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Abstract 

Electroanalytical and optical techniques are widely used in the development of nanomaterials‑based sensor plat‑
forms. These techniques have a quick response, high sensitivity, and selectivity. Electroanalytical and optical tech‑
niques are widely used in the development of nanomaterial‑based sensor platforms. These sensors must be able 
to detect biomarkers, pathogens, toxins, and pharmaceuticals in biological matrices associated with cardiovascular 
disease, cancer, and neurodegenerative diseases. Considering these pathophysiologies, numerous investigations have 
been undertaken to develop sensors for early diagnosis and treatment, utilizing nanomaterials such as quantum dots. 
Graphene quantum dots (GQDs), which are ideally nanometer‑sized graphene fragments, have recently received 
increased attention due to their excellent physicochemical properties such as fast electron mobility, photostability, 
water solubility, biocompatibility, high specific surface area, and nontoxicity. Apart from the properties mentioned 
above, GQDs provide π–π interactions, electrostatic, and covalent interactions with an analyte, and ease of synthesis 
as well as the ability to combine with other nanomaterials, which have enabled their use in various sensing platforms. 
This review summarizes recent advances in GQDs‑based nanocomposites for sensor applications, with a focus on 
electroanalytical and optical techniques, as well as current challenges and future prospects.
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Introduction
Electroanalytical chemistry is a cutting-edge field of elec-
trochemistry, also known as electroanalysis, that focuses 
on the development of new techniques, and modified 
electrodes for quantitative analytical investigations that 
can be used to detect and sense an analyte. This tech-
nology has a wide range of applications including better 
understanding and monitoring of blood glucose levels 
(Minteer 2018).

Many studies using electroanalytical techniques have 
focused on the development of a tool for the diagnosis of 
many diseases over the last few decades. Electroanalytical 
techniques combined with nanotechnology have proven 
to be excellent models for both in vivo and in vitro quan-
titative biomolecule analysis. Multiple biomolecules can 
be detected using electroanalytical sensors. They have 
received a lot of attention due to their advantageous 
characteristics such as ease of use, rapid response time, 
excellent sensitivity, dynamic linear concentration range, 
cost-effectiveness, real-time detection, and miniaturiza-
tion capability.

Apart from electroanalytical methods, optical detec-
tion approaches have emerged as promising sensing 
techniques, particularly for in  vivo measurements of 
biomolecules. Because of their advantages, optical sen-
sors have proven to be highly effective. Their reproduc-
ibility and sensitivity tend to be significant. Furthermore, 
their detection limit is frequently in the nanomolar range 
or less. Using the optical spectrum over a wide range 
can also reduce interference from other biological com-
pounds (Eddin and Fen 2020).

Qualitative and quantitative analyses of target analytes 
in pathogen detection, and medical diagnostics require 
sensitive, rapid, and effective biosensors (Kaur et al. 2015; 
Wadhera et  al. 2019). Biosensors provide information 
regarding bio-compositions, structures, and functions of 
analytes through electrical, or optical signals (Guo 2012; 
Nguyen et  al. 2019; Pirzada and Altintas 2019). Various 
biosensors have been developed since 1956 and are being 
improved to penetrate broad markets and specializations 
(Goode et al. 2015; Sireesha et al. 2018).

Recent advances in nanotechnology have shown con-
siderable promise in developing ultrasensitive biosensors 
with femto-, pico-, and nanosensitivity, which are essen-
tial to meet the demand and develop highly specific and 
sensitive diagnostics (Iannazzo et  al. 2021; Liang et  al. 
2021). Compared to conventional screening techniques 
such as enzyme-linked immunosorbent assays, novel bio-
sensing technologies have a greater potential to overcome 
limitations such as real-time analysis, low limits of detec-
tion (LOD), and high-throughput screening (Iannazzo 
et al. 2021; Pirzada and Altintas 2019; Sharifi et al. 2019). 
Owing to their small size, nanomaterials in the range of 

1–100 nm often enhance the repeatability, selectivity, and 
sensitivity of biosensors, setting them apart from bulk 
materials in regard to fundamental physicochemical fea-
tures (Iannazzo et al. 2021; Pirzada and Altintas 2019).

