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Abstract: Graphene-family nanomaterials (GFNs) possess mechanical stiffness, optical properties, and biocompatibility making them
promising materials for biomedical applications. However, to realize the potential of graphene in biomedicine, it must overcome
several challenges that arise when it enters the body’s circulatory system. Current research focuses on the development of tumor-
targeting devices using graphene, but GFNs accumulated in different tissues and cells through different pathways, which can cause
toxic reactions leading to cell apoptosis and body dysfunction when the accumulated amount exceeds a certain limit. In addition, as
a foreign substance, graphene can induce complex inflammatory reactions with immune cells and inflammatory factors, potentially
enhancing or impairing the body’s immune function. This review discusses the biomedical applications of graphene, the effects of
graphene materials on human immune function, and the biotoxicity of graphene materials.
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Introduction

In the past decade, graphene family nanomaterials (GFNs) have been extensively utilized due to their unique surface
chemistry and remarkable conductivity. Since their discovery, GFNs have attracted considerable attention from
researchers'? in various fields, including biology, physics, chemistry, and medicine for further investigation.’ °In
addition, the unique structure of GFNs not only makes it the thinnest known material but also imparts exceptional
physical and chemical properties to graphene.” As a result, GFNs have a wide range of potential applications, such as

8-12

circuit elements and coating materials and have received considerable attention in areas such as inks,'*'* 3D

1516 composite, and others.'”'” The extensive use of graphene has also stimulated the development of graphene-

printing,
derived materials (Figure 1).
The use of nanoparticles is a multi-disciplinary area of research and application, encompassing diverse fields such as

0 chemis'[ry,21 materials science,?? agriculture,23 and medicine.** Nanoparticles have attracted considerable

physics,?
interest among scientists due to their ability to be freely designed, their high yield, and their potential to be customized
to possess specific efficacies.”” As a result, the development and research of nanoparticles have provided both theoretical
support and practical opportunities for the drug delivery system (DDS) in the human body. The integration of
nanoparticles in the fields of biochemistry and medicine has led to the emergence of a new interdisciplinary field
focused on nanoparticle research in biomedicine. There has been an increase in the number of researchers involved in this
emerging field, which has made significant progress in diverse areas such as vaccine production,”® drug delivery,?” and
anti-cancer research and development.”® Of particular interest to researchers are the new materials based on carbon
nanostructures,”’ due to their large surface area and photothermal effect, which have been widely used in other fields.

Among carbon nanostructures, research on graphene family nanomaterials in the biomedical field is increasing
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every year.
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Figure | GFNs in biomedical, 3D printing, composite, ink and coating materials.

In the last decade, numerous researchers have identified and reported applications of innovative nanomaterials in the

biomedical field. Among these applications, GNFs have been used in drug delivery systems,*®*' biomedical sensing,***

46753 tissue engineering, and other areas.’* >’ Therefore, further advances in GFNs have the

tumor-targeted therapy,
potential to significantly change the current landscape of biomedicine. This review article aims to provide an overview
of the literature to date regarding the use of GNFs in the areas of tumor therapy, drug delivery, and antibacterial activity. In
addition, this paper, will analyze the potential risks of GNFs to the human body by collating the existing literature.
Specifically, this study will analyze various GNF derivatives and their application status, the biocompatibility of GNFs with

the human body, the cytotoxicity of GNFs, and their impact on human immune function.

Composition and Crystal Structures

GFNs was a class of carbon materials that are structured similarly possessing various variables, including size, layers,
and surface chemistry. As shown in Figure 2, as a single atom thick sheet of two-dimensional hexagonal carbon atoms,
the common GFNs includes graphene oxide (GO), reduced graphene oxide (rGO), few-layer graphene (FLG), graphene
quantum dots,>* as well as downstream graphene-based nanocomposites (GBNs).* Their remarkable mechanical proper-
ties, prominent thermal and chemical stability, temperature and radiation resistance, as well as low cost associated with
high yield, further highlights its attraction for different applications.”> >’ The resultant versatile and abundant carbon-
based structures generated gained popularity within research, especially is expected to revolutionize the biomedical
application.
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Figure 2 Some common graphene family nanomaterials: Graphene Oxide, reduced Graphene Oxide, Few-Layer-Graphene and Graphene-Based Nanocomposites.
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Graphene Oxide (GO) and Reduced Graphene Oxide (rGO)

