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ABSTRACT: Graphene quantum dots (GQDs) are carbon-based, zero-dimensional
nanomaterials and unique due to their astonishing optical, electronic, chemical, and
biological properties. Chemical, photochemical, and biochemical properties of GQDs are
intensely being explored for bioimaging, biosensing, and drug delivery. The synthesis of
GQDs by top-down and bottom-up approaches, their chemical functionalization,
bandgap engineering, and biomedical applications are reviewed here. Current challenges

and future perspectives of GQDs are also presented.

1. INTRODUCTION

Carbon being the fourth most abundant element in the
universe and the second most essential element in the human
body, it is of immense interest to modern science and
technology.1 Carbon-based nanomaterials such as fullerenes,
graphene, carbon nanotubes (CNT), nanodiamonds, nanorib-
bons, and carbon quantum dots have embraced the attention
of researchers worldwide.” This is due to their excellent
combination of physicochemical, electronic, and optical
properties as well as their potential biological applications.’
Graphene quantum dots (GQDs) exhibit excellent biocompat-
ibility, superior mechanical flexibility, electron mobility,
excellent thermal and chemical stability, and high surface
area per unit mass. Thus, carbon materials are highly promising
for the fields of chemistry, biology, physics, and biomedical
engineering.“_8

Many of the carbon-based nanomaterials are often derived
from naturally available graphite, which consists of stacked
layers of graphene. Graphene consists of a single-atom thick,
single layer of hexagonal arrays of sp*hybridized carbons.””""
Therefore, the naturally occurring graphite can be converted to
graphene or few-layer graphene or graphene oxide or reduced
graphene oxide, and all these forms have been engineered to
form nanosized GQDs. Although pristine graphene qualifies as
a potential candidate for many biomedical applications, it is a
zero-bandgap semiconductor and strongly hydrophobic.
Cutting graphene into nanosize sheets, chemical modification
of the edges and surface functionalization are often used to
make GQDs from graphene. Nanoconfinement of the 7-
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electrons of GQDs results in size-tunable photophysical and
photochemical properties.

Properties of GQDs are sensitive not only to their size but
also to defects such as sp® carbons and the kind of edge
functional groups such as hydroxyl, carbonyl, carboxyl, or
epoxy groups. Structural defects such as the missing carbons at
the edge and 4- or 7-membered rings instead of 6-membered
rings can also alter the properties of GQDs."” In addition, the
edge structure can be zigzag or armchair configuration."” The
edge functional groups are used to chemically bond GQDs
with other molecules such as drugs, dyes, fluorescence labels,
proteins, nucleic acids, enzymes, or antibodies."*'> This kind
of high tunability of molecular properties gives firm control
over their applications.'®

Other key attributes of GQDs are that they are mostly
water-soluble or dispersible, are generally biocompatible with
human neural cells,"” have good photostability,'® and have low
cytotoxicity.'” > The photophysical properties of GQDs
include but are not limited to nanosecond luminescence
lifetimes*” and room temperature phosphorescence™ or white
emission.”* GQDs are amenable to graftlng onto other
molecules, dyes, metal complexes, or polymers S This rich
chemistry of GQDs is exploited for the design and fabrication
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of nanodevices for electrocatalysis,”’ electronics,”® light-
- . 29 30,31 L 32
emitting diodes,” solar cells, supercapacitors, and
fuel cells.**° They also have a high potential for biomedical
applications involving diagnosis, drug delivery, gene deliv-
ry,37_39 bioimaging,40 and biosensing.41 Accordingly, this
article focuses on the synthesis, modification, characterization,
and biomedical applications of GQDs of size 20 nm or less.*”

2. SYNTHESIS OF GQDS

GQDs are prepared by direct cleaving of bulk carbon materials
into nanoscale GQDs by top-down’ approaches or by the
accretion of atoms or smaller molecules into larger structures
in bottom-up™ methods. In this review, we are providing a
detailed overview of various strategies for the synthesis of
GQDs with the best process parameters and efficient
approaches. The properties of GQDs are sensitive to their
size, defects, doping, atomic edge structure, and surface
functions, which are controlled by synthesis methods. In the
following subsections, we will elaborate on different synthesis
methods underlying the umbrella of either top-down or
bottom-up strategies.

2.1. Top-Down Approach. The top-down* approach
starts from rich carbon source materials such as graphene,
graphene oxide (GO), graphene nanoribbons (GNRs),"?
graphite, CNTs, carbon fibers*® (CFs), and fullerenes™
(Cgo) and other biomaterials like cellulose,”” lignin,* durian,*
and carbon-based polymers. Some of these methods are
described below in detail with examples while emphasizing
their advantages as well as limitations. Several methods such as
electron beam lithography,®® chemical oxidation,”*> hydro-
thermal,”>>* solvothermal,”® microwave-assisted,”®>’ green-
chemistry,58 synthesis, laser ablation,>’ Plasma,é0 chemical
vapor deposition,61 and electrochemical®®® routes have been
employed to synthesize the GQDs. Subsequently, this
approach is low cost, uses abundant raw materials, and
produces edge-functionalized and water-soluble GQDs. The
major advantage of these approaches is the synthesis of
scalable, high-quality, and crystalline GQDs, with uniform size
and shape, and photoluminescence properties tailored through
critical process parameters (temperature, time, and energy).
Nevertheless, most of the methods have some disadvantages
such as low yield, a large density of defects, and the
requirement of hazardous chemicals or complex synthetic
protocols or the necessity of fancy equipment. In the next
section, detailed preparation methods and specific examples of
top-down methods are provided (Table 1).

2.1.1. Acidic Oxidation and Exfoliation. This is a facile
method in which the starting material, such as the graphite,85
coal,®” and fullerenes,*® was treated with a mixture of
concentrated sulfuric and nitric acids at around 80—100 °C
for 24 h (Figure la). Bulk carbon like CF was subjected to
oxidative cutting and obtained 3—10 nm size GQDs (Figure
1b), which are more polar in nature due to the edge functional
groups such as OH, COOH, epoxy, and carbonyl groups. Due
to the surface functional groups, GQDs are highly soluble in
water as well as organic solvents like dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO).

