Journal of Composites and Compounds 1 (2019) 31-40

[ |
Journal of Available online at www.jourcc.com
Composites CrossMark
and Journal homepage: www.JOURCC.com

Compounds

Journal of Composites and Compounds

A review of clinical applications of graphene quantum dot-based
composites

Ebadollah Asadi *, Arash Fassadi Chimeh ®, Amir Hossein Vakili Tahmorsati <, Sahar Hosseini *,
Seyedhamidreza Rahimi ¢, Bijan Sarkhosh’, Leila Bazli %, Rozhin Bashiri "

* Department of Chemistry, Amirkabir University of Technology, Tehran, Iran
b Department of Chemical Engineering, Science and Research Branch, Islamic Azad University, Tehran, Iran
¢ Department of Biomedical Engineering, Islamic Azad University, Central Tehran Branch, Tehran, Iran
4 Visveswarapura institue of health sciences, Rajiv gandhi university .560041.bangalore.karnataka.India
¢ Department of Biomedical Engineering, Islamic Azad University, Tehran Science Research Branch, Tehran, Iran
/ Department of chemistry, university of Isfehan, Isfahan, Iran
¢ School of Metallurgy and Materials Engineering, Iran University of Science and Technology, Tehran, Iran
" Department of Applied Chemistry, Faculty of Pharmaceutical Chemistry, Pharmaceutical Science branch, Islamic Azad University, Tehran, Iran
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This review represents an overview of the graphene quantum dots (GQDs) synthesis and their applications as Article history:
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applications are presented.
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1. Introduction

Quantum dots (QDs) are semiconductor fluorescent inorganic nano-
crystals. Their size ranges from 1 to 10 nm. Their small size has made
them unique in comparison with macrocrystalline materials. GDs with
unique properties have been used in many branches of science; for ex-
ample, their use in pharmaceutical and medical technology is evolving
[4, 5]. The notable features of quantum dots are their rich surface area
and optical properties that have led to their applications as probes for
targeted drug delivery as well as treatment fields. In fact, by combining
with ligands, QDs can target intended cells or tissues. Recently, with
advances in the production of biocompatible quantum dots, their use for
in vivo applications has become more prominent [7].

QDs can be also in the form of a semiconductor core, with a coating
(as a shell), and a cap that results in good solubility in various solvents
such as aqueous buffers. The unique optical and semiconducting char-
acteristics of QDs are derived from the inorganic core [9]. The QDs are
luminescent nanocrystals that are used for carriers or probes in medical
applications such as drug delivery [10-13], imaging, and therapy due to
their rich surface chemistry [15]. Ligands are used as functionalizing
groups in QDs for specific target applications in cells or tissues [7]. In
addition, ligands have the main role in the stability of colloids, distribu-
tion of particle size, solubility, the morphology of particles, and limiting
the agglomeration and excessive particle growth [19]. Indeed, ligands
result in electrostatic or hydrophobic interactions and covalent coupling
of QDs to carbohydrates, DNA fragments, peptides, viruses, and other
products [21]. The structure of QDs coupled with ligands is illustrated in
Fig. 1. During the synthesis of QDs, organic materials such as carboxyl-
ic acids, primary amines, alcohols, long-chain carbon, and thiols, can be
used as ligands [9]. Recently, the preparation of biocompatible QD has
resulted in providing suitable nanocrystals with potential applications
for in vivo utilization [2].

2. Physicochemical properties of quantum dots

Due to the nanocrystals grain boundary and electron hole pairs (ex-
citons) of QDs, they have unique optical properties. In addition, pho-
tophysical properties of QDs include photochemical robustness, broad
absorption and size-tunable spectra, high yields of fluorescent quan-
tum, significant coefficients of absorption extinction, resistance to the
effect of photobleach and fluorescence intermittency reduction. The
above-mentioned photo-physical features make QDs suitable to be ap-
plied in different biomedical fields such as diagnosis, drug delivery, gene
therapy, etc. [9, 22].

2.1. Size-tunable absorption and emission

Another feature of QDs is the size-tunable light emission proper-
ties (Fig. 2). As mentioned above, the QDs diameter ranges from 2 to
10 nm. The size adjusting of QDs results in the tuned fluorescence at
an extensive wavelength (WL) from 400 to 4000 nm that enables the
determination along with the visible light, ultraviolet (UV), and infra-
red spectra. The confinement degree increases by the decrease in QDs
diameter, results in an increase in the energy of bandgap, and finally
generates a higher energy exciton. This causes a change in the emission
to the low WL of blue spectra due to the high energy of bandgap. Energy
has an inverse relationship with the light WL. In semiconductor material
having bulk form, the electrons are in continuous levels of energy but in
the form of nanomaterials, the electrons exist in discrete energy levels
because of the quantum confinement [23, 24].
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Fig. 1. Schematic illustration ligand-linked Quantum dots (QDs).
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Fig. 2. The size-tunable optical characterization of QDs.

