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Abstract: Research on the application of graphene (G) and
graphene quantum dots (GQDs) for biomedical engineering has
attracted much attention over the last decade. Graphene and
its derivatives have shown great biocompatibility, solubility,
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selectivity, large surface area, high purity, biofunctionalization,
high drug loading capacity, and cell membrane penetration
capability potential to be applied in biomedical engineering
areas. The unique physical and chemical properties of GQDs,
including small size, chemical inertness, high photolumines-
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cence stability, low cytotoxicity, and good biocompatibility,
made them a promising candidate for biomedical engineering
applications. The recent progress related to the development of
G and GQDs toward biomedical engineering applications is
presented in this work. This study reviews and discusses the
development of G and GQDs, both top-down and bottom-up
synthesis methods, for biomedical engineering applications,
such as hiosensing, tissue engineering, drug delivery, bioima-
ging, antibacterial, and antiviral.

Keywords: graphene, graphene quantum dots, synthesis,
biomedical engineering

1 Introduction

Graphene (G) and graphene quantum dots (GQDs) are two
intriguing nanomaterials that have garnered significant
interest in the field of biomedical engineering [1]. Gra-
phene is an extremely thin layer composed of carbon
atoms, with a thickness of just one atom. Graphene exhibits
exceptional mechanical strength, flexibility, high thermal
and electrical conductivity, a large surface area, high resis-
tance to corrosion, and excellent biocompatibility [2]. These
properties make G suitable for a wide range of biomedical
applications. On the other hand, GQDs are nanoscale parti-
cles made from G [3]. GQDs possess distinct structural and
electronic properties. Due to their incredibly small size, they
exhibit unique optical properties and the capability to selec-
tively release electrons. This makes GQDs highly promising
for biomedical applications. The distinct characteristics of
both materials make them highly promising candidates for
applications in the biomedical field [4]. As a result, an
upsurge of research based on G and nanocomposite mate-
rials has accelerated, especially after the discovery of single-
layer G by Novoselov et al. in 2004 [5].

Generally, researchers observed that G possesses dual
properties that make new fields of its properties go beyond
G and depend on the material the G is composited. For
example, intrinsic G has a zero band-gap semiconductor
in which electron mobility (200,000 cm* V' s7}) is very pro-
mising for sensor applications because its conduction and
valence bands meet at Dirac points [6]. Furthermore, its
transport characteristics and thermal conductivity (5,000
Wm K™ can be tuned by electrostatic or magnetostatic
gating via chemical doping.

Besides the electronic properties, G has excellent
mechanical properties: elastic modulus (elastic to a max-
imum of 20%), substantially lighter than paper, and a high
surface area (2,630 m*g™) that exceeds known steel but is
difficult to cut into a precise dimension [7]. One of the most
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popular approaches that may provide hugely positive envir-
onmental impacts is using the flash Joule heating process to
turn almost any carbon-based rubbish — from banana skins
to car tires — into G flakes due to lower production costs.
Graphene can be produced by heating waste products up to
3,000K (2,727°C) that breaks the carbon bonds inside the
target material and is reconstructed as G in 10 ms [8], similar
to the process that researchers used previously in forming
metal nanoparticles. In contrast, the G generated is inexpen-
sive and can be used in more places, for instance, as rein-
forcement in concrete that can reduce greenhouses gases
that waste food would have emitted in landfills [9]. It also
applies to other renewable precursors and may open a new
avenue for the low-cost synthesis of G films [10].

More recently, some researchers have attempted dif-
ferent classes of material that can be placed on G. Some
examples of G metal nanocomposite include Mg [11], Boron
Nitride [12], Si/Cu [13], and ion metals [14], such as lithium
and noble metals [15]. The metal oxide-based nanocompo-
site, including a semiconducting metal oxide, could be
strengthened by G [16-20]. Polymer-based nanocomposite
could also be reinforced by G [21]. These nanocomposites
have properties distinct from 2-Dimensional (2D) and con-
ventional 3-Dimensional (3D) materials, leading to the
development of large-scale practical applications, such as
electric cars and mobile devices. Coupled graphene oxide
(GO) possesses beneficial properties for biomedical appli-
cations, particularly when used in conjunction with hybrid
metallic nanoparticles as electrochemical biosensors for
the precise detection of ascorbic acid in blood [22]. In
addition, integrating G with Au nanostars, represents a
significant advancement toward the direct detection of
IgG antibodies of SARS-CoV-2 in blood [23].

2D G has opened new perspectives in studying some
basic quantum relativistic phenomena compared to zero-
dimensional (0D) fullerenes and one-dimensional carbon
nanotubes (CNTs). It has a large surface area, high intrinsic
carrier mobility, excellent mechanical properties, and superior
flexibility [24-27]. Recently, GQDs have emerged as a new type
of 0D G material [28]. It is defined as graphene sheets (GSs)
with a plane size of less than 100 nm and a thickness of fewer
than ten layers. The GQDs emerge as superior and universal
fluorophores because of their unique physical and chemical
properties, including small size, chemical inertness, high photo-
luminescence stability, low cytotoxicity, and good biocompat-
ibility [28]. Owing to their unique size-dependent optical and
physicochemical properties, GQDs find promising biomedical
applications in the selective and sensitive sensing of various
analytes. Doping plays a pivotal role in enhancing the proper-
ties of GQDs. For example, sulfur-doped GQDs (S-GQDs) exhibit
excellent water solubility and display stronger fluorescence
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compared to undoped GQDs. Additionally, they possess a sig-
nificantly higher quantum yield (QY) of 57.44%, making
them promising candidates for a wide range of applica-
tions, including biomedical uses [29]. In addition, boron-
sulfur GQDs have demonstrated exceptional efficiency in
the detection of dopamine, showcasing their potential for
highly sensitive and accurate biomedical sensing applica-
tions [30].

This review discusses the recent G and GQDs develop-
ment for biomedical engineering applications. We provide
an overview of G derivatives, synthesis methods of G and
GQDs, and their applications in the field of biomedicine.
Specifically, we demonstrate five representative types of
biomedical applications based on G and GQDs for biosen-
sing, tissue engineering, drug delivery, bioimaging, and
antibacterial and antiviral. This review provides essential
insights for researchers and practitioners in the field,
enabling them to explore the potential of G-based materials
for advancing biomedical engineering applications. It also
addresses the challenges and proposes solutions to opti-
mize the use of G and GQDs in biomedical applications.

2 G and its derivatives

2.1 Pristine G

Graphene is a monolayer of carbon atoms arranged in a 2D
honeycomb lattice with sp2 hybridization with a C—C bond
length of 0.142 nm (Figure 1). It possesses remarkable proper-
ties, including a large surface area (2,630 md), high thermal
conductivity (5,000 Wm K™, high electrical conductivity
(10° S cm ™), high mechanical strength (~40 N m ™), great optical
transmittance (~97.7%), high modulus of elasticity (1 TPa), and
high electron intrinsic mobility (250,000 cm? V' s™) [31]. These
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extraordinary characteristics have attracted significant atten-
tion from researchers, opening up new avenues for advanced
materials research. Graphene has gained popularity in both
academic and industrial domains due to its exceptional proper-
ties, driving its demand in research and the market [32]. Initi-
ally, the mechanical exfoliation technique was employed for
making pristine G, pioneered by Nobel Prize winners Geim and
Novoselov [33]. This method involves the peeling off of layers
from highly oriented pyrolytic graphite (HOPG) sheets using
scotch tape. Pure G holds significant potential for hiomedical
applications, such as the development of a G-based femtogram-
level sensitive molecularly imprinted polymer of SARS-CoV-2
[34]. Furthermore, in the field of energy storage, computational
studies have explored the interaction between G and hydrogen
for hydrogen storage, offering valuable insights into G’s
potential as a medium for hydrogen storage [35]. Further-
more, when G is employed in the form of nanographene,
it exhibits additional fascinating properties arising from
quantum confinement effects, making it even more pro-
mising for various applications [36].

2.2 GO

One derivative of G materials is GO, which is the oxidized
form of G containing oxygen-functional groups such as
epoxides, hydroxyls on the basal plane, and carboxyl
groups at the edges (Figure 1) [38]. Recently, GO has
acquired increasing interest due to its excellent attributes.
The abundance of oxygen-containing groups, including
-OH and —-COOH, makes GO exhibit strong hydrophilic
properties [39]. Therefore, it can be dispersed in water
or other solvents to form a stable suspension owing to
the oxygen-functional groups. Furthermore, GO offers the
advantage of facile combination with other molecules
through covalent or noncovalent interactions.

(0) s

Reduced
graphene oxide

Graphene-based
quantum dot

Figure 1: The structure of G and its derivative. (a) G, (b) GO, (c) reduced graphene oxide (rGO), and (d) GQD. Reproduced from [37].
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The commonly used method for producing GO is the
Hummers’ method [40,41]. In the synthesis process of GO,
graphite oxide is first prepared from graphite by forming
hydroxyl or carboxyl groups, covalently bound to a gra-
phite planar carbon network. The material is then treated
with oxidizing agents, such as sulfuric acid, nitric acid, and
potassium permanganate. The resulting layers of GO are
thicker than pristine GSs due to the displacement of sp3
hybridizations. The ability of GO to form stable suspen-
sions in water has positioned it as a prominent product
segment in the G market. GO exhibits great potential for
biomedical applications, and its utility can be enhanced by
compositing it with other materials, as demonstrated by
Hashemi et al. They successfully developed an ultrasensi-
tive biomolecule-less nanosensor by decorating GO with
B-Cyclodextrin/Quinoline, enabling prompt and distinguish-
able detection of corona and influenza viruses [42].

2.3 rGO

rGO is a form of GO that is produced using thermal, che-
mical, and other techniques to reduce the content of
oxygen functional groups in GO (Figure 1). rGO sheets
exhibit higher conductivity compared to GO due to the
restoration of the conjugated network within the sheets.
rGO possesses oxygen-containing functional groups, which
contribute to its exceptionally high specific surface area,
superior electronic conductivity, and excellent mechanical
behavior [43]. The chemical reduction of GO sheets can
be achieved using various reducing agents such as hydra-
zine, sodium horohydride, and ascorbic acid [44]. Coupling
GO with hybrid metallic nanoparticles shows promising
potential for biomedical applications, as demonstrated by
Hashemi et al. They reported the utilization of coupled GO
with hybrid metallic nanoparticles as electrochemical bio-
sensors for precise detection of ascorbic acid in blood [22].
Another application is in the field of energy storage sys-
tems, where the development of composite materials, such
as rGO/chitosan/zinc oxide, has shown remarkable poten-
tial. These composites exhibit superior performance as
supercapacitor electrodes, offering enhanced electroche-
mical properties [45].