Nanomaterials are classified as carbon allotrope nano-
materials, inorganic nanomaterials (metallic and non-
metallic materials), and organic materials (polymeric 
nanomaterials) based on their chemical compositions 
(Pirzada and Altintas 2019). Recently, carbon nanoma-
terials have received increasing attention as materials 
in biosensing applications owing to their characteristic 
properties such as high surface area, high carrier trans-
port mobility, excellent mechanical flexibility, excel-
lent thermal and chemical stability, and unique optical 
properties. Graphene quantum dots (GQDs), exhibit-
ing tunable photoluminescence (PL), were identified 
among carbon nanomaterials as zero-dimensional (0D) 
graphene sheets of quantum size < 10  nm (Liang et  al. 
2021; Xie et al. 2016). GQDs are different from graphene, 
which does not exhibit photoluminescence behavior 
in a pristine state owing to a zero optical bandgap (Hai 
et  al. 2018). Furthermore, GQDs exhibit excellent bio-
compatibility, low cytotoxicity, and good resistance to 
photobleaching as compared to conventional fluorescent 
molecules and semiconductor quantum dots, which face 
photobleaching and biocompatibility challenges (Li et al. 
2013b; Xie et al. 2016). The unique physical and chemical 
properties of GQDs have afforded the rapid development 
of GQDs-based nanocomposites, particularly in biosens-
ing applications.

In this review, we discuss the potential benefits of 
using GQDs-based nanocomposites in electroanalytical 
and optical sensing platforms (Fig.  1), including recent 
advancements and future perspectives. We have mainly 
focused on voltammetric, amperometric, and impedi-
metric sensors in the electroanalytical part and surface-
enhanced Raman scattering (SERS), and fluorescence 
sensors in the optical part that are fabricated using 
GQDs-based nanocomposites.

Characteristics of graphene quantum dots
Structural properties
GQDs are 0D carbon-based materials comprising several 
graphene flakes with dimensions < 20 nm and a height of 
a few nanometers (Choi 2017; Facure et al. 2020; Zhang 
et al. 2019). GQDs are nonzero bandgap materials exhib-
iting the quantum confinement effect (Tabish and Zhang 
2016). The small size of GQDs makes quantum confine-
ment dominant, and the Coulomb blockade peaks are 
unequally spaced instead of being periodically distributed 
(Perini et  al. 2020). This quantum confinement effect is 
induced by the particle size of GQDs as well as by chi-
rality, boundaries, and shape of the edges, all of which 
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depend on the synthesis methods of GQDs (Choi 2017; 
Perini et al. 2020; Zhang et al. 2019).

Several studies have reported that GQDs can be ellip-
tical, triangular, quadrate, and hexagonal, as shown in 
Fig. 2a (Zhang et al. 2019; Zheng et al. 2015; Facure et al. 
2020). The elliptical shape of GQDs is the most popular 
owing to minimizing edge-free energies and the recon-
struction of crystallization (Dai et  al. 2014). According 
to Kim et al. (2012), the different shapes of GQDs exhibit 
variable average sizes. For instance, circular and ellipti-
cal GQDs exhibit typical sizes of ~ 5 nm and 12 nm. Size-
dependent are related to the optical properties of GQDs, 
such as PL, in which increasing particle size of GQDs will 
shift the PL emission wavelength from the blue region 
into the red region (Sk et al. 2014).