2.2. Composition tunable light emission

The core chemical composition has an effect on light emission. In
other words, different emissions are formed based on the quantum dots
associated elements. For example, wavelength emission of the cadmium
sulfide (CdS), the cadmium tellurium (CdTe), and the cadmium seleni-
um (CdSe) are near UV blue region, infrared region (NIR) and under
visible region, respectively [25].

2.3. Spectra of absorption and emission

The spectra of absorption refer to the spectra that are generated by
the photon energy absorption (hv) resulting in the atom transition from
the lower to higher energy levels. On the other hand, the emission spec-
tra refer to the spectra generated by a molecule or atom transition from
higher to lower energy levels by a photon energy emission (hv). The
multiple quantum dots can be excited from a single light source with WL
lower than emission WL because of its wide absorption band. The men-
tioned feature causes simplified designing of high speed and inexpensive
sets. The emission spectra width of QDs can be decreased to 20 nm in
the range of visible spectra, which provides separate signals detection
without cross talk [26, 27].

2.4. Coefficients of absorption extinction

The absorption extinction coefficient is defined as the amount of
light being absorbed in a specific wavelength by a chemical material
that makes materials brighter probes in in-vivo conditions. In this con-
dition, light intensities are significantly decreased due to absorption and
scattering [28].

2.5. High quantum fluorescent yields

Fluorophores are known by high fluorescent quantum yield as the
intrinsic properties. This feature is the ratio of absorbed photons to emit-
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Fig. 3. Application of GQDs in nanomedicine.

ted photons during fluorescence and it is determined by Lumina fluores-
cence spectrometry [29].

2.6. Photo chemically robust

The high photo and chemical degradation resistance of QDs are due
to their inorganic nature. Due to these properties, QDs have become an
effective and excellent imaging instrument in the long term [30].

2.7. Photobleaching resistance

The decrease in intensity of fluorescence occurs due to light respond-
ing reactions or optical excitation that is the result of irreversibly lumi-
nescent material decomposition and is known as photobleaching [29].

Generally, QDs show a blinking behavior that is an attractive phe-
nomenon because it is observed during continuous excitation of the mol-
ecule. This occurs due to photo-excited carriers trapping and detraining
that leads to the QDs fluctuation between non-emissive and emissive
states. In a short time, the fluctuation intensities known as ‘quantum
jumps’ usually remain for small periods in comparison with fluoro-
phores. However, the quantum dots containing thick crystalline shells
would not blink [7].

Table 1.
Various methods for the fabrication of GQDs used in biomedical applications

3. Graphene quantum dots

In the past, carbon quantum dots (CQDs) were found by accident
during working on single-walled carbon nanotubes (SWCNT) [31].
Then, the CQDs fluorescence features were reported so CQDs have be-
come a new group of the smallest viable fluorescent nanomaterials with
high biocompatibility. Recently, graphene quantum dots (GQDs) have
attracted significant attention because of their advantages such as envi-
ronmental compatibility, biocompatibility, photo-stability, and low tox-
icity [32-36]. Thus, carbon quantum dots can be used as good substitutes
and applied in biological fields instead of unstable organic fluorophores
or semiconductor quantum dots that are toxic [37]. Various simple fab-
rication routes for GQDs have been reported viz. laser ablation, hydro-
thermal method, acid oxidation, pyrolysis, electrochemical method, acid
oxidation, and microwave-assisted methods [38-43]. Also, green GQDs
prepared by organic compounds without chemical exposure, which has
good availability, self-passivation, and high quantum yield (QY) [44].
As GQDs showed tunable and stable optical fluorescence, compatibility,
and photostability, they are able to function as electron acceptors and
donors [42, 45-47]. The GQDs have been investigated in bio-imaging as
fluorescent nanoprobes [41, 42, 48-53], drug/gene delivery agents [38,
54-56], and antibacterial agents [57]. Furthermore, GQDs have been
used in various applications ranging from catalysts to light-emitting
devices [58-60]. In addition, their usages in clinical applications are ex-
pected to be expanded in the future [59, 61].

There are various methods to produce nanomaterials such as sol-gel
[62-66], electrospinning method [67-69], coprecipitation [70], metal-
lurgy powders [71, 72], SHS methods [73], and mechanical alloys [74,
75]. Moreover, there are several nanomaterials as nanoparticles [76, 77],
nanolayers [78], nanosheets [79], and quantum dots [80]. Among the
mentioned materials, GQDs have attracted more attention due to their

unique applications.

