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Abstract: Graphene quantum dots (GQDs) are a zero-dimensional (0D) carbon-based nanomaterial
with a unique quantum confinement effect that have captured the eyes of many researchers. In
addition to their luminescence properties, a high biocompatibility and large surface area have
enabled GQDs to be used for many applications, and even be integrated with either organic or
inorganic materials to produce GQD nanocomposites to enhance the application performances and
broaden the application scope. In this review, we aim to highlight the exquisite properties and
synthesis methods of GQDs, recent advances in the fabrication of GQD nanocomposites with both
organic and inorganic materials, and their corresponding luminescence-based and surface enhanced
Raman scattering (SERS)-based biosensing applications. Finally, this review article concludes with a
summary of current challenges and prospects.

Keywords: graphene quantum dots; nanocomposites; luminescence; surface enhanced Raman
scattering; biosensing

1. Introduction

Owing to the currently escalating issue of energy limitation, much interest and effort
has been focused on the utilization of carbon-based nanomaterials for advanced appli-
cations. The rise of carbon-based nanomaterials was pioneered from the discovery of
buckminsterfullerene by Kroto et al. in 1985 [1], which further evolved into other discover-
ies of carbon nanotubes (CNTs) by lijima in 1991 [2] and graphene by Novoselov et al. in
2004 [3]. Since graphene is a two-dimensional (2D) material composed of long-conjugated
sp? carbon in a honeycomb network, it can exhibit outstanding electron mobility due to
the quantum Hall effect [4]. Interestingly, the spatial confinement of 2D graphene down
to the OD scale of approximately <100 nm causes bandgap opening, leading to the new
quantum confinement and edge effect phenomena [5]. This newly discovered material was
called graphene quantum dots (GQDs) and has been used at the forefront of vast research
interest due to its unique and tunable luminescence properties [6,7]. Due to their high
photo- and chemical-stability, biocompatibility, large surface area and low toxicity, GQDs
have been widely used for optical-based sensing [8-10], imaging [11,12], drug delivery [13],
catalysis [14] and even optoelectronic- and energy-related applications [15-18], similar to
perovskite QDs [19,20].

To further improve their application performance and practicality, GQDs can be inte-
grated with either organic or inorganic materials to yield multifunctional nanocomposites.
Polymeric matrices are the most commonly used organic materials to host GQDs, in which
GQDs can not only provide luminescence response to external stimuli, but also act as
nanocross-linkers to enhance the mechanical properties of the nanocomposite due to the
establishment of either covalent or non-covalent interactions between the surface functional
groups and side chains of the GQD and polymer, respectively [21]. On the other hand,
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inorganic materials, particularly plasmonic nanoparticles, have been the first choice for
surface-enhanced Raman scattering (SERS) applications owing to the generation of an elec-
tromagnetic mechanism (EM) [22]. The combination of GQDs with plasmonic nanoparticles
can offer an additional chemical mechanism (CM) to increase the enhanced factor (EF) of
SERS applications and improve biomolecule adsorption via 7— interaction, making this
nanocomposite suitable for use as a SERS-based biosensor.

This review will focus on the properties and synthesis of GQDs and their nanocom-
posites with various organic and inorganic materials for luminescence- and SERS-based
biosensing applications (Figure 1). We will comprehensively review the most exquisite prop-
erties of GQDs (Section 2), the synthetic methods of GQDs complemented with the currently
thriving sustainable synthesis from natural resources (Section 3), the fabrication of GQD
nanocomposites with organic and inorganic materials (Section 4) and the luminescence- and
SERS-based biosensing applications of GQD nanocomposites in Sections 5 and 6, respec-
tively. Finally, this review will be concluded in Section 7 with a summary and perspectives
regarding the current challenges for GQD nanocomposites in biosensing applications.

Luminescence GQD-nanocomposite

Biocompatibility biosensors

Low toxicity

Top—down

Bottom-up

GQD-nanocomposites SERS-based

Organic biosensors

Inorganic

Luminescence-based
biosensors

Figure 1. Overview of the main topics about GQD nanocomposites discussed in this review.

2. Properties of GQDs

GQDs possess a graphitic lattice as the core with zig-zag and/or armchair edges,
while the distinction between GQDs and the other 0D-carbon nanomaterials, such as
carbon dots (CDs) and carbon quantum dots (CQDs), sometimes still appears quite unclear.
One of the most straightforward methods of distinguishing those 0D nanomaterials is
to investigate their morphological structures via high-resolution transmission electron
microscopy (HR-TEM). GQDs are hybridized by long-conjugated sp? carbon [5], while
CDs and CQDs are comprised of fully amorphous and a combination of crystalline and
amorphous carbon [16], respectively. Therefore, a clear lattice structure of GQDs can be
observed from the HR-TEM image and their X-ray diffraction (XRD) peak will appear to be
relatively sharper than those of CDs and CQDs [23].

GQDs possess a strong UV absorption peak at approximately 200-330 nm and ab-
sorption shoulder or tail at approximately 270-390 nm, which can be ascribed to the —*
transition of the sp? carbon core and the n—7t* transition of oxygen-containing functional
groups [24,25], respectively. The most notable optical properties of GQDs are their lumines-
cence, due to quantum confinement and edge effects, as well as emissive traps. The origin
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of the luminescence of GQDs is almost similar to that of CQDs, but not that of CDs, which
is related to the absence of quantum confinement. Despite the discovery of a quantum con-
finement effect in GQDs by Ponomarenko et al. in 2008 [5], the luminescence of GQDs was
reported by Pan et al. two years later [6]. Afterwards, many efforts have been employed to
reveal the luminescence mechanism, yet it still remains unclear. The difficulties mostly lie
in the inhomogeneity of the materials resulting from different synthetic methods or even
from the same method [25].

Nonetheless, the general luminescence mechanism can be explained by the radiative
electron-hole recombination upon electron excitation by an external energy source [26].
There are three possible energy sources that can be used to excite the electron from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) of GQDs: photon (photoluminescence; PL), chemical (chemiluminescence; CL)
and electrochemical (electrochemiluminescence; ECL). Compared with CL and ECL, more
fundamental and application studies about PL have been reported so far. In addition,
the emissions of GQDs are tunable by modifying their bandgap through size control
(Figure 2a) [7,27], surface functionalization (Figure 2b) [28] and doping with heteroatoms
(Figure 2c) [7,29]. For example, nitrogen-doped GQDs (NGQDs) can be synthesized by
(1) treating the synthesized GQDs with N-containing precursors, such as hydrazine [30], at
a high temperature and long reaction time; (2) using C- and N-containing molecules, such
as chitosan [31], melamine [32] and a mixture of citric acid with urea [33] or graphene oxide
with ammonia [34], as the precursors of NGQDs. The synthesis of GQDs will be discussed
more in a latter section, while a more detailed discussion of the heteroatom-doped GQDs
can be seen in other reviews [9,35]. In addition to altering the bandgap, the integration of
heteroatoms into the carbon core of GQDs can also increase the luminescence quantum
yield and introduce new properties to the GQDs [35]. This doping strategy is also often
applied to both CDs and CQDs to improve their functionalities [36].
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Figure 2. Tunable-emission GQDs induced with bandgap alteration. Emission-controlled GQDs via
(a) size modification [7], (b) surface functionalization [28], and (c) heteroatom doping [7].