Bituminous coal consisting of large amounts of aromatic
hydrocarbons is oxidized to produce GQDs with hydrophilic
edge groups (Figure 1lc). The bituminous coal GQDs (b-
GQDs) show uniform size distribution and size range from 3
nm in diameter with a topology height of bGQDs and a size
height of 1.5 to 3 nm, indicating there are 2—3 layers of

Table 1. Sources, Development Strategies, and Related
Properties of GQDs Produced by Current State-of-the-Art
Top-Down Methods

Method used Starting materials Size (nm) Color ref
Acidic oxidation GO 5-19 Blue 64
5-25 Blue 65
Carbon black 15 Green 66
18 Yellow
Carbon fiber (CF) 1-4 Blue 45
5-8 Green
8—10 Yellow
Coal 2—4 Blue 67
4-8 Green
15—40 Yellow
Lignin 6—12 68
Hydrothermal GO S—-13 Blue 69
4-S Green 70
Reduced GO 2-5 Blue 71
Amino- GO 2.5 Blue to 72
hydrothermal Yellow
Solvothermal GO 5.3 Green 73
Microwave GO 2-7 Blue 74
Green and Mangifera indica 2-8 Red 75
microwave leaves
Clitoria ternatea 10—-20 Green 76
flowers
Spent tea-derived 5-20 Green 77
carbon
Microwave- GO 3 Blue 53
hydrothermal
Ultrasonic Graphene 3-§ Blue 78
chemistry
Electrochemistry Graphene 3-S5 Green 79
Graphite rods 5—-10 Yellow 80
MWCNTSs 3+03 Green 81
Microfluidization Graphite 2.7 £0.7 Blue 82
Photo-Fenton GO 40 Blue 83
reaction
Lithographic/ Graphene with Au 12-27 84
etching NP

graphene oxide like structures. The Ip/I; ratio for bituminous
coal is 1.06, which increased to 1.55 after the oxidative cutting
(bGQDs) due to the introduction of defects to the basal planes
and the edges.

Similarly, the Cg, cage is oxidized and torn apart to form
smaller structures with edge functionals rich in COOH groups
(Figure 1d). By using the modified Hummers’ method,*”*” Cg,
molecules were treated with concentrated H,SO, and HNO,
(1:3 V/V ratio) and oxidized with potassium permanganate to
yield GQDs with well-defined diameters of 2—3 nm. This
resulted in homogeneous and photoluminescent GQDs in high
yield, having a uniform circular shape and diameters less than
10 nm. This simple chemical oxidation process led to large-
scale GQD production from the precursor carbon bulk
materials.

2.1.2. Hydrothermal Okxidation. Oxidation of graphene
sheets under hydrothermal® conditions was proposed in 2010
to cut larger sheets into smaller ones to make surface-
functionalized GQDs under hydrothermal treatment and
chemical oxidation methods. The nanodiscs with an average
size of ~10 nm, and oxygen functional groups such as
—COOH, —OH, C=0, and C—0O-C present in the basal
plane increased solubility in polar solvents. Heating a single-
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Figure 1. Schematic illustration of GQD synthesis by chemical oxidation by different carbon precursors such as (a) graphite. Reproduced with
permission from ref 85. Copyright 2016 WILEY-VCH Verlag. (b) Carbon fibers (CFs). Reproduced with permission from ref 45. Copyright 2012
American Chemical Society. (c) Acidic oxidation of bituminous coal. Reproduced with permission from ref 44. Copyright 2018 Elsevier Inc. (d)
Oxidation and cage opening of fullerene Cg, with the treatment of strong acid and an oxidant. Reproduced with permission from 46. Copyright
2015 American Chemical Society.
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Figure 2. Schematic illustration of the hydrothermal synthesis of GQDs. (a) hydrothermal optimization and process controls for GQD synthesis
through GO with distinct composition and photoluminescence (PL) properties. Reproduced with permission from ref 53. Copyright 2021 Elsevier.
(b) Synthesis processes for GOQD and RGOQD from graphite by chemical oxidation, thermal reduction, and exfoliation methods. GOQDs:
graphene oxide quantum dots. RGOQDs: Reduced graphene oxide quantum dots. Reproduced with permission from ref 70. Copyright 2016 Wiley-
VCH Verlag.
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Figure 3. Electrochemical oxidation method. (a) Conversion of MWCNTs into GQDs by the electrochemical oxidation method. Reproduced with
permission from ref 81. Copyright 2012 WILEY-VCH Verlag. (b) Electrochemical exfoliation of surface defects of a graphite rod with a weak acid
and a strong alkali hydroxide and the intercalation of OH ions and an exfoliation process which result in the production of GQDs. Reproduced with
permission from ref 89. Copyright 2017 American Chemical Society.

layer GOQD in argon at 1010 °C yielded GQDs with intrinsic synthetic methods (Figure 2b) was proposed by studying the

magnetism, carrying pristine edges and low-defect basal subdomain formation mechanism, and GQDs were synthesized
planes.”" Further, in recent studies, the high quantum yield by different routes.”
(QY) improved up to 8.9% (Figure 2a) by optimizing the Carbon black particles, which are cheap and abundant, are
various hydrothermal conditions. The best optimized con- converted to GQDs under hydrothermal oxidation conditions
ditions were 2 mg/mL of GO, 175 °C, and pH 6.0 which (Figure 2) and thermal annealing results in the passivation of
yielded relatively high GQDs by using GO.>® Furthermore, the oxidized sites. In a similar manner, graphite was exfoliated
origin of the intrinsic luminescence in GQDs from various under oxidative conditions, and the resulting GQDs were
21360 https://doi.org/10.1021/acsomega.2c08183
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Figure 4. Schematic representation of different synthetic routes of top-down methods. (a) Microfluidization process of the graphite aqueous
suspension exfoliated into graphene sheets and then fragmented into nanosized GQDs. Reproduced with permission from ref 82. Copyright 2015
American Chemical Society. (b) One-pot microwave-assisted green-synthesis route for the fabrication of red-luminescent GQDs using ethanol
extracts of Mangifera indica (mango) leaves. Reproduced with permission from ref 75. Copyright 2016 American Chemical Society. (c) Coal to
GOQDs by a PLAL (pulsed laser ablation liquid) technique. Reproduced with permission from ref 59. Copyright 2019 Springer Nature. (d) GQD
fabrication process using self-assembled Au nanoparticles by using a laser etching (lithographic) method by self-assembled Au nanoparticles by
graphene etching steps. Reproduced with permission from ref 50. Copyright 2023 American Chemical Society.