3.1. Graphene quantum dot synthesis

The synthesis method has a major role in the properties of GQDs as
well as their applications. Thus, the GQDs production should be tuned
during and after their production [81]. Since the emergence of GQDs,
different methods have been used to produce GQDs such as chemical,
physical, and electrochemical techniques [56]. These methods of GQDs

Method of synthesis & precursors Application Ref.
Top-down Approach

GQD synthesized through the chemical treatment from ethanolamine diagnosis [1
GQD-ssDNA: chemical oxidation of candle soot diagnosis [2]
CL-GQD:GQD fabricated by MWCNT conjugated with anti-desman and functionalized with-COCL Cancer diagnosis 3]
GQD-PEG-AG; Acidic oxidation of CNT and graphite Radiotherapy [6]
Bottom-up Approach

GQD-PEI; hydrothermal and oxidation reaction of polyethyleneimine Gene transfection [8]

MSN-SS-CD-DOX: Hydrothermal polymerization route using poly-acrylic acid

Microwave synthesis route using ethylene diamine and acrylic acid as well as functionalization with

glicidyl methacrylate.

Thermal combustion of rice straw

GQD-RhB-silka

Hydrothermal treatment of citric acid monohydrate

Targeted and controlled drug [14]
delivery along with booming

Targeted cancer drug [16]
delivery
Detection and counting of [17]
bacteria
Diagnosis [18]
Glsoma targeting and bio [20]

imaging
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synthesis can be categorized into the “top-down” and “bottom-up” pro-
cedures. These routes are based on the source of carbon that is utilized
for the GQDs fabrication. In the bottom-up approach, the basic building
units are collected to produce the desired material. Hence, to produce
fluorescent GQDs by the bottom-up method, the block is operated in
carbonization, condensation, and polymerization processes at optimized
conditions of synthesis [82]. In the top-down approach, a bulk source
of carbon (e.g. fullerenes, candle shoots, and graphite rods) is broken
down into a diameter of less than 10 nm with fluorescent properties [83-
85]. General examples of the last method are the mechanical and chem-
ical treatment of C60 fullerenes that produce carbon quantum dots with
small sizes (2-3 nm) [86, 87]. The top-down method requires chem-
ical routes such as electrochemical carbonization, chemical ablation,
and laser ablation to break down the molecules with large size. In the
case of the bottom-up method, greener methods are used such as hy-
drothermal/solvothermal treatment and microwave irradiation. Indeed,
the top-down procedures require complex instrumentation and severe
chemical treatments but the bottom-up processes are greener and need
simple procedures for the synthesis of GQDs. Among bottom-up routes,
the hydrothermal/solvothermal techniques are more common due to the
high quantum production efficiency and environment-friendly nature. In
addition, these routes are cost-effective, easily scalable, and fast. It has
been reported that the GQDs size controllability is hard through this
method, but some post-treatments can be used in this case like dialysis,
filtration, sonication, column chromatography, centrifugation, gel-elec-
trophoresis and column chromatography [56]. Table 1 lists the routes
used for the fabrication of GQDs used in biomedical applications.

4. Applications

As common organic label dyes cannot have emission around 650 nm,
which belongs to near-infrared emission, QDs have attracted attention
because of their tunable optical characteristics. QDs exhibit some char-
acteristics including size-tunable light emission, high quantum yield,
and improved chemical and photo-stability. A specific light wavelength
is able to excite different types of QDs, and the simultaneous detection
of their narrow emission bands for multiple assays is possible. The si-
multaneous imaging, sensing, and therapy is widely studied by devel-
oping nano-theranostics platforms such as QDs (Fig. 3) [88, 89]. In this
paper, the latest progress in QDs utilization and biomedical applications

has been reviewed.
4.1. Sensors
Due to electronic and optical properties, luminescent graphene quan-

tum dots (GQDs) have lately been of great interest. GQDs are composed
of single, double, and multiple layers of graphene sheets having the di-

Table 2.
Summary of works performed on GQDs as sensors
Electrode Linear LOD Conditions Real Ref.
range (nM) sample
(uM)
MWCNT. 14.5.100 4.6 Nacl(PH=7.0) Blood [93]
COOH/SPCEs serum
MT/HMDE 25-375 0.5 BR buffer Blood [94]
(PH=17.2) serum
GO.MWNTs/ 1.3-26 0.192 KCL(PH= Blood [95]
GCE 7.4) serum
GQDs-thio/ 0.2-110 0.09 PBS.K- Blood [96]
npGCE CL(PH=17.0) serum,
urine

ameters between 3 to 20 nanometers and lateral size less than 100 nano-
meters [90, 91]. Excellent photostability, robust chemical inertness, high
fluorescent activity, high biocompatibility, and low toxicity are among
the properties of GQD [92], which are the result of quantum confine-
ment effect and edge effect (zigzag or armchair).