Another attractive property of GQDs is biocompatibility, which can be defined as
the capability of a material to be implemented in particular applications without show-
ing any tissue or cell cytotoxicity. Therefore, GQDs are more suitable to be utilized in
biological-related applications (in vitro and in vivo) compared with conventional metallic
semiconductor QDs and higher-dimensional (1D and 2D) carbon nanomaterials such as
CNT and graphene oxide [37—41]. Notably, some studies reported that GQDs can still
cause cell death due to the generation of intracellular reactive oxygen species. Therefore,
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according to the review article by Wang et. al. [39], the cytotoxicity of GQDs depends on
their dosage concentration, synthesis method, size, surface chemistry and doping.

3. Synthesis of GQDs

There are two basic GQD-synthesis approaches, including top-down and bottom-up
approaches. In the top—down approach, higher-dimensional carbon materials, such as
coal [42,43], coke [44], graphite [45], graphene [6], CNT [46,47] and carbon fiber (CF) [48],
are exfoliated by means of a chemical, mechanical or electrochemical method to produce
GQDs. This approach can offer large-scale production and high crystallinity owing to the
inheritance of a highly graphitic nature from the precursor, but the use of non-renewable
precursors, strong acids and toxic-chemical-reducing agents coupled with the high tempera-
ture and long reaction time required are major drawbacks. In addition, it is also challenging
to achieve GQD synthesis with well-controlled structures and properties, limiting the feasi-
bility and possibility of GQDs for a broad application scope. Meanwhile, the bottom—up
approach involves the production of GQDs from pyrolysis, carbonization or a chemical
reaction of small organic molecules or aromatic hydrocarbons. This bottom—up approach
can offer GQD synthesis with controlled-structures and properties, as well as addressing
the current energy limitation issue by utilizing earth-bound natural resources as the main
precursors for GQDs synthesis. More detailed discussion about GQDs synthesis will be
provided below.

3.1. Top—Down Approach

Figure 3a shows the GQD synthesis process from coal using the chemical exfoliation
method. In the typical procedure, a mixture of coal and concentrated sulfuric acid and
nitric acid, with a volume ratio of 3:1, is sonicated for 2 h, followed by heating in an
oil bath at 100 or 120 °C with continuous stirring for 24 h [42]. The production yields
were in the range of 10-20 wt%. By changing the exfoliation temperature from 100 to
120 °C, both the particle size and the PL emission could be tuned from ~2.3 to ~2.9 nm and
460 to 500 nm, respectively. Owing to the disordered configuration and small crystalline
domains, coal offers more advantages as GQDs precursors than graphite, including the
ease of dispersion, exfoliation, functionalization and chemical cutting. Therefore, milder
oxidative reaction conditions can be applied for coal but not for graphite. Treating coal
at a high temperature of up to 1000 °C leads to an enlargement in the aromatic domain
and improvement in the sp? carbon content. As a consequence, not only is the electrical
conductivity significantly improved, but coke can also serve as a good candidate for the
synthesis of GQDs using the electrochemical method. He et al. reported the electrochemical
synthesis of tunable-emission GQDs from coke by regulating the applied current density
and the electrolyte mixture ratio (Figure 3b) [44]. The emissions of GQDs could be tuned
to shorter wavelengths (560 to 500 nm; orange to green) by increasing the applied current
density and water to methanol ratio to the electrolyte. Blue-emission GQDs were obtained
through a chemical reduction of green-emission GQDs for 4 h, with NaBHjy as the reducing
agent. The average particle sizes of the synthesized GQDs were also found to decrease
from 4.6 to 2.9 nm for orange-to-blue-emission GQDs.

Since GQDs are graphene derivatives, GQDs can also be prepared from graphene
sheets. In 2010, Pan et al. were the first to report the luminescence properties of GQDs, in
which graphene as the precursor was used and hydrothermally cut into GQDs at 200 °C for
10 h (Figure 3c) [6]. The synthesized GQDs exhibited excitation-dependent behavior, with
the strongest emissions at 430 nm under 320 nm excitation with a PLQY of 6.9% relative
to quinine sulfate (QS). On the other hand, 1D-carbon nanomaterials can also be used to
synthesize GQDs. Shinde et al. utilized an electrochemical method to oxidize and reduce
multi-walled CNTs into GQDs (Figure 3d) [46]. Different sizes of GQDs, including 8.2 £ 0.3,
5 4+ 0.3 and 3 £ 0.3 nm, were obtained through an electrochemical reaction at 90 °C for
7,11, and 15 h, respectively. Peng et al. utilized a chemical oxidation method to cut CFs
into a mixture of concentrated sulfuric acid and nitric acid under 80-120 °C for 24 h to
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obtain GQDs with different sizes (Figure 3e) [48]. As the reaction temperature decreased
from 120 to 80 °C, the GQD size increased from 3 to 9 nm and the corresponding emission
wavelength shifted from 434 to 564 nm.
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Figure 3. Synthesis of GQDs based on top—down approach. GQDs synthesis from (a) coal [42],
(b) coke [44], (c) graphene [6], (d) CNT [46] and (e) carbon fiber [48].

3.2. Bottom-Up Approach

In the bottom-up approach, small organic or aromatic hydrocarbon molecules are often
used as the main carbon source for the synthesis of GQDs. Since aromatic hydrocarbon
molecules are stable, high temperatures up to >600 °C are required to initiate hydrogen
elimination and graphitization under catalyst-free conditions. However, Wang et al. were
able to reduce the reaction temperature to 90-200 °C for the hydrothermal fusion of pyrene
into GQDs under alkaline conditions [49]. In the typical procedure, pyrene was first
nitrated into trinitropyrene in nitric acid at 80 °C for 12 h. Afterwards, the obtained
trinitropyrene was dispersed in 0.2 M NaOH solution and further subjected to hydrothermal
treatment at 200 °C for 10 h. The presence of three positively charged NO, groups in
trinitropyrene enabled a nucleophilic substitution with many alkaline species, enhancing
the reactivity of trinitropyrene for the synthesis of OH-functionalized GQDs (OH-GQDs),
with an overall production yield of 63%. The resulting OH-GQDs were 3.5 £ 0.6 nm
and displayed strong green emissions under 365 nm UV irradiation with a PLQY of 23%
relative to Rhodamine 6G. Additionally, the synthesis procedure could also be applied
to the synthesis of amine-functionalized GQDs (amine-GQDs) by adding ammonia and
hydrazine to the hydrothermal step, yielding GQDs with different emissions, including
blue, cyan and yellow. This trinitropyrene can also be fused with thiourea in a mixture of
NaOH and N,N-dimethylformamide (DMF) under a hydrothermal process at 200 °C for
10 h to produce nitrogen and sulfur co-doped GQDs (N,5-GQDs), with a high production
yield and absolute PLQY of 87.8 and 23.2%, respectively [50].

Syntheses of GQDs from natural resources have recently been one of the major interests
to increase sustainability and address the energy limitation issue [51]. Moreover, the use
of natural resources is also considered to be more environmentally friendly than aromatic
hydrocarbons. Blue-luminescent GQDs with excitation-independent emissions that were
at their strongest intensity at 460 nm under 362 nm excitation were synthesized from the
pyrolysis of citric acid at 200 °C for 30 min [52]. Dong et al. attributed the conversion
of citric acid into GQDs to the incomplete carbonization of citric acid, while complete
carbonization of citric acid resulted in the formation of graphene oxide [52], as shown
in Figure 4a. Tang et al. utilized a microwave-assisted hydrothermal method to convert
glucose into GQDs (Figure 4b) [53]. It was found that the microwave power, heating
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time, precursor concentration and solution volume could influence the growth of GQDs
differently. For a particular parameter, blue-emission GQDs, with an average particle size
of 3.4 £ 0.5 nm and an absolute PLQY of 11%, were obtained when 11.1 wt% of glucose
was subjected to a 595 W microwave treatment for 5 min.

