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ABSTRACT: Graphene quantum dots (GQDs) are carbonaceous nanodots that are natural  umemess (695 sommumamens:

crystalline semiconductors and range from 1 to 20 nm. The broad range of applications for — [umema
GQDs is based on their unique physical and chemical properties. Compared to inorganic ‘[""%"ML% pored
quantum dots, GQDs possess numerous advantages, including formidable biocompatibility, low Tm s B

intrinsic toxicity, excellent dispensability, hydrophilicity, and surface grating, thus making them :’\m %M
promising materials for nanophotonic applications. Owing to their unique photonic compliant Ss¢¢
properties, such as superb solubility, robust chemical inertness, large specific surface area,
superabundant surface conjugation sites, superior photostability, resistance to photobleaching,
and nonblinking, GQDs have emerged as a novel class of probes for the detection of
biomolecules and study of their molecular interactions. Here, we present a brief overview of
GQDs, their advantages over quantum dots (QDs), various synthesis procedures, and different (] .
surface conjugation chemistries for detecting cell-free circulating nucleic acids (CNAs). With the
prominent rise of liquid biopsy-based approaches for real-time detection of CNAs, GQDs-based
strategies might be a step toward early diagnosis, prognosis, treatment monitoring, and outcome
prediction of various non-communicable diseases, including cancers.
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2. INTRODUCTION measurement of prostate-specific antigen (PSA), a titanium
carbide (Ti;C,) MXene QDs-encapsulated liposome with
excellent photothermal activity was created using a near-
infrared (NIR) photothermal immunoassay method.” On the
other hand, their biological applications are constrained by
their cytotoxicity, high energy requirements, and nonrenewable
chemical synthesis. To reduce these factors associated with
heavy metals, cadmium-free QDs such as carbon, graphene,
and silicon have been developed. These QDs exhibit equivalent
optical properties.”

The ultrasmall QD nanocrystals (1—10 nm), which are based
on semiconductors, were revealed in 1983 and have since had
great success in the domains of optics, electronics, and
catalysis, bringing in a new era of nanotechnology.' A heavy
metal core surrounded by a bandgap semiconductor shell, such
as CdTe, characterizes the vast majority of QDs. SiO,
surrounds PbSe, ZnSe, or CdS core materials, overcoming
the surface deficit and boosting the quantum yield. Small

article size, customizable composition and properties, high
P : comp ¢ prop ) 8 Carbon-based materials play an essential role in developing
quantum yield, great brightness, and intermittent light

. . N L nanomaterials and fabricating biosensors for various bio-
emission are just a few of the intriguing characteristics of

QDs that have drawn them into a variety of applications.”™* medical pp Ii'cations, such as imml?noassay of proFein,g
Metallic QDs like CdS, CdSe, and CdTe were previously the ﬂu?(l)"(l){netrlc mmunoassay for carciogens (aflatoxin B
most researched QDs because of their superior optical and b, ) and other cancer biomarkers. ™ One S,uCh study
electrochemical properties. These QDs have been used for d.escrlbgs the c‘levelopment of a Photoelectrochemlcal (PEC)
many studies; CdTe/CdSe QD-labeled oligonucleotides and blosens%ng d.eflllce for the responsive and precise detection of
hemin/G-quadruplex DNzyme-conjugated DNA assembly was ;lhrombm utilizing glucose omdase—e{lcapsulated DNA nano-
used for the detection of lysozyme based on the analyte- owers (GOx-DFs) and graphene oxide-coated copper-doped
induced rolling cycling amplification system.” In another
research study, following the structural and photonic transition Received: August 23, 2022
of CdTe-QDs immobilized on paper, evoked by the silver ion Accepted:  October 6, 2022
(Ag+) separated from silver nanoparticles (AgNPs) with a Published: October 26, 2022
cation exchange reaction, a concise, low-cost visual fluo-

rescence immunosensor was created for disease-related

biomarkers in biofluids.” For the quantitative or qualitative
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zinc oxide quantum dots (Cuy;Zn,;,0-GO QDs) as photo-
active substances.”’ In one report, the one-step process was
used in the manufacture of carbon quantum dots (CQDs) for
quick and accurate metal ion identification. An affordable and
ecologically favorable precursor was ascorbic acid. Reactors
with high temperatures and pressures were employed for this.

In addition to fluorometric assay, these QDs are also
employed in electrochemical detection of several analytes,
including environmental pollutants.'*'® The exceptional and
remarkable characteristics of these carbon-based materials have
propelled current research and development. Researchers have
expended significant effort in exploring carbon nanomaterials
for diverse biomedical applications due to their unique physical
properties, including optical, structural, and thermal proper-
ties.'”'” Due to its structure and the delocalization of
electrons, graphene, a zero-bandgap semiconductor, cannot
emit light (Figure 1).'8

Figure 1. Chemical structure of graphene quantum dot showing
different groups of atoms.

The high mechanical and thermal conductivity of the carbon
allotrope graphene has led to the use of graphene-based
materials in several biomedical applications, including sensors
and bioimaging (Figure 2). Cutting graphene into nanometer-
scale pieces and creating a gap therein is a viable strategy to get
around this restriction because of the quantum confinement in
graphene of any finite size due to its infinite exciton Bohr
radius, known as the GQDs."” GQDs, the latest zero-
dimensional member of the carbon family, are composed of
single or several layers of 10-nm-thick graphene sheets. GQDs
have demonstrated novel charge transport and light
absorption/emission phenomena and their bandgap energy
can vary by up to 3 eV depending on their size. GQDs have
several distinct advantages over their 2D counterparts,
graphene sheets, including bandgap opening brought on by
quantum confinement, excellent dispensability, more abundant
active sites (edges, functional groups, dopants), better
tunability in physicochemical properties, and a size comparable
to biomolecules. These advantages enable new application
possibilities.”””" The excellent electrical capabilities of sp2

carbon nanoparticles, which have an enormous specific surface
area and a lot of functional groups on the edges, are combined
with the unique optical and structural advantages of GQDs to
create a cutting-edge nanomaterial.”>*’

However, there has always been a need to find low-cost,
nontoxic, eco-friendly, safe, sustainable, and biocompatible
materials to synthesize/fabricate. GQDs provide all these
features and outshine other classes of QDs owing to their
unique properties.”* Thus, GQDs, a new class of fluorescent
materials derived from the carbon nanomaterial family, have
perfect chemical and physical properties for usage in biological
sensors.”””° An outline of GQD synthesis techniques,
including top-down and bottom-up methods, surface con-
jugation techniques, and their use in identifying circulating
nucleic acids is provided here.