2.4 GQDs

GQDs belong to a class of nanomaterials that possess
unique and fascinating properties attributed to their size
and G-like structure (Figure 1). GQDs typically exhibit a
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nanoscale size, ranging from a few nanometers to a few
hundred nanometers. They consist of sp2-hybridized carbon
atoms arranged in a two-dimensional lattice, similar to G.
However, GQDs differ in that they possess finite dimensions
and often have irregular edges or a non-hexagonal struc-
ture, resulting in quantum confinement effects [46]. Signifi-
cant progress has been made in synthesizing and controlling
the size and structure of GQDs [47]. Various methods, such
as chemical oxidation, laser ablation, and hydrothermal/sol-
vothermal processes, have been developed to precisely con-
trol the dimensions of GQDs. Techniques like size-selective
precipitation, size sorting, and template-assisted synthesis
have facilitated the production of GQDs with uniform size
distributions and customized structures [48].

GQDs exhibit fascinating optical properties, making
them highly appealing for a wide range of applications
[49]. They have size-dependent optical absorption and
emission phenomena, commonly known as quantum con-
finement. As the size of GQDs decreases, their bandgap
increases, allowing for tunable absorption and emission
wavelengths across the ultraviolet (UV), visible, and near-
infrared (NIR) regions [50]. This tunability proves advanta-
geous for optoelectronic applications such as photodetection,
imaging, and sensing [51]. Extensive research has been
conducted on the tunable optical properties of GQDs.
Researchers have demonstrated the size-dependent absorp-
tion and emission spectra of GQDs across various wave-
lengths. By precisely controlling synthesis parameters, such
as reaction temperature and time, it becomes possible to
obtain GQDs with desired absorption and emission charac-
teristics [52]. Furthermore, surface functionalization and
doping techniques have been employed to further customize
the optical properties of GQDs [53].

GQDs exhibit strong and stable photoluminescence,
which refers to the emission of light upon excitation by a
light source. The fluorescence emission of GQDs can be
adjusted by modifying their size, surface functionalization,
or surrounding environment [54]. Numerous efforts have
been dedicated to enhancing the fluorescence properties
of GQDs. Surface passivation, chemical modification, and
ligand exchange techniques have been explored to improve
the QY, photostability, and emission color of GQDs [55].
Moreover, doped-GQDs can be integrated into materials to
achieve tunable photoluminescence. For instance, a recent
study conducted by Kumar et al. demonstrated the incor-
poration of sulfur-doped GQDs for achieving tunable photo-
luminescence in quasi-2D CH3;NH3PbBr3 [56]. Furthermore,
strategies such as bandgap engineering and energy transfer
mechanisms have been employed to enhance the emission
efficiency of GQDs, enabling their applications in bioimaging
and optoelectronics [57,58].
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GQDs possess unique electronic properties due to the
quantum confinement effects. As the size of GQDs decreases,
the energy levels become discrete due to the confinement of
the charge carriers. This leads to a size-dependent bandgap,
and GQDs can exhibit either direct or indirect bandgap
characteristics. The tunable bandgap of GQDs makes them
suitable for electronic devices, including field-effect transis-
tors, light-emitting diodes, and solar cells [59,60]. Extensive
research has been conducted on the electronic properties of
GQDs. The size-dependent bandgap of GQDs has been char-
acterized using various spectroscopic and electrochemical
techniques. Techniques such as doping and edge functiona-
lization have been employed to modify the electronic struc-
ture of GQDs, allowing for control over their conductivity,
carrier mobility, and band alignment. GQDs have been suc-
cessfully integrated into electronic devices, demonstrating
their potential for advanced electronic applications [61-64].

The surface of GQDs can be easily functionalized by
introducing various functional groups or doping them with
heteroatoms [65]. Functionalization enhances the dispersi-
bility, stability, and compatibility of GQDs in different sol-
vents or matrices. It also provides a means to tailor the
properties and interactions of GQDs with other materials,
facilitating their integration into composite structures and
enabling applications in energy storage, catalysis, and bio-
medicine [58]. Surface functionalization plays a crucial
role in improving the dispersibility, stability, and compat-
ibility of GQDs in diverse environments. Various functio-
nalization methods, including covalent functionalization,
noncovalent interactions, and surface modification with
polymers or biomolecules, have been developed. These
approaches have enabled the introduction of desired func-
tional groups, tailoring the surface charge, and enhance-
ment of interactions with target materials, thus expanding
the application potential of GQDs [66,67].

GQDs exhibit excellent biocompatibility, low cytotoxi-
city, and minimal long-term toxicity, making them highly
suitable for biomedical applications [68]. Extensive research
has been conducted on their use in bioimaging, drug
delivery, biosensing, and photothermal therapy, leveraging
their unique optical properties and biocompatibility. GQDs
can be functionalized with targeting ligands or encapsulated
within biocompatible matrices, enabling selective targeting
and controlled release of therapeutics [69]. GQDs have
demonstrated good biocompatibility and have been exten-
sively studied for biomedical applications, as reported by
Kalkal et al. By integrating the quantum confinement and
edge effects of carbon dots with the G structure, GQDs have
emerged as a remarkable material with remarkable biocom-
patibility [70]. Research efforts have focused on optimizing
synthesis methods to produce biocompatible GQDs with low
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cytotoxicity. Surface functionalization with biocompatible
polymers or targeting ligands has enabled selective tar-
geting, cellular uptake, and controlled release of GQDs for
drug delivery applications. Moreover, GQDs have found
applications in bioimaging, biosensing, and photothermal
therapy, showcasing their potential in various biomedical
fields [71,72].

GQDs exhibit high electrical conductivity, thermal con-
ductivity, and charge carrier mobility, making them pro-
mising candidates for electronic and thermal management
applications [73]. Their exceptional electrical conductivity
arises from the intrinsic G-like structure and the high crys-
tallinity of GQDs. Additionally, GQDs can be integrated into
polymer composites or used as conductive ink for printed
electronics, enabling the development of flexible and wear-
able electronic devices [49]. Techniques such as chemical
doping, surface functionalization, and heteroatom incor-
poration have been employed to enhance the electrical
conductivity of GQDs for improved biomedical applica-
tions. In a study conducted by Chatterjee et al, they
demonstrated the use of fluorescent Boron and Sulfur co-
doped GQDs for efficient dopamine detection, thus opening
up the possibility of designing a low-cost biosensor [30].
Integration of GQDs into conductive matrices, such as poly-
mers or G-based materials, has facilitated their utilization
in flexible and printable electronics. Moreover, GQDs have
shown promise as fillers in composite materials to enhance
thermal conductivity and mechanical strength [74].

GQDs possess remarkable mechanical properties,
including high strength and flexibility. These properties
stem from their sp2 carbon framework and the absence of
defects or impurities. However, research progress specifi-
cally focused on their mechanical properties is relatively
limited compared to other aspects. Nonetheless, GQDs can
be integrated into composite materials to enhance their
mechanical strength or used as reinforcing agents in poly-
mers [75]. For instance, the incorporation of GQDs into poly-
mers or carbon-based matrices has demonstrated improved
mechanical properties, opening opportunities for applica-
tions in flexible electronics and structural materials. Addi-
tionally, GQDs have been explored for use in energy storage
devices, such as supercapacitors, due to their mechanical
robustness [76,77].

Finally, GQDs exhibit a diverse range of properties,
including size-dependent optical and electronic charac-
teristics, excellent photoluminescence, biocompatibility,
high electrical and thermal conductivity, and remark-
able mechanical strength. These properties make GQDs
as promising candidates for various applications, including
optoelectronics, biomedicine, energy storage, and electro-
nics [78].
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3 Synthesis methods

Synthesis of G is referred to as any procedure for produ-
cing or extracting graphene based on the required size,
purity, and efflorescence of the result [79]. Various synth-
esis processes can yield G materials with varying surface
area sizes and number of layers, as well as introduce
defects that impact the chemical and physical properties of
graphene. These factors ultimately influence the suitability of
G for applications in the biomedical field [80-83]. Further-
more, the impact of functionalizing G [84] and GQDs [85], as
well as doping them with other materials [86], is significant in
terms of influencing the characteristics of these materials.
Another synthesis approach of G provides variable numbers
of wrinkles in the G surface, which are correlated with the
chemical flexibility of G materials [87,88]. The increased che-
mical flexibility exhibited by G enables a broader spectrum of
analyte components to be efficiently attached onto its sur-
face. Furthermore, the increased surface area of G material
increases its susceptibility to chemical and biological agents,
making it an important component in the use of biosensors.
Thus, it is critical to understand G and GQDs synthesis
because it will provide insight into its applicability in bio-
medical disciplines.

Various techniques have been exploited to synthesize
G and GQDs resulting in top-down and bottom-up routes.
The top-down approach focuses on separating G precursor
(graphite) layers or exfoliating the bulk graphite material
to produce G. Whereas the bottom-up approach focuses on
implementing carbon molecules from alternative sources
as building blocks, also it is described as small molecular
growth from carbon precursors. On that note, synthesis
methods for G and GQDs could be categorized as shown
in Figures 2 and 3. These synthesis methods mentioned in
the figures will be discussed in this section.

Liquid phase
exfoliation

Mechanical T Electrochemical
exfoliation . exfoliation
< N—>
Sottom V&

Chemical Vapor
Epitaxial method Deposition

Figure 2: Graphene-based nanocomposites synthesis flowchart.
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Figure 3: GQDs-based nanocomposites synthesis.

3.1 Synthesis methods of G

Numerous chemical synthesis routes have been developed
by researchers to synthesize G. Chemical vapor deposition
(CVD) is one example of chemical synthesis methods invol-
ving precise control over synthesis parameters: tempera-
ture, pressure, deposition time, and precursor type. Despite
its complexity, it remains an appealing method for produ-
cing high-quality G. Other methods based on physical routes,
such as mechanical exfoliation, pyrolysis, drop-casting, and
high-current arc evaporation, are also developed a lot. The
approach to synthesizing G and GO through chemical and
physical synthesis has shown great prospects depending on
the availability of simple industrial-scale synthesis. These
considerations make the approaches on using the green
synthesis of graphene and GO an interesting topic due to its
continuous development in environmental applications. For G
and G-based materials to have specific properties, their synth-
esis must be carefully controlled. As is well known, G can be
synthesized in two ways, which are bottom-up and top-down.
Bottom-up methods involve the synthesis of G from alterna-
tive carbon sources, whereas top-down methods involve
separating stacked graphite layers to produce single GSs.