Owing to these characteristics, GQDs can be employed for a wide
range of applications including sensors, biosensors, bioimaging, and
photovoltaic devices [97]. Gholivand et al. [96], used the grapheme
quantum dots-thionine and nanocarbon electrode (porous glassy struc-
ture) to detect an anticancer drug (cisplatin). Their results showed that
the combination of dyes with nanomaterials would lead to tuned elec-
troanalytical applications of the modified electrodes in chemistry. Also,
it was shown that the glassy nanoporous QDs, which are produced with
thionine, could interact with drugs (cisplatin) and increase the accumu-
lated target at the electrode. Their as-prepared electrode had good sensi-
tivity, selectivity, and reproducibility compared to other cisplatin sensors
reported in other works. Table 2 summarizes the studies conducted on
the application of QDs as sensors.

4.2. Biomedicine

Kaur et al. [98] doped nitrogen (heteroatom) to graphene and pro-
duced GQDs with promising properties based on carbon nanomaterials.
Their doping approach resulted in an improvement in the properties of
QDs in environmental and energy fields. This caused the residual re-
agents elimination such as acids. Their as-synthesized materials showed
excellent properties for the use in different fields like fuel cells, sen-
sors, photocatalytic processes, batteries, solar cells, and photocatalytic
processes. Lah et al. [99] used quantum dots for fluorescence sensing
application by a tapered optical fiber (TMMF). The quantum dots were
introduced with the aim of increasing the sensing process. In their study,
nano-sized GQDs particles were produced by organic biochar. Subse-
quently, they coated the GQDs with the purple solution of gold nanopar-
ticles that were functionalized by cysteamine. The GQDs with the coat-
ing layer of Au nanoparticles were obtained by carbon-nitrogen bonding
reaction from carboxyls and nitrogen-hydrogen from amine groups. In
their investigation, various annealing treatments were analyzed to de-
termine the optimum sensitivity for the sensor. Fastening between the
sensing element and TMMF occurs through the annealing process that
changes the GQDs coating layer thickness. They reported that TMMEF,
which was coated by GQDs and annealed at 70 °C had a higher peak of
fluorescence emission at 652 nm. In addition, the best linearity and the
detecting sensitivity were achieved by the samples annealed at 70 °C.
They reported that the linearity was 81% and the sensitivity was equal to
0.047 au. %. Meanwhile, TMMF coated with Au-GQDs showed higher
intensity of fluorescence emission in comparison with others.

In order to detect the full RH range, Qi et al. [100] produced a quartz
crystal microbalance (QCM) humidity sensor which was coated by a film
of GQDs-chitosan (CS). They used the oscillating circuit technique for
the investigation of the dynamic response and used impedance analysis
to determine the recovery behaviors and performance of static humidity
sensing. The results showed that GQDs as fillers in nanometer size can
lead to good dispensability in the CS matrix, which causes enhanced
mechanical properties. Moreover, more adsorption sites are achieved
due to the hydrophilicity nature of CS and GQDs. They reported that the
highest humidity sensitivity, and also high recovery time and rapid re-
sponse, long-term reversibility, tiny humidity hysteresis (approximately
1.6% RH), long-term stability, and ideal reproducibility were achieved
for the optimized QCM sensor, which makes these sensors capable of
sensing a wide range of water vapor content.

Safardoust et al. [101] doped nitrogen and sulfur in graphene quan-
tum dots (S, N-GQDs) by the hydrothermal method. Their sources of
carbon and nitrogen sulfur were citric acid and thiourea, respectively.
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Their results indicated that the fluorescence emission of S, N-GQDs was
depended on the excitation. In order to detect ascorbic acid (AA), they
applied the produced S, N-GQDs as photoluminescence probe. They
used the “off-on” mode for detection. Addition of Cu? to S, N-GQDs
solution, caused the fluorescence quenching and addition of ascorbic
acid to Cu?"/S, NGQDs solution resulted in the improvement in the solu-
tion fluorescence intensity. At AA concentration from 10 to 500 um, a
linear response was observed with a 1.2 uM-detecting limit.