The size-dependent optical properties are related to the 
bandgap energy of GQDs. As shown in Fig. 2b, increasing 
the particle size of GQDs will narrow down the bandgap 
energy. Reshma and Mohanan (2019) explained that the 
bandgap energy depends on the distance between elec-
tron–hole pairs due to the squeezing of electron–hole 
pairs. The smaller size of GQDs results in more squeez-
ing of electron–hole pairs that leads to higher energy 
levels, while the unpaired electrons from the functional 
groups on the surface of GQDs will contribute to the 
electron donation from the functional groups into the 
GQDs based on the electron-withdrawing and electron-
accepting behaviors of functional groups. As a result, 
increasing the electron density will lower the bandgap 
energy which has a similar tendency to be size-depend-
ent (Jin et al. 2013; Yan et al. 2018).

Optical properties
GQDs typically exhibit strong optical absorption in 
the ultraviolet (UV) region around 230–320  nm, with 
an absorption shoulder extending into the visible 
region, as shown in Fig.  2c (Zhuo et  al. 2012; Ghosh 
et  al. 2021; Zhang et  al. 2019; Zhu et  al. 2015). These 
absorption spectra are related to a specific electronic 
structure determined by π–π* transitions within the 
aromatic rings, sp2-hybridized portions, and lone pairs 
within oxygens (Haque et  al. 2018; Perini et  al. 2020). 
For instance, the absorption peak around ~ 230  nm 
occurs due to the π–π* transition of phenyl rings and 
aromatic C=C bonds, whereas the absorption shoulder 
at ~ 300 nm is attributed to the n–π* transition of C=O 
bonds or other moieties (Li et al. 2013a, 2019a, Ozhukil 
Valappil et al. 2017).

GQDs exhibit tunable PL properties ranging from 
UV to visible, depending on the excitation wavelength, 
as shown in Fig. 2d (Zhuo et al. 2012; Choi 2017). The 
small particle size of GQDs affords a quantum confine-
ment effect, yielding bandgap energy and PL on excita-
tion (Facure et al. 2020; Perini et al. 2020). Theoretically, 
the bandgap energy of GQDs should not exceed 1.0 eV 
as the size is limited to several nm (Choi 2017). How-
ever, several experiments have reported that the PL 
energy of GQDs has been observed to be ~ 3.0 eV (Shen 
et  al. 2011). According to Liu et  al. (2010), this phe-
nomenon might occur due to electron–phonon scat-
tering, which minimizes thermalization, as observed in 
the case of pristine graphene without bandgap energy. 
Kim et  al. (2012) showed that this PL emission could 

Fig. 1 Infographic illustration of graphene quantum dots (GQDs) for electroanalytical and optical sensor applications
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be controlled by modifying the size and edge of GQDs, 
thereby altering the electronic transitions in GQDs.

In addition to excellent PL properties, GQDs exhibit 
a superior PL quantum yield (PLQY) than carbon dots 
(CDs), which have a poor PLQY value (~ 10–15%) owing 
to the traps on the surface (Ghosh et al. 2021; Zhu et al. 
2011). The high PLQY of GQDs is related to their lay-
ered structure and crystallinity (Ghosh et  al. 2021). 
Several studies have shown that QY highly depends on 
surface passivation, explaining why GQDs have a greater 
PLQY than CDs. The high PLQY of GQDs is ascribed 
to the self-passivation that occurs during the synthe-
sis of GQDs. According to Haque et  al. (Haque et  al. 
2018), GQDs passivated with a hydrogen atom on their 
edges exhibited a poor QY, indicating the disadvantage of 
hydrogen in passivating the surface (Mueller et al. 2010). 
When passivated with carbonyl, epoxy, and other func-
tional groups, GQDs exhibited improved PLQY and PL 
lifespan (Haque et al. 2018; Wang et al. 2016).