3.1.1 Top-down synthesis

3.1.1.1 Mechanical exfoliation
In 2004, a team of scientists, headed by Geim and Novoselov,
published a study detailing a mechanical exfoliation method
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for the synthesis of single-layer G [89]. Graphene layers were
produced through the process of mechanical exfoliation of
HOPG with adhesive tape. The initial step involved the pre-
paration of graphite on particles through the utilization
of dry etching in an oxygen plasma environment. Subse-
quently, the prepared graphite was pressed onto a layer of
photoresist that had been applied onto a glass substrate. The
graphite mesas become affixed to the photoresist layer upon
the application of heat. The adhesive tape was attached onto
the graphite surface and subsequently removed, therefore
causing the separation of the G flakes from the mesas. Fol-
lowing that, the G flakes were dissolved in acetone and then
transferred onto a clean SiO,/Si substrate, resulting in the
generation of flakes exhibiting diverse dimensions in terms
of both size and thickness [90]. This technique is commonly
known as the Scotch tape or peel-off technique. Despite the
ability of this approach to generate G monolayers of high-
quality efficiently and affordably, its reproducible results
and yield are significantly low. Furthermore, the size of G
exhibits non-uniformity. Ball milling is another method
employed for the mechanical exfoliation of G layers from
bulk graphite. The milling process involves the participation
of both normal and lateral forces in the exfoliation of GSs.
However, the crystalline structure of GSs may be compro-
mised during the milling process [91].

3.1.1.2 Liquid-phase exfoliation

Another commonly used method for producing G is liquid
phase exfoliation, which involves three steps: dispersion in
a solvent or surfactant, exfoliation, and purification to
separate the exfoliated material from the non-exfoliated
and, if supplied as a powder, completely remove any sol-
vent traces [92]. Sonication duration is critical since longer
sonication times can generate greater G concentrations at
the trade-off of increased energy consumption. Following
the sonication process, the material comprises thicker flakes
that should then be extracted by ultracentrifugation. Higher
centrifugation rates produce thinner flakes with tiny lateral
sizes, which are unsuitable for applications such as compo-
sites. For G dispersion, a range of liquids, including aqueous
surfactants, can be utilized. The yield of single-layer G per-
centage, defined as the ratio of the number of single-layer
flakes to the total number of graphitic flakes in the disper-
sion, estimates this technique’s output [93].

Paton et al. demonstrated that large shear forces, rather
than ultrasonic cavitation, may be utilized to exfoliate G on
a 100L scale. The essential shear rate for G exfoliation
was discovered to be 10*s™%, which is achievable even with
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standard kitchen blenders. Following centrifugation, the
average number of layers was fewer than 10, with typical
lateral diameters of the nanosheets ranging from 300 to
800 nm. However, it should be emphasized that the yield
obtained was rather low, and the choice of starting material
and rotor optimization might significantly impact exfoliation
efficiency [94]. Furthermore, Dimiev et al. prepared graphene
nanoplatelets (GNPs) at room temperature for 3-4 h, and the
conversion yield from graphite to GNPs was nearly 100%. Due
to current industry expertise and equipment, liquid exfoliation
may be the most practical approach for upscaling G synth-
esis [95].

3.1.1.3 Electrochemical exfoliation

The specific technique involves employing a liquid solution
(electrolyte) and an electrical current to consume a gra-
phite electrode. The graphite-based electrode undergoes
anodic oxidation or cathodic reaction during this proce-
dure. Cathodic reaction techniques are better suited for
producing high-quality, few-layer conductive G for energy
and optical applications [96]. Furthermore, anodic oxida-
tion has received greater attention in the scientific litera-
ture. In contrast to pure monolayer G, the resultant anodic
substance is composed of many G layers, has a limited
yield, and mimics GO in an oxidation state [97]. Figure 4
shows a schematic illustration of (a) the electrochemical
exfoliation of graphite and (b) the mechanism of electro-
chemical exfoliation. Figure 4a shows natural graphite
flakes and platinum wires partially immersed in H,SO,
while the other end is connected to a 10 V voltage source.
The bias voltage applied results in water oxidation and
produces hydroxyl (OH) and oxygen radicals (O’), which
trigger oxidation or hydroxylation of the graphite electrode
(step 1), as shown in Figure 4b. The graphite electrode defec-
tive sites caused by oxidation facilitate intercalation by
anionic SO%™ (step 2). This process causes the release of
SO, gas and depolarization of the anion, thus expanding
the distance between the graphite layers.

The benefit of electrochemical exfoliation over other
methods is that it occurs in a single step, making it easier to
run, and it occurs within minutes/hours, as opposed to
most procedures, which need longer timeframes for pre-
paration and stability of the final material. The lateral size
of the flakes produced in nanocomposites is an essential
characteristic that depends on the graphite supply and the
intercalation-exfoliation process parameters. Intercalation
products with nonoxidative salts can have lateral dimen-
sions of 50 um and a layer thickness of 2-3 layers [99].
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Figure 4: Schematic illustration of (a) electrochemical exfoliation of graphite and (b) mechanism of electrochemical exfoliation. Reproduced with

permission from Ref. [98].

3.1.2 Bottom-up synthesis

3.1.2.1 Epitaxial method
The epitaxial method yields epitaxial G, and the size of G flakes
is determined by the size of wafers, e.g., SiC. According to
studies, the surface of SiC influences the thickness, mobility,
and carrier density of G generated in this system [100]. Unlike
exfoliated G, G generated by this procedure has mild anti-
localization. SiC-epitaxial G, on the other hand, has extremely
large, temperature-independent mobility, similar to G gener-
ated by drawing or peeling off, but not as high as exfoliated G.
Graphene may be epitaxially grown on SiC substrates, making
it excellent for usage in transistors and circuits due to the
thin GSs obtained (>50 m). Graphene is produced using this
approach by heating a silicon carbide (SiC) to 1,100°C [101].
The weak van der Waals forces responsible for multi-
layer cohesion in multi-layered epitaxial G do not always
affect the electrical characteristics of individual sheets
within a stack. This effect is connected to interlayer inter-
action symmetry [102]. In other circumstances, such as
bulk graphite, this behavior does not occur, and electrical
characteristics are altered. A 2in SiC wafer may provide
cut-off frequencies of up to 100 GHz [103]. This technique
produces high-quality G at a high cost due to the high cost of
the SiC substrate and the limited yield produced. As a result,
this approach is unsuitable for industrial manufacturing.

3.1.2.2 CVD

CVD is the chemical process of depositing material as a thin
layer onto surfaces from vapor species, a popular bottom-
up method for producing multi-layer and single-layer G

films. Many complicated elements influence the process
and types of chemical reactions in a CVD reactor, including
system setup, reactor layout, gas feedstock, gas ratios,
reactor and partial gas pressures, reaction temperature,
growth time, and temperature. A schematic diagram of
the CVD reaction for G from methane and hydrogen is
shown in Figure 5 [104]. The CVD reaction begins with the
reactants’ convective transport in a gas stream (step 1), fol-
lowed by their thermal activation (step 2). The reactants are
then transported by gaseous diffusion from the main gas
stream through the stationary boundary layer (step 3). The
reactants are adsorbed on the substrate surface (step 4) and
diffused into the substrate bulk (step 5), depending on the
carbon’s solubility and the substrate's physical properties.
Reactive species catalytic decomposition occurs in addition
to surface migration to the attachment site and other hetero-
geneous reactions (step 6). After the film growth, by-products
are desorbed from the substrate (step 7). The by-products are
subsequently diffused through the boundary layer into the
main gas stream (step 8) to be carried by convection forces to
the exhaust system (step 9).

Thermal CVD on metals (such as Ru, Ir, Pt, Co, Pd, and
Re) was initially used to create highly crystalline graphite
films on Nickel (Ni) substrates in 1966 [104]. Ni and copper
(Cu) are less expensive, have greater control over G layers,
and are easier to transfer G. As a result, they are commonly
employed as CVD substrates. The CVD development of G
was accomplished using cold-wall and hot-wall reaction
chambers [97]. The development of G in this approach is
quick, has excellent quality, and requires little power.
There is also an improvement in charge carrier mobility.
(Table 1).



DE GRUYTER

Development of G and GQDs for biomedical engineering applications: A review = 9

Furnace |

Gas Feedstock

Exhaust
> Bemnbez s

< Gas Stream ]

CHa#H,
et

H
Growth Substrate

M5

Furnace

Figure 5: Schematic diagram of the CVD reaction for G from methane and hydrogen. Reproduced with permission from Ref. [104].

3.2 Synthesis method of GQDs

GQDs can be synthesized top-down or bottom-up, with varying
structures and characteristics. The top-down approach is
obtained by cutting the carbons into small-sized GQDs using
chemical or physical procedures such as oxidative cleavage,
hydrothermal methods, electrochemical oxidation, acidic exfo-
liation and oxidation, and microwave-assisted processes that
use carbon materials, including fullerenes, GO, carbon fibers,
carbon black, or graphite into small-sized GQDs [108,109].
Alternatively, GQDs could be synthesized from small organic
compounds using pyrolysis, carbonization, stepwise organic
synthesis, and cage-opening of C60. Various approaches
are shown to analyze their properties and effects on the
GQD [110].

3.2.1 Top-down synthesis

3.2.1.1 Hydrothermal method

Hydrothermal synthesis is a widely utilized and facile tech-
nique for synthesizing GQDs. Additionally, it also affects the
structure and particle size distribution of GQDs. There are
several techniques used in the synthesis process. In 2010,
Pan et al published the first report on a hydrothermal
method for cutting GSs into surface-functionalized GQDs
[28]. The GSs were first oxidized in concentrated H,SO,
and HNO;. However, treating GO with acidic oxidizing
agents (e.g., H,SO, and HNOs) introduced numerous strong
oxidizing acids in a comprehensive operation and was time-
consuming, requiring 10-24 h [111]. In addition, it is challen-
ging for rGO oxidation while making GQDs with specified
optical properties. Because of this, Yang et al described
an easier and more efficient way to make GQDs from rGO

utilizing an ozonation pre-oxide technique [112]. Ozone
system pH can be modified to influence GQD fluorescence.
Ozone exposure changed the emission peaks of the GQDs.
Comparatively, ozonation processing is easy to manage, effi-
cient, and low-cost [112]. Another technique reported by
Tetsuka et al. is an amino-hydrothermal method to synthesize
amino-functionalized GQDs with distinct molecular weights
and edges [113]. The amino-hydrothermal method [111] allows
tuning the PL of GQDs by altering the hydrothermal treat-
ment temperature and initial ammonia percentage.

Figure 6 shows the process of crystalline GQDs from
paddy straw waste using hydrothermal method. The pro-
cess started by grinding the paddy straw into powder. The
powder was then cleaned with 0.15 M HCl and heated at
50°C for 3 h. 100 mg cleaned powder was then dissolved in
25 mL of water and kept in an autoclave hydrothermal at a
temperature of 160°C for 6 h. After the hydrothermal fin-
ished, the solution was then filtered and centrifugated to
obtain GQDs [114].

3.2.1.2 Acidic exfoliation and oxidation

Acid exfoliation and oxidation of carbon sources were early
GQD preparation processes. These researchers improved the
previous method by adding fluorescence to the reduction of
the graphite oxide (hydrazine hydrate) [116]. In the previous
experiment, GO was oxidized by HNO; for 24 h to cut into
small GO sheets [110]. However, the large tracts of GO had to
be removed, which required an ultrasonic cell crusher.
Moreover, GO is commonly generated by oxidizing bulk gra-
phite particles over several days using a large number of
chemical reagents. In another case, a facile one-step method
uses three different types of coal: anthracite, bituminous
coal, and coke to synthesize GQDs. According to Dong
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Table 1: Synthesis methods of graphene

Ref.