Tang et al. [102] produced a modified carbon electrode with a glassy
structure by electrodeposition of gold nanoparticles and graphene quan-
tum dots (GQDs/GNPs/GCE). Their prepared electrode showed good
electrocatalytic activity, stability, and large surface area that is electro-
chemically active. They reported that the GQDs/GNPs/GCE produced
in optimized conditions had good performance related to, linear cali-
bration range, reproducibility, detection limit, and stability for luteolin
determination. In addition, they proposed that the prepared sensor was
able to detect luteolin content in real samples such as peanut hulls.

Zhao et al. [103], synthesized a new carbon nanocomposite
MoS2-carbon nanotube - @ graphene oxide nanoribbons (CNTs@
GONRs) for the production of an ultra-sensitive quercetin sensor, which
showed good detection performance for a wide linear range of querce-
tin (Que) and an ultra-low limit of detection (LOD). Also, their sensor
showed accurate, stable, and good detection for Que in real specimens.
Thus, their sensor was promising for applying in electrochemical detec-
tion fields. The summary of the above-mentioned work is presented in
Table 3.

4.3. Imaging

One of the major recent advances in QDs applications is their appli-
cation in multicolor and sensitive cellular imaging, because of notice-
able enhancement in their synthesis, surface conjugation, and chemistry
[104].

Sheng et al. [105] doped quantum dots with nitrogen (N-GQDs)
using a hydrothermal process. In this study, PVP K90, glutamate, and
citric acid were used as raw materials and the prepared sensor showed
a 64.2 % quantum yield. They reported that the new fluorescence probe
of nitrogen-doped GQDs can be used both for marking MCF-7 cells and
the detection of Cr(VI).

Fan et al. [2] prepared GQDs with specific properties for imaging of
the mitochondria or cell nucleus by a facile method suitable for large-
scale production. Their aim was to solve the weak points of GQDs such
as low-targeted specificity and selectivity, unachievable large-scale
synthesis by green methods, and unreported imaging of mitochondria.
The synthesized GQDs- tetraphenylporphyrin (TPP) and GQDs- poly-
ethyleneimine (PEI) had low cytotoxicity, a high yield of about 60%,

Table 3.
Summary of the QDs used in biomedicine
Researcher Composite Application Ref.
Gholivand GQD-thno/ Voltammetric sensor [96]
npGCE
Lah Au-GQD [99]
Qi CS-GQD Optical sensors [100]
Safardoust S,N- GQD Humidity Sensor [101]
Tang GQD/GNP/GCE [102]
Zhao CD/GQD/GCE Ascorbic acid con- [103]

centration sensitive

sensors

and good optical properties. They reported that both GQDs have high
target selectivity for the cell nucleus and can be used for mitochondria
imaging. They claimed that the synthesized GQDs did not exhibit the
photobleaching and cytotoxicity compared to common fluorescent dyes.

In addition, the synthesized GQDs can be used as new materials for
monitoring and locating mitochondria and the cell nucleus in the field
of biomedical. In other work, Gvozdev et al. [106] synthesized semi-
conductor nanocrystal composed of polycationic aluminum phthalocy-
anines (Pc) complex and the human transferrin in hollow form. Due to
the hydrophobic and electrostatic interactions, Pc molecules diffuse into
the shell of QD while protein formed covalent bonding onto the organic
shell of QD. The results showed high Pc delivery efficiency to the A431
cells. Moreover, HC was stable in cells. They reported the successful
transfer of energy from the QD to Pc and the HC photodynamic influ-
ence in the cells, which offers QDs as light-harvesting antennas to en-
hance the effective absorption photosensitizer molecules cross-section
in the blue-green spectral region and the increase of the photodynamic
action of Pc.

Hai et al. [107] prepared an imaging system and pH sensing by en-
capsulating graphene quantum dots in folic acid (FA-GQDs) as a probe.
Their tests showed that encapsulated FA-GQDs are stable and homog-
enous and the FA was bound to the GQDs surface. The synthesized
FA-GQDs showed pH-sensitive properties and multicolor emission
characteristics. In addition, they proposed a pH sensor with ratio-metric
fluorescence based on the response of pH at low excitations (280 nm). It
has been used for the pH determination of cell suspensions and aqueous
specimens. The pH-sensitive, broad emission properties of FA-GQDs
offer a great potential for application related to particular living cells
multicolor imaging and pH sensing.

Huang et al. [32] introduced a new and effective method for GQDs
preparation from graphene oxide (GO) by the one-step thiolene click re-
action which is efficient and cheap compared to conventional routes. In
addition, the results showed good biocompatibility, strong green fluores-
cence, uniform nanoscale size, and stable photostability. They purposed
the impartment of carboxyl groups with GQDs having great suitabili-
ty and water solubility to be modified with different polymers for drug
delivery applications. Overall, the suggested that the one-step thiolene
click reaction is a high-efficiency method for designing the characteris-
tics of GQDs for applications in various biomedical fields.

