polymer scaffold enhances stroke recovery. Biomaterials 2017, 142, 31–40. [CrossRef]
31. Song, S.; George, P.M. Conductive polymer scaffolds to improve neural recovery. Neural Regen. Res. 2017, 12, 1976–1978.
32. Cellot, G. Carbon nanotube scaffolds tune synaptic strength in cultured neural circuits: Novel frontiers in nanomaterial-tissue

kinteractions. J. Neurosci. 2011, 31, 36. [CrossRef] [PubMed]
33. Shie, M.Y.; Chang, W.C.; Wei, L.J.; Huang, Y.H.; Chen, C.H.; Shih, C.T.; Chen, Y.W.; Shen, Y.F. 3D printing of cytocompatible

water-based light-cured polyurethane with hyaluronic acid for cartilage tissue engineering applications. Materials. 2017, 10, 136.
[CrossRef] [PubMed]

34. Luo, K.Y.; Shao, Z.Z. A novel regenerated silk fibroin-based hydrogel with magnetic and catalytic activities. Chinese. J. Polym. Sci.
2017, 35, 515–523. [CrossRef]

35. Ray, S.S.; Chen, S.S.; Nguyen, N.C.; Hsu, H.T.; Nguyen, H.T.; Chang, C.T. Poly (vinyl alcohol) incorporated with surfactant-based
electrospun nanofibrous layer onto polypropylene mat for improved desalination by using membrane distillation. Desalination
2017, 414, 18–27. [CrossRef]

36. Borhan, S.; Hesaraki, S.; Nezafati, N. Synthesis and rheological evaluations of novel injectable sodium alginate/chitosan-
nanostructured hydroxyapatite composite bone pastes. J. Aust. Ceram. 2016, 52, 120–127.

37. Han, L.; Xu, J.L.; Lu, X.; Gan, D.L.; Wang, Z.X.; Wang, K.F.; Zhang, H.; Yuan, H.; Weng, J. Biohybrid methacrylated
gelatin/polyacrylamide hydrogels for cartilage repair. J. Mater. Chem. B. 2017, 5, 731–741. [CrossRef]

38. Demina, T.S.; Zaytseva-Zotova, D.S.; Akopova, T.A.; Zelenetskii, A.N.; Markvicheva, E.A. Macroporous hydrogels based on
chitosan derivatives: Preparation, characterization, and in vitro evaluation. J. Appl. Polym. Sci. 2017, 134, 44651–44657. [CrossRef]

39. Xia, W.Y.; Liu, W.; Cao, Y.L. Tissue engineering cartilage using polyacrylamide hydrogel scaffolds. Tissue Eng. 2006, 12, 1067.
40. Siemionow, M.; Bozkurt, M.; Zor, F. Regeneration and repair of peripheral nerves with different biomaterials: Review. Microsurgery

2010, 30, 574–588. [CrossRef]
41. Zhang, K.; Shi, Z.Q.; Zhou, J.K.; Xing, Q.; Ma, S.S.; Li, Q.H.; Zhang, Y.; Yao, M.; Wang, X.; Li, Q.; et al. Potential application of an

injectable hydrogel scaffold loaded with mesenchymal stem cells for treating traumatic brain injury. J. Mater. Chem. B. 2018, 6,
2982–2992. [CrossRef]