3. SYNTHETIC STRATEGIES FOR GQDS

The graphene-based materials used to create GQDs cannot
show luminescence properties, as graphene is a zero-band gap
material. Therefore, manipulating the graphene band gap by
various means has sparked considerable interest, including
cutting graphene into GQDs to induce photoluminescence
(PL) and alteration by various synthetic procedures.”’
Additionally, it has been observed that the synthesis process
and precursor material employed affect the characteristics of
GQDs.”® Several synthetic techniques have obtained GQDs
with ideal chemical, optical, and electrical properties. Thus,
recent advances in GQD synthetic techniques have been fueled
by the ease of synthesis and availability of reactants.”” The top-
down and bottom-up approaches are two broad categories
used to categorize the synthetic routes toward creating GQDs
based on the reaction mechanism involved (Figure 3).

3.1. Top-Down Strategies. The top-down strategy is well-
established and based on widely available bulk precursors such
as graphitized materials like graphite and graphene oxide. This
strategy aids in tuning various properties such as size and
luminescence and obtains the desired GQDs; the bulk carbon
materials are typically exfoliated chemically or physically.*’
Therefore, cutting the sp2 or sp3 carbon allotropes of
graphene, graphene oxide, carbon fibers, and carbon black
using acidic oxidation, microfluidization, exfoliation, and
electrochemical oxidation is referred to as top-down
techniques (Figure 4).”" Such methods have several advan-
tages, including an ample supply of raw materials, a simple
process with fewer steps, and the large-scale development of
bulk reagents and precursors. In addition, the GQDs prepared
using this method primarily have the functional group oxygen
on their surface and exhibit high water solubility and surface
passivation due to the “edge-functionalized GQDs”.**"** As a
result, utilizing this type of strategy for controlling morphology
appears to be crucial. Some of them are not feasible to
implement on a large scale due to their high cost; scalability on
a large scale is also tricky; and other issues include the use of
acids, high temperatures, and the environment.>>*°

3.1.1. Laser Ablation. This technique primarily employs a
higher-energy laser pulse to irradiate the surface target to reach
them in a thermodynamic state, resulting in temperature and
pressure elevation, as well as heat generation and evaporation,
which converts them to a plasma state. Finally, the vapor is
collected and crystallized into nanoparticles.”” The process can
also be defined as removing materials from solid or liquid
surfaces using laser beams. This method is widely used to
modulate the size of GQDs, but it requires multiple steps and
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Figure 2. GQDs and their surface biofunctionalization for different sensing platforms.

[ Top-down approach

Carbon
black phi
oxide

Transformation to smaller fragments

by energy o’
—
Y J
@

OX|dat|on

Surface passivation
Reduction

N
\2}?

[ Bottom-up approach ]

Polycyclic aromatic
hydrocarbons

(o} (o}

HO OH

o

lonization by
energy

Formation of ions, radicals & electrons

°©

Condensation

Cluster

Figure 3. Two major synthetic approaches for the fabrication of GQDs: Top-down method simply converts graphite to graphene and the bottom-

up method produces graphene from small carbon precursors.

purification in a separate step.38 These GQDs have excellent
fluorescent properties to detect different biomarkers.””

The fluorescence emission spectra of laser ablation-GQDs
exhibit blue-shifted emission based on CO-GQDs, which are
defined by the size of particles and surface characteristics.
GQDs coupled with laser ablation (LA) have an average size of
about 1.8 nm and a depth of one layer of graphene.”” One of
the most potent methods for synthesizing unique nanostruc-
tures is pulsed laser ablation in liquids (PLAL).*"** It is simple
to make GQDs and GOQDs featuring tunable oxygen
functional groups by only altering the laser wavelength for
PLAL.” By laser beam ablation in a fluid, applying pulsed
graphene and adding ammonia—water to the graphene
solution, nitrogen-doped GQDs were created.”* In a study,
amino-based GQDs were made using polypyrrole (PPy) as an
amine source and graphite as a carbon substrate using a one-
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step pulsed laser ablation (PLA) technique for the sensitive
recognition of Fe3.*

3.1.2. Arc Discharge. The action of creating a current
between two electrodes (usually graphite rods) that causes
them to vaporize is known as arc discharge. As a result, soot is
produced, which may contain different graphene-based nano-
materials.*® Hoffman and Krastchmer used the arc-discharge
method to create buckminsterfullerene for the first time in
1990. The arc-discharge technique produces pure, B-doped
graphene in the form of soot collected in the electric oven
during the arc-discharge process. This is an electrical
breakdown of a gas that has developed an in-progress plasma
discharge. It is the most suitable procedure for producing
thermal plasma characterized by high-energy substances and
the local thermal equilibrium state.””~* Although this
approach for synthesizing GQDs looks to be a simple

https://doi.org/10.1021/acsomega.2c05414
ACS Omega 2022, 7, 39586—39602


https://pubs.acs.org/doi/10.1021/acsomega.2c05414?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05414?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05414?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05414?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05414?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05414?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05414?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05414?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

Laser
Nd:YAG

| |
- B

———————— Liquid medium
: ><> Nanoparticles
Targets
Metal plate

Magnetic stirrer

[ Laser Ablation ]

N + -
M

ecods — clectrode

[ —
- E

lectrochemical
oxidation

SV for 3-5hr

Electrolytic cell

Electrochemical oxidation ]

Figure 4. Different top-down approaches for the synthesis of GQDs.