Recently, biomass has attracted attention for the synthesis of GQDs in a more sus-
tainable way [51]. Despite being the most abundant natural aromatic on Earth, lignin is
regarded as a waste product in the pulping industry. A study conducted by Ding et al.
revealed the possibility of producing GQDs from alkali lignin using a two-step fabrication
method, which is depicted in Figure 4c [54]. The first step involved the generation of lignin
segments through the oxidized cleavage of the (3-O-4 ether linkage of the lignin structure
in concentrated nitric acid for 12 h. In the second step, these formed segments, which
contained both oxygen- and nitrogen-functional groups, were refused into NGQDs using
a hydrothermal treatment at 180 °C for 12 h. The produced NGQDs were approximately
3.7 nm, exhibiting an excitation-dependent emission that peaked at 410 nm under 310 nm
excitation. Both the production yield and PLQY were estimated to be around 21%. On the
other hand, chitosan, one of the most abundant compounds on Earth, can also be used
for the synthesis of GQDs. An early study reported by Kumar et al. produced NGQDs
from chitosan in using one-step synthesis via a chemical vapor deposition (CVD) method
at 250-300 °C [55]. The size of the NGQDs could be tailored by controlling the growth
process time, where 3 min of growth process produced 10-15 nm NGQDs, while a 5 min
growth process resulted in 40-50 nm NGQDs. Nonetheless, since lignin and chitosan are
long-chain biopolymers, the synthesis approach can be considered a combination of the
top—down and bottom—up approaches.

Although natural resources can serve as sustainable feedstock for the production of
GQDs, the available synthesis methods still require high temperatures and long reaction
times. Microplasma, which is defined as a gaseous discharge with one of its dimensions
spatially confined to a scale of less than a millimeter [56], has emerged as a suitable can-
didate for the synthesis of GQDs [31,57]. The special feature of a non-equilibrium regime
(gas temperature < electron temperature) enables the generation of highly reactive species
(e.g., electrons, ions and radicals) in great density even at low levels of energy consumption
and under ambient conditions [58-61], which is suitable for sustainable colloidal nanomate-
rial syntheses, such as carbon-, silicon- and metal-based nanoparticles [57,62-65]. Figure 4d
demonstrates findings from our recent publication about the synthesis of NGQDs from
chitosan using microplasma under ambient conditions [66]. We proposed that the plasma-
generated reactive species were responsible for initiating the bond scission of the glycosidic
linkage of chitosan and the formation of NGQDs from chitosan fragments. Furthermore, by
adjusting the pH value of the electrolyte solution, a different plasma-liquid chemistry could
occur, producing tunable emissions from 441 to 561 nm and controllable functionalities of
NGQDs [57,67]. This microplasma technology is also applicable to other precursors, such
as bioresources (starch, citric acid, lignin, fructose and cellulose) [68,69] and organosul-
fate [70,71], and has the potential for industrial-scale applications via microplasma arrays
complemented with microfluidic devices [72-74]. For the reader’s convenience, all the
aforementioned synthesis methods of GQDs are further summarized in Table 1.
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Table 1. Summary of different synthesis methods of GQDs from various precursors and the corresponding resulting GQDs” properties.

Reaction Yield GQDs Properties
No. Precursors Synthesis Methods Conditions Materials %) Size Emission PLOY Ref.
(nm) (nm) (%)
. b 24 h
1 Coal Chemical exfoliation 100-120 °C GQDs 10-20 2.3-29 460-500 1.0 [42]
1h
40 mA cm-2 0-GQDs 31.1 4.6 560 9.2
Electrochemical 1h
T ) y-GQDs 429 4.2 530 7.9
’ Coke exfoliation 120 mA cm [44]
240 mlAhcm’2 g-GQDs 17.9 3.0 500 8.5
Reduction of G-GQDs with NaBHy4 4h b-GQDs 13.0 2.9 440 19.3
3 Graphene Hydrothermal 238 ?C GQDs 22 9.6 430 6.9 [6]
1 V1'79(1)1°C GQDs 3.0 455 6.3
1 Vl.?;(})loc GQDs 5.2 425 5.9
4 MWCNT Two-steps electrochemical 4 30-38 [46]
) V?;S o GQDs 82 400 5.4
) Vléé‘ c GQDs 230 385 5.1
1581 ?C GQDs n.a. 3.0 434 n.a.
. L 24 h /
5 CF Chemical exfoliation 100 °C GQDs na. 6.0 500 n.a. [48]
82()4"}& GQDs n.a. 9.0 564 n.a.
Trinitropyrene in NaOH 10h b-GQDs 45 2.6 450 21
Trinitropyrene in 200 °C
hydrazine and ammonia GQDs 56 29 475 4
6 Hydrothermal 1h [49]
Trinitropyrene in NaOH 200 °C g-GQDs 63 35 n.a. 23
Trinitropyrene in 10h y-GQDs 60 38 535 7

ammonia 200 °C
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Table 1. Cont.

Reaction Yield GQDs Properties
. i .
No. Precursors Synthesis Methods Conditions Materials %) Size Emission PLOY Ref.
(nm) (nm) (%)
Trinitropyrene, thiourea, 10h
7 DME, NaOH Hydrothermal 200 °C N, S-GQDs 87.8 2.1 450 23.2 [50]
8 Citric acid Pyrolysis ggémé‘ GQDs na. 15 460 9 [52]
9 Glucose Microwave-assisted hydrothermal ggr;g\l] GQDs n.a. 34 473 11 [53]
12+12h
180 °C 21 3.7 410 21
10 Lignin Oxidized cleavage + hydrothermal NGQDs [54]
12+1h n.a 44 430 n.a
180 °C o ’ e
. 3 min
11 Chitosan CVD 250-300 °C NGQDs n.a. 10-15 448 n.a. [55]
. . 1h
12 Chitosan Microplasma 9.6 mA NGQDs 50 6.4 532 30 [57]
Fructose 1h GQDs 16.6 4.5 446 0.9
Citric acid 9.6 mA NGQDs 28.1 36 516 26
Lo 1h
13 Lignin Microplasma 5 mA N, S-GQDs 58.7 3.1 514 1.0 [69]
1h
Cellulose 10 mA GQDs 3.0 n.a. 428 1.2
Starch 1h GQD 50.9 41 558 27.5
arc 9.6 mA S . . .

0-GQDs stands for orange-emission GQDs; y-GQDs stands for yellow-emission GQDs; g-GQDs stands for green-emission GQDs; b-GQDs stands for blue-emission GQDs; c-GQDs
stands for cyan-emission GQDs; N, S-GQDs stands for N, S co-doped GQDs; n.a. stands for not available.
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Figure 4. Synthesis of GQDs based on bottom-up approach using natural resources. GQDs synthesis
from (a) citric acid [52], (b) glucose [53], (c) lignin [54], and (d) chitosan [66].