http://doi.org/10.4252/wjsc.v7.i4.728
http://www.ncbi.nlm.nih.gov/pubmed/26029344
http://doi.org/10.3390/colloids3020048
http://doi.org/10.1016/j.progpolymsci.2007.04.002
http://doi.org/10.1016/j.biomaterials.2007.03.032
http://doi.org/10.1016/j.biomaterials.2006.01.019
http://doi.org/10.1002/adfm.201202710
http://doi.org/10.1039/C5TB01370D
http://doi.org/10.1016/S0378-5173(01)00691-3
http://www.ncbi.nlm.nih.gov/pubmed/11397563
http://doi.org/10.1016/j.jconrel.2007.01.004
http://www.ncbi.nlm.nih.gov/pubmed/17382422
http://doi.org/10.1016/j.pnsc.2020.09.007
http://doi.org/10.1039/C8CS00187A
http://doi.org/10.1056/NEJMoa1510791
http://doi.org/10.1002/smll.201600921
http://www.ncbi.nlm.nih.gov/pubmed/27345008
http://doi.org/10.1002/bdrc.20006
http://doi.org/10.1016/S1369-7021(06)71740-0
http://doi.org/10.1016/j.biomaterials.2017.07.020
http://doi.org/10.1523/JNEUROSCI.1332-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21900573
http://doi.org/10.3390/ma10020136
http://www.ncbi.nlm.nih.gov/pubmed/28772498
http://doi.org/10.1007/s10118-017-1910-0
http://doi.org/10.1016/j.desal.2017.03.032
http://doi.org/10.1039/C6TB02348G
http://doi.org/10.1002/app.44651
http://doi.org/10.1002/micr.20799
http://doi.org/10.1039/C7TB03213G


Nanomaterials 2023, 13, 1092 20 of 26

42. Ortuno-Lizaran, I.; Vilarino-Feltrer, G.; Martinez-Ramos, C.; Pradas, M.M.; Valles-Lluch, A. Influence of synthesis parameters on
hyaluronic acid hydrogels intended as nerve conduits. Biofabrication 2016, 8, 045011–045022. [CrossRef] [PubMed]

43. Gonzalez-Perez, F.; Cobianchi, S.; Heimann, C.; Phillips, J.B.; Udina, E.; Navarro, X. Stabilization, rolling and addition of other
extracellular matrix proteins to collagen hydrogels improve regeneration in chitosan guides for long peripheral nerve gaps in rats.
Neurosurgery 2017, 80, 465–474. [CrossRef] [PubMed]

44. Xu, W.; Wu, Y.; Lu, H.; Zhu, Y.; Ye, J.; Yang, W. Sustained delivery of vascular endothelial growth factor mediated by bioactive
methacrylic anhydride hydrogel accelerates peripheral nerve regeneration after crush injury. Neural Regen. Res. 2022, 17,
2064–2071. [PubMed]

45. Chang, C.-J. Effects of nerve growth factor from Genipin-crosslinked gelatin in polycaprolactone conduit on peripheral nerve
regeneration-in vitro and in vivo. J. Biomed. Mater. Res. 2009, 91, 586–596. [CrossRef]

46. Walters, B.D.; Stegemann, J.P. Strategies for directing the structure and function of three-dimensional collagen biomaterials across
length scales. Acta Biomater. 2014, 10, 1488–1501. [CrossRef]

47. Bitar, M.; Salih, V.; Brown, R.A.; Nazhat, S.N. Effect of multiple unconfined compression on cellular dense collagen scaffolds for
bone tissue engineering. J. Mater. Sci. Mater. Med. 2007, 18, 237–244. [CrossRef]

48. Brown, R.A.; Wiseman, M.; Chuo, C.B.; Cheema, U.; Nazhat, S.N. Ultrarapid engineering of biomimetic materials and tissues:
Fabrication of nano- and microstructures by plastic compression. Adv. Funct. Mater. 2005, 15, 1762–1770. [CrossRef]

49. Zhao, Y.; Wang, Y.; Niu, C.; Zhang, L.; Li, G.; Yang, Y. Construction of polyacrylamide/graphene oxide/gelatin/sodium alginate
composite hydrogel with bioactivity for promoting Schwann cells growth. J. Biomed. Mater. Res. A 2018, 106, 1951–1964. [CrossRef]

50. Shen, H.; Zhang, L.; Liu, M.; Zhang, Z. Biomedical Applications of Graphene. Theranostics 2012, 2, 283–294. [CrossRef]
51. Zaman, I.; Manshoor, B.; Khalid, A.; Araby, S. From clay to graphene for polymer nanocomposites—A survey. J. Polym. Res. 2014,

21, 429. [CrossRef]
52. Karthik, V.; Selvakumar, P.S.; Kumar, P.; Vo, D.V.N.; Gokulakrishnan, M.; Keerthana, P.; Tamil Elakkiya, V.; Rajeswari, R.