Ultrasonicator

1
/

—[ Ultrasound wave "\~ ——

= ((< >>)
Graphene .'
Organic \), [(7 350’(2 20 min
solution \ ﬁr
Filteration l

. : Dlalyzlng
#

[ Ultrasonication ]

Vaccum

| 1 |
Cooling system

Graphite : Graphite
cathode Elestric oo anode

il

Inert gas

Power supp!y y)

[ Arc Discharge ]

conventional method, it is challenging to achieve a high yield
and requires careful control of experimental conditions. In a
study, a water arc discharge technique with a controlled degree
of oxidation is used to manufacture blue-emitting GQDs with
tunable PL emission.”

3.1.3. Electrochemical Oxidation. Another possible method
widely used to synthesize single-layer GQDs with a uniform
size and high production yield is the electrochemical cleavage
of carbon-based precursors. This technology has been
thoroughly studied due to its low cost, high production and
reproducibility, and simple operating principles. To convert
functional GQDs with an average size of 3—5 nm from
graphene film, Qu et al. established an electrochemical
method.”" The synthesized GQDs showed green fluorescence
and could last several months in an aqueous solution without
losing stability. Electrochemical synthesis offers a route for the
more accurate synthesis of GQDs by selectively oxidizing the
precursor material by the applied electric potential. It can be
further functionalized by altering the electrolyte solution. Due
to the relative simplicity of the setup and the absence of
powerful oxidizing agents,”” in the form of precipitation,
graphene nanosheets are produced via the electrochemical
exfoliation of graphite rods with oxidizing chemicals like
KNO,.>’

3.1.4. Ultrasonication. Acoustic cavitation is a quick and
efficient process for producing nanosized particles in which
bubbles play a crucial role after a series of steps, such as
production, nucleation, and rapid collapse of bubbles. In liquid,
ultrasound can generate alternating low- and high-pressure

waves, creating and bursting tiny vacuum bubbles. This
cavitation generates high-speed impinging liquid jets and
significant hydrodynamic shear forces. Therefore, ultrasonica-
tion can turn graphene sheets into GQDs by combining these
properties.54

The one-phase approach used to make the GQDs required
expensive equipment, and the environment was also unusual.
Zhuo et al. proposed the new method, stating that ultrasonic
equipment was used to explain graphene oxidation in
concentrated nitric acid and sulfuric acid solutions at room
temperature (RT) for 12 hours. The next step involved
calcining the received mixture at 350 °C for 20 min to remove
concentrated solutions (nitric acid and sulfuric acid). The next
step involves filtration with a microporous membrane (0.22
m), resulting in a black suspension from a brown filtered
solution. Finally, GQDs are obtained by dialyzing the obtained
solution.” Graphene oxide (GO) is oxidized ultrasonically to
transform into nanometer-sized species, which are further
chemically reduced and doped with nitrogen to form a novel
catalyst, N-GQDs for electrochemical detection of 2,4,6-
trinitrotoluene (TNT).*® An innovative and effective process
was used to create high-quality GO and reduced graphene
oxide (RGO) with a high level of durability, utilizing, an
alternative probe that was quick, cheap, and environmentally
friendly, which also used ultrasonic bath radiation. RGO1 and
RGO2 were made in neutral and acidic media, respectively.””

3.2. Bottom-Up Strategies. The bottom-up method
employs small molecules as starting materials, which are then
condensed to form a larger entity with a defined size, shape,
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and required properties for producing GQDs. These
techniques include the controllable synthesis of Sp2 carbon
from organic polymers and pyrolysis/carbonization processes
that begin with organic molecules. Polycyclic aromatic
hydrocarbon molecules (glutamic acid, glucose, and citric
acid) are typically the most reliable precursors for forming
high-quality GQDs. This method is suitable for modulating the
size of GQDs, but it requires multiple steps and a separate
purification step. The various synthesis methods reported
reflect the diversity of carbon precursors used in the bottom-up
synthesis (Figure 5).°%>

3.2.1. Hydrothermal. Hydrothermal synthesis is one of the
most used methods for producing GQDs. Carbon precursors,
most commonly graphene sheets, are converted into GQDs via
oxidation, followed by high-temperature treatment. Compared
to other synthetic processes, hydrothermal exfoliation is a
more simplistic method for producing GQDs. Hydrothermal
processes require water and oxidizing agents such as strong
acids or alkah, which are crucial to cutting carbon sources into
GQDs.”

For the first time, Pan et al. reported a novel and simple
hydrothermal technique and fabricated aqueous dispersible
blue luminescent GQDs by the hydrothermal exfoliation of
GO sheets. The synthesis steps involved the oxidation of
graphite to GO before thermal treatment, which generated
epoxy functional groups. These epoxy groups acted as cleavage
points and were completely broken during the hydrothermal
reaction, resulting in stable carbonyl groups responsible for

GQD’s water solubility.®' According to Li et al, the
hydrothermal method is simple, quick, and suitable for scaling
up to develop GQDs in a short time (3 min) using the
microwave irradiation (MA-GQDs) method. So, this method
exhibited excellent fluorescence quantum with an efficiency of
up to 3S5. Furthermore, the MA-GQDs application for
ultrabright fluorescence and stable MA-GQDs is for
fluorescence probe and phosphor to prepare white light-

39590

emitting diodes in the cell imaging area. Recently published
studies using this route discovered the synthesis of high-
quality, RGO from GO and KOH, as well as Ag—GO
nanocomposites from GO, KOH, and AgNO; 1n single fast
steps, both of which have antibacterial properties.”” In a study,
humidity sensors have been created using nanocomposites of
GQDs and silver nanopartlcles (AgNPs) , which were produced
using a hydrothermal process.”® In another work, the rapid and
precise sensing of the S2-ion accomplished by creating a
biosensor using a nanocomposite of fluorescent ionic liquid
and GQDs (IL-GQDs) in a single process. The surface
modification of GQDs by IL is done under hydrothermal
conditions.”* One-step hydrothermal preparation of blue,
fluorescent nitrogen-doped GQDs for the detection of
human breast cancer cells (MCF-7 cells) using citric acid
and diethylamine as precursors.”®