Advantage

Process

Method

Type of synthesis

Murni Handayani et al.

[92,105]

Scalable process; suitable for large-scale

production.

The method consists of three steps: dispersion in a solvent or surfactant, exfoliation, and

purification.

Liquid phase exfoliation

Top-down

[96,106]

Straightforward process (only takes one step

of synthesis).

The method employs an electrolyte and an electric current to consume graphite electrodes.

Electrochemical exfoliation

The graphite electrode undergoes anodic oxidation or cathodic reaction during the process.

[103,107]

Produce high quality G; suitable for electronic

application.

Graphene is grown epitaxially on a silicon carbide (SiC) substrate, by heating (thermal

Epitaxial method
decomposition).

Bottom-up

[104]

The CVD technique involves exposing the substrate to a volatile precursor, then chemically  Produce high quality of G layers; potential to

reacting and decomposing the precursor on the surface of the substrate to form G coatings.

cvD

be upscaled.
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et al,, an efficient and less expensive method for producing
GQDs uses a new facile method by chemically oxidizing a
commonly used carbon source, CX-72 carbon black [117].

3.2.1.3 Microwave-assisted synthesis

The utilization of microwave-assisted technologies to pro-
duce G materials is gaining prominence. Nguyen et al
announced complete breakthroughs in refining the pro-
duction procedure of GQDs and nitrogen-doped GQDs
(N-GQDs) from citric acid (CA) and urea [118]. Microwaves
speed up GQD production. It was discovered using Raman
scattering spectra of the typical C-C G vibration mode
(G-peak), and GQD defects detected these GQDs (D-peak)
[118]. Other reports use highly acidic or alkaline conditions,
sonication, or thermal reactions to create GQD. However,
these operations take a long time to complete [111]. Luo
et al reported a simple microwave-assisted two-color GQD
synthesis technique using a two-step hydrothermal tech-
nique in acidic conditions [119]. Surprisingly, they created
white-light-emitting graphene quantum dots (WGQDs) by
exfoliating oxidized graphite with ultrasonication and
microwave irradiation. The collected WGQDs had a con-
sistent size of 2-5 nm and a 1.25-2.75 nm thickness during
microwave irradiation. As a result, the microwave-assisted
approach may minimize reaction time and boost product
yield, but it requires specialized equipment.

Figure 7 shows the procedures to synthesis GQDs from
spent tea using a microwave-assisted technique. The process
started with pyrolysis of the spent tea to produce carbon-
rich precursor. The carbon-rich precursor was then con-
verted into GQDs via microwave-assisted technique. The
study was carried out at a microwave power range of
100-900 W with 15-180 min duration. It is found from the
experiment, the optimum condition of power and dura-
tion for the synthesis of high quality GQDs with excellent
optical properties derived from spent tea is 500 W and
120 min [118].

3.2.1.4 Electrochemical oxidation

The electrochemical method may be worth considering for
sizing GQDs. It is possible to obtain GQDs by electroche-
mical selective oxidation and reduction. Shinde and Pillai
synthesized GQDs electrochemically from MWCNTs [120].
However, because of the high temperature and prolonged
oxidation duration, the overall reaction time is relatively
long [120,121]. Electrochemical synthesis at room tempera-
ture for a short time may be a viable alternative by using
big electrodes for facilitating bulk synthesis. Figure 8a
shows hydroxyl and oxygen radicals attacking graphite
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Figure 6: Synthesis process of crystalline GQDs from paddy straw waste using hydrothermal method. Reproduced with permission from Ref. [115].

edge planes during exfoliation [122]. Li et al. used an elec- approach for manufacturing GQDs with a 14% QY [123].
trochemical approach to create functional GQDs with As illustrated in Figure 8b, Ananthanarayanan et al
green fluorescence that are stable in water for months reported a simple electrochemical approach to exfoliate
[111]. Zhang et al. demonstrated a simple electrochemical GQDs from 3D G [124].
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Spent tea Carbon rich Precursor

GQDs product Microwave treatment

Figure 7: Illustration of the synthesis procedure for GQDs derived from spent tea using microwave assisted treatment. Reproduced with permission
from Ref. [118].
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3.2.2 Bottom-up methods

3.2.2.1 Pyrolysis or carbonization

The bottom-up approaches involve complex reaction pro-
cesses, and specialized organic ingredients make opti-
mizing it challenging. GQDs can be produced by pyrolysis
or the carbonization of organic precursors. Precursors
used in pyrolysis or carbonization include CA, r-glutamic
acid, 1,3,5-triamino-2,4,6-trinitrobenzene, and glucose [125].
To overcome this, Dong et al. produced blue fluorescent
GQDs and GO from CA, carbonized to varying degrees
[126]. The GQDs were made by pyrolyzing CA. Figure 9a
shows that Li et al. used TATB as the only precursor that
underwent a single-layered intermolecular carbonization
process [127]. Figure 9b depicts a bottom-up synthesis of
massive GQDs with 132 carbon atoms from 3-iodo-4-bro-
moaniline [128].

3.2.3 Electron beam irradiation (EBI) method

The EBI approach is not frequently utilized since it needs
expensive expert equipment and exposes users to radia-
tion [129]. Wang et al. reported that single-crystal fluores-
cent GQDs were produced at ambient temperature [130].

DE GRUYTER

1,3,6-trinitropyrene was dissolved in a solution of hydra-
zine hydrate to produce the desired results. The mixture
was sealed in a plastic bag after being stirred and exposed
to ionizing radiation through a titanium window in a dyna-
mitron electron accelerator. To get GQDs with 32% QY, the
sample was dialyzed for 2 days using a 0.22 mm micro-
porous membrane filter and a dialysis bag. Precursors
for GQD synthesis include 1-Nitropyrene, urea, and CA
[129]. Possible reaction formation mechanism pathway of
GQDs in hydrazine hydrate solution from 1,3,6-trinitro-
pyrene molecules is shown in Figure 10. (Table 2).

4 Applications of G and GQDs

4.1 Graphene for biomedical applications
4.1.1 Biosensing application

Sensors comprise a receptor and a transducer (Figure 11).
The receptor is the organic or inorganic substance that
specifically interacts with the target molecule. Organic,
inorganic, or even complete cells might be used as the
target molecule. The transducer is the sensor component

hv
BMIM*
Electrochemical .
Cutting

Figure 8: Schematic representation of the preparation route for green-luminescent GQDs and blue-luminescent GQDs. (a) Exfoliation process
showing the attack on the graphite edge planes by hydroxyl and oxygen radicals, and intercalation of BF, anion [122]. (b) Schematic illustration of
GQD synthesis from 3D G [124]. Adapted with permission from Refs [122 and 124].
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Figure 9: (a) Illustration of the proposed formation mechanism of N-GQDs from single-layered TATB intermolecular condensation (reproduced with
permission from Ref. [51], Copyright 2016, Springer) [127]. (b) Bottom-up synthesis of large GQDs containing 132 carbon atoms from 3-iodo-4-
bromoaniline via stepwise organic chemistry [128].

that turns chemical information into a quantifiable signal. The bioreceptor (molecules such as antibodies, SSDNA,
Graphene-based nanomaterials (GBNs) are excellent bio- and enzymes) must be linked to the transducer surface
sensor transducers, translating the interactions between for this to happen. EDC/NHS/1-pyrenebutyric acid N-hydro-
the receptor and the target molecules into observable read- xysuccinimide ester (PBASE) chemistry is the most often
ings [136]. used attachment approach for antibodies and ssDNA

1
ﬁ#’ -
1,3,6-Trinitropyrene 8 % ; 8 §

C e ® O
I O 2 O

GQDs

Figure 10: Formation mechanism of GQDs (reproduced with permission from Ref. [130]).
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Table 2: Synthesis methods of GQDs

Ref.

Advantage

Process

Method

Type of synthesis

Murni Handayani et al.

[111,131]

Simple and inexpensive

This approach employs an aqueous solution as the reaction system in a closed reaction

vessel, such as a Teflon-lined autoclave

Hydrothermal

Top-down

[111,132]

Strong acid such as HNOs is used for this method to exfoliate GQDs from carbon-based  Suitable for large scale production

materials

Acid exfoliation and oxidation

[118,133]

Short reaction time; uniform GQDs size

distribution

This method uses microwave irradiation to escalate the reaction

Microwave-assisted synthesis

[122,134]

Produce uniform sized GQDs; tunable properties

of GQDs

An electric potential is given to the precursor to push charged ions to the graphitic

layers of carbon material and break carbon-carbon bonds to form GQDs

Electrochemical oxidation

[127,135]

Inexpensive; short reaction time; high yield;

suitable for large production
Produce uniform sized GQDs

The carbon-containing materials is carbonized under high temperature and often

under non-oxidizing atmosphere

Pyrolysis or carbonization

Bottom-up

[136]

This method uses high-energy electrons to break the carbon-carbon bond in the

graphitic layers in the carbon materials

EBI method
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immobilization onto G and its derivatives (GO, rGO). In
contrast, physisorption is the most regularly used method
for enzyme immobilization. Seo et al. succeeded in devel-
oping a COVID-19 field effect transistor (FET) sensor based
on integration of SARS-CoV-2 spike antibody with G [137].
The developed platforms use PBASE for immobilization of
the SARS-CoV-2 spike antibody and have a limit of detection
(LOD) SARS-CoV-2 antigen protein of 1fg/mL (Figure 12).

Because of its huge surface area, electrical conduc-
tivity, rapid electron transfer rate, and ability to immobi-
lize diverse compounds, G has been used in the creation of
several biosensors of various transduction modalities [138].
In addition, G’s connected structure can enhance electron
flow between the bioreceptor and transducer, resulting in
high signal sensitivity for electrochemical sensors [139].
Additionally, GBNs can operate as a quencher in the trans-
ducer to produce fluorescent biosensors. G, GO, and rGO
have been shown in studies to have very high efficiency in
fluorescent quenching [140].

Li et al. developed a dual-channel biosensor based on
fluorescence and surface-enhanced Raman spectroscopy
[141]. Upconversion G was combined with Au and Ag nano-
particles resulting in Au@Ag-G upconversion. These nano-
hybrids were then conjugated to complementary DNA and
immobilized into polymethacrylic acid magnetite-magnetic
colloidal nanocrystal clusters which were previously con-
jugated with aptamers. The fluorescence of the sample
solution was quenched if no Hg** was detected. The detec-
tion limit of this dual sensor is also sufficient to be used as
a qualified sensor which is 0.33 and 1 ppb [141]. Wong et al.
functionalized rGO with folic acid through covalent inter-
action [142]. This FA-rGO is then mixed with bovine serum
albumin-templated AuNCs (BSA/AuNCs) so that it can be
used as a fluorescence biosensor for glutathione. Fluores-
cence quenching was generated by the strong connection
between glutathione and FA-rGO-BSA/AuNCs, which was
primarily mediated by van der Waals interaction and hydrogen
bonding. Glutathione also has a tendency to bind with Au nuclei
and BSA/AuNCs ligands. These interactions can cause Au cluster
aggregation and alterations in electron transport, resulting in
fluorescence interference. This is where FA-TGO comes in to
assist in the stabilization of BSA/AuNCs [142]. In addition to
glutathione sensors, rGO has been claimed to have the potential
to be employed as a virus sensor for Ebola [143], SARS-CoV-2
[143], and Hepatitis C [144].