treated with ammonia and hydrogen peroxide to form red,
green, yellow, or blue GQDs at various reaction times.*> As an
alternative to the thermal oxidations, the reactive groups of the
micron-sized GO sheets produced by the Hummers’ method
are reacted with the photo-Fenton reagent (Fe**/Fe’*-H,0,)
under UV irradiation to generate much smaller GQDs. The
redox cycle Fe**/Fe?* catalyzes the dissociation of H,0, into
hydroxyl radicals (-OH), and these are some of the most
powerful oxidizing species known. The photoreaction is carried
out in aqueous media, and after the reaction for some time, the
GO sheets are converted into much smaller GQDs with an
average diameter of 40 nm and thickness of about 1.2 nm.**
2.1.3. Electrochemical Oxidation. Carbon-based materials
such as graphite rods, fluorescent GNRs, and CNTs are widely
used as working electrodes in electrochemistry. Under high
redox potential from +1.5 V to +3 V, water is oxidized to
generate reactive oxygen radicals, which oxidize the C—C
bonds of the graphitic materials of the electrode and produce
GQDs. The electrochemical unzipping of MWCNTs to yield
high-quality GQDs with smooth edges is illustrated in Figure
3a. During the electrochemical synthesis, the applied positive
potential affected the cleavage of sp* carbons, and the applied
negative potential in the second step caused the cations to
intercalate and trigger exfoliation of oxidized MWCNTs.
Interestingly, the size of the GQDs depended on the oxidation
time. The intercalation of Li*/propylene carbonate complexes
resulted in the exfoliation of oxidized MWCNTs,*! facilitating
the formation of tunable GQDs. At room temperature,
sonication is required to form GQDs of 23 + 2 nm, while at
elevated temperatures, GQDs of 3 + 3 nm are produced.
Similarly, oxygen-rich functional groups of GOQDs were

produced by the intercalation of strong alkali metal ions by the
electrochemical exfoliation method (Figure 3b).*

2.1.4. Microfluidization. So far, we have discussed the GQD
synthesis by chemical oxidation, exfoliation, and hydrothermal
oxidation, and all these methods demand harsh conditions,
time consuming, or are labor intensive. Additionally, the yield
is low, and these methods are not scalable to produce industrial
quantities needed for large-scale applications. An environ-
mentally friendly, mechanically dynamic, high-pressure homog-
enization technique was proposed to produce large-scale
nonfunctionalized GQDs. In this process, the graphite
suspension is passed through a micron sized Z-shaped channel
under high pressure (30 kpsi) and high velocity (400 m/s) to
produce a high shear rate.”” In the process, the suspension of
milli-sized graphite sheets is exfoliated into micron-sized
graphene first and then further reduced in size and broken
into nanosized GQDs (Figure 4a).

2.1.5. Microwave Irradiation. Microwave irradiation offers
rapid heating of the samples, and thus, the reaction time is
dramatically reduced, and often it produces high yields.
However, facile one-step and one-pot microwave-assisted
methods yielded greenish yellow GQDs from GO by treatment
with concentrated acids. Microwave irradiation cleaved GO in
3 h with a yield of up to 12%. This approach integrated the
sheet cleavage and reduction processes without the require-
ment of any additional reducing agent.

2.1.6. Green Chemistry and Microwave-Assisted Syn-
thesis. In most of the methods described so far, GQD
synthesis requires high-quality carbon precursors, toxic organic
solvents, concentrated acid or alkali treatment, and high
temperatures. Hence, simple, cost-effective, highly scalable, and

https://doi.org/10.1021/acsomega.2c08183
ACS Omega 2023, 8, 21358—-21376
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Table 2. Some Examples of the Bottom-up Approaches

Method Precursor Size (nm) Height (nm) Color ref

Solution chemistry or Organic synthesis Organic precursors 2.5-5 1-2 Red 90
Glucose and hexanol in acetic acid 5-70 0.4-0.7 Deep blue 95

Polyphenylenes 1.8 1.0 Deep red 96

Microwave synthesis Glucose 1.65-21 32 Blue 91
Pyrolysis Citric acid 15 0.5-2 Yellow-green 97
Coronene 60 2-3 Blue 93

Hydrothermal method Pyrene 1.47 1-2 98
Cage opening Cso 2.7-10 Blue 94

a Organic or solution synthesis Microwave-assisted hydrothermal

8" Suzuki Coupling &
Dehydrocyclization

C Microwave irradiation

Microwave

irradiation
3 min

uv

1,3,6-Trinitropyrene
= Yellow GQDs

WAGQD-Cy; (deep red)

A= 197 nm

Microwave-assisted
Hydrothermal

Aqueous Solution

d Hydrothermal
! Hydrothermal
Refluxing treatment Dissolving
- -
>
HNO,, 80 °C NaQH, 200 °C H,0
Pyrene 1.3,6-Trinitropyrene GQD powder GQD colloid

Figure S. Schematic illustration of the synthesis of GQDs by different bottom-up routes with precursors. (a) Polyphenylenes by a total organic or
solution synthesis method. Reproduced with permission from ref 96. Copyright 2022 WILEY-VCH Verlag. (b) Microwave-assisted hydrothermal
reaction from glucose. Reproduced with permission from ref 91. Copyright 2012 American Chemical Society. (c) Trinitropyrene derivative by
microwave irradiation. Reproduced with permission from ref 99. Copyright 2018 American Chemical Society. (d) Pyrene from the hydrothermal
route. Reproduced with permission from ref 44. Copyright 2018 Elsevier Inc.

eco-friendly techniques are needed for the high-yield synthesis
of GQDs from low-cost precursors of carbon sources. Here,
the green-chemistry synthesis method utilizes the cheap and
abundant biomass waste of rich carbon material, which is
considered a potential precursor for high-quality GQD
synthesis. Hence, the biodegradable plant waste materials are
recycled into value-added products by this green-synthesis
approach. For instance, the biomass materials like cellulose,
citric acid, lignin, and waste sewage are used to produce
hydrophilic GQDs by different routes.**™° A facile, scalable,
and one-pot microwave-assisted green-synthesis route involved
a microwave reaction of ethanolic extracts of Mangifera indica
(mango) leaves and yielded high-quality red luminescent
GQDs (Figure 4b).”” Another sustainable strategy for the
synthesis of GQDs from carbon-rich biochar (spent tea leaves)
produced GQDs in ~84% yield by pyrolysis and a microwave-
assisted method.”” The GQDs were highly hydrophilic and had
a size of 5—20 nm with a fluorescence quantum yield of 0.23,
and they exhibited unique excitation-independent PL (photo-
luminescence) emission attributed to a single-emission
fluorescence center. Moreover, these GQDs are used for the
bioimaging of live cells due to their biocompatibility, high
water solubility, low toxicity, and high photostability.