3.2.2. Solvothermal. The solvothermal procedure, which
employs organic solvents like dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), and benzene is another synthetic
method that can produce GQDs. The solvent’s physicochem-
ical nature directly impacts the final size and morphology of
the product in this process. In a closed chamber, a chemical
reaction occurs in solvents at temperatures greater than the
solvent’s boiling temperature. This approach allows for exact
control of particle 51ze and shape distributions by altering the
reaction conditions.’® Iron porphyrin (Fe-N-GQDs) is a new
paramagnetic and fluorescent label synthesized that resembles
GQDs in nature. The mixing of Fe, N, and C sources was used
to make the Fe-N-GQD, which was then exposed to high-
temperature pyrolysis before undergoing solvothermal prep-
aration, which is basically used for structural changes in the
Fe—N atoms in the graphene lattice.”” The technique was also
used to create a TiO,/Sb,S;/GQDs nanocomposite to explore
its antibacterial property.*®

3.2.3. Carbonization/Pyrolysis. The direct heating pyrolysis
of small molecules has proven to be a simple bottom-up
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procedure and has given the highest yield without needing any
special equipment. Specifically, the small organic-based
precursor molecules are heated above their melting point,
causing nucleation, condensation, and the subsequent
fabrication of GQDs.*””® This is a straightforward bottom-up
process for preparing GQDs with sizes ranging from 15 nm to
0.5-2.0 nm in width and thickness. On the other hand,
carbonization is an environmentally friendly and simple
method for producing GQDs with a uniform size distribution.
However, the structure and morphology of the GQDs are
uncontrollable, and the yield is lower. Zhao et al. created a
simple synthetic method for GQDs by carbonizing L-glutamic
acid with a heating mantle device.”* In a recent work, a
fluorescent probe, D-penicillamine (DPA) functionalized
GQDs were used, which were made by pyrolyzing citric acid
in the presence of DPA for ractopamine quantification in
aqueous and plasma samples.”” The pyrolysis method is also
used with hydrothermal for the preparation of N, S-GQDs@

Au-polyaniline amperometric immunosensor to detect carci-
noembryonic antigen.73

3.2.4. Stepwise Organic Synthesis and Cage Opening.
Stepwise organic synthesis mediated GQDs fabrication is an
efficient solution chemistry method that yields uniform and
well-defined GQDs. Furthermore, the low throughput and
aggregation of GQDs in solution due to interactions
necessitated careful consideration for industrial production.
Generally, the interaction of aliphatic side chains with aromatic
molecules brings graphene sheets closer, triggering GQDs
aggregation.74

Remarkably, the possibility of graphene wrapping into quasi
0-D fullerene GQDs provided a novel concept for producing
well-ordered GQDs from fullerene via cage opening. In their
study, Kaciulis et al. state that fullerene is added to a mixture of
sodium nitrate, KMnO,, and concentrated H,SO, to fabricate
GQDs as fluorescent sensors. Lu et al. used the ruthenium-
catalyzed cage opening technique of C60 to generate very
small GQDs. The ruthenium surface develops strong contacts

39591 https://doi.org/10.1021/acsomega.2c05414
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with the C60 molecules, resulting in a surface vacancy on the
ruthenium and aiding the C60 molecules in becoming buried
in the surface. Embedded molecules are fractured as the
temperature rises, producing more carbon clusters that
aggregate and diffuse to create GQDs. The shape or form of
the GQDs can then be fixed by adjusting the annealing
temperature.75’76

3.2.5. Chemical Vapor Deposition (CVD). CVD is widely
used for creating nanoparticles with monolayer architectures
and graphene sheets. This is a technique for laying down
gaseous reactants on a substrate. Fan et al. created the CVD-
grown GQDs first, using copper foil as a substrate and methane
as a carbon source. According to the DLS analysis, the
resulting GQDs had a broad size distribution (5—15 nm),
whereas the height profiles (1—3 nm) suggested the formation
of GQDs with a few layers. The sole difference between CVD
and PVD (Physical Vapor Deposition) is that solid reactants
are used instead of gaseous ones in CVD. Here, the carrier
gases are combined in a reaction chamber that is kept at a
specific temperature and pressure.”” Furthermore, the reaction
occurs on the substrate, where the finished product, such as
graphene, is deposited, and the byproducts are pumped away.
The substrate is usually made of a transition metal (Ni/Cu) or
ceramic-like glass. Finally, the substrate is chosen based on the
graphene’s ability to be transferred to the required substance.
Chemical vapor deposition is used to generate the 3D
graphene, a new electrochemical process for 7producing high-
quality GQDs from monolithic 3D graphene.”®

Although the hydrothermal and ultrasound-aided methods
are both quick and environmentally friendly, it is challenging to
synthesize them on a large scale in industry. Before a
hydrothermal reaction can take place, the raw materials must
be treated with a potent oxidant. The reaction also requires
high temperatures and high pressure, which might result in
combustion or an explosion.”” Although H,SO,, HNO;, or
other oxidants are required for the chemical oxidation process,
which is now the most commonly used method, they may also
result in corrosion or explosions. Even though the electro-
chemical oxidation process produces GQDs of uniform size,
the pretreatment of raw materials and the output yield are both
poor, making it challenging to carry out large-scale
manufacturing.”® The microwave process involves filtering
and purification, which makes it challenging to employ for
large-scale manufacturing despite its quick reaction time.
Although the pyrolysis process is an environmentally friendly
way to produce GQDs, it is unable to regulate the size and
structure of GQDs. Whereas electron beam irradiation, which
is a quick and high-yield approach, it is not frequently
employed since it necessitates pricey specialized equipment
and poses a radiation danger to the user.