4.1.2 Tissue engineering (implant)

Due to its ability to react with other biomolecules such as
DNA, enzymes, proteins, and peptides for regenerative
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Figure 11: Biosensors and components on a biosensing platform.

medicine, G nanomaterial is now widely used in the medical
and tissue engineering fields. Graphene and its by-products
have recently gained new interest in the development and
application of biocompatible systems. Nayak et al. investi-
gated the effect of G on stem cell growth and discovered

BIORECEPTOR
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ENZYME — CELL
ANTIBODY —— BACTERIA
APTAMER — PROTEIN
PEPTIDE —— METABOLITE

that G-based films do not inhibit the proliferation of
human mesenchymal stem cells (hMSCs). Instead, it con-
trols their specific differentiation into bone cells by using
growth factors and osteogenic inducers, implying the
potential

use of stem cells for proliferation and

SARS-CoV-2 spike antibody

SARS-CoV-2 virus

Response signal

Time (5)

COVID-19 FET sensor

Figure 12: Schematic diagram of COVID-19 FET sensor operation procedure based on integration of SARS-CoV-2 spike antibody with G. Reprinted with

permission from [137].
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transplantation and their specific differentiation into mus-
cles, bones, and cartilage for bone regeneration therapy
[154]. A further recent study discovered that G could
improve the biological characteristics used in bone regen-
eration therapy. They concluded that G nanocomposites
could pave the way to construct scaffolds for specific
organ/tissue targets [155].

Mohammadi et al. used the electrospinning method
and successfully fabricated uniform and bead-free GO-rein-
forced polycaprolactone (GO-PCL) fibrous scaffolds [156].
The total porosity of the samples was greater than 95%
during the porosity measurement test, which appears to
be the ideal solution for tissue regeneration and fibers
that adsorb more protein while incorporating GO. Cell-sur-
face attachment and cell spreading patterns were also eval-
uated, and it shows that cells cultivated on GO-PCL fibrous
scaffolds reached higher confluency and spread out over
larger areas, indicating that GO-PCL provides excellent cell
attachment. Furthermore, low-magnification micrographs
revealed that GO-PCL (2%) had the highest cell viability
and proliferation rate, implying that GO nanosheets
(GONS) in fibers may enhance cell attachment and growth.
It concluded that adding GONS to MG-63 cells significantly
improved the adhesion and proliferation. Compared to bulk
PCL, GO-PCL biocomposites increased physicomechanical
properties and significantly enhanced biological features
in bone tissue engineering via electrospun fibers [157].

Also, regarding in vitro cell study, Kalbacova et al
found that G substrate created by CVD is biocompatible
with human osteoblasts and hMSCs, with higher cell pro-
liferation than SiO, substrate and stimulates cell growth
and differentiation [158]. In a further study by Li et al,
CVD-grown G film was examined as a substrate for neur-
ites, the essential structures for neural functions during
development in a mouse hippocampal culture model. The
average length of neurites was substantially increased on
G film than on tissue culture polystyrene (TCPS) during the
first 2-7 days following cell seeding. GAP-43 expression was
also much higher in the G group compared to the TCPS
group, most likely due to an increase in neurite sprouting
and outgrowth, suggesting that pristine G could be used as
a novel material for neural interfacing [159]. In another
study, Ahmed et al. reported that GO was applied to nano-
fiber scaffolds made of cellulose acetate and polyvinyl
alcohol (PVA) that had been modified with Fe;0, nanopar-
ticles for use in wound healing. The result showed that the
incorporation of GO induced a significant variation in cell
growth, where cells seem to spread over the GO surfaces.
In addition, GO also contributed to the mechanical stability
of nanofiber [160].
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4.1.3 Drug delivery

Nanomaterial-based drug delivery systems (DDS) have been
widely researched for cancer treatment during the last
decade, aiming to improve therapeutic efficacy while redu-
cing hazardous side effects. Many organizations have begun
to investigate G-based medication delivery methods since
2008. The surface area of G (2,600 m* g™ ) is higher, which
makes researchers to explore them for drug delivery [168]. A
G monolayer, in essence, offers an extreme scenario in
which every atom is exposed on the surface, allowing for
a substantially larger drug-loading capacity. Chemical mod-
ification by electrostatic contact and binding to the aromatic
molecule via p—p stacking interaction are the two most
prevalent alterations described in the literature for drug
delivery utilizing GBNs. Another advantage of drug delivery
through GBNs is adjusting the release rate for long-term
medication release [169].

Figure 13 shows the schematic design of the cellular
protease-mediated G-based co-delivery system. The main
component of the nanocomposites is composed of DOX-
loaded GO, polyethylene glycol (PEG) linker, and TRAIL-con-
jugated furin-cleavable peptide as can be seen in Figure 13a.
The delivery process of TRAIL/DOX-fGO, from vessel admin-
istration to drug release in the cell nucleus is shown in
Figure 13b. (i) The process started by intravenous adminis-
tration of GO, (ii) accumulation of GO at the tumor site
through passive and active targeting effects, (iii) TRAIL
binding on the death receptor and degradation of peptide
linker by furin on the cell membrane, (iv) activation of
caspase-mediated apoptosis, (v) induction of cell death, (vi)
endocytosis of GO by the tumor cells, (vii) acid-promoted
DOX release in endosome, (viii) accumulation of released
DOX into nucleus, and (ix) induction of DNA damage-
mediated apoptosis and cytotoxicity.

4.1.4 Bioimaging

In bioimaging, GO is used in many ways, such as optical
imaging. Non-invasive optical imaging combines visible
light and the unique characteristics of photons to provide
comprehensive pictures of organs and tissues, as well
as tiny objects such as cells and molecules [179]. It offers
several benefits over other imaging modalities, including
low cost, high sensitivity (10°~10"* mol/L), nonionizing radia-
tion, real-time imaging, a rapid acquisition time, and multi-
plexing capacity. This modality, however, has low tissue
penetration (0-2cm), substantial photon scattering in the
visible light area (395-600 nm), and considerable background
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Figure 13: Schematic design of the cellular protease-mediated G-based co-delivery system. (a) Main components of TRAIL/DOX-fGO, (b) site-specific
delivery of TRAIL to cell membrane and DOX to nuclei for enhanced synergistic cancer treatment. Reproduced with permission from Ref. [153].

due to tissue autofluorescence and light absorption by pro-
teins (257-280 nm), heme groups (absorbance maximum at
560 nm), and even water (above 900 nm). To address these
challenges, NIR window (NIR, 650-900 nm) and second NIR
window (NIR-II, 1,000-1,700 nm) imaging modalities with
reduced autofluorescence, lower tissue scattering, and better
depth of penetration for in vivo imaging have been investi-
gated [180]. The bioimaging application of nanocomposite
consisting of GO was reported by Nunez et al. They covalently
attached mono-iodinated boron-cluster derivatives into GO.
In vitro cytotoxicity experiments with HeLa cells for up to
48 h revealed negligible cytotoxicity of the nanocomposite, as
shown by cell mortality of less than 10%. Furthermore, in vivo
testing indicates a similar outcome to in vitro tests, in which
Caenorhabditis elegans was used to prove that nanocomposite
could be ingested by the worms, with no substantial harm
and very low toxicity [181].

4.1.5 Antibacterial and antiviral property

Graphene and its by-products were found to be a superior
antibacterial agent against various bacteria because of their
sharp edges and induction of oxidative stress. Akhavan and
Ghaderi discovered that using GO and G to treat Escherichia
coli and Staphylococcus aureus results in bacterial RNA

efflux. The result shows that the bacterial cell membrane
is harshly pierced by the direct sinking of sharp ends of
nanosheets into the bacterial cell membrane. According to
their study, some GO sheets are almost perpendicular to the
surface of bacterial cells. These perpendicular sheets have
incredibly sharp edges that damage bacterial cell mem-
branes and cause RNA efflux into the solution [190].

The study by Liu et al. found that the antibacterial
activities of GO and rGO are time and concentration depen-
dent. A significant bacterial inactivation occurs during the
first hour of incubation, and the cell death rate constantly
increases as material concentration increases. The increase
in GO concentration from 5 to 80 g/mL resulted in the loss of
E. coli viability from 10.5 + 6.6% at the GO concentration of
5 pg/mL to 91.6 + 3.2% at the GO concentration of 80 ug/mL.
Furthermore, the result also shows that the loss of E. coli
viability increases consistently as the GO treatment’s incu-
bation time increases. They also discovered that rGO has a
similar effect as GO on E. coli viability loss [191].

Liu et al. examined wound recovery and infection con-
trol using GO quaternary ammonium nanocomposites (GO-
QAS). The GO-QAS nanocomposite demonstrates outstanding
biocompatibility and synergistic antibacterial efficacy against
multi-drug bacteria resistance to mechanical membrane dis-
ruption and oxidative stress induction. Specifically, GO-QAS
has the potential effectiveness of re-epithelialization and
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Figure 14: Scanning electron microscopy of Escherichia coli cell treated (a) without nanocomposite and (b) with GO suspensions. Reproduced with

permission from references [192].

enhanced granulation tissue creation in treating wound
infections and injuries and improving recovery. GO-QAS
nanocomposite might undeniably be manufactured as an
antimicrobial agent for wound treatment and antibacterial
wound dressing [192]. In a further study, Valentini et al. used
functionalized G to research antibacterial and cytotoxicity
factors. Functionalized G was used to create GO via the
chemical and electrochemical (GO(cy) routes and the bac-
teria against Gram-positive Staphylococcus aureus, Gram-
negative, and E. coli microorganisms. They discovered that
(GOqicyy) has relatively high antimicrobial activity, suggesting
that it could be used to develop anticancer drugs in the future
[193]. Scanning electron microscopy of Escherichia coli cells
treated without nanocomposite and with GO suspensions is
shown in Figure 14.

Figure 15 shows the application of G and its derivatives
as oral bacteria inhibitors, such as S. mutans (S.m), E. fae-
calis (Ef), P. gingivalis (P.g), A. actinomycetemcomitans
(A.a), F. nucleatum (F.n), and P. intermedia (P.i). He et al.
reported that the number of bacterial cells decreased in
GO-exposed groups compared to the control group [194].
They found that GO nanosheets caused cell membrane and
cell wall integrity loss. The intracellular densities of S.m,
F.n, and P.g decreased when surrounded by GONS, indi-
cating that they lost some intracellular substance. They also
compared the activity of P.g, S.m, and F.n treated with dif-
ferent concentrations of GO and found that bacterial activity
decreased with the increase in GO concentration.