2.1.7. Pulsed Laser Etching. Laser irradiation®® or the
pulsed laser ablation in liquid®** (PLAL) approach was simple
and suitable for mass production of GQDs in less time
compared to bottom-up methods. Nowadays, laser techniques
are capable of downsizing bulk materials into few-nanometer-

sized QDs within a few minutes. At the same time, this route
does not require the use of strongly acidic or basic solutions.
GQDs were fabricated by the PLAL process using coal, and an
ethanol suspension was ablated by a horizontal pulsed laser
beam (355 nm, 10 ns pulse, 10 Hz). After 5 min of laser
exposure, coal completely transformed into GOQDs or GQDs
with a yield of 18% and a diameter range from 5 to 30 nm
(Figure 4c) exhibiting highly photostable and crystalline
properties. Hence, these laser irradiations or PLAL methods
were facile, low cost, and high quality and produced
environmentally friendly GQDs at room temperature within
a few minutes. Subsequently, a lithographic approach was used
to fabricate the GQDs by self-assembled Au nanoparticles
formed by solid-state dewetting (SSD). As the patterned
etching of a graphene layer was enabled by Au nanoparticles,
their diameter was controllable through bound Au nano-
particles (Figure 4d), which employed diameters of 12, 16, and
27 nm. This was much faster than other top-down GQD
fabrication methods.** However, the random cleavage, control-
lable size, and shape are limited in this method.

Some of the major drawbacks of the top-down methods are
that they often require special equipment, challenging reaction
conditions, nonselective cutting processes, and destruction of
the carbon framework in the interior, leading to defects. They
may result in materials with low luminescence quantum yields
as well as a wide range of sizes or heterogeneity of structures.
The top-down methods are also not attractive for bulk
production due to their high cost, poor scalability, use of toxic
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reagents, high-temperature methods, high energy cost, and
environmental concerns of their large-scale production for
commercial applications.

2.2. Bottom-Up Approach. This method involves the
assembly of atoms or molecules (smaller units) to form GQDs,
and particle size is controlled by the reaction conditions during
the synthesis. The bottom-up approach uses a general strategy
of condensation of smaller carbon rings to form bigger entities
by stepwise solution chemistry,”® microwave synthesis,”"
pyrolysis,”’>** hydrothermal heating, and cage opening of
fullerenes” (Table 2). The GQDs made by these methods, in
general, have well-defined sizes, particular shapes, and
interesting properties. Further, these methods require special
reagents and challenging experimental conditions, and details
of these examples are described next.

2.2.1. Solution Chemistry or Organic Synthesis. In this
organic synthesis method, GQDs are formed from small
organic molecules/precursors through chemical reactions. The
method allows precise control of the structure of the final
product. A step-wise total synthesis or solution chemistry
strategy is helpful to make atomically precise, soluble, uniform,
and monodispersed well-defined GQDs. The sterically
hindered water-soluble substituent of carboxy dimethyl phenyl
groups was synthesized by the Suzuki coupling reaction
(Figure Sa). After that, it was transformed into the function-
alized Cy-GQD by dehydrocyclization using benzoquinone
derivates to form water-soluble atomically precise GQDs
(WAGQD-Cq). By attaching sterically hindered water-soluble
functional groups, these GQDs exhibited a monodispersed
solution without any further aggregation. The deep-red
emission of WAGQD-Cy4 facilitates the tracking of its
bioprocess and cell uptake for long-time retention in tumor
tissue.”

2.2.2. Microwave Synthesis. Glucose was converted into
GQDs by microwave-assisted hydrothermal synthesis where
glucose is dehydrated to form the nucleus of GQDs composed
of material with carbon—carbon units (Figure Sb). As the
heating time increases, the GQDs grow at the edges by
consuming more glucose and increase their size with the time
of microwave irradiation. The size and photoluminescence,
depending on the time of exposure, microwave power, and
source concentration, influence the GQD formation.”" Another
example of an ultrafast microwave irradiation strategy to
prepare the GQDs within 3 min, which exhibited excellent
fluorescence QY up to 35%, had the longest absorption
wavelength at 700 nm (Figure Sc). Moreover, these produced
ultrabright fluorescent and stable GQDs used in white-light-
emitting diodes and cell-imaging fields.”

2.2.3. Pyrolysis. A number of small-molecule precursors can
be condensed to form GQDs under pyrolysis conditions, but
controlling their size and optical properties was a challenge. In
one study, a solution of citric acid was heated at 150 °C until
the color changed to orange-red. The treatment of the
resulting solution followed by sonication and pH adjustment
to 7.0 resulted in water-soluble yellow-green GQDs which had
an average diameter of 4—5 nm. Remarkably, the photo-
luminescence of these particles independent of the excitation
wavelength indicated a quantum yield of 0.093 (468 nm).””

2.2.4. Hydrothermal Method. Controlled condensation of
pyrene (C;¢H,,) at elevated temperatures allowed the fusion of
its aromatic rings to form high-quality crystalline GQDs.”® The
synthesis involved nitration of pyrene with HNOj; at 80 °C to
produce trinitro pyrene (Figure 5d) followed by the hydro-

thermal treatment under alkaline conditions at 200 °C for 10
h. The resulting GQDs emit bright green fluorescence when
irradiated with UV light and have a size of ~2 nm, with an
average thickness of 147 + 0.86 nm, and this thickness
corresponds to approximately S layers.

2.2.5. Cage Opening. Cage opening with metal-assisted
catalysis is a limited route for the preparation of GQDs from
fullerenes or higher homologues where the number of carbon
atoms in the GQD is predetermined by the fullerene starting
material. For example, the opening of Cy was catalyzed by
ruthenium (Figure 6ab), where the strong Cg—Ru inter-

(c) Opening Cq

molecule

RU catalyzed 725 K

Triangular
G oo
NS, Hexagon

[ RU catalyzed 825 K>
GQDs

Figure 6. (ab) Schematic diagram of the growth mechanism of
GQDs on a ruthenium surface using Cg, molecules as a precursor.
The majority of Cg molecules adsorbed on the terrace. (b)
Temperature-dependent growth of GQDs with different shapes
from the aggregation of the surface-diffused carbon clusters and
images for the well-dispersed triangular and hexagonal shaped GQDs
produced from Cgy-derived carbon clusters. Reproduced with
permission from ref 94. Copyright 2011 Springer Nature.

actions led to the opening of the fullerene cage. This resulted
in carbon clusters that aggregate to form GQDs. Interestingly,
this method can be modified to control the shape of GQDs by
changing the annealing temperature (Figure 6b). The scanning
tunneling microscopy (STM) measurement was carried out on
the GQDs grown on the surface of Ru (001) at different
annealing temperatures for a certain duration. STM images
were used to identify the triangular and hexagonal shaped
GQDs produced by the cage-opening synthesis.”"