4. SURFACE CONJUGATION CHEMISTRY

GQDs have demonstrated superior qualities in terms of
chemical inertness, bioactivity, and viability, but there are still
some challenges that prevent their use in bioimaging, such as
relatively low luminescence quantum yields (the quantum
yields of most GQDs are less than 10%), shifting fluorescence
emissions, and an ambiguous luminescence process. As a
result, a lot of work was done to use surface chemistry to boost
the quantum yields (QY) and surface activity of GQDs (Figure
6).

4.1. Adsorption. The water-soluble GQDs surface can
absorb some biomolecules. This mechanism is nonspecific and

is influenced by various factors, including the molecule’s
surface charge. Passive adsorption is a systematic and
accessible approach for GQDs bioconjugation. Electrostatic
adsorption occurs when species with opposing charges attract
each other, producing a nonspecific interaction involving the
NP and the biomolecule. Negatively charged GQDs typically
interact with positively charged biomolecules to form non-
covalent conjugates.80 GQDs were joined to several bio-
molecules using this bioconjugation technique, including
proteins, porphyrins, lectins, polysaccharides, and nucleic
acids.”" Hydrophilic NPs can also develop electrostatic
interactions alongside polar molecules through their surface
coatings. In general, proteins possess a hydrophilic surface and
a hydrophobic core; therefore, they must shift configuration to
associate with nonpolar particles. Since these structural
changes might result in protein denaturation and a reduction
of biological activity, electrostatic adsorption is usually the
preferred strategy. Negatively charged semiconductor materials
with positively charged biomolecules are a widely adopted
approach for noncovalent GQD conjugation.82 In a report,
GQD@MnO, nanocomposites were created by the adsorption
of MnO, nanosheets to the edge of GQDs in order to detect
internal glutathione-related tumors (GSH).*

4.2. (Strept)avidin—Biotin Binding. Several biomole-
cules and particles have been conjugated using the (strept)-
avidin—biotin combination. This tactic relies on avidin or
streptavidin’s naturally high-affinity interactions with biotin,
comparable to those between receptors and ligands or enzymes
and substrates. The intensity of the (strept)avidin—biotin
combination benefits bioconjugation chemistry. It is robust to
pH, buffer salts, temperature variations, and process adjust-
ments such as multiple washing steps.** One biotin-binding
site is present on each of the four identical subunits that make
up the glycoprotein known as avidin. A tiny molecule called
biotin, also referred to as vitamin H or vitamin B7, can be
added to biomolecules or particles without changing their
function or nature. As biotin has a carboxylic acid, it can be
covalently conjugated to many species. Biomolecules can be
chemically prepared with an amine, thiol, or carboxyl-reactive
biotin reagent to biotinylate them, or they can be genetically
altered to have a biotin acceptor.®” Therefore, the (strept)-
avidin—biotin binding is one of the most substantial non-
covalent interactions, approaching the strength of a covalent
bond. As a result, the procedure is frequently referred to as the
“covalent conjugation method”. This conjugation process is
frequently adopted. Using this method, an electrochemical
biosensor was developed for direct detection of miRNA-21.%
However, it has a major drawback due to the vast size of its
derived component structure, which is a protein. As a result of
this constraint, this approach is rarely employed rather than the
carbodiimide coupling technique.

4.3. Carboxylic Acid—Amine Coupling. As a result of
the fact that no part of its chemical structure is incorporated
into the final bond between conjugated molecules, this
chemistry is referred to as zero-length (carboxyl to amine)
cross-linking agents. EDC (1-Ethyl-3-(3-(Dimethylamino)-
propyl) Carbodiimide) combines with carboxylic acid to
produce an intermediate, which then reacts with the amine
to produce a conjugate containing an amide bond. EDC is
frequently used in conjugation with an adjuvant, such as N-
hydroxysuccinimide (NHS) or sulfo-NHS (an NHS water-
soluble molecule), among the water-soluble carbodiimides.
When the oxygen in the carboxylic acid combines with the

https://doi.org/10.1021/acsomega.2c05414
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carbodiimide, a very reactive intermediate is formed that can
combine with amines to form an amide bond.*** When NHS
is added, a secondary, more soluble, and more robust
intermediate form then interacts with the amine to form the
final product. Water-soluble carbodiimides are preferred for
GQD conjugation because they enable the reaction to proceed
in aqueous buffer solutions.”” Hou et al. used EDC-NHS for
surface incubating GQDs to design an ultrasensitive electro-
chemiluminescence biosensor for specific detection of
miRNA.”" Guitao et al. in 2019 developed a novel graphene
QDs ECL biosensor using EDC-NHS to detect circulating
DNA by a cycle amplification method.”” Kong et al. use
graphene films on gold substrates, as working electrodes for
electrochemical detection of nucleic acid (microRNA) miR-
155 as a biomarker for the diagnosis of various diseases. They
used EDC and NHS as coupling agents for the self-assembly
monolayer (SAM)-modified gold substrate.”” The conjugation
is also used to create cytometric-based nanobiosensing systems
that directly quantify cell-free circulating (ccf) epigenomic
signatures like methylated ccf-DNA, trimethylated histone H3
at lysine, and protein-bound argonaute 2 ccf-miRNAs.”*

4.4. Click-Chemistry. The cycloaddition of azides and
alkynes is a bio-orthogonal technique often utilized for GQD
bioconjugation. The Huisgen cycloaddition, also known as the
azide-terminal alkyne reaction, begins with a five-membered
ring of triazole, a heterocyclic molecule containing three
nitrogen atoms. Initially, this reaction was performed at
maximum temperatures to enhance its yield. Some years
later, it was established that this cycloaddition could be
catalyzed by Cul and generate high yields of the heterocycle
ring even at RT. For this reason, the Cul-catalyzed
cycloaddition of azides and terminal alkynes was termed a
“click-chemistry reaction”. Proteins, viruses, antibodies, and
miRNAs have been coupled to QDs coated with azides or
alkynes and suitably functionalized.”> Thiol—ene click
reactions in a single step when compared to the conventional
synthesis of GQDs. A unique technique for making GQDs
from GO was applied, and it proved to be both inexpensive
and effective with exceptional qualities, including their
homogeneous nano size, robust green fluorescence, consistent
stabilities, and great bioactivity.”