Chemical properties
Owing to the presence of oxygen functional groups on 
their surface, GQDs can act as reducing agents (Kappen 

et  al. 2021; Sinduja and John 2019; Thanomsak et  al. 
2021). They can reduce metal precursors into metal 
particles under a certain molar ratio of GQDs (Ge et al. 
2016; Liu et al. 2017b). The hydroxyl groups on the sur-
face of GQDs are considered reductive groups. They are 
transformed into carbonyl groups after the reduction 
of metal ions, forming metal nanoparticles on the sur-
face of GQDs (Thanomsak et al. 2021). According to Jin 
et al. (2022), the excellent electron-donating capability of 
GQDs from the abundant –OH and –NH2 groups ena-
bles a fast reduction of the metal precursor into metal 
nanoparticles via electron transfer. Xiaoyan et al. (2016) 
reported that the hydroxyl groups easily fall off the gra-
phene sheets owing to the breaking of the C–O bond, 
which yields a strong reducing ability. The abundant 
oxygen functional groups on the surface of GQDs make 
them nucleation centers for the nucleation and growth of 
metal nanoparticles (Wu et al. 2016).

GQDs are ideal for replacing toxic capping agents in 
the synthesis of metal nanoparticles (Jin et al. 2022; Sin-
duja and John 2017). They help keep metal particles sta-
ble by preventing aggregation and oxidation. Metal ions 
are attracted to the surface of GQDs via electrostatic 

Fig. 2 a The shape of GQDs in different types of edges (Reproduce with permission from Reference Facure et al. 2020, Copyright 2020, Royal 
Society of Chemistry), b Illustration of bandgap energy mechanism of GQDs based on confinement size (Reproduce with permission from Ref. 
Reshma and Mohanan 2019, Copyright 2019, Elsevier) and surface functional group (Reproduce with permission from Ref. Yan et al. 2018, Copyright 
2018, American Chemical Society), c UV–Vis absorption spectra of GQDs, d Photoluminescence spectra of GQDs under different excitation 
wavelengths (Reproduce with permission from Ref. Zhuo et al. 2012, Copyright 2012, American Chemical Society)
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interactions with abundant functional groups. On 
heating, the interfacial junction allows more electron 
transfer from the GQDs to the metal ions, forming 
conductive metal nucleation sites and eventually pro-
moting the growth of metal particles. Meanwhile, the 
growth of metal particles will attract more GQDs to 
serve as capping agents on their surfaces (Guo 2012; Jin 
et al. 2022).

Biocompatibility properties
In addition to excellent their structural, chemical, and 
physical properties, GQDs exhibit strong biocompat-
ibility, which is crucial in bio-applications (Biswas et al. 
2021; Chandra et  al. 2014). Generally, the degradation 
of GQDs does not produce any toxic substance harm-
ful to living organisms (Chandra et al. 2014). GQDs are 
different from traditional semiconductor quantum dots 
(QDs), which exhibit intrinsic toxic properties owing 
to the side product of heavy-metal components. The 
QDs also cause apoptosis in living organisms, which 
is related to their oxidative stress (Biswas et  al. 2021). 
Thus, QDs cannot be used in biomedical applications.

Several studies have shown that ultrasmall particles 
of GQDs (< 6  nm) may cause cell apoptosis as they 
can enter the mitochondria and cause physical dam-
age, contributing to oxidative stress. However, accord-
ing to Sapkota et  al. (2017), the cytotoxicity of GQDs 
is dependent on their size. Shang et al. (2014) reported 
that sub-10  nm nanoparticles are more toxic to living 
cells than larger particles as smaller particles can freely 
diffuse to the nucleus (Sapkota et al. 2017; Zhang et al. 
2014). Wu et  al. (2013) showed that GQDs exhibited 
low cytotoxicity in gastric and breast cancer cells com-
pared to micrometer-sized graphene oxide (GO).

To get high biocompatibility of GQDs, several factors 
should be considered. (1) The precursor and solvent 
must be nontoxic (for instance, they should only pro-
duce GQDs, water, or carbide precipitates); (2) the edge 
structure and the functional group of GQDs should be 
similar to living cell components such as glucose, which 
is the energy source of living cells and the intermediate 
product of metabolism (Yan et al. 2019). According to 
Umrao et al. (Umrao et al. 2015), the synthesis process 
involving complicated and harmful chemicals might 
cause GQDs to have oxygen functional groups, which 
affects the cytotoxicity of the GQDs. On the other 
hand, the presence of oxygen functional groups can 
enhance PL emission and chemisorption which is ben-
eficial in biosensing applications. Several reports have 
suggested balancing the oxygen content of the GQDs 
to provide high PL emission and low cytotoxicity (Lee 
et al. 2020).