Graphene-based materials for environmental applications: A review. Environ. Chem. Lett. 2021, 19, 3631–3644. [CrossRef]
53. May, A.; Coelho, L.F.; Da Silva, E.H.F.M.; Viana, R.D.S.; Vieira Junior, N.A.; Ferreira, W.P.M. Graphene: A new technology for

agriculture. Res., Soc. Dev. 2021, 10, e56610212827. [CrossRef]
54. Hoseini-Ghahfarokhi, M.; Mirkiani, S.; Mozaffari, N.; Abdolahi Sadatlu, M.A.; Ghasemi, A.; Abbaspour, S.; Akbarian, M.;

Farjadain, F.; Karimi, M. Applications of Graphene and Graphene Oxide in Smart Drug/Gene Delivery: Is the World Still Flat?
Int. J. Nanomedicine 2020, 15, 9469–9496. [CrossRef] [PubMed]

55. Islam, M.; Ahmed, S.S.; Rashid, M.; Akanda, M. Mechanical and Thermal Properties of Graphene over Composite Materials: A
Technical Review. J. Mater. Eng. 2019, 3, 19. [CrossRef]

56. Zhang, B.; Wang, Y.; Zhai, G. Biomedical applications of the graphene-based materials. Mater. Sci. Eng. 2016, 61, 953–964.
[CrossRef] [PubMed]

57. Eivazzadeh-Keihan, R.; Maleki, A.; de la Guardia, M.; Bani, M.S.; Chenab, K.K.; Pashazadeh-Panahi, P.; Baradaran, B.;
Mokhtarzadeh, A.; Hamblin, M. Carbon based nanomaterials for tissue engineering of bone: Building new bone on small
black scaffolds: A review. J. Adv. Res. 2019, 18, 185–201. [CrossRef]

58. Hussein, K.H.; Park, K.M.; Kang, K.S.; Woo, H.M. Biocompatibility evaluation of tissue-engineered decellularized scaffolds for
biomedical application. Mater. Sci. Eng. C. 2016, 67, 766–778. [CrossRef]

59. Guazzo, R.; Gardin, C.; Bellin, G.; Sbricoli, L.; Ferroni, L.; Ludovichetti, F.S.; Piattelli, A.; Antoniac, I.; Bressan, E.; Zavan, B.
Graphene-Based Nanomaterials for Tissue Engineering in the Dental Field. J. Nanomater. 2018, 8, 349. [CrossRef]

60. Shin, S.R.; Li, Y.-C.; Jang, H.; Khoshakhlagh, P.; Akbari, M.; Nasajpour, A.; Zhang, Y.S.; Tamayol, A.; Khademhosseini, A.
Graphene-based materials for tissue engineering. Adv. Drug Deliv. Rev. 2016, 105, 255–274. [CrossRef]

61. Wang, S.; Tristan, F.; Minami, D.; Fujimori, T.; Cruz-Silva, R.; Terrones, M.; Takeuchi, K.; Teshima, K.; Rodríguez-Reinoso,
F.; Endo, M.; et al. Activation routes for high surface area graphene monoliths from graphene oxide colloids. Carbon 2014, 76,
220–231. [CrossRef]

62. Wu, H.; Drzal, L.T. Graphene nanoplatelet paper as a light-weight composite with excellent electrical and thermal conductivity
and good gas barrier properties. Carbon 2012, 50, 1135–1145. [CrossRef]

63. Wu, C.; Feng, J.; Peng, L.; Ni, Y.; Liang, H.; He, L.; Xie, Y. Large-area graphene realizing ultrasensitive photothermal actuator with
high transparency: New prototype robotic motions under infrared-light stimuli. J. Mater. Chem. 2011, 21, 18584–18591. [CrossRef]