4.5. Hydrazine-Aldehyde Chemistry. The bioconjuga-
tion method involving the interaction of hydrazine derivatives
with aldehydes or ketones is appealing from a biorthogonal
perspective. Hydrazine derivatives respond quickly, particularly
with aldehyde or ketone functional groups, making a
hydrazone bond that is a sort of Schiff base.”” However, this
reaction is faster with aldehydes than with ketones; the
hydrazone bonds formed with ketones are steadier than those
formed with aldehydes. Aldehyde-reactive chemical groups like
hydrazides and alkoxyamines are frequently utilized in
biomolecular probes to label and cross-link carbonyls (oxidized
carbohydrates) on glycoproteins and other polysaccharides. At
pH S to 7, hydrazides and aldehydes produced by periodate-
oxidation of sugars in biological samples interact to form
hydrazone bonds.”® The majority of protein-labeling applica-
tions can be completed using the hydrazone bond. The main
advantage of this strategy is that biological systems mainly do
not have the aldehyde and hydrazine groups. However, the
biological system may consist of amines that react with
aldehydes. The hydrazine—aldehyde coupling has been used to
conjugate QDs to antibodies, synthetic peptides, and viruses.

This approach can also be applied to oxime derivatives instead
of hydrazines.”

4.6. n—n Interaction. The planar graphitic domain’s
extensive sp2 hybridization creates the possibility for
functionalization in the absence of oxygen functionality or
hydrogen bonds using 7—n stacking or van der Waals forces.
Unsaturated (poly)cyclic molecules establish a specific type of
dispersion force from van der Waals forces known as the 7—x
interaction. Since graphene contains a hexaatomic ring of
carbon atoms, it can spontaneously stack on aromatic
biomolecules. Along with the hydrogen bonds between pairs
of complementary nucleotides, these interactions significantly
contribute to stabilizing DNA’s double helical structure.'” In
addition to having less of an adverse effect on the structure of
graphene materials, noncovalent functionalization based on the
hydrophobic attraction, interaction, or van der Waals force
between graphene materials and stabilizers also makes it
possible to tailor their solubility and electronic properties. As
an illustration, Green and colleagues investigated several
functionalized pyrene derivatives and showed that these
species could maintain single- and few-layered solvent-
exfoliated graphene flakes in aqueous dispersions.'”" Recent
research has shown that small peptides assemble toward the
planar surfaces or edges of GO through z—7 interactions.
Immobilized peptide-based GO materials have much promise
for creating susceptible and versatile detection platforms. A
non-single-stranded DNA (ssDNA) molecule was used as a
biorecognition molecule in the first GO-based sensing
mechanism study.'> According to a study, graphene-based
nanostructures can interact with ssDNA molecules through
m—n stacking interactions because they contain z-rich
conjugation domains.'” Rafiei et al. created a GQDs-DNA
nano assembly as a biosensor by using stacking to interact with
ssDNA.'* Yew et al. also used GQDs for DNA detection,
using a FAM-L probe that adsorbs onto the GQDs upon
incubation via 7—7 stacking interactions.'*®

5. CIRCULATING CELL-FREE NUCLEIC ACIDS
(CCF-NAS) DETECTION USING GQDS

Circulating nucleic acid (CNAs) includes various forms of
nucleic acid like DNA, RNA, micro RNA, IncRNA, and
mitochondrial DNA in plasma and serum. CNAs are released
as nucleosomes when cells undergo apoptosis or necrosis.
Apart from that, CNAs could be produced by the active
metabolic release of DNA from cells.'”® CNAs can be found in
healthy and diseased bodies, with diseased ones having higher
levels. Increased levels of circulating nucleic acids in the blood
can signal some malignant and benign disorders. Although
protein biomarkers have been identified, CNAs may be a better
biomarker since they are more relevant, precise, and accurate
than protein biomarkers.'”” Their dysregulation is generally
observed in tumors, which can be used as a diagnostic for
malignancy. As a result, circulating nucleic acids are developing
into a valuable resource for studying several chronic diseases,
including cancer, and acting as biomarkers.'*®

The various CNAs types being examined include ccf-DNAs,
ccf-RNAs, ccf-mtDNAs, ccf-miRNAs,'” ccf-IncRNAs, etc.''°
The use of ccf-DNAs in clinical practice for a few diseases has
already been made possible by developing newer technologies
to isolate minute quantities of ccf-NAs and detect the unique
signatures on these. It is crucial to determine the function of
these ccf-NAs as epigenetic biomarkers in clinical settings
because they are linked to various epigenetic modifications that

https://doi.org/10.1021/acsomega.2c05414
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exhibit disease-related variations.''" The field of noninvasive
molecular diagnosis has undergone a revolution, with conven-
tional screening and treatment techniques being replaced by
epigenetic markers. The epigenetic markers for these ccf-NAs
reflect the pattern unique to the tissue that produced them.
Therefore, epigenetic biomarkers can aid in diagnosing a
variety of diseases even before the appearance of actual
symptoms, which will aid in better disease management.''
Numerous studies are being conducted to determine whether
certain clinical condition-specific epigenetic marks exist on ccf-
NAs. Despite the advancement of techniques for examining
epigenetic changes, the application of epigenetic biomarkers
discovered on ccf-NAs is limited due to their lower blood
circulation levels. The detection and quantification of ccf-NAs,
viz., RNA, fetal DNA, fetal RNA, mtDNA, mitochondrial RNA,
and miRNA levels, in body fluids are of clinical importance.
These ccf-NAs may serve as biomarkers for the diagnosis and
prognosis of several diseases. Because of this, ccf-NAs are
important in the pathogenesis and diagnosis of many diseases.
Though the clinical utility of ccf-NAs is being widely
recognized, in-depth characterization is warranted to ensure
usage in point-of-care settings."'>"'*