Role of GQDs in biosensing
Capturing agent
The adsorption of the target analyte onto the surface, 
which is related to the interaction between the analyte 
and the biosensor surface, is crucial to the performance 
of a biosensor (Bell et al. 2020). To improve the selectiv-
ity of biosensors, the binding affinity between the analyte 
and the surface should be observed via physisorption 
(electrostatic, π interactions, hydrogen bond, and van der 
Waals forces) and chemisorption (covalent bond interac-
tion) (Perez-Jimenez et  al. 2020). Noble metals are usu-
ally used as probes or substrates of biosensors. However, 
the adsorption ability of analytes onto the surface can be 
restricted by the poor affinity of some target molecules 
toward the metal surface (Miao et al. 2019).

To address this challenge, carbon nanomaterials, 
including GQDs, were introduced onto the surface of the 
metal to promote the adsorption of the target molecule. 
Prasad et  al. (Bali Prasad et  al. 2017) reported that gra-
phene-based materials are the new “miracle material” in 
various applications, including biosensors. The good per-
formance of GQDs is attributed to a large surface-to-vol-
ume ratio correlated with multiple molecule recognition 
sites (Facure et al. 2021). The large surface area of GQDs 
yields a high probability of target molecules contacting 
the surface (Ge et al. 2016). Furthermore, functionalized 
groups on the surface of GQDs and the π-conjugate plane 
structure are advantageous for interacting and adsorbing 
target molecules on edge sites (Cheng et al. 2012; Facure 
et  al. 2020). GQDs containing rich-oxygen functional 
groups have a negative charge on their surface, which 
attracts target molecules via electrostatic interactions 
(Cheng et  al. 2012). In principle, removing functional 
groups from the surface of GQDs induces a more pro-
nounced sp2-hybridization character, yielding low elec-
trical resistance. However, Facure et al. (2021) explained 
that the maintenance of functional groups is beneficial to 
the interaction of analytes.

Adding functional groups can further improve the 
hydrophobicity of GQDs, promoting their potential to 
deliver insoluble molecules (Liaquat et  al. 2022; Pinilla-
Penalver et  al. 2022). Generally, the strong hydrophobic 
nature of graphene-based materials may deter analyte 
recapture in an aqueous solution owing to interfacial 
resistance (Bali Prasad et  al. 2017). Furthermore, the 
carboxylic moieties at the edge of GQDs help water dis-
pensability, where their functional groups could be easily 
complexed with several compounds, including inorganic, 
organic, polymer, or biological compounds. According 
to Prasad et al. (Bali Prasad et al. 2017), the hydrophilic 
edges and the hydrophobic plane in GQDs increase ana-
lyte absorption. The introduced functional groups on the 
surface of GQDs can also improve molecular recognition 
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properties (Facure et  al. 2021). Practically, some recog-
nition molecules with high selectivity for specific target 
molecules can be adopted. For instance, Wei et al. (2014) 
used cyclodextrins with GQDs as nanocomposites to 
enhance supramolecular recognition capability. Huang 
et al. (2016) explained that the primary π-network at the 
surface of GQDs acts as a recognition receptor owing to 
strong π–π stacking interactions and electrostatic adhe-
sion. The rich amino groups on the surface of GQDs 
attract biochemical molecules via electrostatic interac-
tions and π–π stacking interactions (Liu et al. 2018b).