Jin et al. [108] selected a nontoxic and cost-effective source of sulfur
to prepare S-GQDs with high luminescence by a simple hydrothermal
approach in one-step. Their objective of doping sulfur was the improve-
ment of the fluorescent intensity of QDs. The synthesized S-GQDs
showed low cytotoxicity that would simply diffuse into the membranes
of the HeLa cell. Also, they reported that incubated S-GQDs with the
common bacteria medium had low antiseptic qualities. They suggested
that sulfur doping enhances the optical properties and indicates the po-
tential of these GQDs for bioimaging applications.

In the Mahmood Kashan et al. [109] study, a simple, low-cost, green,
bottom-up synthesis approach was suggested for the production of a
biocompatible probe of His-GQDs using histidine and citric acid. The
luminescent probe had excellent solubility in water, low cytotoxicity,
and optimal fluorescence efficiency. The size distribution was near to
2 nm. They reported that the synthesized His-GQD were able to enter
the cytoplasm of human ACHN cells and showed low cytotoxicity and
high viability, hence, they are promising candidates for in-vitro cellular
imaging.

Mondla et al. [110] prepared smart graphene quantum dot (NSGQD)
with S and N donor having good fluorescence properties. The radiative
recombination of trapped holes and electron on the surface of NS-GQD
was the reason for the smart fluorescence properties. They reported that
the unique fluorescence characterization of NS-GQD is due to heteroat-
oms (N and S) existence. The term “smartness” is due to its performance
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as a promising fluorescent probe in the field of intracellular imaging,
which is comparable to the available commercial dye. In addition, DCQ
was formed due to interaction between the functional group in NS-GQD
and drug streptomycin, in which Stm and NS-QGD are mixed with each
other in a simple approach to form a carbogenic structure. On the other
hand, the antibacterial efficacy was improved by DCQ due to the free
radicals generation in bacteria and it is safe in terms of synthesis pro-
cesses.

Rajender et al. [111] synthesized edge controlled GQDs with few
layers and high fluorescence yield through a solvent dependent process.
To investigate the cancer cells’ bioimaging, the high photoluminescence
(PL) production of GQDs was used. Their study proposed that the func-
tional groups and edge sites of graphene quantum dots can be controlled
by the addition of various solvents in the GQDs top-down processing.
Different analyses demonstrated the oxygenated functional groups on
the edge of GQDs. A high 32% PL quantum yields (QY) (32%) was ob-
tained by the GQDs synthesis using dimethylformamide (DMF) solvent.
This high amount is resulted from defects of oxygen functional groups
and the enriched edge sites. They reported that the PL emission efficien-
cy in the solvent medium is related to GQDs dielectric constant. The
cancer cell lines bio-imaging results showed blue PL emission inside
the cells, which demonstrated their good ability for bio-imaging appli-
cations. Also, good biocompatibility of synthesized graphene quantum
dots with A-375 cells was observed in comparison with that of HeLa
cells.

Wang et al. [112] prepared theranostic nanoparticles by doping boron
and nitrogen in GQDs. The nanoparticles had a PL emission spectrum
from 950 nm to 1100 nm. They presented the first results of near-Infra-
red-II (NIR-II) imaging (>1000 nm) in-vivo for blood vessels and inter-
nal organs in a mouse model using a metal-free QD. They reported that
the NIR light was absorbed and transferred into heat by the nanoparticle,
so the nanoparticles can be used as photothermal therapy (PTT) agents
in cancer treatment applications. Their study results revealed that the
irradiation of NIR for 5 minutes, while the nanoparticle was injected
systemically, led to complete suppression of the growth of tumor cells
[113]. Furthermore, they reported its potential for imaging-guided thera-
py for cancers due to its desirable therapeutic and fluorescent characteri-
zations. Table 4 summarizes the above-mentioned research.

4.4. Drug delivery

The use of GQDs for in-vivo drug delivery is broadly investigated.
QDs have high delivery efficiency because of their intermediate size
that decreases the uptake by the reticuloendothelial system and the renal
clearance leading to the increase in the blood circulation time [80].