3. BANDGAP ENGINEERING

Bandgap engineering tunes the energy gap between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) which is responsible
for the optical transitions, and the energy spectrum is
transformed from continuous for graphene to discrete for the
GQDs.'°°7'%” Tailoring the electronic properties of
GQDs,' 0% shape,105 emission,'*° edge structure, crystallo-
graphic orientation, and a fraction of sp> domains changes the
HOMO-LUMO energy gap. A decrease in the energy gap
causes a red shift of the emission, while an increase in the gap
moves the transition toward the blue region of the visible
spectrum. A more recent advancement is the construction of
more localized edge or corner states, for example, and by
applying uniaxial strain, the electronic states are manipulated
to isolate different states.'”” Bandgap engineering is an
important method to control the photoluminescent properties
of the GQDs, and this section will focus on some concepts and
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advances in this important area of GQD development. One of
the overall objectives of bandgap engineering is to narrow the
width of the emission spectrum and alter the peak position
which can allow more specific biosensing and bioimaging.
Therefore, bandgap engineering is very attractive for tailoring
the effectiveness of GQDs for various applications in the fields
of chemistry, materials, and biomedical engineering.®

Since the number of sp® domains in graphene is very large,
which is a zero-bandgap semiconductor, cutting the graphene
sheet into GQDs of a certain shape and size, it is possible to
control the bandgap from 0 to up to ~3 eV. The energy states
of GQDs are quantized, and the average energy and gaps
between adjacent levels depend on the diameter (d,) or size, as
illustrated by the particle-in-a-box quantum mechanical model.
As the box size decreases, energy levels rise, and gaps become
larger. Then, smaller GQDs absorb at shorter wavelengths, and
larger GQDs absorb at longer wavelengths.'”® The PL spectra
of GQDs depend on the shapes and sizes of the platelets as
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well. As d, increases from 5 to 35 nm, the energy gap decreases
monotonically from ~6.2 to ~4.6 eV as shown in Figure 7b.
Defects also influence the bandgap,'” and the outcome
depends largely on the type/abundance of defects that are
directly related to the synthesis conditions and the starting
material used to make GQDs.

The majority of the GQD’s diameter (d,) was < ~17 nm
with either elliptical or circular in shape, with edges cut as
armchairs or zigzag (Figure 7a)."”” However, for d, > ~17 nm,
most of the GQDs are polygonal in shape with armchair edges.
The shape of GQDs has an effect on their PL peak energy,
which decreases as the d, of the circular or elliptical GQDs
increases. In contrast, the PL peak energy increases with
increasing d, for the GQDs with polygonal shapes. The
dependence of luminescence peak positions on the shape is
intriguing and complicated to understand. Various colors of
luminescence that depend on the size of GQDs are illustrated
in Figure 7b, especially for d, = 17 and 22 nm, and the PL
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Figure 9. Confocal images of GQD luminescence from inside the cancer cells. A-375 cell imaging by (a,b) GQD1 and (c,d) GQD2 and HeLa cell
imaging by (e,f) GQD1 and (gh) GQD2. Bright-field images (1 and 3 columns) and fluorescence images (2 and 4 columns) of the cells.

Reproduced with permission from ref 115. Copyright 2019 Elsevier Inc.

spectra are resolved into two PL bands and independent of
excitation wavelength for different sizes of GQDs. The PL peak
for GQDs of all sizes sequentially shifts to longer wavelengths
by changing the excitation wavelength from 300 to 470 nm.
Figure 7c shows that the PL peak shifts depend on the
excitation wavelength for all GQD sizes. All PL peak shifts on
any excitation wavelength except at 470 nm are similar in all
cases and are greatly dependent on the sizes of GQDs.""

An alternate way to control the bandgap, other than by
changing the size, is by substituting carbons in the basal plane
with hetero atoms such as B, O, N, or S.""° The additional
electronic states of these heteroatoms and their lone pairs of
electrons or empty p orbitals and differences in the
electronegativities of the heteroatom and the adjacent carbons
contribute to changes in the bandgap.

A recent elegant study demonstrated that size increases with
the introduction of n-electrons via chemical modification for
bandgap control.'"' GQDs that derived from coal by acid
treatment were modified to chemically enlarge the GQD size
(Figure 8a, left) with a narrowing bandgap as the size
increased. On the other hand, amidation of the GQD with
aminophenol provided n-electrons, and the bandgap narrowed
as the electronegativity of the aminophenol increased (Figure
8a, right). The fluorescence of the modified GQDs shifted to
red as the size was enlarged (Figure 8b,c). In an analogous
manner, increasing the electronegativity of the n-electrons of
the substituents on GQDs at a constant size, red-shifted the
emission (Figure 8d,e). These changes are consistent with
tuning the bandwidth in a predictable manner with excellent
control over GQD properties.

4. APPLICATIONS OF THE GQDS

The extensive properties of GQD and GOQDs would benefit
many applications in a variety of fields, such as biomedical,
sensing, energy, photocatalysis, solar cells, and optical, which
will impact our quality of life and attract significant commercial

interest. Research has been carried out to understand the
unique properties of GQDs and tailor their properties. Surface
functional groups (—OH, —COOH, NH,, carbonyl groups)
modify these properties when attached via aromatic groups
(phenyl, naphthyl, and anthracene), doping with heteroatoms
(N, O, and P doping), controlling size/shape, and so forth." "’
In the future, GQDs may become a popular material for
advanced technology in the biomedical and imaging fields.
This section will show several applications of GQDs like
biomedical, bioimaging, biosensing, and drug-delivery fields.'®
Each of these fields will be subdivided into detailed
applications as below.