Fluorescence agent
Owing to their simple preparation, minimal reagents, 
easy functionalization, and excellent fluorescence prop-
erties, GQDs can be used as fluorescence platforms in 
various biological applications, such as labeling, diagnos-
tic, drug delivery, and electronic devices for health moni-
toring (Garg et al. 2021; Ryu et al. 2015). GQDs have been 
widely used to investigate analytes such as pesticides, 
metal ions, organic pollutants, food adulterants, bacte-
rial spores, and nucleic acids owing to their PL proper-
ties, pH-sensitive luminescence, and up-conversion PL 
properties (Fan et al. 2017; Garg et al. 2021; Wang et al. 
2013). Furthermore, GQDs have high brightness and 
photostability against photobleaching, which is suitable 
for fluorescence applications. The optical properties of 
GQDs are different from organic dyes and semiconduc-
tor QDs that suffer from photobleaching (Salehnia et al. 
2017; Sapkota et al. 2017).

GQDs exhibit a narrow, almost symmetrical fluores-
cence spectrum with a strong emission peak at 447  nm 
under 345 nm excitation (Huang et al. 2015). Notably, the 
fluorescent behavior of GQDs is dependent on the excita-
tion wavelength. With increasing excitation wavelength, 
the emission peak of GQDs shifts to a longer wavelength, 
and fluorescence intensity initially becomes strong and 
subsequently weakens (Huang et  al. 2015; Tang et  al. 
2014).

GQDs‑based nanocomposite for biosensing
Electroanalytical sensors
GQDs are preferred in electrochemical sensors owing 
to their oxygen-rich functional groups, excellent quan-
tum confinement, edge effects, stability, biocompatibility, 
large surface area, ease of production process, and ability 
to be doped or modified for specific biosensing applica-
tions. Thus, GQDs-based electrochemical sensors have 
low LOD and high sensitivities. In many cases, GQDs can 
be combined with other nanomaterials to develop GQDs-
based nanocomposites with synergistic effects to pro-
mote catalytic reactions with target analytes (Campuzano 

et al. 2019; Ji et al. 2020; Li et al. 2019b; Mansuriya and 
Altintas 2020; Tabish et al. 2021; Tajik et al. 2020).

GQDs‑based nanocomposites for voltammetric sensors
Voltammetry is a common transduction technique used 
in the development of electroanalytical sensors. It allows 
for sensitive and fast quantitative analysis of redox-active 
analytes, as well as the characterization of the electro-
chemical process occurring on the surface of the sensing 
electrode. Additionally, voltammetry can offer simulta-
neous determination of different interfering substances. 
Among all voltammetric methods, differential pulse 
voltammetry (DPV), square-wave voltammetry (SWV), 
cyclic voltammetry (CV), and linear sweep voltammetry 
(LSV) are the most preferred techniques for the detec-
tion of small molecules, and proteins (Xu et al. 2017).

Several GQD-based nanocomposites have been suc-
cessfully prepared using various approaches for detecting 
small molecules. Small molecules such as metabolites, 
vitamins, hormones, cofactors for proteins, and intracel-
lular messengers play a vital role in the human body. It 
is possible to diagnose, monitor, and predict illness pro-
gression by quantifying the concentration of small mol-
ecules associated with a specific disease (Facure et  al. 
2021).

Uric acid (UA), a by-product of purine metabolism in 
the liver, is found in body fluids such as blood, urine, and 
sweat. Monitoring the UA level in body fluids is essen-
tial because it can strongly indicate renal disease. Wang 
et  al. (2022) developed enzyme-free wearable sensors, 
and the DPV technique was used to monitor UA con-
centrations in human sweat using boron-doped GQDs 
attached to carbon nanotubes (BGQDs/CNTs) as noble 
metal-free electrocatalysts (Fig.  3). BGQDs can provide 
additional active sites to improve the electrocatalytic 
ability of the UA oxidation reaction. According to density 
functional theory calculations, boron atoms can improve 
UA adsorption and increase electron transfer from the 
UA to the B-doped graphene sheet, which supports the 
high sensitivity of BGQDs for UA detection. Yola and 
Atar (2018) constructed a novel molecularly imprinted 
sensor on GQDs with two-dimensional (2D) hexago-
nal boron nitride nanosheets (2D-hBN) for detecting 
serotonin (SER) in urine samples. They claimed that the 
molecular imprinting approach has a high selectivity for 
detecting SER. According to Ahmadi et al. (2020), novel 
electrochemical and photoelectrochemical dopamine 
(DA) sensors were developed using titania–ceria–gra-
phene QD (TC–GQD) nanocomposites. They noticed 
that the electrical conductivity and bandgap of the TC–
GQD nanocomposite were considerably improved owing 
to the synergistic effect of the nanocomposite compo-
nents toward DA detection. Similarly, GQDs with gold 
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nanoparticles, and multiwalled carbon nanotubes have 
recently been reported for use in norepinephrine (Fajardo 
et al. 2019), and DA (Arumugasamy et al. 2020) sensors.