64. Liao, C.; Li, Y.; Tjong, S. Graphene Nanomaterials: Synthesis, Biocompatibility, and Cytotoxicity. Int. J. Mol. Sci. 2018, 19, 3564.
[CrossRef] [PubMed]

65. Gao, W.; Huang, R. Thermomechanics of monolayer graphene: Rippling, thermal expansion and elasticity. J. Mech. Phys. Solids
2014, 66, 42–58. [CrossRef]

66. Stöberl, U.; Wurstbauer, U.; Wegscheider, W.; Weiss, D.; Eroms, J. Morphology and flexibility of graphene and few-layer graphene
on various substrates. Appl. Phys. Lett. 2008, 93, 051906. [CrossRef]

67. Russo, S.; Craciun, M.F.; Yamamoto, M.; Mor purgo, A.F.; Tarucha, S. Contact resistance in graphene-based devices. Phys. E
Low-Dimens. Syst. Nanostructures 2010, 42, 677–679. [CrossRef]

68. Tian, J.; Wu, S.; Yin, X.; Wu, W. Novel preparation of hydrophilic graphene/graphene oxide nanosheets for supercapacitor
electrode. Appl. Surf. Sci. 2019, 496, 143696. [CrossRef]

http://doi.org/10.1088/1758-5090/8/4/045011
http://www.ncbi.nlm.nih.gov/pubmed/27775923
http://doi.org/10.1093/neuros/nyw068
http://www.ncbi.nlm.nih.gov/pubmed/28362971
http://www.ncbi.nlm.nih.gov/pubmed/35142698
http://doi.org/10.1002/jbm.a.32252
http://doi.org/10.1016/j.actbio.2013.08.038
http://doi.org/10.1007/s10856-006-0685-1
http://doi.org/10.1002/adfm.200500042
http://doi.org/10.1002/jbm.a.36393
http://doi.org/10.7150/thno.3642
http://doi.org/10.1007/s10965-014-0429-0
http://doi.org/10.1007/s10311-021-01262-3
http://doi.org/10.33448/rsd-v10i2.12827
http://doi.org/10.2147/IJN.S265876
http://www.ncbi.nlm.nih.gov/pubmed/33281443
http://doi.org/10.7494/jcme.2019.3.1.19
http://doi.org/10.1016/j.msec.2015.12.073
http://www.ncbi.nlm.nih.gov/pubmed/26838925
http://doi.org/10.1016/j.jare.2019.03.011
http://doi.org/10.1016/j.msec.2016.05.068
http://doi.org/10.3390/nano8050349
http://doi.org/10.1016/j.addr.2016.03.007
http://doi.org/10.1016/j.carbon.2014.04.071
http://doi.org/10.1016/j.carbon.2011.10.026
http://doi.org/10.1039/c1jm13311j
http://doi.org/10.3390/ijms19113564
http://www.ncbi.nlm.nih.gov/pubmed/30424535
http://doi.org/10.1016/j.jmps.2014.01.011
http://doi.org/10.1063/1.2968310
http://doi.org/10.1016/j.physe.2009.11.080
http://doi.org/10.1016/j.apsusc.2019.143696


Nanomaterials 2023, 13, 1092 21 of 26

69. Malko, D.; Neiss, C.; Viñes, F.; Görling, A. Competition for Graphene: Graphynes with Direction-Dependent Dirac Cones. Phys.
Rev. Lett. 2012, 108, 086804. [CrossRef]

70. Lin, J.; Huang, Y.; Huang, P. Graphene-Based Nanomaterials in Bioimaging. Biomed. Appl. Funct. Nanomater. 2018, 2018, 247–287.
71. Bai, Y.; Xu, T.; Zhang, X. Graphene-Based Biosensors for Detection of Biomarkers. Micromachines 2020, 11, 60. [CrossRef]
72. Gao, X.-G.; Cheng, L.-X.; Jiang, W.-S.; Li, X.-K.; Xing, F. Graphene and its Derivatives-Based Optical Sensors. Front. Chem. 2021, 9, 615164.