Graphene oxide (GO) and reduced Graphene Oxide (rGO) hare immense potential as materials for various applications

such as graphene-based electronic, optical, chemical, energy storage, and biological applications. GO is an oxidation
form of graphene. The oxidation of graphene-to-graphene oxide was first reported by Hummer et al using potassium
permanganate and sodium nitrate in a concentrated sulfuric acid environment. Despite the successful synthesis of GO
materials, the process produces a significant amount of toxic and hazardous gases, including nitrogen dioxide and
chlorine dioxide, which can cause explosions.’®

Through continuous research and improvement by various researchers, a method to produce GO at a lower reaction
temperature was finally discovered. This method not only reduces the generation of toxic and harmful gases, but also
makes the reaction system more stable In addition, the introduction of many oxygen-containing functional groups into the
GO makes it more hydrophilic and dispersible, making it a valuable and promising material for graphene-based
electronic, optical, chemical, energy storage, and biological applications.”**°

RGO is a reduced state of GO, and the reduction of oxygen-containing functional groups increases the conductivity
and absorption of rGO.®" Among the three methods of prepare rGO, thermochemical reduction is the simplest and most

environmentally friendly, as it does not require chemical reagents to participate in the reaction.®?

Few-Layer Graphene (FLG)

The properties of Few-Layer Graphene (FLG) films, which consist of ultrathin layers of carbon atoms arranged in
a hexagonal honeycomb lattice, are determined by the number of graphene layers present in a film. FLG films are
typically prepared by chemical vapor deposition (CVD) and are polycrystalline in nature, consisting of multiple small
graphene domains grow together.®> As the number of layers per flake increases, the unique properties of monolayer
graphene decrease. For example, FLGs with five layers are considered monolayer graphene, those with ten layers are
called multilayer graphene, and those with more than ten layers behave like bulk graphite. Unlike monolayer graphene,
FLG has the potential to evolve into hybrid materials and heterostructures by incorporating different materials into its
layered structure.®*®> Thus, FLG films hold great promise for use in micro- or even nanoscale thermal diffuser
applications due to their unique properties.®®

Graphene-Based Nanocomposites (GBNs)
Graphene-Based Nanocomposites (GBNs) are a class of materials that typically consist of GO or rGO as the main
component, combined with other active agents through covalent or non-covalent bonds to form composites that exhibit
greater versatility than the original graphene material.®”

GBN s can serve as an effective material for dispersing and stabilizing metals and metal oxides at the nanometer scale.
By fully dispersing and hybridizing these components, GBNs can exhibit superior material properties compared to the
individual components.”” > Due to their high electrocatalytic activity, excellent electrical conductivity, mechanical
strength, flexibility, large specific surface area, and light weight, GBNs have the potential to store electric charge,
ions, or hydrogen. As a result, GBNs have emerged as a new research hotspot in various fields such as battery

development, thermoelectric conversion, energy storage, biosensing, and medicine.”>”’

Biomedicine Application of GFNs
Anti-Tumor Therapy

Photodynamic therapy (PDT) is a form of light therapy in which a non-toxic photosensitive material is exposed to
specific wavelengths of light. When exposed to light, the photosensitive molecules on the surface of the material produce
a significant amounts of reactive oxygen species (ROS). These ROS then cause severe damage to the phospholipid
molecules in the tumor cell membrane, generating new ROS through the phospholipid molecules. This mechanism allows
the ROS to produce toxic phototoxicity to specific cancer cells or diseased cells, resulting in therapeutic effects.”® PDT
has been clinically used in the treatment of numerous diseases and is considered a minimally invasive and minimally
toxic treatment modality. As research has continued, attempts have been made to enhance the anti-cancer effects of PDT
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by adding various materials to the therapy. However, the results of these studies have been unsatisfactory due to
excessive toxicity, insufficient UV penetration energy, or lack of stability.”**’

Researchers continue to investigate carbon nanomaterials, and some studies have found that materials such as GO and
reduced-state GO can absorb near-infrared (NIR) light and convert photon energy into thermal energy for better
therapeutic effects. As a result, graphene family nanomaterials (GFNs) have become the most visible materials in
photothermal therapy.® 2