The antibacterial properties of GO and rGO sheets led
researchers to suggest that these nanomaterials could have
antiviral properties. According to a study by Ye et al., GO
and rGO exhibit comparable antiviral activity, indicating
that the oxygen-containing group is not essential for anti-
viral activity. At a noncytotoxic concentration (6 g/mL),

they demonstrated that GO and rGO have broad-spectrum
antiviral activity against both DNA viruses (PRV) and RNA
viruses (Porcine epidemic diarrhea virus; PEDV). GO was
found to have significant antiviral properties even at low
concentrations (1.5 g/mL). It has been observed that GO can
inactivate viruses even before they enter the cell due to
physical disruption of the structure caused by direct con-
tact with the sharp edge of the GO layers. The antiviral
activity depended on concentration and incubation time
and was effective against DNA and RNA viruses [195].

Furthermore, the antiviral activity of GO may also be
attributed to the negative charge of GO, which promotes
electrostatic interaction with positively charged viruses.
The higher the interactions, the more the virus is destroyed
and inactivated. Sametband et al. investigated the antiviral
activity of GO layers and partially reduced sulfonated GO.
The result showed that both the nanomaterials have a
negative charge due to carbonyl and sulfonate surface groups
and can block herpes simplex virus type 1 (HSV-1) infections
[196]. Deokar et al designed and synthesized sulfonated mag-
netic nanoparticles functionalized with rGO (SMRGO) to cap-
ture and photothermally kill HSV-1 [197]. The light absorbance
of G can be utilized to eliminate virus particles once they have
been captured. SMRGO were successfully used to capture and
photothermally destroy HSV-1 using NIR light. These findings
show that G composites could aid in treating viral diseases,
including but not limited to HSV-1 [197].

The biomedical applications of G and its derivatives have
enormous specific and unique characteristics. Through the
compilation of Tables 3-7, we present a reader-friendly guide
that highlights how G is potentially used in various biome-
dical fields. Each table offers a snapshot of G and its deriva-
tives’ contributions, making it easy to explore their role in
enhancing biomedical applications.
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4.2 GQDs for biomedical applications
4.2.1 Biosensing applications

GQDs have excellent PL performance with certain func-
tional groups, allowing them to bond with target analytes
via electrostatic interactions, m-m conjugation, or electron
transfer, resulting in GQD PL turn-on or turn-off [207]. Hai
et al. reported that GQDs could also be coated with addi-
tional compounds, resulting in moderate optical character-
istics with specific recognition or dual emissions [207]. GQDs
outperform organic dyes and semiconductor quantum dot
probes for biosensing devices in terms of sensitivity, selec-
tivity, stability, and security.

4.2.1.1 Ion sensing

In biological systems, ions need regulation and transporta-
tion at a cellular level, and their acute toxicity implies
precise measurement with high sensitivity and selectivity

Development of G and GQDs for biomedical engineering applications: A review = 19

[208,209]. Biosensors are developed based on the affinity of
different functional groups on GQDs to detect a specific ion.
A large number of studies have been presented for sensing
different types of ions, such as Cu®* [210], Pb** [211], Hg**
[212], Ag* [213], Fe*" [135], and others [110,214]. One of the
major studies used ethylenediamine-modified GQDs with a
QY of 83% to detect Ni** with a detection limit of 30 nM. The
PL of GQDs was substantially quenched upon the addition
of Ni?*. In vitro sensing was demonstrated by treating rat
adipocyte-derived stem cells with GQDs, and the PL was
quenched upon adding Ni** to the cell [215].

In a recent study, biomass-derived GQDs, inherently
functionalized with hydroxyl/carboxyl groups, were uti-
lized as a photoluminescence detection probe for sensing
ferric ions (Fe®*) [135]. The selectivity of the GQDs-based
biosensor was assessed by evaluating the photolumines-
cence quenching efficiency of Fe** compared to numerous
other metal ions. Moreover, the sensitivity was evaluated
at a range of 1-50 pum, and the detection limit was reported
to be as low as 25pM, highlighting the practical

GO/G-|CulZnOl.
: g E E

Graphene

GO-ICG-POT

CPC-chitosan-GO

GOPEI-AsvicR

GO-ICG-POT

Graphene Oxide

Graphene

Figure 15: An illustration of the G-based materials as oral bacteria inhibitors. Graphene-based materials can inhibit the growth of cariogenic bacteria
S.m, control dental pulp infection by effectively reducing the biovolumes of E.f, and suppress periodontal pathogens, such as P.g, A.a, F.n, and P.i.

Reproduced from Ref. [194].
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Table 3: Graphene material for biosensor

Ref.

LOD

Target molecules

Sensor type

Synthesis method of graphene materials

Precursor materials

Murni Handayani et al.

[22]

74 nM

Ascorbic acid

Electrochemical impedance spectroscopy (EIS)
Cyclic voltammetry (CV) and differential pulse

voltammetry (DPV)

CV and DPV

Electrochemical oxidation

GO-Ag-Fes0,
NiO/GO

[145]

0.14, 0.10, and 5.50 yM

Ascorbic acid, dopamine, and

uric acid

Oxidation of graphite using Hummer’s

method

[146]

9.6, 0.1, and 0.2 pyM

Ascorbic acid, dopamine, and

uric acid
Glucose

Oxidation of graphite using Hummer’s

method
cvD

N-rGO

[147]

0.21puM

EIS

Graphene wall/Cu,0

MOSz-G

[148]

Glucose

Surface plasmon resonance)
Fluorescence detection

cvD

[149]

118ng mL™

HIV-1 protease

Oxidation of graphite using Hummer’s

method

GO-Pep-FAM

[23]

0.18 x 107%%V/V

SARS-CoV-2

CV and EIS

Oxidation of graphite using Hummer’s

method

GO-Au nanostar

[150]

0.0014 fg/mL

Hepatitis B

CV, square wave voltammetry, and EIS

Oxidation of graphite using Hummer’s

method

rGO-Au NPs

[151]
[152]
[153]

24pgmL™
10 fM

Inactivated Ebola virus

DNA
DNA

FET based immunoassay

Chemical reduction

rGO

Surface-enhanced Raman scattering

CV and EIS

Oxidation of graphite

Thionine functionalized rGO  Ultrasonication exfoliation

GO-AuNPs

428 x 107 M
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applicability of the sensor (Figure 16). The high selectivity
and sensitivity of the sensor were attributed to the strong
affinity of biomass-derived GQDs toward Fe**.

4.2.1.2 In vitro sensing of small molecules

GQDs have been widely employed in biosensing based on
their optical properties. Biosensors based on GQDs utilize
the affinity of specific functional groups within GQDs
toward analyte molecules. When the affinity of a func-
tional group is higher toward an analyte molecule, binding
between GQDs and analyte molecules occurs, resulting in
different electronic states of GQDs. The GQD’s electronic
state variation changes photoluminescence and helps detect
analytes [110,214]. GQDs have been used to detect DNA and
other analytes [214]. In general, sensitivity, selectivity, and
simplicity are the main requirements for an efficient sensor,
and GQDs provide an excellent platform due to their good
photostability and fast response.

GQDs-based sensors have also been developed for in
vitro sensing of small molecules. For example, GQDs func-
tionalized with (2,4-dinitrophenyl) tyrosine (DNPTYR) were
utilized to develop a turn-on sensor for indicating the H,S
attack. Different types of diseases, including cancer and
Alzheimer’s, are related to an unusual concentration of
H,S in the cells. The mechanism involved in this novel
sensor is the photoinduced electron transfer between the
DNPTYR functional group and GQDs. The photoluminescence
of GQDs was quenched due to the covalent conjugation of
DNPTYR. However, after adding H,S, photoluminescence
recovered due to the cleavage of the dinitrophenyl group
by H,S. Figure 17 demonstrates the schematic illustration
of the H,S biosensor. This novel biosensor could potentially
detect the in vitro levels of H,S. MCF-7 cells were incubated
with GQDs-DNPTYR until the particles were interred in the
cells. The photoluminescence of GQDs was enhanced by
adding H,S, as indicated by small specs of green in confocal
microscope images (Figure 17b). Finally, phorbol myristate
acetate (PMA) was added to the cells to reduce the H,S
concentration, which resulted in the photoluminescence
quenching again. The detection limit of the biosensor was
calculated to be 2 nM, signifying the system's viability [216].
The outstanding biocompatibility, good photostability and
excellent water solubility are several obvious advantages
of GQDs for biosensing over other systems, such as organic
dyes and semiconductor QDs.

Most of the GQDs-based sensing systems are based on
the interaction of the analyte with the molecules attached
to GQDs, resulting in the recovery of photoluminescence
through an irreversible process. While in other GQDs-
based sensors, analyte interaction occurs directly with
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Figure 16: The biomass-derived GQDs-based sensor for selective and sensitive detection of ferric ions (Fe*"). (a) Comparison of the photolumines-
cence intensities of GQDs solution in the presence of 100 pM of different metal ions, (b) the assessment of the different metal ion’s affinity toward
GQD, (c) the photoluminescence spectra of GQDs at various concentrations of Fe>*, and (d) equivalent liner regression plot [135].

GQDs, usually modified with specific functional groups.
The affinity between the functional groups and analytes
is vital in these biosensing probes. For example, amine-
functionalized N-GQDs were utilized to sense 2,4,6-trinitro-
phenol (TNP) [217]. To evaluate the selectivity of N-GQDs
toward TNP, the level of photoluminescence quenching in
the presence of TNP was compared to the presence of other
aromatic compounds similar to TNP and various metal
ions. The results indicated that considerable photolumines-
cence quenching only occurred in the presence of TNP.
This selectivity was attributed to the overlap between the
emission spectrum of N-GQDs and the absorbance spec-
trum of TNP, leading to effective resonance electron
transfer.

4.2.1.3 In vitro sensing

In addition to in vitro investigations where GQDs are uti-
lized to detect analytes in a cellular environment, in vivo
sensing could bring the GQDs nearer to clinical research.
Recent advancements in the GQDs field indicate that in vivo
biosensing is also possible through GQDs. For example, GQDs
with NIR-II windows for photoluminescence emission has
been used for deeper tissue penetration. Although good bio-
compatibility and water solubility suggest that these GQDs can
be potentially used for in vivo biosensing, only a few studies
have been conducted on GQDs based on in vivo biosensing. CA
and neutral red-derived carbon quantum dots, usually called
CDs, were used for in vivo biosensing noble metal ions, such as
Au*, P*, and Pd** in zebrafish [218]. CDs’ optical and
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Figure 17: GQDs-DNPTYR-based turn-on fluorescence probe for H,S biosensing. (a) Schematic representation of synthesis mechanism and quenching
of GQDs by DNPTYR and (b) confocal microscope image of MCF-7 cells (first left), after 1h incubation with GQDs-DNPTYR (second left), 25 min after the
addition of H,S (third left) and in the presence of PMA and H,S (rightmost) [216].

physicochemical properties were similar to those of GQDs,
especially synthesized by the hydrothermal method, high-
lighting the potential of GQDs for in vivo sensing. In order to
evaluate in vivo sensing ability of CDs, the zebrafish were
placed in a CDs solution for 4h after feeding with different
concentrations of Pt**. Subsequently, fluorescence imaging of
the zebrafish was performed, and the photoluminescence
intensity of CDs was measured against the Pt** concentration.
The results indicated a good relationship between the CDs
photoluminescence intensity and P** concentration [218].
Although several barriers exist for translation to mammalian
models, such as high signal absorbance by the tissues and
immunogenicity of GQDs, this study indicates that GQDs-based
biosensors can be used in living systems.