[CrossRef] [PubMed]
73. Bhalla, N.; Jolly, P.; Formisano, N.; Estrela, P. Introduction to biosensors. Essays Biochem. 2016, 60, 1–8. [PubMed]
74. Mintz, K.J.; Zhou, Y.; and Leblanc, R.M. Recent development of carbon quantum dots regarding their optical properties,

photoluminescence mechanism, and core structure. Nanoscale 2019, 11, 4634–4652. [CrossRef] [PubMed]
75. Xiao, X.; Zhang, Y.; Zhou, L.; Li, B.; Gu, L. Photoluminescence and Fluorescence Quenching of Graphene Oxide: A Review.

Nanomaterials 2022, 12, 2444. [CrossRef] [PubMed]
76. Molaei, M.J. The optical properties and solar energy conversion applications of carbon quantum dots: A review. Solar Energy.

2020, 196, 549–566. [CrossRef]
77. García de Arquer, F.P.; Talapin, D.V.; Klimov, V.I.; Arakawa, Y.; Bayer, M.; Sargent, E.H. Semiconductor quantum dots: Technologi-

cal progress and future challenges. Science 2021, 373, 6555. [CrossRef]
78. Huang, X.; Liu, Q.; Gao, W.; Wang, Y.; Nie, Z.; Yao, S.; Jiang, G. Fast screening of short-chain chlorinated paraffins in indoor dust

samples by graphene-assisted laser desorption/ionization mass spectrometry. Talanta 2018, 179, 575–582. [CrossRef] [PubMed]
79. Siripongpreda, T.; Siralertmukul, K.; Rodthongkum, N. Colorimetric sensor and LDI-MS detection of biogenic amines in food

spoilage based on porous PLA and graphene oxide. Food Chem. 2020, 329, 127165. [CrossRef]
80. Kabir, A.; Mocan, A.; Piccolantonio, S.; Sperandio, E.; Ulusoy, H.I.; Locatelli, M. Analysis of amines. Nat. Prod. Rep. 2020, 2020,

569–591.
81. He, H.; Guo, Z.; Wen, Y.; Xu, S.; Liu, Z. Recent advances in nanostructure/nanomaterial-assisted laser desorption/ionization

mass spectrometry of low molecular mass compounds. Anal. Chim. Acta 2019, 1090, 1–22. [CrossRef]
82. Silina, Y.E.; Morgan, B. LDI-MS scanner: Laser desorption ionization mass spectrometry-based biosensor standardization. Talanta

2021, 223, 121688. [CrossRef]
83. Fani, M.; Rezayi, M.; Meshkat, Z.; Rezaee, S.A.; Makvandi, M.; Ahmadi Angali, K. A Novel Electrochemical DNA Biosensor

Based on a Gold Nanoparticles-Reduced Graphene Oxide-Polypyrrole Nanocomposite to Detect Human T-Lymphotropic Virus-1.
IEEE Sens. J. 2020, 20, 10625–10632. [CrossRef]

84. Béraud, A.; Sauvage, M.; Bazán, C.M.; Tie, M.; Bencherif, A.; Bouilly, D. Graphene field-effect transistors as bioanalytical sensors:
Design, operation and performance. Analyst. 2021, 146, 403–428. [CrossRef] [PubMed]

85. Rani, S.; Ray, S.J. DNA and RNA detection using graphene and hexagonal boron nitride based nanosensor. Carbon 2021, 173,
493–500. [CrossRef]

86. Li, Q.; Froning, J.P.; Pykal, M.; Zhang, S.; Wang, Z.; Vondrák, M.; Banáš, P.; Čépe, K.; Jurečka, P.; Šponer, J.; et al. RNA
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