In some related studies, researchers modified highly hydrophilic branched polyethylene glycols (PEGs) on the surface
of GFNs by adding the second-generation photosensitizer chlorin e6 (Ce6) to the system via hydrophobic interactions
with 7-7 interactions. This process resulted in the preparation of the highly hydrophilic anticancer agent GO-PEG-Ce6
for anticancer studies via PDT.”**** The results of these studies showed that after GO-PEG-Ce6 treatment, the hydro-
phobicity-related poor tumor killing effect of Ce6 was largely overcome, and Ce6 successfully accumulated in large
quantities in human tumors.”® The success of GO-PEG-Ce6 has generated a great deal of scientific interest in this field
worldwide.®’

In this environment, the GO-PEG-folate composite has emerged as an important development. The probe has good
photostability, considerable luminescence quantum yield, and excellent photothermal effects. The strong photothermal
effects of GO-PEG-folate depend on specific laser wavelengths (808 nm and 980 nm). Experiments have shown that
probes internalized into melanomas under dark conditions did not cause tumor cell death. However, when irradiated with
808 nm and 980 nm lasers, massive melanoma death was observed. Therefore, GO-PEG-folate nanomaterials have

excellent anticancer efficacy and offer a new perspective for anticancer research (Figure 3).%
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Figure 3 Schematic representation of the synthesis of GO-PEG-folic acid, which promotes tumor destruction by combining photodynamic and photothermal therapy using
nanomaterials.
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To improve the therapeutic efficacy of photothermal and chemotherapy treatments, PEG-GO was used as a carrier for
doxorubicin (DOX).”® To improve the cancer targeting ability of combined photothermal and photodynamic therapy,
porphyrin photosensitizers were loaded onto folate-bound PEG-GO. In addition, graphene/TiO, nanohybrid composites
were found to exhibit high therapeutic efficacy based on photothermal and photocatalytic therapies in addition to small
molecule drugs.”’

Tissue Engineering

Over the past decade, significant advances in the isolation, culture, and differentiation of various cell types from
embryonic and stem cells have deepened our understanding of cell functionality. This progress in the biomedical field
has the potential to accelerate the discovery and development of therapies at the cellular level based on tissue engineering
principles. The development of new materials, such as hydrogels and composites, has been discovered to improve the
creation of tissue engineering structures. These materials mainly act as physical supports or serve as extracellular matrix
(ECM) substitutes.”® The exceptional optoelectronic properties of new nanomaterials and improved machines are
attracting attention, enabling the development of tissue engineering and regenerative medicine, such as artificial tendons,
artificial valves, joint replacements, and other such technologies.’” However, once in the body, these materials are known
to interact with tissues in the body, particularly the immune system.”®'%

In the field of regenerative medicine and tissue engineering, natural or synthetic polymeric materials, including poly-
ethylene glycol (PEG), polycaprolactone (PCL), and poly(lactic-co-glycolic acid) (PLGA), have been studied for their ability
to promote stem cell differentiation.®” The advent of nanomaterials has brought new possibilities to these fields. Recent studies
have shown that nanomaterials can aid in stem cell therapy, and numerous publications on this topic have appeared in major
scientific journals. Of particular interest are GO and reduced rGO in graphene-based nanomaterials due to their excellent
mechanical strength and electrical conductivity, which make them well suited as tissue engineering scaffolds.®%'%!

Recent studies have explored the potential of GO as a material to promote stem cell differentiation. Specifically, human
adipose-derived stem cells were cultured on GO in combination with gelatin hydroxyapatite (HA), resulting in enhanced cell
attachment, proliferation and differentiation, as well as significantly higher levels of osteogenic marker proteins. Similarly,
MC3T3-E1, a mouse cranial parietal osteoblast progenitor cell, was cultured in a GO-poly(lactic-co-glycolic acid) (PLGA)-
HA nanocarrier, resulting in enhanced cell attachment and mineralization, osteogenic capacity, increased alkaline phosphatase
activity, and expression of osteogenic-related genes. In addition, mouse mesenchymal stem cells were shown to express
osteogenic markers after two weeks of culture on GO films under osteogenic medium culture conditions. These results suggest
that GO has potential as a material for promoting osteogenic differentiation of stem cells.'>'**