Based on the above discussion and the summary provided in Table 1, it can be in-
ferred that the bottom—up approach offers several advantages compared to the top—down
approach, including broad precursors, especially from naturally available bioresources, a
relatively higher production yield and higher functionalization possibilities. Although it is
possible to produce GQDs in the yellow emission range through the bottom-up approach,
it is challenging to produce orange- or even red-emission GQDs. Most of the GQDs synthe-
sized via the bottom-up approach exhibit blue or green emissions; the opposite is true for
the top—down approach. On the other hand, the hydrothermal method is probably the most
commonly used for the synthesis of GQDs via a bottom—up approach, yet the necessities of
a high temperature and long reaction time are major setbacks to its practicality in relation to
large-scale production. Therefore, the microwave technique can be employed together with
the hydrothermal method to speed up the reaction rate, yet its availability is still a challenge
for large-scale production. Microplasma emerges as a promising candidate for the synthesis
of GQDs due to its rapidity, environmental friendliness, sustainability, controllability and
ease of functionalization. Coupled with the implementation of a microplasma array and
microfluidic technology, microplasma has great potential for large-scale production. How-
ever, microplasma might be precursor-dependent, in which one precursor might result in a
high production yield of GQDs, while another precursor might result in a low production
yield. Therefore, no synthesis method can be considered to be the best. Each synthesis
method has advantages and disadvantages that may be suitable for a particular purpose
but not others.
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4. Fabrication of GQD Nanocomposites

Whilst GQDs are already useful for many applications, their performance, practicality
and versatility can be further improved by integrating them with organic or inorganic
materials to produce GQD nanocomposites. Moreover, a broader application scope can
also be expected. The combination of GQDs with polymeric matrices is the most commonly
used method to fabricate GQD nanocomposites with organic molecules. The primary
objective for the utilization of polymeric matrices is to provide 3D templates, in which
the embedded GQDs can act as sensor probes upon external stimulation, resulting in a
broadened application scope and enhanced practicality. Many studies have also reported
that GQD nanocomposites can yield better mechanical properties than the corresponding
pristine polymers because GQDs can act as nanocross-linkers due to the presence of surface-
functional groups. As a result, various chemical and physical interactions can occur
between the functional groups of GQDs and side chains of polymers. On the other hand,
GQDs can also be integrated with inorganic molecules, such as metal nanoparticles, to
enrich their physico-chemical properties. Their exclusive characteristics and properties can
complement and interact with each other, yielding a synergetic effect for better application
performances. The fabrication of these GQD nanocomposites will be discussed in the
following section.

4.1. GQD Nanocomposites with Organic Materials

The utilization of polymeric matrices to host GQDs is essential for supporting func-
tions, improving the practicality of the applications. Films and gels are probably the most
common forms of GQD nanocomposites and they have been developed and proved to
be useful for broad applications. Although there are several methods for the fabrication
of GQD-polymer composites [75], such as physical blending, chemical grafting and poly-
merization, physical blending can be considered the easiest and simplest process among
them. Unlike the chemical grafting and polymerization methods, where a basic or even
deep understanding of polymer chemistry is demanded, physical blending enables people
from different disciplines without any basic polymer chemistry knowledge to successfully
conduct the process.

Owing to its high water solubility and optical transparency, poly(vinyl alcohol) (PVA)
has been widely used as the polymeric matrix to host GQDs [76-78]. Chen et al. fabri-
cated thin luminescent films with a thickness of approximately 1.2 mm based on GQDs
blended with PVA [77]. As shown in Figure 5a, the fabricated nanocomposite film was
bendable, suggesting an excellent flexibility of the GQD/PVA nanocomposite. PVA also
possesses a high optical transparency of up to 90% transmittance in the whole visible range
(Figure 5b) [76]. However, as the content of GQDs in the nanocomposite film increases,
the optical transparency gradually decreases (Figure 5b) [76]. Therefore, when one desires
to fabricate a luminescent-GQD film with high optical transparency, the content of GQDs
should be considered. Another study conducted by Nair et al. revealed that the initial
cyan emission of the fabricated SGQD/PVA nanocomposite film could be altered to a
green emission by increasing the content of SGQDs [78], as depicted in Figure 5c. This
phenomenon is probably due to the particle agglomeration at a higher loading content [76],
causing a red-shifting behavior of the PL property [79].

Meanwhile, the capability of the matrix to mimic human skin, which is able to be
stretched and self-heal at room temperature, is demanded in the development of mod-
ern sensor technology. In this regard, Laysandra et al. designed a block co-polymer
based on poly(n-butyl acrylate)-co-poly[N-(hydroxymethyl)acrylamide] (PBAx-co-PNMAy)
which was able to realize the aforementioned properties [80]. By collaborating with our
group, the designed PBA( g-co-PNMA, (PBA:PNMA = 0.8:0.2) was further utilized to
host plasma-assisted chitosan-derived NGQDs via a simple blending method, yielding a
bright blue luminescent nanocomposite film with stretchable and self-healable properties
(Figure 6a) [81], mimicking the human skin. Figure 6b also shows the good optical trans-
parency of the developed nanocomposite films. Moreover, the surface-functional groups
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(a)

on the NGQDs could form various chemical and physical bonds with the side chains of
PBA( g-co-PNMA ; during cross-linking, strengthening the mechanical performance with
increasing the loading content of NGQDs (Figure 6c). As demonstrated in Figure 6d, the
nanocomposite film was also able to completely self-heal for 24 h at room temperature after
being cut, showing great potential as a wearable artificial skin sensor.
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Figure 5. Fabrication of GQD/PVA nanocomposite films. (a) Excellent flexibility of the nanocomposite
film [77]. (b) Optical transparency of (a) PVA film and GQD/ PVA nanocomposite film with (b) 3, (c)
5, (d) 15 and (e) 25 wt% GQDs concentration [76]. (c) Visual images of nanocomposite films with
different SGQDs content [78].

4.2. GQD Nanocomposites with Inorganic Materials

The fabrication of GQD nanocomposites with inorganic molecules can generally
be classified into in situ and ex situ preparations. The former involves mixing the pre-
synthesized GQDs with the precursor of inorganic nanomaterials to produce nanocompos-
ites or vice versa. For example, Ge et al. firstly synthesized GQDs via the electrochemical
cutting of graphene film [82]; then, an AgNO3 aqueous solution was added into the GQD
solution and stirred for 1 h to obtain Ag*-GQDs (Figure 7a) [83]. Afterwards, the mixture
was subjected to a photochemical reaction using 365 nm of 18 W UV irradiation at a dis-
tance of 20 mm for 3 h to form Ag-GQDs nanocomposites that could be used for a SERS
application, which will be further discussed in a later section. Based on the TEM results
in Figure 7b, it was revealed that the morphology of the nanocomposites consisted of an
isolated larger particle approximately 10-30 nm being surrounded by smaller particles of
1-4 nm. The authors attributed the larger and smaller particles to AgNP and GQDs due
to the lattice fringe of 0.24 and 0.33 nm corresponding to the (111) and (002) planes of Ag
and graphite, respectively (Figure 7c). A similar morphology was reported by Jin et al. [84],
where nanocomposites were formed from the hydrothermal treatment of a mixture of
pre-made GQDs and AgNOj3 at 120 °C for 30 min. The authors further elaborated that their
nanocomposites were core-shell nanostructured (~10 nm) with the AgNP as the core and
GQDs as the shell.
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Figure 6. Fabrication of skin-like GQD-based nanocomposite film [81]. (a) Preparation of the stretchable
NGQDs/PBAg g-co-PNMA( > nanocomposite film. (b) Optical transparency of (1) PBA( g-co-PNMA( »
film and NGQDs/PBA( g-co-PNMA » nanocomposite films with (2) 0.5, (3) 1.5, (4) 2.5 and (5) 4.0 wt%
NGQDs content. Stress—strain curve of the nanocomposite with (c) different NGQDs content and
(d) with 1.5 wt% NGQDs content using different healing times at room temperature. The solid lines
in subfigure (c) represent the best mechanical performance among three times measurement, whereas
the dotted lines represent the other two mechanical performances to suggest the reproducibility
and stability.