Senel et al. [114] synthesized N-doped GQD and reported its prop-
erties such as cost-effective production, DNA interaction, potential cell
growth, and antioxidant and antimicrobial activities. They observed that
GQDs doped with nitrogen could be linked to DNA through electrostat-
ic and intercalation route. According to their report, the formulations

Table 4.
Application of GQDs in tumor treatment field
Researcher Composite Application Ref.
Fan GQD Mitochondria vector 2]

illustration

Hai PH sensitive Cellular Imaging [107]
FA-GQD
Huang GQD Cellular Imaging [32]
Ragender GQD Biological imaging of ~ [111]
cancer cells
Wang - Biological imaging of ~ [112]

cancer cells

Table 5.
GQDs applied in the field of drug delivery

Researcher Composite Application Ref.
Senel SiRNA/GQD/ Therapy of A549 [114]
DOX cancer cells
Akbarzadeh Hybrid silica / Therapy cancer [115]
GQD/PEGylated
Innazzoa [116]

Javanbakht CMC/GQDDOX  Therapy of K562Leu- [117]
kemia cells

Nasrollahi GQD/CDDP Breast Cancer Cells [118]

containing short interfering RNA (siRNA) synthesized by GQDs can
decrease and minimize the side effects and anticancer drug toxicities
resulting from common chemotherapy methods. They reported that due
to the QDs luminescence characteristics, the GQD-containing formu-
lations led to the penetration into cells and the reduction in cancer cell
numbers based on ephrin-A (EpHA2) reduction, which showed high ef-
ficiency in A549 cells. They reported that this is the result of the GQDs
shearing effect on DNA and siRNA. Based on their research, the QDs
effect can be maximized in higher doses and cause lower cell viability
by breaking the cancer cells DNA. Also, they showed the bioimaging
capability of QDs in low doses. In addition, a complex of siRNA-GQDs
is effective at low dose for A549 cells.

Akbarzadeha et al. [115] studied the silica-coated dipole quantum
dots. They reported the synthesis of smart nano aptamer-targeted by
mesoporous silica-coated QDs having bimodal imaging capacity. In ad-
dition, their in-vivo experiment results indicated that the prepared target-
ed hybrid system showed the capability of MR and fluorescent imaging.

Tannazzoa et al. [116], studied the graphene QDs for drug delivery
as well as a cancer treatment. They indicated that the prepared GQDs
have a great ability of drug delivery into cancer cells and biocompatibil-
ity. Also, the multimodal conjugation provides the possibility of incor-
porating both targeting ligands and drugs in nanomaterials. This led to
minimizing the toxicity and side effects of conventional chemotherapy.

Javanbakhta et al. [117] reported that a hydrogel film of nano-car-
boxymethyl cellulose/graphene quantum dots (CMC/GQDs) could be
applied for drug delivery applications. They synthesized the film using
the casting route to introduce GQDs as in the CMC hydrogel as a poly-
meric matrix. The hydrogel film of CMC/GQDs exhibited an excellent
degradation, mechanical properties, swelling, and permeability. The
presence of GQD in CMC film led to the prolonged doxorubicin (DOX)
release and pH-sensitivity. According to cytotoxicity results, the DOX/
CMC/GQD nanocomposite had a great capability to act as an anticancer
agent with high efficiency. They also reported that the prepared nano-
composite did not have noticeable toxicity against K562 blood cancer
cells.

Nasrollahi et al. [118] studied GQD nanoparticles, which were bond-
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ed to an antibody (scFvB10) for targeted cellular imaging and Cisplatin
(CDDP) delivery.

Using strong GQDs fluorescence as bioimaging agents, the mecha-
nism of targeting and efficient uptake of antibody-linked GQDs through
the EGFR-mediated endocytosis were conformed. Using 50% load-
ing of CDDP, targeted delivery of the drug was achieved by the anti-
body-linked GQDs.

In a study conducted by Li Ruiyia et al. [119], core-shell drug de-
livery agents consisting of, MGC-803 cell membrane shell and gold
nanoparticle as the core, were synthesized. In comparison with free
DOX, the prepared sample showed both light and pH-stimulated DOX
release, homotypic cancer cells targeting, and chemo/photothermal
therapy having a higher activity against cancerous cells. Their excellent
biocompatibility and high anticancer activity were confirmed by in-vivo
and in-vitro investigations. A new approach to design and synthesize
nanocarriers for the diagnosis of cancer in the early stages and in-situ
treatment has been suggested in this research.

In a study carried out by Xiaogian Su et al. [120], nanoparticle up-
take in cells and secretion of drug molecules into cells by altering FRTE
signal in cancer cells were checked out. They also observed an increase
in the therapeutic effect of doxorubicin in combination with Fe,0,@
SiO,@GQD-FA nanoparticles. In general, the reported nanoparticles can
be considered as a suitable basis for the effective diagnosis and treatment
of cancer. Table 5 lists the above-mentioned research

4.5. Diagnosis

One of the applications of GQDs in the field of biomedicine is in
diagnosis. The advantages of having low toxicity of GQDs over tradi-
tional semi-conductive QDs has made them suitable for in-vivo labeling
[6, 121].