In addition, GFNs with their favorable conductive properties have significant potential in the field of neuronal
regeneration.”* Recent studies have reported the successful combination of GFNs with mechanically rigid and flexible PCL
materials, cell migration mediator and polydopamine (PDA) to enhance cell adhesion, and arginine-glycine-aspartate (RGD)
to develop novel porous graphene nerve conduits. The use of such scaffolds has been shown to enhance Schwann cell
adhesion, thereby facilitating axonal regeneration of injured peripheral nerves in vivo and improving electrophysiological cell

conduction functions such as voltage spreading and local currents (Figure 4).'%°

Drug Delivery System (DDS)

Graphene-based nanomaterials, including GFNs, have gained attention in drug delivery systems (DDS) due to their
excellent chemical stability, high ductility, and favorable trans-cellular ability.'®'°® In particular, research has focused
on the use of rGO as a carrier for anticancer drugs such as SN38, which can be coupled by modifying chemical bonds
such as hydrogen bonds or hydrophobic interactions.”*!%*!'? In addition, GFN-polymer complexes have gained interest
due to their excellent cell delivery properties and flexible design freedom."'"''? A notable example is the PEG-BPEI-
rGO complex developed by Kim et al which has a high loading efficiency for doxorubicin (DOX) and can be killed by
photothermally induced GO endosome disruption and the proton sponge effect of BPEI escape from endosomes. This
complex exhibits enhanced cytotoxicity against cancer cells under NIR irradiation, with rGO playing a critical role in the
drug delivery system (Figure 5).'"

International Journal of Nanomedicine 2023:18 hetps: 1699
Dove:


https://www.dovepress.com
https://www.dovepress.com

Ban et al Dovepress

PDA/RGD

|

N

repetition of graphene and PCL

graphene and PCL

Figure 4 Schematic illustration of graphene nerve conduit fabrication with LBLC method. (a) The inner-most and outer-most green layers are PDA/RGD mixed layers. The
purple layer is single-layered or multi-layered graphene and PCL mixed layer. The gray layer is a repetition of the graphene and PCL mixed layer. (b) An illustration of the
single-layered or multi-layered graphene/PCL nerve conduit in a sciatic nerve defect model in the rats.
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Figure 5 Schematic diagram of PEG-BPEI-rGO introduction into cells.

Several studies have investigated the use of graphene oxide-PEG composites to improve material stability in
physiological solutions and to treat lung and breast cancer cells (A549 and MCF-7, respectively) with the natural drug
paclitaxel (PTX) loaded by hydrophobic forces. In a comparative study, the anticancer drug paclitaxel alone was used as
a blank control to derive a composite drug delivery system for evaluation of anti-tumor activity. The results of the
experiments showed that the combined drug delivery system group was able to rapidly enter the tumor cells and had
significantly more pronounced antitumor effects with certain PTX.'"

Research on rGO has demonstrated its unique role in DDS."">"'?° In one study, rGO was used as a carrier to load
drugs through non-covalent bonding with folic acid and doxorubicin (DOX) to achieve targeting effects and inhibit
cancer cell growth.''® However, this DDS has limitations, including the system’s low targeting ability and inability to
accurately detect DOX release. To address these issues, researchers have hybridized rGO with various inorganic
nanoparticles to enable targeted drug delivery and drug release monitoring. The composite system loaded with DOX
shows improved dispersion stability and higher drug release activity compared to DOX alone.''”'?° Targeted delivery
systems for anti-inflammatory drugs have also been investigated, such as loading the anti-inflammatory drug ibuprofen
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Table | Properties of Various Types of Graphene Nanoparticles

Material Cytotoxic Effect Cell Species The Role Played by the Graphene Particles Ref.