ccf-NAs are well-known biomarkers used in prenatal
diagnosis to screen for genetic abnormalities in fetuses. ccf-
NAs (ccf-DNAs and cell-free noncoding RNAs) may be
promising biomarkers in the diagnosis and prognosis of cancer,
cardiovascular and neurological illnesses, and diabetes,
according to growing data. Cell-free circulating tumor DNA,
circulating tumor RNA, circulating tumor cells, and exosomes
are all significant tumor carriers of genetic data in the blood.
Because of its stability and ease of access, ccf-DNAs are an
appealing alternative as a diagnostic, predictive, and prognostic
biomarker for analyzing tumor genetic information utilizing
GQDs (Table 1).'" Plasma ccf-DNAs levels have been linked
to tumor size, invasion, cancer stage, survival, and treatment-
related disease progression. Above all, microRNAs (also known
as miRNAs or miRs) have drawn more attention because of
their extensive involvement in regulating cellular processes.
These quick 20—22-mer RNA sequences play a key role in the
post-transcriptional precise control of several physiological cell
functions, such as cell division, proliferation, and signaling.”é

Only a percentage of tumor-derived DNA with diagnosti-
cally important mutations is present in ccf-DNAs, which is
fragmented to an average length of 140 to 170 bp and
expressed in low quantities per milliliter of peripheral blood.
Several strategies have been introduced to detect low-level
tumor-associated mutations in cancer patients’ ccf-DNAs.""”
Finally, the small size of GQDs and properties like quantum
confinement and edge effect are vital benefits for the further
development of this diagnostic technique, given that one of the
most desirable fields of application is their use as fluorescent
tags and success in sensor research. Their great sensitivities and
effectiveness, particularly when paired with additional methods
like electrical and optical methods, make GQDs an effective
tool in bioanalysis and the detection of biological targets.''®

6. BIOSENSING TECHNIQUES FOR THE DETECTION
OF CCFNAS

Due to their remarkable physical and chemical characteristics,
GQDs, the next generation of the graphene family, have been
demonstrated to be the best sensing components for detecting
circulating nucleic acids. These GQDs with various bio-
molecules can use optical, electrochemical, and chemilumines-

cent biosensors to selectively recognize and transform into a
signal-specific ccf-NAs biomarker.""* Numerous studies have
been conducted to ascertain how to alter electrode surfaces
with nanosized materials with sizes between 1 and 100 nm,
derived from organic or inorganic sources, to provide
biosensors with increased reproducibility, selectivity, and
sensitivity. Given their large surface-to-volume percentage
and large specific surface area, nanomaterials have high
adsorption of target analytes. Utilizing neodymium-doped
BiOBr nanosheets (Nd-BiOBr) as a photoactive substrate, a
photoelectrochemical bioassay for dopamine-loaded liposome-
encoded magnetic beads is being developed to measure the
amount of DNA associated with the human papillomavirus
(HPV)."*® Another recent study used CRISPR-Cas12a trans-
cleaving the G-quadruplex for biorecognition/amplification
and a hollow In,0;—In,S;-modified screen-printed electrode
(InyO;—1In,S;/SPE) as the photoactive material to identify the
human papillomavirus-16 (HPV-16) on a foldable electro-
chemical detector.”’ GQDs, the new class of fluorescent
materials from the carbon nanomaterials family, possess ideal
chemical and physical properties to be used and integrated into
sensors for biological and medical applications.

The optical characteristics of GQDs can be used in
biosensing; this application uses the PL of GQDs and generally
requires photon detection.'"”” GQDs, serve the purpose of
detecting and indicating the presence of nucleic acid
biomarkers in biosensing systems.'”> GQD-based biosensors
utilize the affinity between specific functional groups within
GQDs and the analyte biomolecule. When a functional group
conjugated onto the GQDs binds to the analyte, the
association between the pair can provide different electronic
states. A change in PL intensity can be used to measure the
detection of an analyte by changing the electronic structure of
the GQDs."**

6.1. Absorbance. The z—z* shift of the CC bonds in
GQDs makes them a popular choice for photon capturing in
the shorter wavelength range. They exhibit more excellent
optical absorption in the UV range of 260 to 320 nm, with a tip
that continues into the visible spectrum. As a result, they
become more effective at absorbing long wavelengths. Apart
from that, these GQDs have a broad peak around 270 and 390
nm, indicating that they are involved in the n—7z* transition of
the CO bonds.'*

6.2. Optical. Since these characteristics are linked to the
band gap of GQDs, the optical characteristics of GQDs are
conceptually dependent on inherent variables like size, layer,
shape, or edge orientation. Due to the —* transition of CC
bonds, GQDs exhibit high optical absorption in the UV region
at 230 nm. Additionally, a shoulder peak across the range of
270—390 nm caused by the n—* transition of C—O bonds was
seen.'”® The strong optical features of GQDs with distinct
identification or dual emissions are susceptible to being
embellished with additional distinct molecules. GQDs are
superior PL sensors for detecting interesting analytes as
compared to conventional organic dyes and semiconductor
QDs probes because they offer great sensitivity, selectivity,
stability, and security for biosensing systems.

6.2.1. Photoluminescence. The GQDs exhibit more QY
than the bare CDs. This is because of the structure’s layering
and the suitable crystalline property. The optical character of
GQDs with a luminescence mechanism is also a challenge. The
potent fluorescent GQDs, along with their layered structure,
are used for confocal imaging of cancer cells with the help of
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different solvents. They showed well-designed PL emission of
the GQDs in distinct liquid solutions, i.e., solvents, stating the
strong PL emission of the GQDs due to various edge locations
and functional groups linked to the GQDs.'*® GQDs have a
single-layer carbon core with chemical groups on the surface or
edge. It has oxygen-based functional groups on the basal plane
or at the edges. The states of the sp2 sites determine the
fluorescent property. The fluorescence can be triggered by
recombining electron—hole pairs in such sp2 clusters.'”” The
bandgaps of different sizes of sp2 cover a wide range in GO
due to the vast size distribution of sp2 domains, resulting in a
broad PL emission spectrum from visible to near-infrared.
GQDs possess more defects, oxygen groups, and functional
groups on the surface. The excitons in graphene have an
infinite Bohr diameter. As a result, quantum confinement
effects will be observed in graphene fragments of any size. As a
result, GQDs have a nonzero bandgap and PL on excitation."*’