4.2.1.4 Hydrogen peroxide (H,0,) sensing

H,0, is an essential chemical widely used as an oxidant in
industries. However, the toxic nature of H,0, implies that
its precise measurement is substantially important [219].
Several methods have been developed for its detection and
measurement, among which electrochemical sensing is

advantageous owing to its high accuracy, fast response, and
ease of handling [220]. As an alternative to usually employed
enzymatic sensing, GQDs have recently emerged as a non-
enzymatic sensing platform for H,0, [221]. Recently, GQDs
and ZnO nanofiber composite platforms were developed for
intracellularly sensing H,0, after anticancer drug treatment
[222]. Excellent response and catalytic activity were observed
due to the high surface area and synergetic effect of GQDs
and ZnO nanofibers. In another study, GQDs/MWCNTSs com-
posite on glassy carbon electrodes was utilized to sense H,0,
by reduction [223]. N-GQDs were used as a calorimetric indi-
cator of glucose and H,0, and as a catalyst for reducing H,0,.
The kinetics of N-GQDs for reducing H,0, were compared
with different substrates. The results showed that the kinetics
of N-GQDs were much higher than other substrates, showing
a high affinity of N-GQDs toward aromatic compounds [224].

4.2.2 Tissue engineering (implant)

GQDs-based materials possess a highly beneficial physico-
chemical property that has been used in tissue engineering,
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from tissue scaffolds, high-strength hydrogels, wound healing
agents, to bone regeneration agents. Qiu et al investigated the
effects of GQDs on MSCs osteogenic differentiation and eval-
uate the effect of GQDs exposure on MSC differentiation after
incubating MSCs with different GQDs concentrations for 7
and 14 days. The result showed that MSCs incubated with
GQDs had higher alkaline phosphatase (ALP) activity than
the control group, indicating that GQDs enhance the osteo-
genic differentiation of MSCs. To further confirm the findings,
they used quantitative polymerase chain reaction to measure
the expression of phenotypically related genes associated
with osteogenic differentiation at the mRNA level. The expres-
sion of bone extracellular matrix proteins such as osteopontin
(OPN) and osteocalcin (OCN) was also investigated. The result
after 14 days of incubation showed Runt-related transcription
factor 2 (Runx2) mRNA expression in MSCs cultured with
GQDs at a concentration of 50 yg/mL was up-regulated by
13.9-folds compared to control cells, indicating that Runx2
mRNA expression in MSCs cultured with GQDs significantly
increased in a concentration- and time-dependent manner.
The OPN expression was also increased in a concentration-
and time-dependent manner up to 10 days of exposure,
whereas OCN expression remained unchanged after 7 days
of GQD exposure but increased in a concentration-dependent
manner on days 10 and 14. These findings confirmed that
GQDs could be potentially used in applying stem cell and
musculoskeletal tissue engineering [196]. A more recent study
investigated the effect of graphene oxide quantom dots
(GOQDs) on the osteogenic differentiation of SHEDs, stem
cells derived from human exfoliated deciduous teeth, which
recently emerged as one of the most promising MSCs
in bone tissue engineering. The resulting study showed
that GOQDs promoted SHED proliferation significantly,
and GOQDs performed better in promoting SHEDs osteo-
genesis than GO. Furthermore, GOQDs were dispersed
uniformly throughout the cytoplasm of SHEDs due to
their photoluminescence characteristics [232]. These stu-
dies suggest that GQDs-based nanomaterials are pro-
mising for tissue engineering advancement.

4.2.3 Drug delivery

Drug loading, targeting, and efficacy have been improved
with nanoparticle-based DDS [236]. Recent research shows
that GQDs are less poisonous, more hydrophobic, and have
stronger fluorescence than graphene [237]. Furthermore,
GQDs have been proven to improve the chemotherapeutic
efficacy of anticancer medications that are unsatisfactory
due to drug resistance [20]. Several studies have used DFT
or MD simulations to understand GQDs properties better,
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for example, the 5-fluorouracil (FU) interaction with undoped/
doped GQDs [238]. The findings suggest AIN and AlP-doped
GQDs as FU drug carriers in nanomedicine. These nanoparti-
cles have a low toxicity, a large surface/volume ratio, and a
wide range of surface functionalization options compared to
other nanoparticles. In addition, GQDs hold great biological
prospects. Nitrogen-doped modified GQDs have also been
shown to have drug-carrying potential. N-GQD has been
reported to be employed as the DDS of methotrexate, an antic-
ancer medication, and in vitro cytotoxicity studies showed that
N-GQD is highly biocompatible [239]. The position of nitrogen
doping on GQDs has varied implications on its potential to be
used as a drug carrier of gemcitabine as reported by Vanta-
parast et al. By using DFT calculations, they revealed that the
binding energy values for each nitrogen doping location were
negative, indicating that gemcitabine adsorption happened
spontaneously on both GQDs and N-GQDS. However, the
binding energy values of pure GQD and edge-NGQD were
lower than those of the central N-GQD, indicating lower per-
formance as a drug carrier [238].

4.2.4 Bioimaging

Along with small-molecule sensing, GQDs have been suc-
cessfully implemented in bioimaging acute diseases such
as cancer. The metabolic and nutritional environment of
tumors is quite different from healthy tissues. Particularly,
the pH in tumors is considerably low due to the anaerobic
hydrolysis of ATP and the generation of lactic acid. Moreover,
energy-deficient conditions are found in tumors [245]. Such
an abnormal behavior of tumors has been used for efficient
cancer diagnostics [246]. Numerous studies have demon-
strated that the photoluminescence of GQDs varies with a
change in the pH of the solution. Recently, nitrogen and
sulfur co-doped GQDs (pRF-GQDs) demonstrated blue photo-
luminescence above pH 6.8 and transition to green photo-
luminescence below pH 6.8. In order to realize the practical
application of the pH-based diagnostic system, pRF-GQDs
were injected into mice bearing HeLa tumors, and fluores-
cence measurements were performed after 24 h. The results
showed that green photoluminescence was observed in
tumors.

Moreover, after imaging various tissues under identical
conditions, a relatively high concentration of pRF-GQDs
was found in tumor tissues due to enhanced penetration,
permeation, and retention of GQDs. The pRF-GQDs system
was demonstrated for fluorescence imaging of different
tumors in mice, such as HepG2, PANC-1, U87MG, A549,
and HeLa tumors [247]. The spatial resolution of tumors
is relatively higher than the required value for early-stage
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N-GQDs

Figure 18: Multicolor imaging of N-GQDs, NS-GQDs, and BN-GQDs in blue, green, and near-IR. Reproduced with permission from Ref. [248].

cancer diagnostics. Thus, these results indicate the high
potential of GQDs as an advanced platform for cancer
diagnosis.

Intracellular multicolor imaging using N-GQDs, boron/
nitrogen (BN-GQDs), and nitrogen/sulfur-doped GQDs (NS-
GQDs) as fully biocompatible multifunctional platforms for
multicolor visible/near-IR imaging and cancer-sensing has
been presented by Campbell et al. [248]. The GQDs were
derived from a single biocompatible glucosamine pre-
cursor. The experiment shows high-yield intrinsic fluores-
cence emitted in blue/green color and NIR are applicable for
multicolor in vitro imaging on their own or in combination
with other fluorophores as seen in Figure 18. Furthermore,

the materials offer the capabilities for in vivo near-IR fluor-
escence tracking. Each type of quantum dot is imaged at
various excitation and emission wavelengths and shows
emission when internalized into a HeLa cell in blue
(450 nm), green (535 nm), and NIR (750 nm).

4.2.5 Antibacterial and antiviral property

GQDs with biocompatible, photo-stable, enhanced surface
grafting and superior thermal, electrical, and mechanical
properties inherited from graphene are well suited for use
in the biological field, including the antibacterial and
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antiviral fields. Sun et al. designed an antibacterial system
by combining GQDs with a low dose of a standard medical
reagent, H,0,. Gram-positive bacteria E. coli and gram-
negative bacteria S. aureus were used as models to inves-
tigate the antibacterial activities of the designed system.
The results suggest that GQDs could act as a catalyst to
enhance the antibacterial activity of H,0, in this system.
It is shown that the antibacterial ability of H,0, has been
significantly improved with the assistance of GQDs (100
g/mL). H,0, significantly reduced the viability of both E. coli
and S. aureus cells in a concentration-dependent manner. The
enhanced antibacterial activity of H,0, could also inhibit the
growth of E. coli and S. aureus bacteria [255].

Furthermore, the GQD-Band-Aids, with the assistance
of H,0, at low doses, were prepared to examine the anti-
bacterial efficacy of the designed system in actual wound
disinfection. Kunming mice with a wound on their back
were used as models to test the antibacterial efficacy of
the designed system for wound disinfection in vivo. The
wounds of mice were treated with H,0,+GQD/Band-Aid.
The result showed that bacteria in the H,0,+GQD/Band-
Aid treated group were nearly four orders lower than
those in the saline-treated group, which implied that the
combination of H,0, and GQD/Band-Aid could kill bacteria
during the wound treatment most effectively. These results
indicate that GQD-Band-Aid has potential use for wound
disinfection since GQD-Band-Aid showed an excellent anti-
bacterial property in vivo with a low concentration of
H,0, [255].

Zeng et al. reported that GO quantum dots covalently
functionalized poly (vinylidene fluoride) (GOQDs-PVDF)
membrane exhibits significantly improved hydrophilic,
antibacterial, and anti-biofouling properties while main-
taining the permeation properties of the pristine PVDF
membrane [256]. The presence of the GOQD coating layer
effectively inhibits bacterial cell growth and prevents bio-
film formation on the membrane surface, resulting in a
higher bacterial inactivation efficiency. The GOQD loading
on the membrane could be adjusted to obtain an optimal
functionalized membrane with improved water perme-
ability, antibacterial activity, and biofouling resistance.
This finding shows the potential application of GOQDs-
PVDF membrane as an antimicrobial agent and anti-bio-
fouling membrane [256].