GO-PEG-Ceb Cell autophagy MGCB803 cells Reduce the PEG-Ce 6 hydrophobicity [93]

NGO-PEG-DOX Cytotoxicity of the EMT6 cells The sustained-release effect of the drug-loading system [96]
chemotherapy drugs

GO-PLGA-HA _ MC3T3-El cells Provide attachment sites and enhance alkaline phosphatase activity | [104]

GO-PCL —_— Schwann cell Enhance the electrotonic conduction of Schwann cells [105]

O-GNR-PEG- Cytotoxicity of the Glioblastoma Enhanced granule uptake and endocytosis by tumor cells enables [113]

DSPE chemotherapy drugs Multiformae cells intracellular enrichment of chemotherapeutic agents

GO-PEG-PTX Cytotoxicity of the Breast cancer Improve the bioavailability of paclitaxel to bring more drugs into the | [I14]
chemotherapy drugs cells MCF-7 tumor cells

into a graphene oxide-chitosan system.'*' In summary, GFNs have been shown to play an important role in DDS and are
favored by many researchers for their ability to rapidly deliver drugs and precisely target specific areas (Table 1).

Other Applications of Graphene-Family Nanomaterials

GFNs have attracted considerable interest in recent years due to their unique properties such as high surface area, high
electrical and thermal conductivity, and mechanical strength. The biomedical field has emerged as one of the most
promising application areas for GFNs due to their potential to revolutionize drug delivery systems. While much research
has been devoted to the development of GFNs for targeted drug delivery using nanoparticles, there are several other
applications of GFNs worth exploring.

One such application is the use of GFNs for smart drug delivery. The concept of smart drug delivery involves the use of
nanomaterials that can be programmed to release drugs in response to specific stimuli such as pH, temperature, or light.
GFNs have been shown to be sensitive to environmental factors such as pH and temperature, making them ideal candidates
for the development of smart drug delivery systems. In one study, GO was functionalized with a pH-responsive polymer to
develop a smart drug delivery system for cancer treatment. The system was found to release the drug only in the acidic tumor
microenvironment, resulting in enhanced therapeutic efficacy and reduced systemic toxicity.'**

Another promising application for GFNs is transdermal drug delivery. Transdermal drug delivery systems are
designed to deliver drugs through the skin, bypassing the gastrointestinal tract and liver, which can lead to drug
degradation and reduced efficacy. GFNs have been shown to increase the permeability of the skin, allowing for improved
drug delivery. In one study, GO was used to develop a transdermal patch for the delivery of an analgesic, resulting in
improved therapeutic efficacy compared to traditional oral administration.'*?

Thin films and microneedles are other areas of application for GFNs in drug delivery. Thin films of GFNs can be used
to coat implantable medical devices, allowing controlled drug release over an extended period of time. GFNs micro-
needles have also been developed for transdermal drug delivery. The high mechanical strength and flexibility of GFNs
make them ideal for microneedles that require precise and controlled insertion into the skin.'*’

In summary, GFNs have demonstrated significant potential for use in various drug delivery applications beyond the
traditional use of nanoparticles. These applications include smart drug delivery, transdermal drug delivery, thin films and
microneedles. Further research in these areas is needed to fully explore the capabilities of GFNs and to develop safe and

effective drug delivery systems for clinical use.

Potential Risks of Graphene Nanomaterials
Analysis of Biocompatibility and Cytotoxicity

GFNs have shown great potential for biomedical applications; however, their broad-spectrum biocompatibility and cytotoxi-
city need to be thoroughly analyzed before they can be widely used in the biomedical field.'**'*” Studies have shown that
GFNs are generally not biodegradable, especially graphene-derived materials with carboxyl group function, and some GFNs
exhibit toxicity, which directly limits their uptake amount in living organisms. The analysis of possible cytotoxicity caused by
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nanomaterials requires consideration of the production process of preparation, purification and concentration of this material.
It has been suggested that GFNss prepared by chemical vapor deposition cause an increase in the production of reactive oxygen
species in neuronal cells, resulting in a significant increase in the apoptosis rate of neuronal cells.'*® Studies using mice as an
animal model have shown that intravenous injection of GO leads to pulmonary edema, while intraperitoneal injection of GO
causes massive accumulation in the liver and spleen.'*>'?’ GO is thought to bind to other body components, and the lungs and
liver have a purifying effect on blood components, so GO is stored in large amounts in these organs. Nevertheless, GO has
good biocompatibility with red blood cells, resulting in a significantly longer circulation time in the body compared to other
nanomaterials.'** Furthermore, a separate study investigated the correlation between rGO and thrombosis, which showed that
platelet adhesion in the experimental group was not significantly different from that in the control group, indicating that rtGO
has favorable hemocompatibility.'*! Therefore, a comprehensive understanding of the biocompatibility and cytotoxicity of
GFNss is critical for their safe and effective use in biomedical applications.