4.1. Bioimaging. An ideal fluorophore for bioimaging
should be conveniently bright, stable, excitable, and biocom-
patible and bind or easily conjugate with target molecules and
minimize physical hindrance. Currently, fluorescent and
organic dyes or green fluorescent proteins (GFP) are
predominantly used for bioimaging.''> However, organic
dyes intrinsically show poor photostability, which causes fast
photobleaching and prevents the long-term imaging of live
cells. In addition, labeling with fluorescent protein molecules
involves a nontrivial molecular biology process including
cytotoxicity, the assembly of chimeric plasmids, and subse-
quent transfection in live cells. Alternatively, semiconductor
quantum dots (CdSe, CdS, ZnS, PbS, and InP QDs) have been
regarded as a promising alternative to organic fluorophores
because of their small size (2—10 nm and zero-dimensional),
high photostability, and brightness.""® In contrast, these
inorganic QDs are toxic due to leaching of heavy metal ions
into the biological environment as well as altering the function
and trafficking of the target molecule with its receptor binding
properties.114

The new generations of QDs have the ability to demonstrate
intracellular processes at the single-molecule level, and gave
high-resolution cellular images (brightness) of in vivo cell
trafficking studies, tumor targeting in diagnostic applications.
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Recently, GQDs have shown significant promise as a new class
of fluorophores for bioimaging and biosensing, owing to their
fascinating and tunable photoluminescence properties originat-
ing from quantum confinement.”’ In addition to size tunability,
GQDs are photostable, are resistant to photobleaching, and
have a broader emission spectra and a narrower absorption
spectra, making them sulperior to conventional organic dyes
and fluorescent proteins. "> Size-tunable optical properties of
GQDs are harnessed for tagging biomolecules for their in vitro
and in vivo imaging. The possibility of using GQDs as
fluorophores has been demonstrated by labeling a variety of
cell types such as neuroendocrine PC12 cells, murine alveolar
macrophage cells (MH-S), human cervical carcinoma HeLa
cells, human hepatic cancer cells (Huh7), MCF-7 stem cells
including neural stem cells, pancreas progenitor cells, and
neurosphere cells, some of which have been discussed
below.”'>'*

Rajender et al.''® synthesized edge-controlled and highly
fluorescent few-layer GQDs-1 and GQDs-2 using solvents of
DMSO and DMEF, respectively, using the GO precursor. These
GQDs containing a high density of armchair edges, oxygen-
rich functional groups, or surface edge defects and exhibited
high PL and QY up to ~32% and are highly promising for
bioimaging applications. Moreover, the edge-defected GQDs-1
and -2 indicated less cytotoxicity (44 pg/mL concentration)
and excellent biocompatibility for both A-375 and HeLa cells
and are useful for high-resolution imaging of cancer cells.
Confocal imaging reveals bright blue PL emission from inside
the cancer cell lines (A-375 and HeLa) and confirms the
uptake of GQDs (Figure 9a—h). Hence, edge-controlled and
highly fluorescent GQDs had strong blue PL emission and low
cytotoxicity, and the ease of labeling of cells with GQDs
enabled their promising applications for disease diagnosis and
biological imaging applications.

Zheng and co-workers''® demonstrated that GQDs serve as
universal fluorophores for bioimaging since the GQDs
covalently conjugate with any biomolecule (lysine of the
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amine group) without interfering with their cellular activities.
Therefore, surface functionalization of GQDs with N-hydroxy
succinimide (NHS) ester allows them to covalently bond with
amine groups in proteins. By this method, insulin-conjugated
GQDs were synthesized and utilized for specific biolabeling,
dynamic tracking of insulin receptors, NGF receptors in 3T3
adipocytes, and PCI12 cells, respectively. The present
bioimaging and biochemical methodologies rely mostly on
organic fluorophores, and genetically engineered protein tags
(Cy3, GFP) but that are less stable, producing diffuse
fluorescence that prevents imaging for a substantial time.
However, the present GQDs offer the ability to overcome the
present limitations and study the endocytic trafficking of
insulin receptors in adipocytes. The conjugated insulin GQDs
track the internalization, trafficking, and recycling of insulin
receptors, a valuable bioimaging application. Motion trajecto-
ries of insulin receptors by real-time confocal analysis revealed
four types of GQD clusters illustrated in Figure 10a—e.

Peng et al.** evaluated the low cytotoxicity of blue and green
fluorescent GQDs derived from CF by using two different
human breast cancer cell lines (MDAMB-321 and T47D) for
GQD concentrations up to S0pug/mL. In addition, they
demonstrated green color staining of the cell surroundings
with GQDs and the nucleus with blue DAPI in the phase
contrast image of T47D cells. Also, they clearly visualized the
agglomerated high-contrast fluorescent image of green GQDs
around each nucleus and the overlay image of the cell with
phase contrast, DAPI, and green GQDs.

4.2. Biosensing. The application of GQDs for sensing
biomolecules is attributed to the change in PL and electro-
chemical and electronic properties in response to minute
perturbations. Moreover, GQDs intimately interact with
biomolecules due to their size on the nanometer scale, making
the sensing highly selective and specific.”>””°"

4.2.1. Photoluminescent Sensors. Photoluminescence of
GQDs serves as a signal to detect small molecules of biological
interest or biomolecules. Photoluminescence is often detected
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Figure 11. N-GQD catalyzes cyclization of homocysteine due to localized acidity and enhances the photoluminescence for its detection at a few
picomolar concentration. Adapted with permission from ref 117. Copyright 2020 Elsevier Inc.

with inexpensive instruments that are portable and provide
intense signals with zero background. One interesting example
is the selective detection of homocysteine at a few picomolar
concentration by nitrogen-doped GQDs. The selectivity was
attributed to the cyclization of homocysteine due to the
localized acidic environment of the N-GQDs, upon binding to
the GQD surface (Figure 11)."" These N-GQDs are also
biocompatible, and this was demonstrated by staining live cells
with no detectable lethality.

Recently, C-GQDs were synthesized with crown-like
binding sites embedded in their structure, starting from
alizarin and its derivatives. The crown-like functionality
indicated highly selective binding of biologically important
metal ions such as Ca*" and Mg** (Figure 12).""® The green
photoluminescence of C-GQDs was stable over several days
but indicated high selectivity for the detection of Ca*, for
example. The photoluminescence was insensitive to most
redox metal ions but quenched readily by Ca*" at picomolar
concentrations. By using derivatives of alizarin, GQDs with
selective binding sites for Mg** and Ba®>' have been
demonstrated with a similar strategy.