Chowdhury et al. studied the electrochemical detection
of Hepatitis E virus (HEV) by a graphene-based nanocom-
posite NS-GQDs and gold-embedded polyaniline nanowires)
[257]. The study found that gold nanoparticles loaded poly-
aniline nanowire improves electron transport and provides
a large surface area for loading monoclonal antibody-con-
jugated GQDs. Whereas the latter may serve as active sites
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for the target HEV. Compared to other traditional electro-
chemical sensors, introducing an external electrical pulse
during the virus accumulation step boosts the sensitivity
of the antiviral drug toward HEV. In addition, the external
electrical pulse in this study could give insight into GQDs
(with sizes of around 500 nm) to attach to the virus effec-
tively [257].

Studies on the antiviral performance of GQDs based
nanocomposites are still in small numbers compared to
antibacterial performance. The significant differences in the
size of the virus (2-300 nm) and bacteria (500-5,000 nm) make
viral studies more challenging to conduct. Nevertheless, gra-
phene and GQDs-based nanocomposites show promising
applications in antiviral field for such nanomaterials.

Beyond graphene, another fascinating material is GQDs.
These structures, with their remarkable properties, show-
case diverse applications, ranging from biosensors to anti-
bacterial and antiviral agents, as depicted in the data across
Tables 8-12. These tables provide a comprehensive over-
view, ensuring that readers can effortlessly grasp the poten-
tial uses of GQDs in biomedical applications.

5 Challenge and its possible
solution

In recent years, there has been significant interest in the
utilization of graphene and GQDs in biomedical applica-
tions. However, their implementation in the biomedical
application also poses notable challenges that require atten-
tion. In this study, we aim to identify the specific issues and
challenges associated with the use of graphene and GQDs in
biomedical applications, as well as explore potential direc-
tions for addressing these challenges.

5.1 Synthesis, cost-effectiveness, and waste
management

Large-scale synthesis methodologies and cost-effectiveness
remain significant concerns that demand serious attention
and require resolution [263]. In order to overcome the lim-
itations in large-scale and affordable synthesis methods, it
is advisable to optimize existing techniques. This can be
achieved by researching different parameters such as pre-
cursor materials, reaction conditions, and catalysts, which
can effectively reduce production costs [264]. Furthermore,
the exploration and development of alternative synthesis
processes that can be feasibly scaled up at reasonable costs
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Table 12: GQDs material with antibacterial and antiviral property

Ref.

Inhibition

Mechanism

Bacteria/virus

Synthesis method of GQDs

materials

Materials

[198]

Generation of hyperthermia by N-GQDs plus a

NIR-II laser

Methicillin-resistant

Microwave-assisted

synthesis

N-doped GQDs

Staphylococcus aureus

[258]
[259]

Crystalline GQDs could inhibit the growth of bacteria

Membrane damage

Pseudomonas aeruginosa

Hydrothermal

Crystalline GQDs
GQDs/Sn02

GQDs/Sn0, nanocomposite had larger zone of inhibition

means good antibacterial properties

Membrane disruption and leakage

Pseudomonas aeruginosa

Hydrothermal

[260]

MIC value for E. coli and Staphylococcus aureus were 0.03

and 0.1, showing high antibacterial activity

Membrane damage caused by strong

electrostatic interactions

E. coli and Staphylococcus

aureus

Hydrothermal

TiO,/Sb,S3/GQDs

[261]

MIC value for E. coli and Staphylococcus aureus were 0.01

and 0.09, showing high antibacterial activity

Membrane damage by reactive oxidative species

E. coli and Staphylococcus

aureus

Hydrothermal

Cotton/Ag/GQDs

[262]

MIC value for E. coli and Staphylococcus aureus were 12 + 0.4

and 25 + 0.2, showing high antibacterial activity

Change the membrane permeability; DNA
damage; decrease dehydrogenase activity

E. coli and Staphylococcus

aureus

Hydrothermal

GQDs@AgNPs
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are highly encouraged. In addition to the aforementioned
synthesis and production cost issues, there are other chal-
lenges arising from the synthesis process. The waste gener-
ated from the use of graphene and GQDs can contaminate
water sources. Nano-sized particles from these materials
can be released into the environment, posing a potential
threat to aquatic ecosystems and the organisms within them.
We suggest to develop environmentally friendly synthesis
methods that generate less waste. This can be achieved by
using more environmentally friendly materials, such as renew-
able precursors and environmentally friendly solvents [265].
By implementing these strategies, the synthesis process can
effectively reduce its environmental impact. Moreover, it is
also advisable to implement an effective waste management
System to prevent the generated waste from contaminating
water sources [266]. Thus, appropriate and efficient waste
treatment procedures are required to achieve this.

5.2 Biocompatibility and toxicity

Graphene and GQDs are appealing for biomedical applica-
tions due to their unique features. However, in addition to
their potential, the compatibility of these materials with
living tissues and organisms needs to be considered.
Graphene and GQDs can undergo degradation or agglom-
eration over time [267], which may affect their biocom-
patibility and performance in biomedical applications.
Additionally, biocompatibility and toxicity remain key con-
cerns for these applications. Investigations of the biocom-
patibility and the toxicity of graphene and its derivatives
have been reported through in vivo animal tests and
in vitro cell cultures. In vivo biodistribution of graphene
functionalized with PEG in mice has been investigated
[268]. The result indicates that PEGylated graphene (PEG-GO)
does not cause appreciable toxicity at a tested dose of
20 mg/kg for 3 months. PEG-GO was mainly accumulated
in the liver and spleen, and it was removed from these
organs by renal and fecal excretion [268].

Chang et al. have reported in vitro toxicity of GO on A
549 cells by examining the effect of size and dose on bio-
compatibility of GO exposed to A549 cells [269]. The inves-
tigation shows that GO does not enter A549 cell and has no
obvious cytotoxicity. However, GO arouses oxidative stress,
and induces the slight decrease in the cell viability at high
GO dose. Therefore, the effect of GO on A549 cells is dose
and size related. GOs with sizes of 780 + 410 nm (I-GO),
430 + 300 nm (m-GO), and 160 + 90 nm (s-GO) were used
in their work. The cells maintained a high level of viability
(over 80%), even at high GO concentration of 200 yg/mL.



DE GRUYTER

However, viability loss was observed for s-GO at 200 ug/mL.
At this dosage, cell viability was 67% for 24h incuba-
tion [269].

Wang et al. studied the effect of GO on human fibro-
blast cells and mice to investigate the biocompatibility of
GO. The GO was synthesized by the Hummer method. The
result exhibits that GOs with dose less than 20 ug/mL does
not show toxicity to human fibroblast cells, and the dose of
more than 50 ug/mL shows obvious cytotoxicity such as
decreasing cell adhesion, inducing cell apoptosis, entering
into lysosomes, mitochondrion, endoplasm, and cell nucleus.
For the investigation on 30 mice, GOs under low dose (0.1 mg)
and middle dose (0.25 mg) do not show obvious toxicity to
mice, but under high dose (0.4 mg) shows chronic toxicity,
such as 4/9 mice death and lung granuloma formation, mainly
located in lung, liver, spleen, and kidney, almost could not be
cleaned by kidney [270].

A study on the exposure of 1 and 10 mg/L GO on
eastern oysters (Crassostrea virginica) showed an elevated
lipid peroxidation and a reduction in total protein levels in
tissues of the digestive glands [271]. Another study showed
a negative regenerative effect of GO concentration at 0.01,
0.10, and 1.00 mg/L. on Diopatra neapolitana [272]. The
effect of oxidative stress when GO and carboxyl graphene
were introduced to the fish cell at different concentrations
also has been reported in the literature [273].

Hu et al. reported highly biocompatible GQDs (HGQDs)
with narrow size distribution range from 1.2 to 3.2nm
which have been successfully synthesized only by glucose
in aqueous solution via one-step hydrothermal method.
Importantly, no acute toxicity or morphological changes
were noted from in vitro cytotoxicity and fluorescence ima-
ging studies of the prepared HGQDs as determined by CCK-
8 assay, flow cytometric analysis and confocal microscopy
imaging. The more interesting results are that the cancer
cells, normal cells, and gram-negative bacteria can be
imaged without being destroyed. It is proved that the bio-
compatibility of HGQDs is better than that of conventional
GQDs. The ex vivo fluorescence imaging of isolated organs
demonstrated that the HGQDs accumulated in the liver,
kidney, and brain at 24h after intravenous injection of
HGQDs. No inflammation was observed in the heart, liver,
spleen, lung, and kidney at 20 days after the administration
of the prepared HGQDs [274].

Therefore, to enhance their compatibility, research efforts
focusing on surface functionalization, such as attaching func-
tional groups or coatings, can modify their surface properties
and improve biocompatibility [275]. Coating the materials
with a biocompatible layer, such as biomolecules or poly-
mers or encapsulating them within nanocarriers which can
improve their stability, preventing unwanted interactions
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and maintaining their properties over an extended period
[276]. Thus, systematic research on surface modification and
coating techniques to enhance biocompatibility should be
systematically conducted. In the development of biomedical
technology, G and GQDs have demonstrated tremendous
potential as new materials for numerous biomedical appli-
cations. However, the effect of G and GQD concentrations on
toxicity must be carefully studied [277]. Thus, it is crucial to
systematically research on the challenges and issues asso-
ciated with the toxicity of G and GQDs at various concentra-
tion levels in a thorough and systematic manner. This
approach is necessary to minimize the potential risks of
toxicity.

6 Conclusion and future prospects

There are various approaches for synthesizing G and
GQDs-based nanocomposites and preparing G nanocompo-
site material concerning its biomedical engineering appli-
cations. Numerous studies in the synthesis of graphene and
GQDs-based nanocomposites research are being under-
taken to explore graphene for its biomedical application.
G/GO is continually discussed. More research is needed on
G’s ecotoxicity and non-recyclability. Graphene’s interac-
tion with the environment is still being studied. Dual-
property G could produce a new realm with exceptional
qualities that exceed G’s and are governed by its nanoma-
terial. Graphene derivatives are continuously being stu-
died for environmental sensing applications. This research
will be useful when synthesizing G and GQDs and devel-
oping improved methodologies for innovative functional G
and GQD nanomaterials for further biomedical applica-
tions. However, it is difficult to find the application of
Gin biomedicine, especially in implants and antivirals,
due to the level of G and GQDs toxicity that can be tolerated
and achieved by the human body or deck cells. Thus, in the
future, scientists should be able to minimize the toxicity of
graphene to make it safe for human use.

The synthesis of graphene and GQDs for biomedical
engineering applications is an active research area in
which studies are being conducted to investigate graphe-
ne's potential in various biomedical applications. However,
important issues such as large-scale synthesis, cost-effec-
tiveness, waste management, biocompatibility, and toxicity
must be addressed in order to use G and GQDs for hiomedical
applications. Thus, it is advisable to optimize existing proce-
dures, investigate alternative synthesis methods, implement
ecofriendly approaches, adopt effective waste management
systems, improve biocompatibility properties, and address
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toxicity concerns. We can unlock the promise of G and GQDs
for new and safe biomedical applications by overcoming
these hurdles.
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