The biocompatibility of materials is a critical factor in determining their suitability for biomedical applications, with
surface chemistry playing an important role. Therefore, numerous research teams have focused on improving surface
chemistry and functionalities to enhance compatibility with living organisms."*>'** Yang et al demonstrated that the
accumulation of nanographene sheets (NGS) in the liver could be mitigated by functionalizing them with PEG, and that the
material could be gradually cleared from the body by biomass metabolism without causing significant damage to the health of
mice."** These studies have shown that modifying the surface chemistry of materials can improve their biocompatibility and
that GFN5s can be eliminated from the body through metabolism. Therefore, in addition to the above-mentioned methods, we
recommend that the low biocompatibility and high cytotoxicity of GFNs can be addressed by coating their surface with highly
biocompatible materials or by incorporating substances that promote metabolism and controlling the drug delivery dosage to
a low concentration range. Such approaches can maximize the potential of GFNs for biomedical applications.

Analysis of Immunotoxicity
Evaluation of the interaction between nanomaterials and the immune system is an essential step in the development of
clinical medical devices. This evaluation is particularly important for nanomaterials, such as GFNs, that are in direct
contact with the body’s circulatory system. The immune system serves as a vital protective barrier for the human body.
Proper immune function enables the immune system to recognize and eliminate various threats to the body’s internal
environmental homeostasis, including viruses, pathogenic microorganisms, bacteria, parasites, foreign macromolecules,
aging, and damaged self-cells, through a series of immune cascade responses.'*>'*® GFNs injected intravenously into the
body enter the circulation and immediately come into contact with peripheral immune cells. This contact triggers the
release of a series of cytokines, or inflammatory factors, that activate the body’s immune function. Peripheral immune
cells can produce different types of cytokines, which can have pro-inflammatory and anti-inflammatory functions,
depending on the specific material involved.'>”'*®

In 2012, Sasidharan et al reported that GO significantly reduced the immunotoxicity of macrophage cell lines
compared to other graphene-based materials, indicating its superior immunocompatibility.'*® However, subsequent
studies by Zhou et al and Li et al showed that the use of native graphene in mice resulted in significant activation of
peripheral macrophages and secretion of high levels of cytokines and chemokines by Th1/Th2 immune cells, leading to
cellular toxicity and induction of an inflammatory response.'**'*! Changing the shape of graphene further enhanced the
immunopathological responses.'** Furthermore, after injection, graphene accumulated significantly in the lungs of mice
and induced the release of inflammatory factors from cells, triggering an inflammatory response and massive recruitment
of macrophages and neutrophils.'**'** In addition, graphene can also stimulate Th2 cells to secrete large amounts of
interleukins and soluble receptors, promoting adverse allergic reactions.'** The specific cytokines secreted have been
shown to be highly dependent on the surface chemistry of the materials, leading to the development of hybrid materials
with other nanoparticles to reduce specific interactions with the immune system.139’145

In addition, GO has been found to promote the differentiation of macrophages from M1 to M2 types, thereby
converting them from pro-inflammatory to anti-inflammatory.'*® These results suggest that GFNs materials can be used
in adjuvant therapy for inflammatory responses and autoimmune diseases, but they have some limitations. For example,
the production of a large amount of anti-inflammatory factors down-regulates the body’s resistance to external pathogenic
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microorganisms, so further modifications and designs of GO are needed.'*”"'*® Therefore, GO modification and design of
GFNs for medical use should be considered to improve their clinical applications.

In summary, GFNs have made commendable progress in regulating the immune system and mitigating immunotoxi-
city. Nevertheless, there is still considerable room for improvement in the future, and it is therefore imperative to be
optimistic about further advances in GFNS.