6.3. Electrochemical. The working, counter, and standard
electrodes are all included in an electrochemical biosensor. On
the edge of the operating electrode, a chemical reaction occurs
between the immobilized biomolecules and the relevant
analyte, producing or consuming ions or electrons.'”’ These
ions or electrons produce a voltage at the reference electrode
and provide a signal that may be measured. The real-time,
quick, sensitive, specific, and accurate detection and
quantification of biomarkers at extremely low cutoff values
for early diagnosis have been significantly improved by the
combination of nanoparticles with electrochemical biosens-
ing."*” In their research, they created an easy and sensitive
electrochemical biosensor built on enzyme action using GQDs
as a novel platform for immobilization for the efficient
detection of miRNA-155."%

7. DRAWBACKS OF GQDS

Even with numerous advantages, there are some limitations to
GQD uses, such as low yield and higher dispensability. Other
drawbacks related to the method of preparation, like in the
top-down approach, include the need for expensive equipment,
setups, and materials. The situations are also critical and take
longer than usual to rectify. The pathway for their preparation
brings numerous drawbacks by using graphene, their oxide,
and carbon fibers in the minor pieces as they are sometimes
toxic. The other scheme has drawbacks like potent safety risks,
environmental pollution, premium costs, and brutal methods
for fabrication and after-processing methods. So, finding a
method that favors the environment and should be eco-friendly
while also originating from original greener precursors is
challenging in this area. The main obstacle to using GQDs for
the creation of sensing devices is the large-scale synthesis of
high-quality and stable nanoparticles due to their specific size,
shape, and charges, as these characteristics have a significant
impact on the physicochemical properties of these nanoma-
terials a}’l&, consequently, on the performance of GQD-based
Sensors. -

8. CONCLUSION

Of late, significant and rapid advancements in nanophotonics
for prognosis and early diagnosis of various noncommunicable
diseases and age-associated degenerative illnesses are of current
interest. Semiconductor nanocrystals have provided an
innovative milieu for qualitative and quantitative analyses of
multiple analytes in the peripheral circulation. In this respect,

39597

QDs demonstrate significant potential in biomedical, bioimag-
ing, photoluminescent, and fluorescent-based applications.
GQDs have received considerable attention due to their
unique properties, such as excellent solubility, robust chemical
inertness, large specific surface area, superabundant surface
conjugation sites, superior photostability, resistance to photo-
bleaching, and nonblinking. In addition, their optical character-
istics can be adjusted via size tunability, chemical doping, and
surface functionalization for featured and specific applications.
In this review, we have sought to showcase a comprehensive
picture of the most recent advances in research, focusing on
their biosensing applications. Following an in-depth discussion
on the potential in vitro and in vivo bioimaging applications of
GQDs, current progress in fabrication methodologies,
including top-down and bottom-up, has been critically
examined. In addition to these features, the review goes
through the various surface conjugation approaches. In recent
times, numerous reports have demonstrated that GQDs are
developing into critical functional nanomaterials with
applications in the medical, optoelectronic, and energy-related
fields. However, the principle in several GQDs systems is
currently unexplained, necessitating further research. The zero-
dimensional GQDs showed great promise among the various
nanosized substrates for detecting CNA biomarkers because of
their exceptional electronic and optical properties, large surface
area, and various active sites for chemical functionalization.
GQDs can offer sophisticated sensing substrates for quick and
accurate diagnosis at the point of care and the monitoring of
therapeutic progress thanks to their capacity to create covalent
connections with proteins that can identify numerous nucleic
acid biomarkers for several chronic ailments, including cancer.
Detection of ccf-NAs, DNAs, mtDNAs, mRNAs, miRNAs, or
IncRNAs can help identify multiple cancers at the early stage.
Often, these liquid biopsy methods utilize a state-of-the-art
technology platform that facilitates the identification of ccf-
NAs in peripheral circulation and localizes the tissue of origin.
In this regard, GQDs facilitate real-time quantification of these
molecules by conjugating the reporter to target entities,
followed by detection by fluorescence excitation and
acquisition of emission. Due to the inherent ability, GQDs-
based conjugation strategies have helped enhance excitation
and efliciently captured the photoemission in the presence of
various noise signals. By engineering the spectral overlap,
multiplexing strategies can be rationally designed to identify
different target sequences of cell-free circulating nucleic acids
in any test sample. With the prominent rise of liquid biopsy-
based approaches, GQDs-based methods of detection might be
a step toward early diagnosis, prognosis, treatment monitoring,
and outcome prediction of various noncommunicable diseases,
including cancers.
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B ABBREVIATIONS

ccfDNAs - Circulating Cell-Free Deoxyribonucleic Acids
ccfLncRNAs - Circulating Cell-Free Long Noncoding
Ribonucleic Acids

ccfmiRNAs - Circulating Cell-Free Micro Ribonucleic Acids
ccfmtDNAs - Circulating Cell-Free Mitochondrial Deoxy-
ribonucleic Acids

ccfNAs - Circulating Cell-Free Nucleic Acids

ccfRNAs - Circulating Cell-Free Ribonucleic Acids

CdS - Cadmium Sulfide

CdSe - Cadmium Selenide

CdTe - Cadmium Telluride

Cul - Copper Iodide

CVD - Chemical Vapor Deposition

ECL - Electrochemical Luminescence

EDC - 1-Ethyl-3-(3-(Dimethylamino)propyl) Carbodiimide
FRET - Fluorescence Resonance Energy Transfer

GO - Graphene Oxide

GQDs - Graphene Quantum Dots

NHS - N-Hydroxysuccinimide

PEHA - Pentaethylenehexamine

PL - Photoluminescence

QDs - Quantum Dots

QY - Quantum Yield

ssDNAs - Single-Stranded Deoxyribonucleic Acids

UCNPs - Upconverting Nanoparticles
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