In the study conducted by Miao et al. [85], AuNPs with an average size of 40 nm
were prepared first from HAuCly through a hydrothermal method, followed by mixing
with cetyltrimethylammonium bromide (CTAB) and heating in an oven at 165 °C for 1 h
to grow NGQDs on the surface of AuNPs, as illustrated in Figure 7d. The added CTAB
protected the AuNPs during the hydrothermal treatment and simultaneously functioned
as the carbon and nitrogen source for the formation of NGQDs. The TEM, STEM-HAADF
and STEM-EDX images in Figure 7e prove that the NGQDs had successfully grown on
the Au surface. A similar result was also reported by Das et al., despite the difference of
synthesizing the NGQDs first, which was followed by the addition of HAuCl, into the
NGQD solution to fabricate Au@NGQD nanocomposites using a hydrothermal method at
110 °C [86].
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Figure 7. In situ preparation of GQD-inorganic nanocomposites. (a) Schematic illustration of the
synthesis of Ag-GQD nanocomposites [83]. (b) TEM and (c) HRTEM images of Ag-GQDs [83].
(d) Schematic illustration of the synthesis of Au-NGQD nanocomposites [85]. (e) TEM, STEM-
HAADEF, Au, N, O and overlay elemental mapping of Au-NGQDs [85]. (f) Schematic illustration of
microplasma-based technologies for the fabrication of NGQD/AuNP nanocomposites [87].

As mentioned in the previous section, microplasma is a versatile technology for the
synthesis of colloidal GQDs. Nonetheless, this technology can also be extended to the
fabrication of GQD nanocomposites. Our group utilized this microplasma technology to
fabricate an Au@GQD nanocomposite in an environmentally friendly manner at ambient
conditions [88]. In the typical procedure, the GQDs were firstly synthesized by treat-
ing starch electrolyte with a microplasma electrochemical reactor for 60 min. After the
post-treatment process, the purified GQDs were mixed with HAuCly and the obtained
mixture was further treated with microplasma for 3 min to produce Au@GQD nanocom-
posites. In addition, our group recently reported about microplasma-derived bioresource
AuNP/NGQD nanocomposites with multifunctional properties [87]. Chitosan, as the main
carbon and nitrogen source for the synthesis of NGQDs, was mixed with HAuCly. The mix-
ture was then subjected to a microplasma treatment for 20 min to produce NGQDs/AuNPs
(Figure 7f). By neutralizing the plasma-treated solution, the unreacted chitosan could be
converted into hydrogel and the NGQDs/AuNPs were simultaneously embedded into
the hydrogel. Owing to the synergetic effect of the plasma-generated reactive species and
various interactions between the functional groups of NGQDs/ AuNPs with the side chains
of chitosan, further cross-linking the composite hydrogel with microplasma could lead
to a significant mechanical enhancement of the nanocomposites. Finally, NGQD/AuNP
sponges could be obtained by freeze-thawing the NGQD/AuNP hydrogel.

Meanwhile, the ex situ preparation refers to the formation of nanocomposites by
mixing both the pre-synthesized GQDs and inorganic nanomaterials. These two distinct
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nanomaterials can be bonded either physically via non-covalent interactions (e.g., hydro-
gen bonds and electrostatic forces) or chemically via covalent interactions. Wang et al.
separately synthesized AgNPs and GQDs, and further aminated the surface of the AgNPs
with 3-aminopropyltriethoxysilane (APTES) to yield Ag-NH; NPs [89]. To finally obtain
Ag@GQDs core-shell nanocomposites, the Ag-NH, NPs and GQDs were mixed and stirred
at room temperature for 24 h. The procedure is schematically shown in Figure 8a. A
similar strategy was employed by Liu et al. to produce AuNPs/glycine derivative/GQDs
(AuNPs/Gp/GQDs) nanocomposites (Figure 8b) [90]. In this case, glycine, as an amino acid,
was utilized as a bridge to connect the AuNPs and GQDs. Therefore, the distance between
the AuNPs and the GQDs could be effectively adjusted by simply changing the chain length
of Gy, resulting in controllable PL and SERS responses. The typical procedure involves the
addition of Gy into the pre-synthesized AuNPs with 30 min of incubation followed by the
addition of the pre-synthesized GQDs and incubation for 5 min at room temperature.
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Figure 8. Ex situ preparation of GQD-inorganic nanocomposites. Schematic illustration of the
synthesis of (a) Ag@GQDs core shell [89] and (b) AuNP/Gn/GQDs nanocomposites [90].

5. Luminescence-Based Biosensing Applications of GQD Nanocomposites

In addjition to being cost-effective, GQD nanocomposites as biosensors also allow the
real-time analysis and sensitive detection of target biomarkers for medical and diagnostic
applications. By simplifying the detection method, the key properties of the biosensor,
such as selectivity, sensitivity and reproducibility, are enhanced [8]. In this section, we
will cover various luminescence-based techniques for biosensing applications of GQD
nanocomposites, including PL, CL and ECL.

5.1. Photoluminescence (PL)

PL describes a radiative recombination process of a molecule upon photon excitation.
Dopamine is an important neurotransmitter biomarker which regulates the function of
the central nervous system. Real monitoring of this molecule within the physiological
concentration is essential to avoid several diseases such as schizophrenia and Parkinson’s
disease. Das et al. synthesized Au@NGQDs core-shell nanocomposites for the sensitive
detection of dopamine from 1.0 to 100.0 with a limit of detection (LoD) of 430 nM. Moreover,
the developed nanocomposites were also usable for DA detection in human serum over a
concentration range of 10-80 uM with an LoD of 590 nM, which is approximately 27-times
lower than the lowest abnormal concentration of DA in serum (16 uM) [86]. Sun et al. used
a combination of GQDs and a Au nanoflower (AuNF) for the detection of miRNA-34a by
exploiting a fluorescence resonance energy transfer (FRET) [91]. In their detection system,
the probe was firstly prepared by conjugating a AuNF with several GQDs via a DNA
hybridization method of two single-strand DNAs (ssDNA1 and ssDNA2) with a DNA
linker-strand. Through this hybridization, the GQDs could be brought close to the AuNF
with a distance of approximately 4 nm, promoting PL quenching (the “off” state) of GQDs
due to the energy transfer from the excited dipole of GQDs to the AuNF. However, after
the introduction of miRNA-34a, multiple GQDs were detached from the AuNF via toehold-
mediated DNA strand displacement, causing a significant PL. enhancement of GQDs
(the “on state”) due to the absence of a FRET mechanism, which was linearly proportional
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to the increment of the miRNA-34a concentration from 0.4 to 4 fM with an LoD of 0.1 fM
(Figure 9a,b). This developed detection platform enabled the reliable early diagnosis of
cardiovascular diseases.
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Figure 9. GQD nanocomposites as PL-based biosensors. (a) PL spectra and (b) the corresponding
PL intensity of AuUNF@GQDs in the presence of different concentrations of miRNA-34a [91]. The
dashed lines in subfigure (b) represent the fluorescence intensity dependency on the miRNA-34a
concentrations from 0 to 8 fM, while the solid line represents the linear detection range from 0.4 to
4 fM (inset). Schematic illustration of (c) the AuNCs-GQDs nanocomposites for intracellular-ATP
sensing [92], and (d) GQDs-AuNPs nanocomposites for GR detection [93].

A similar “off-on” technique was reported by Zhang et al. for the detection of in-
tracellular adenosine triphosphate (ATP) using GQDs and Au nanocrosses (AuNCs), as
shown in Figure 9c [92]. The initially low PL emission of AuNCs-GQDs was gradually
enhanced as the concentration of ATP increased. As a result, a linear detection of ATP from
0.3 to 2.0 mM with an LoD of 0.27 mM could be established. The authors further proved
that their developed nanocomposites were biocompatible and still demonstrated high
selectivity towards ATP even in the presence of interferences. Since ATP provides energy
and participates in the metabolism of fats, protein, sugar and nucleic acid in the cells, ATP
can serve as an important biomarker in apoptosis, necrosis and cancer diagnostics.