Conclusion and Outlook

Since the discovery of carbon nanomaterials by Hummer et al, significant research efforts have been devoted to the study of the
properties and applications of GFNs. This has led to the widespread use of carbon nanomaterials in various fields, including
biomedicine. The unique two-dimensional structure and surface chemistry of GFNs enable them to adsorb a wide range of
compounds, making them promising candidates for various biomedical applications, such as tumor therapy, tissue engineer-
ing, and DDS. The biocompatibility and cytotoxicity of GFNs have attracted much attention from researchers due to their
direct contact with the human circulatory system. In this regard, we have summarized the specific applications of GFNs in the
biomedical field and analyzed the potential risks associated with their use, based on a compilation and summary of previous
literature. Furthermore, we suggest that the biocompatibility and cytotoxicity of GFNs are largely dependent on the interaction
between the material and the body’s immune system. This interaction is highly correlated with the surface chemistry of the
material. Therefore, complexation or drug modification of GFNs, especially GO, is a useful and feasible approach to improve
their biocompatibility. Although challenges remain, there is tremendous potential for the use of GFNs in the biomedical field.
With ongoing research, it is becoming increasingly possible to tailor the properties of biomaterials to meet specific needs.

Currently, numerous studies have shown that optimizing the original synthesis method of GO can improve the
biocompatibility between graphene particles and cells. Surprisingly, however, several studies indicate that these improved
synthesis methods not only fail to promote safe interaction between graphene particles and cells but may also exacerbate
inflammatory responses between cells and tissues. This is certainly not the intended result. After carefully reviewing
various articles in this field, the author believes that the inconsistencies in researchers’ choice of reaction time, different
concentrations, or even different types of oxidants during the synthesis reaction could be a contributing factor. These
reaction conditions could further affect the structure and characterization of the final product of GO. In addition, it is
possible that different reaction times and conditions may leave different levels of impurities in the reaction product,
which may affect the interaction between the product and the cell’s proteins.

The synthesis of GO is a complex process that requires precise control of various chemical reagents. A critical factor in the
synthesis is the amount of chemical reagents used, which can affect the content of metal ions in the cell or cytoplasmic matrix
due to subtle variations in the control of the reagents. The presence of metal ions has been closely linked to the immune
response and inflammatory process of the body, which mediates the apoptosis process of cells. For example, the trace amounts
of sodium sulfide in rGO have been shown to induce macrophages to release numerous inflammatory mediators, which can
lead to cytokine storms and apoptosis of surrounding tissue cells. While this can have serious implications in many areas of
medicine, it can also be a useful tool in tumor targeting research. Immunotherapy is a clinical approach aimed at treating tumor
cells, but immunosuppressive tumors pose a significant challenge. To address this issue, some researchers have proposed the
use of inflammatory responses to expose hidden antigens in tumor cells, thereby triggering the body’s immune response.
Therefore, adding an appropriate amount of sodium sulfide to rGO may have a unique application in the field of tumor
targeting. However, it is important to carefully control the concentration of chemical reagents during synthesis to ensure that
the resulting GO particles do not cause unintended damage or inflammation.

Recent research has shown that dispersing GO materials into polymers to form composites is an effective strategy for
reducing the cytotoxicity caused by GO. In addition, this dispersion improves the biocompatibility of the material by reducing
the mechanical damage caused by the sharp edges of GO, which in turn provides more space for cells to adhere and interact
with the material. As a result, this polymeric material has found widespread use in clinical practice, particularly in orthopedic
departments. The large number of adhesion sites in the polymer system allows osteoblasts to adhere, and the presence of
oxygen atoms in the GO material reduces the hydrophobicity of the composite, thereby increasing the affinity of osteoblasts
for the composite. These factors make it an ideal material for orthopedic scaffolds and even orthopedic implants.

International Journal of Nanomedicine 2023:18 hetps: 1703
Dove:


https://www.dovepress.com
https://www.dovepress.com

Ban et al Dove

Trauma fracture patients are a common occurrence in hospitals, which underscores the clinical value of further
research on graphene-related composites for orthopedic stents. In order to accelerate the translation of these findings into
clinical practice, it is essential to have a thorough understanding of the biocompatibility and potential risks of graphene
composites. The purpose of this article is to provide a comprehensive review of these aspects to provide a foundation for
the potential applications of graphene composites.

In summary, our analysis highlights the diverse applications of graphene-based nanomaterials in various fields and
presents the possibility of transforming various industries. The challenges of biocompatibility and cytotoxicity can be
overcome through advances in materials science, chemistry, and immunology. Therefore, GFNs have tremendous
potential for future applications.
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