4.2.2. Fluorescent Biosensors. Analysis of metabolites such
as glucose, cholesterol, L-lactate, and xanthine markers is used
in diagnosis and healthcare to manage diabetes, obesity, lactic
acidosis, gout, and hypertension. Current methods for
metabolic profiling are based on lengthy tedious procedures,
require large sample volumes, and use bulky equipment.
Enzymatic oxidation of metabolites was used to produce
hydrogen peroxide which then oxidizes cysteine to its dimer.
The dimer then binds to Hg*, releasing it from the Hg*"/N-
GQD complex and enhancing the N-GQD fluorescence
(Figure 13).""" This approach overcomes the limitations
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presented by the current methods and allows fast profiling of
these markers and others, along these lines, with a very small
amount of blood or other biological fluids.

Fluorescent GQDs were encased in bovine serum albumin
(BSA), and the protein scaffold protected the luminescence.
However, when the GQD/BSA composite was subjected to
trypsin degradation, the GQDs were released from the
composite, and their fluorescence was diminished, providing
a pathway for trypsin detection with high selectivity and
sensitivity (Figure 14).1%°

Unlike the above sensors, an immunosensor using antibodies
and GQDs was developed based on a PL switch-on mechanism
mediated by graphene oxide (GO), and this strategy is
illustrated in Figure 15. Fe—N-GQDs were labeled with an
antibody in order to selectively detect the corresponding
bacterial species via enhanced fluorescence signals, and the
immunosensor worked with high efficiency and selectivity.
Specifically, GO functions as an acceptor and quenches the
luminescence of Fe—N-GQDs loaded with an antibody (Ab)
due to m—r stacking interactions, bringing GO and GQDs
closer, and this phenomenon is called fluorescence resonance
energy transfer (FRET). This immunosensor was fabricated by
conjugating GQDs to antibodies of Salmonella enterica serovar
Typhi Vi denoted as Anti-Vi Ab by complexing it with Fe—N-
GQDs and then with GO. The GQD Iluminescence is
quenched by GO due to the above-mentioned 7—7 stacking
interaction between GO and Fe—N-GQD/Anti-Vi Ab.
However, on adding the target antigen (Vi Ag), the sandwich
is expanded due to the specific binding of the antigen to its
antibody, thus increasing the distance between Anti-Vi Ab/
GQDs and GO, restoring the original luminescence.'”" Thus,
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Figure 12. Crown ether like C-GQDs of (a) UV—vis, PL, and PLE spectra. (b) Image of the aqueous solution under UV—visible. (c) PL intensity
change under UV radiation (150 W, 320 nm). (d) PL intensity change under visible radiation. (¢) PL intensity change of C-GQDs in the presence
of different ions (10 nM). F and F, are the PL intensity of C-GQDs with and without ions. (f) PL spectra of C-GQDs with different Ca*
concentrations (pM). (g) PL intensity change of C-GQDs with the presence of homocysteine. GQDs synthesized from alizarin had stable green
photoluminescence which indicated crown-like metal-binding sites. They showed high selectivity for Ca®* at picomolar concentrations, and the
strategy was extended to selectively detect Mg®* and Ba** by synthesizing GQDs from alizarin derivatives. Adapted with permission from ref 118.

Copyright 2020 Elsevier Inc.

the quaternary complex serves as a highly specific and sensitive
turn-on fluorescence sensor.

Addition of other bacteria such as Salmonella typhimurium
(S.tm), E. coli (E.co), Pseudomonas aeruginosa (P.ae), or S.
aureus (S.au) to the ternary complex did not have a similar
effect, illustrating the high selectivity of the immunofluorescent
sensor (Figure 16)."”' Spiking the samples with serum or
buffer had no similar effect.

Furthermore, the variation of the surface oxidation levels of
the GQD can control the noncovalent adsorption of
biopolymer on the surface of the GQD.® Reversible, non-
covalent adsorption of single-stranded DNA (ssDNA)
molecules onto carbon nanoparticles, for example, was used
for high sensitivity and selective multiplexed detection of the
human immunodeficiency virus (HIV) and hepatitis B virus
(HBV). The advantage of noncovalent attachment of GQD-
ssDNA on carbon nanoparticles is reversible and preserves the
substrate’s fluorescent properties, which is exploited for sensor
recycling and signal amplification (Figure 17). For example,
selected ssDNA sequences from HBV were covalently attached
to green GQDs, and ssDNA sequences of HPV were attached
to red GQDs. Both were bound to carbon nanoparticles and

red-GQD/ssDNA.'”* The GQD fluorescence is quenched by
the carbon nanoparticles and in the presence of nucleic acid
sequences from test samples. The GQD-labeled DNA strands
associate with their complementary sequences and dissociate
from the carbon nanoparticles. This turns on the fluorescence
signal. The high specificity of ssDNA hybridization with its
complementary sequence provides high selectivity, while the
degradation of the released double-stranded DNA with
exonuclease III allowed the recycling of the ssDNA-bound
GQDs (Figure 17).

Future applications of varying oxidation levels of the GQD
surface to control ligand binding are vast and they are
promising for diagnostics, biomolecule delivery, sensing,
sequencing, gene filtering, and many more applications.

4.2.3. Electrochemical Biosensor. Large surface areas of
GQDs per unit mass with their edge functions make them
suitable candidates for coupling with biological recognition
elements and also for coating the working electrodes in
electrochemical sensing applications. The scheme in Figure 18
illustrates a simple GQD-based electrochemical sensor for
detecting cancer biomarkers, a-fetoprotein (AFP)."** The
glassy carbon electrode (PG) was modified with N-GQD/
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Figure 14. Novel strategy to detect peptidase enzymes with GQDs
encased in a bovine serum albumin (BSA) composite. Enzymatic
hydrolysis of the protein chain releases the bound GQDs, thereby
increasing their fluorescence for convenient detection with high
sensitivity and selectivity. AGQDS: Amino-functionalized GQDs.
Adapted with permission from ref 120. Copyright 2018 Royal Society
of Chemistry.

SWCNHs, which are in turn coupled to AFP-specific antibody
molecules via carbodiimide chemistry. This sensor is based on
the fact that single-walled carbon nanohorns (SWCNHs) have
a strong affinity for GQDs, while the latter can be modified
with AFP antibodies for detection. In the absence of the
antigen, electron transfer between [Fe(CN)4]>/*, an electro-
active species, and the electrode is permitted. When the sensor
is exposed to AFP, AFP binds to its antibody attached to the
GQD at the electrode surface, and this prevents electron flow
between the mediator and the electrode, reducing the current
flow.