Yan et al. combined GQDs with AuNPs to probe glutathione reductase (GR) activ-
ity [93]. A similar FRET mechanism as discussed above was exploited as the underlining
sensing mechanism (Figure 9d). The addition of GQDs into a AuNPs solution could induce
the aggregation of GQDs and AuNPs, resulting in PL quenching through a FRET mech-
anism. However, in this work, an additional catalytic reduction of oxidized glutathione
(GSSH) into reduced glutathione (GSH) with GR was employed in the presence of coen-
zyme B-nicotinamide adenine dinucleotide 2’-phospate hydrate (NADPH). The yielded
GSH could enlarge the inter-particle distance between AuNPs and GQDs, resulting in the
PL recovery of GQDs. The proposed sensing strategy could be used for probing GR activity
in the range of 0.005-0.13 mU/mL with an LoD of 0.005 mU/mL, showing great potential
not only for monitoring the genesis of anxiety and biological oxidative stress, but also
malignant tumor cells.

On the other hand, another work conducted by Abdolmohammad-Zadeh et al. inte-
grated GQDs with a zirconium-based metal-organic framework (GQDs/UiO-66) to enable
photocatalytic activity in a peroxidase mimetic-based PL analysis of HyO, [94]. Due to
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the fact that H,O5 is a product of the enzymatic oxidation of cholesterol, the plausibility
of detecting HyO; can eventually lead to the indirect detection of cholesterol through
catalyzing the oxidation of terephthalic acid (TA). The oxidation of TA can lead to the
production of a highly fluorescent product; thus, the PL intensity will be indirectly propor-
tional to the concentration of H,O,, and, subsequently, the concentration of cholesterol in
the presence of cholesterol oxidase within 0.04-1.60 umol/L with an LoD of 0.01 umol /L.
This kind of peroxidase mimetic technique is also applicable for the indirect detection of
glucose in the presence of glucose peroxidase [95-97]. Another recent study conducted by
Adel et al. reported direct PL-based cholesterol sensing using NGQDs and copper indium
sulfide/zinc sulfide (CIS/ZnS) QDs nanocomposites (NG/CIS/ZnS QD) [98]. In this study,
the PL intensity of NG/CIS/ZnS QD nanocomposites was quenched after incubating them
with cholesterol molecules, showing a linear correlation from 0.312 to 5 mM with an LoD
of 0.222 mM. The sensing mechanism was attributed to the chemical reaction between
the hydroxyl groups and carboxylic or amine groups of cholesterol and nanocomposite
QDs, respectively, promoting the agglomeration of QDs that, subsequently, led to the
destabilization of the surface charge and PL quenching of the nanocomposite QDs. Table 2
summarizes the recent works about GQD nanocomposites as PL-based biosensors.

Table 2. Summary of the GQD nanocomposites for PL-based biosensing applications.

Biosensors Analyte Linear Range LoD Ref.
Au@NGQDs DA 1.0-100.0 uM 430 nM [86]
AuNF@GQDs miRNA-34a 0.4-4 M 0.1 fM [91]
AuNCs-GQDs ATP 0.3-2.0 mM 0.27 mM [92]
GQDs-AuNPs GR 0.005-0.13 mU/mL 0.005 mU/mL [93]
GQDs/UiO-66 Cholesterol 0.04-1.60 umol/L 0.01 umol/L [94]
NG/CIS/ZnS QD Cholesterol 0.312-5 mM 0.222 mM [98]
Amine Neuron-specific
NGQDs@AuNPs enolase (Il)\ISE) 0.1-1000 ng/mL 0.09 pg/mL [59]
PEHA-GQD-His miRNA-141 10-18-10-12 M 43x107YM [100]
NGQDs/CrPic Cholesterol 0-520 uM. 0.4 uM [101]

PEHA stands for pentaethylenehexamine; His stands for histidine; CrPic stands for chromium picolinate.

In collaboration with Chiu’s group, we recently reported the fabrication of stretchable
and self-healable NGQD nanocomposite films as wearable pH sensors (Figure 6) [81].
Although pH values do not belong to any biomolecules, they can still be used as indicators
for wound infections on the skin and abnormalities in human sweat pH, which can suggest
issues related to hydration status, skin diseases, kidney function and, especially, cystic
fibrosis [102,103]. The NGQD nanocomposites demonstrated a 15-fold increase in pH
detection sensitivity from pH 3 to 10 compared with pristine NGQDs. This remarkable
sensing performance coupled with a high elasticity, enhanced mechanical strength and
self-healable property at room temperature herald our nanocomposites with an innovative
potential as artificial skin for wearable biosensors.

5.2. Chemiluminescence (CL)

CL is a phenomenon of light radiation following a chemical reaction. The process
involves the electron excitation of a molecule from the ground state to the excited state due
to the absorption of energy resulting from a chemical reaction. One significant advantage
of CL is the zero background light scattering interference caused by the absence of an
excitation light source [104-106]. Nevertheless, one notable drawback of CL is its need for
additional chemical reagents, influencing some chemical and physical parameters that may
cause fluctuations during sensing. In the chemical parameter aspect, the added CL reagent
is not exclusive to one unique analyte (low selectivity) and the corresponding CL intensities
are sensitive to pH, temperature, ionic strength, solvent and other components contained in
the system [104]. Meanwhile, with regard to physical parameters, the chemical reaction time
may affect CL intensity, with the intensity potentially increasing at the beginning, reaching
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the maximum threshold, then decreasing afterwards [104]. In addition, the added chemical
reagents may also possess some cytotoxicity, which limits the utilization of CL for in vivo
detection [107]. As a consequence, only a few works on CL-based GQD nanocomposite
biosensors have been reported.

Sun et al. successfully fabricated hemin/G-quadruplex DNAzyme modified sandwich-
rod GQDs@GO@CF nanocomposites (DNAzyme/L-Apt/GQDs@GO@CEF) for the detection
of lysozyme (LZM) (Figure 10a) [108]. LZM, which is an alkaline enzyme in pathogenic
bacteria, is a marker for various kinds of acute leukemia, renal tubular damage, high
lysozyme hyperlipidemia and other diseases. The GQDs@GO@CF functioned as a support-
ing material to provide a large binding site for L-Apt, which acted as a specific recognition
element to improve the selectivity, while the DNAzyme was a signal amplifier and catalyst
for the CL reaction of luminal-H,O,. As depicted in Figure 10b, DNAzyme was formed
when hemin was bounded to G-quadruplex DNA. The coordination of guanine to heme
iron contributed to the high peroxidase activity. Then, in the presence of HyO,, intermedi-
ate DNAzyme-H,O, was generated and oxidized the luminol into a luminol-acid radical
under alkaline conditions, generating a strong CL signal. Under the optimized conditions,
a linear detection of lysozyme in the range of 0.26-66 ng/L with an LoD of 12.5 pg/L could

be obtained.
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Figure 10. GQD nanocomposites as CL-based biosensors. Schematic illustration of (a)
DNAzyme/L-Apt/GQDs@GO@CEF for CL-based detection of LZM and (b) the corresponding CL
mechanism [108]. (c) CL spectra of Cu(II)/CuyO/NGQDs nanocomposites in the presence of different
concentrations of UA, including 0 (black), 0.16 (red), 0.24 (blue), 0.32 (dark cyan), 0.8 (magenta), 1.6
(dark yellow), 2.4 (navy), 3.2 (pink), and 4.0 uM (wine), and (d) the corresponding linear plot of the
CL intensity at 422 nm with respect to UA concentration [109].