In the fields of diagnosis and cancer therapy, quantum dots show
great potential to be applied as fluorescence labels. The quantum dotes
are suitable for distinguishing and specific applications due to their
physicochemical properties. The mode of QDs implementation has a
specific effect on their applications. The GQDs are ideal candidates due
to the size-dependent and symmetric photoluminescence band combined
with very wide absorption bands. On the other hand, GQDs are good re-
active oxygen species (ROS) producers and have excellent potential for
applications in photodynamic therapy fields. Despite the QDs potentials,
various unsolved problems have remained. One of the major issues is
that QDs can be used for real-life applications if all interdependencies
between their chemical and physical properties have been determined.
This becomes the main concern for GQDs application due to the insuf-
ficient information about different aspects of their key optical proper-
ties such as extinction coefficients, lifetimes, PLQY's, photo brightening
mechanisms, and photobleaching. It is promising that GQDs are rela-
tively new-materials and the publications rate in cancer therapy applica-
tions and diagnosis is increasing rapidly (Fig. 4). Furthermore, there is
a big gap in knowledge about the toxicity of both types of quantum dots
and semiconductor QDs. This is the main factor that needs to be studied
immediately because the main application of QDs is in biomedical fields
specially and the important factors are their biocompatibility and cyto-
toxicity. Unfortunately, there is no standardized methodology for such
assessment and it is, therefore, impossible to compare results obtained
from different biomedical applications found in the literature [122].

Suleiman et al. [123] evaluated cancer cells using nitrogen-doped
graphene quantum dots. To detect colon, breast, and stomach cancer
cells, a novel silo sensor based on Rayleigh scattering was used. There
are also groups of NH or NH, in the GQDs that provide more active sites
for bonding between cells and matter. The biocompatibility of quantum
dot nanomaterials was evaluated by the MTT method. Cellular uptake
evaluation revealed that FA-N-GQD uptake increased in HT29, MKN45,

and MCT7 target cells, and the uptake of FA-N-GQD in non-target cells
also decreased. The prominent features of the introduced cytosensor in-
clude its functional system based on the interaction between antigens,
sensitivity to cancer cells, and low toxicity. He et al. [124] worked on
quantum dots to detect cancer. In their studies, quantum dot performance
in targeted drug delivery and imaging were checked out. Actually, these
QDs are improved to reduce toxicity and increase the shelf life of blood
with other nanoparticle dots.

Fan et al. [125] showed that pH-responsive fluorescent (pRF-GQDs)
could detect cancer in the early stages of tumor formation. The reasons
for the application of PRF-GQDs as a prospector are their high sensi-
tivity against cancerous cells, high safety, and fluorescence switching
between healthy weaves and tumors. Considering these properties, pRF-
GQDs are good options to diagnose or treat cancer. In addition, elec-
trochemical reaction, as an effective approach to dope carbon materials
with heteroatoms make it possible to finely alter their intrinsic properties
and introduce new characteristics. Tuning the properties through the at-
oms doping approach allows the synthesis of GQDs responding to pH
deviates from 7.4.

5. Conclusions and future insights

QDs are nanoparticles with high photo-luminescence having the
potential to be used for targeted drug delivery and imaging. Although
GQDs perform well in areas such as sensors, drug delivery, and bio-im-
aging, they have limitations such as overall toxicity and body clearance
in biomedical applications. This has led to the synthesis of quantum
dot-based composites. Indeed, by combining GQDs with biologically
active molecules and/or nanoparticles, theranostic platforms are con-
stantly being developed. This review on GQDs reported their potential
properties and their applications as carriers for sensor and drug delivery
applications. Additionally, research on synthesizing routes according to
their application was investigated. There may be a need for future in-
vestigations focusing on other heteroatoms doping. Controlled doping
of GQDs and graphene would be possible by performing more studies
with theoretical analysis, which may lead to an increase in their efficien-
cy for environmental and energy source applications. There might be
an increasing interest in the utilization of N-doped carbon materials for
the applications related to photocatalysis for the remediation of water
pollutants. Moreover, there are few reports addressing nitrogen-doped
graphene and nitrogen-doped GQDs to inactivate the microorganisms in
water and air. The disinfecting effect of these materials on water and air
may be environmental studies. In order to produce GQDs with various
functional groups and characteristics, other components may be also in-
vestigated. Hence, certainly, all these promising properties of NS-GQD
would introduce them as good candidates for biomedical applications in
the recent future. According to recent studies, further research on doping
nitrogen into GQDs for drug development is appealing. It is thus expect-
ed that many of the knowledge gaps mentioned above will be addressed.
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