The composite bioelectroimmunosensor showed high
stability over a month, high selectivity, and detection of AFP
in the concentration range of 0.001 ng/mL to 200 ng/mL.
Along these lines, the GQDs continue to offer a suitable

platform to attach biomolecular recognition elements while
supporting adhesion to carbon materials for enhanced
electrochemical activity. These GQD-based biosensors have a
high potential for disease diagnostics in point of care
applications.

4.3. Drug Delivery and Biodistribution Studies. The
GQDs derived from carbon-based materials have low toxici
to living cells when compared to inorganic dyes.'**”'*°
However, GQDs of size less than 10 nm have catalytically
more active surfaces, functional groups, and sharp edges,
because of which they can easily penetrate the cellular nucleus.
GQDs can cause severe cell and molecular damage.127 Also, at
high enough concentrations (~100 pug/mL) GQDs generate
intracellular reactive oxygen species (ROS), high levels of
which damage cell structures. To alleviate these toxic effects of
smaller GQDs, increasing their size is not a potential solution
because that will result in poor luminescence properties. To
lower the toxicity of GQDs of size less than 10 nm, Chandra et
al."*® used polymers such as the polyethylene glycol (PEG)
shells to embed GQDs for enhanced biocompatibility which
lowered reactive oxygen species generation, as measured by a
ROS assay.

GQDs due to their high surface area to volume ratios and
high drug loading capacities are excellent candidates for
therapeutic as well as diagnostic applications or theranos-
tics."*”'*® That is, the simultaneous delivery of both
therapeutic drugs and diagnostic imaging agents to the same
target cells which facilitates the monitoring of dosing, delivery,
as well as action. Thus, GQDs have a high potential for its
application in nanotechnology, disease diagnosis, and bioimag-
ing processes. Hence, the cytotoxicity and biodistribution of
GQDs are of great concern to biomedical researchers. Esmaeil
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(left), while the addition of other bacteria had no significant effect.
The sensor is not influenced by the addition of serum or buffer
(right). Adapted with permission from ref 121. Copyright 2021
Elsevier Inc.

et al."’' reported the potential toxicity and in vivo
biodistribution of GQDs by intravenously injecting GQDs
into mice (Figure 19).

The large specific surface area of nanometer-sized GQDs
allows various biomolecules to interact with them through 7—z
stacking, physisorption, hydrophobic interaction, or electro-
static attraction. Being small, GQDs are not effectively
localized at the targeted therapeutic site. However, loading
the GQDs and known cancer drugs into a nanocarrier can
accomplish both these tasks. In addition, when excited with
light, GQDs can generate singlet oxygen which is a toxic

21370
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Figure 17. Multiplexed detection of HIV and HBV using green and
red GQDs tethered to specific ssDNA sequences that are character-
istic of these viruses and adsorbed on carbon nanodots. Detection is
via hybridization-induced release of ssDNA-GQDs from carbon
nanodots, accompanied by an increase in fluorescence. The ssDNA-
GQDs are recycled when the dsDNA-GQD was degraded by
Exonuclease III, which hydrolyzes the sample DNA but not the
label DNA. Adapted with permission from ref 122. Copyright 2021
Elsevier Inc.

reactive oxygen species. Thus, one could achieve drug loading,
delivery to the intended site, anticancer drug release, and
photodynamic therapy, all in one system. Nanometer-sized
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0 days 5 days 10 days Tumor

—GQDs
121 ——nwsy

—— GODSRMSN
0.9:
03

1

Diameter (mm)

Intensity (n.u.)
s
g

LRI ot T VYRS PORTUORIAEATATN - Pt T e FETORANRRREONY! | 11010 | IV ITIVTTYY
¢ 7 2 %0 Tem 2

¢ m2 3 4 & 8 7T 8 18 mI 3 & K & 7T 8 8 G wml 3 4 B

Figure 20. (A, B). Electron microscopy images of hollow mesoporous silica nanoparticles (hMSNs) of nearly 100 nm in size, (C) after incubation
with GQDs, and (D) size of the hMSNs before and after loading with GQDs. (E) In vivo optical imaging of GQDs/hMSN-PEG nanoparticles.
Adapted with permission from ref 132. Copyright 2021 Elsevier Inc.
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GQDs were captured in hollow mesoporous silica nano-
particles (hMSNs, Figure 20) of about 100 nm in diameter for
such applications."*

These nanocarriers were loaded with doxorubicin (DOX) as
a model drug that can inhibit the proliferation of cancer cells.
In one of the studies, GQD- and DOX-loaded hMSNs
indicated a significant reduction in tumor size when combined
with laser light excitation than in the absence of light or
DOX 133134

5. CONCLUSIONS

GQDs, owing to their quantum confinement, edge effect,
chemical stability, high surface-to-volume ratio, and bio-
compatibility, possess great potential in bringing breakthroughs
in several bioengineering and biomedical science fields that
include but not limited to bioimaging, sensing, and drug
delivery. To enter the implementation phase, progress must be
made in the fabrication methods to achieve large-scale
production of graphene quantum dots of high quality. Further,
the research is still in its early stage, and the full potential of
GQDs is yet to be fully explored through computational and
experimental means which have just started. Issues, such as low
quantum and product yield, inability to control lateral
dimensions, as well as surface chemistry, cytotoxicity, and
confusing PL mechanism still need to be resolved. Many
experiments demonstrate that their properties are tunable by
engineering the shape, size, structure, and surface chemistries.
Therefore, there is a lot of space for the development of GQDs
into the next big (but small) thing that may revolutionize
biological and biomedical research purely by controlling the
size and surface chemistry.
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Bl ABBREVIATIONS

CFs Carbon fibers

CNTs Carbon nanotubes

Ceso Buckminsterfullerene
DOX Doxorubicin

GO Graphene oxide
GNRs Graphene nanoribbons

GQDs Graphene quantum dots

MWCNT Multiwalled carbon nanotbes

PL Photoluminescence

PLAL Pulsed laser ablation liquid

GFP Green fluorescent protein

MH-S Murine alveolar macrophage cells
Huh7 Human hepatic cancer cells
MCEF-7  Human breast cancer cells

A-375 Human malignant melanoma cells
HeLa Human cervical carcinoma cells
PEG Polyethylene glycol

HOMO  Highest occupied molecular orbital
LUMO  Lowest occupied molecular orbital
TIRFM  Total internal reflection fluorescence microscopy
NGFR  Nerve growth factor receptor

DAPI 4’6-Diamidino-2-phenylindole
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