Shi et al. designed a uric acid (UA) biosensor based on the oxidation of UA in the pres-
ence of uricase to form HyO, [109]. They prepared Cu(Il)/Cup,O/NGQDs nanocomposites
to mimic peroxidase activity in the luminol-H,O, CL system. The presence of NGQDs
in the nanocomposites enhanced their electronic conductivity, facilitating the catalysis
reaction to generate reactive oxygen species. It was observed that the CL spectra were
increasing with increasing concentrations of UA (Figure 10c), exhibiting a linear correlation
from 0.16 to 4.0 uM with an LoD of 41 nM (Figure 10d). This developed biosensor was
usable in real-time monitoring of UA in both human serum and urine. Table 3 summarizes
the reported works about GQD nanocomposites as CL-based biosensors.
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Table 3. Summary of the GQD nanocomposites for CL-based biosensing applications.
Biosensors Analyte Linear Range LoD Ref.
DNAzyme/
L-Apt/GQDs@GO@CF LZM 0.26-66 ng/L 12.5 pg/L [108]
Cu(Il) /Cu,O/NGQDs UA 0.16-4.0 uM 41 nM [109]
GQDs/MoS, Cholesterol 0.08-300 uM 35nM [110]
NC-Fe;0,@GQDs Dopamine 0.25-17.5 ug/L 0.054 pug/L [111]

L-Apt stands for lysozyme aptamers; MoS; stands for molybdenum disulfide; NC stands for nanocellulose.

5.3. Electrochemiluminescence (ECL)

ECL, which is also called electrogenerated CL, involves the emission of reactive
intermediates while undergoing electron transfer reactions at the electrode surface upon
excitation by electrical energy [112]. This method is a combination of the advantages of
electrochemistry and CL, providing fast response times, high sensitivity and selectivity,
regeneration of ECL emitters, suppression of self-quenching from side reactions and no
background light interferences [113]. As a nanomaterial for ECL biosensors, GQD is widely
used as a luminescent material for ECL sensors because of its larger surface area, better
biocompatibility and environmental friendliness compared to other quantum dots [114]. To
improve luminescence efficiency, GQDs can also be linked with other bioactive substances
or nanomaterials to form nanocomposite materials, which can greatly stabilize the ECL
emissions. Among them, metal nanoparticles are widely used in sensor construction, as
they can significantly increase the load of GQDs and enhance the signal amplification
capability [115]. Therefore, these new nanocomposite materials offer lower cytotoxicity,
better electron transfer capability and stronger luminescence signals compared with the
conventional biosensors.

Zuo et al. developed a solid-state ECL biosensor for Concanavalin A (Con A) detec-
tion [116]. Con A is a member of the legume lectin family which has been widely used
for clinical analysis of malignant tumor cells. In their study, GQDs were utilized as the
luminophore, while AgNPs and CeO, nanospheres (CeO,@AgNPs) were used as carriers
to amplify the sensing signal by achieving the immobilization of GQDs, and glucose oxi-
dase acted as a recognition element for capturing Con A (Figure 11a). Figure 11b shows
that the ECL signal of the constructed GOx-CeO,@Ag-GQDs nanocomposites increased
with increasing concentrations of Con A, yielding a linear correlation in the range of
0.0005-1.0 ng/mL with an LoD of 0.16 pg/mL (Figure 11c).

On the other hand, Yang et al. successfully developed a novel ECL immunosensor
based on a AuNP/GQDs-poly(etherimide)-GO (AuNP/GQDs-PEI-GO) nanocomposite to
probe prostate-specific antigens (PSAs) [114]. PSAs are considered a significant biomarker
for prostate cancer, where concentrations of PSA in normal healthy and prostate cancer suf-
fering men are around <4.0 ng/mL and >10.0 ng/mL, respectively. To realize the detection
of PSA, a poly(indole-6-carboxylic acid) /flower-like AuNPs (PICA /FGNs) composite was
prepared and used as a suitable substrate for the immobilization of the primary antibody
(Ab1) via an amide bond, while the AuNP/GQDs-PEI-GO nanocomposite was employed
to immobilize the secondary antibody (Ab2). As a result, the specific sites of Abl and
Ab2 could identify the PSA in the detection system, generating an ECL signal. Figure 12
schematically illustrates the ECL immunosensor design based on AuNP/GQDs-PEI-GO.
Owing to the synergetic action of each component in the nanocomposite system, a broad
PSA detection from 0.001 to 100 ng/mL with an LoD of 0.44 pg/mL could be achieved.
Moreover, it was further demonstrated that the developed immunosensor could be used
in actual human serum sample detection with good stability, reproducibility, selectivity
and accuracy. Table 4 summarizes the reported works about GQD nanocomposites as
ECL-based biosensors.
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Figure 11. GQD nanocomposites as ECL-based biosensors. (a) Schematic illustration of the fabrication
of GOx-CeO,@Ag-GQDs nanocomposites for ECL-based detection of Con A. (b) ECL spectra of
GOx-CeO,@Ag-GQDs nanocomposites with different concentrations of Con A, including 0.5, 1.0,
5, 10, 50, 100, 500, 1000 pg/mL (from a to h). (c) The corresponding linear correlation between
logarithmic Con A concentrations and ECL intensities of GOx-CeO,@Ag-GQDs nanocomposites [116].
(d) Schematic illustration of the fabrication of ECL biosensor for PSA detection [114].
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Figure 12. GQD nanocomposites as SERS-based biosensors. (a) SERS signal from different concen-
trations of CFP-10 antigen on Fe30O4-Au-GQDs nanocomposites and (b) the corresponding linear
correlation between the logarithmic CFP-10 antigen concentrations versus Raman peak intensities at
1579 cm~! [117]. (c) Schematic illustration of SERS imaging on cellular surface glycans and (d) the
corresponding SERS mapping images of single L02, HeLa, and MCEF-7 cell based on the intensity of
1333 cm ™! [85]. (e) Schematic illustration of the SERS activity of Ag/0-GQDs nanocomposites for in
situ catalytic oxidation of TMB for monitoring H,O; in cancer cell [84].

Table 4. Summary of the GQD nanocomposites for ECL-based biosensing applications.

Biosensors Analyte Linear Range LoD Ref.
GOx-CeO,@Ag-GQDs Con A 0.0005-1.0 ng/mL 0.16 pg/mL  [116]
AuNP/GQDs-PEI-GO PSA 0.001-100 ng/mL 044 pg/mL  [114]
GQDs/AuNPs-ssDNA p53 ssDNA 25-400 nM 13 nM [118]

Carcinoembryonic 0.1 pg/mL
GQDs@AuNP antigen (CEA) 10 ng/mL, 378 fg/mL  [119]
MoS,-GQDs DNA 0.1 fM-1nM 0.025 ftM [120]

6. SERS-Based Biosensing Applications of GQD Nanocomposites

SERS is a highly sensitive technique which is used to detect molecules with low
concentrations. SERS is also a powerful tool with which to perform biological analysis of,
for example, DNA, RNA, protein, blood, viruses and diseases [121]. The SERS technique
can significantly enhance the weak intensity of the conventional Raman analysis, enabling
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single molecule detection with high sensitivity and providing a specific fingerprint using
a non-destructive method. Generally, the mechanisms of SERS are classified into two
main principles, including electromagnetic enhancement (EM) and chemical enhancement
(CM). The former is induced with the localized surface plasmon resonance (LSPR) of
metallic nanoparticles, while the latter is promoted with the charge transfer between the
substrate and adsorbed molecule. EM can provide significant enhancement in the order of
101010 [122], but the use of cost-inefficient noble metals (e.g., AgNPs and AuNPs) and
the tendency for local Joule heating limit its usage, particularly in biological systems [123].

Therefore, much attention has been paid to the development of a noble-metal-free
SERS substrate. A recent review article summarized the strategies for improving the SERS
performance of noble-metal-free SERS materials [124]. GQDs as carbon-based nanomate-
rials emerge as a suitable candidate for SERS-based biosensing applications due to their
inherent large conjugated m-domain, enabling high adsorption of biological compounds
via a -7 interaction. Moreover, the plausibility of tuning the band structure of GQDs
also allows one to freely adjust the CM for the desired biosensing application. As a result,
many studies have reported GQD-based SERS on rhodamine B (RhB), rhodamine 6G (R6G),
melamine and duphaston [125-128]. It is important to note that both CM and EM are not
mutually exclusive; thus, GODs and metallic NPs can be utilized together in a nanocom-
posite system to create more hot-spot sites through enhanced molecule adsorption via 7—m
stacking [83,89,129].

Zou et al. demonstrated a proof-of-concept experiment to generate a SERS sensor
and fluorescence imaging platform for tuberculosis antigen (CFP-10) detection based on
Fe304-Au-GQDs nanocomposites [117]. In a sandwich-type immunoassay using dual-
mode nanoprobes, the GQDs acted as an excellent biolabeling material for simultaneous
Raman scattering and PL, whereas the magneto-plasmonic (MagPlas) NPs simplified the
immunoassay process and allowed fast and enhanced signal transduction. By immobi-
lizing the MagPlas NPs and GQDs with a gold-binding protein fused with a monoclonal
CFP-10 antibody (GBP-G2) and another monoclonal CFP-10 antibody (G3), a SERS-based
immunosensor against CFP-10 antigen could be established. Figure 12a depicts the propor-
tional Raman signal enhancement with an increasing concentration of the CFP-10 antigen.
A linear correlation between the logarithmic CFP-10 antigen concentration versus Raman
peak intensities at 1579 cm ! was obtained within the range of 1 pg/mL-1 pg/mL with an
LoD of 0.05 pg/mL (Figure 12b).

As has been mentioned previously, Miao et al. fabricated Au-NGQD nanocomposites
for SERS-based detection [85]. However, the formed nanocomposites were further con-
jugated with 4-nitrobenzenethiol (4-NBT) as the reporter and 4-mercaptophenylboronic
acid (MPBA) as the targeting element to yield MPBA /4-NBT@Au-NGQD probes to specif-
ically recognize glycan-overexpressed cancer cells via SERS imaging on a cell surface,
as illustrated in Figure 12c. Sialic acid (SA), which is one of the glycans expressed on
the cell membrane and is considered a potential cancer biomarker, was chosen as the
model for the authors’ study. For instance, according to the studies conducted by Baxi
et al. [130] and Raval et al. [131], the total SA concentration in healthy people is approxi-
mately 44.62—47 mg/dL, while the SA concentration can reach up to 52.28 and 63.20 mg/dL
for oral precancerous and oral cancer patients, respectively. On the other hand, another
study revealed that patients with positive breast cancer had an SA concentration cutoff
of >7 mg/dL [132]. The specific binding of MPBA to C-8,9 diol of glycans could occur
at pH 7.4 through strong esterification, allowing one to profile glycan expression levels
on the cell membrane after cell incubation with MPBA /4-NBT@Au-NGQD probes. The
authors further validated their proposed strategy by using their probes for Raman profiling
of SA expression levels in various cell lines, including MCF-7 (human breast cancer cell),
HeLa (human epithelial cervical cancer cell) and L02 (normal liver cell) cells. Figure 12d
displays the Raman images of the SA distribution on cell surfaces. The results demonstrated
that higher SA expressions were found in MCF-7 and HeLa cells compared to L02 cells
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(SA-negative normal cells), suggesting the feasibility of MPBA /4-NBT@Au-NGQD probes
for the discrimination of SA-overexpressing cancer cells [85].

Jin et al. recently reported an interesting study about a noble metal/carbon nanozy-
matic SERS substrate using core-shell Ag/oxidized GQDs (Ag/0-GQDs) nanocomposites,
bearing great potential for SERS bioanalysis at the subcellular level (Figure 12e) [84]. H,O,
is one of the major intracellular reactive oxygen species in tumor cells which can be mon-
itored to understand the physiological cell response and efficacy of tumor therapy. The
produced Ag/o0-GQDs nanocomposites exhibited increasing and broadening plasmon
adsorption and unique edge state charge transfer (CT) resonance in the long-wavelength of
the visible light region (633 nm), promoting superior SERS sensitivity due to an enhanced
EM effect and CT ability. In the proposed strategy, Ag/o-GQDs catalyzed the oxidation
of TMB molecules in the presence of HyO; and the SERS spectra of oxidized TMB were
measured with 633 nm laser excitation. Therefore, the SERS intensity of oxidized TMB
was strongly correlated with the concentration of HyO,, generating a linear relationship in
the range of 30 nM-3 mM with an LoD of 4.22 nM. The formed nanocomposites were also
demonstrated to be able to monitor H,O; in human breast cancer cell MCF-7 in vitro.

Our group recently reported the fabrication of NGQD/AuNP nanocomposite sponges
for multifunctional water treatment applications [87]. In our study, we showed that the
nanocomposite sponges possessed stable solid-state PL which could be exploited for Hg?*
sensing. Coupled with the presence of AuNPs in the nanocomposite as catalytic and
SERS-active materials, our fabricated NGQD/AuNP sponges have great potential for PL-,
catalytic-, and SERS-based biomolecules detection.

7. Conclusions and Perspectives

Since the last decade, many studies have been conducted on the synthesis, application,
and fundamental aspects of GQDs to explore their potential across many fields. The
development of a more environmentally friendly and controllable synthesis using earth-
bound natural resources is a hot topic for materials scientists. In addition, the huge variety
of functionalization techniques and outcomes make GQDs amenable for a broad application
scope, especially for luminescence- and SERS-based biosensing. Moreover, integrating
GQDs with either organic or inorganic materials to produce GQD-based nanocomposites
can be considered one of the best strategies not only to achieve better sensing performance,
but also to allow the detection of various analytes, even in a complicated biological system.

Nonetheless, the current understanding of the luminescence properties of GQDs and
the possibility of synthesizing GQDs with uniform structures is still lacking. Different
synthesis methods can yield GQDs with completely different structures, even using the
same precursors. As a consequence, there are some discrepancies in the possible applica-
tions and mechanisms in the existing literature. Although density functional theory (DFT)
calculations can provide vast additional insight into the fundamental aspects of GQDs, the
obtained results still need to be proved or supported by experimental data, which are lack-
ing. The already unclear understanding of GQDs is further complicated by the evolution of
GQDs into nanocomposites, which adds more degrees of freedom to the system. On the
other hand, the combination of CM, EM, charge transfer and improved hot-spot creation
have facilitated SERS-based bio-detection, even in a complicated biological system. The
practicality in real applications, however, is challenged, particularly by the precise control
of the hot-spot locations in the substrates. Moreover, despite showing promise in SERS-
based biological cell monitoring, the huge amount of data from the complex biological
systems will make the data analysis process tedious and prone to human error. Thus, an
association with artificial intelligence like big data analysis and machine learning should be
expected in the future to successfully realize GQD nanocomposites not only as SERS-based,
but also as luminescence-based biosensors.

The aforementioned issues make GQDs interesting and solving them will require
researchers and scientists across many disciplines to contribute their expertise and collabo-
rate with each other in order to bring to light the mysteries and overcome the challenges
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related to GQDs and GQD nanocomposites, and to surpass the current knowledge in the
biosensing field.
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