Simultaneous detection of small molecules is cru-
cial because small molecules with similar oxidation 
potentials cause the superimposition of electrochemi-
cal signals. Chul Lim et  al. (2022) reported a novel 
method for producing GQD-doped poly(3,4-ethylene 
dioxythiophene) (PEDOT) on a glassy carbon electrode 
(GCE) using a one-step electro-polymerization process. 
The GQD-PEDOT composite was used as an effec-
tive electrode material for the simultaneous detection 
of ascorbic acid (AA), DA, and UA. GQD promotes a 
conformational shift of PEDOT to a quinoid structure, 
forming oxidized PEDOT. This increases π–π interac-
tion with the aromatic moiety of analytes and intermo-
lecular interaction between PEDOT chains, affording 
effective electron transfer. Saisree et al. (2022) demon-
strated the use of nitrogen-doped GQD (N-GQD) with 
copper nanocluster (CuNC) composite for the simulta-
neous electrochemical detection of DA, SER, and nico-
tine (NIC) with a good peak-to-peak separation (Fig. 4). 
The impressive performance can be assigned to the 
synergistic effect of the N-GQD and the CuNC as well 
as interactions between the sensor and the analytes via 

ring stacking or the π–π interaction between the aro-
matic basal planes or heteroatom sites or a combina-
tion of all these factors.

GQDs serve as an appropriate substrate for aptam-
ers via π–π stacking interactions, enhancing aptamer 
absorption on the electrode surface (Mansuriya and 
Altintas 2020). Therefore, various GQDs-based nano-
composites for electrochemical aptamers or immunosen-
sors have been designed and developed (Mansuriya and 
Altintas 2019). Savas and Altintas (2019) developed a 
new, fast, label-free, ultrasensitive, and highly specific 
immunosensor using GQDs as enzyme mimics in an 
electrochemical sensor to provide an efficient diagnostic 
method for Yersinia enterocolitica.

Mansuriya and Altintas developed an ultrasensitive 
enzyme-free electrochemical nano-immunosensor, and 
SWV technique was used to detect cardiac troponin-
I (cTnI) for the early identification of acute myocardial 
infarction (Mansuriya and Altintas 2021). It is based on 
a screen-printed gold electrode modified with GQDs 
and gold nanoparticles (AuNPs). They revealed that 
GQDs and AuNPs were specifically used as nanozymes 
and signal-amplifying materials to replace the enzyme 
systems and enhance the sensitivity of the developed 
nano-immunosensor.

Fig. 3 Wearable biosensor developed with BGQDs/CNTs: a Picture of practical use for the flexible electrode constructed from BGQDs/CNTs. b DPV 
curves for the flexible BGQDs/CNTs electrode in the UA concentration range of 0–50 μM. c Amperometric responses of a flexible BGQDs/CNTs 
electrode at an applied potential of 0.2 V. d UA calibration curve for flexible BGQDs/CNTs electrode with a linear range of 0–50 μM. e Time sequence 
diagram for the flexible BGQDs/CNTs electrode with the UA level and time (Reproduce with permission from Ref. Wang et al. 2022, Copyright 2022, 
American Chemical Society)
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Similarly, Tran et al. (2022) reported the incorporation 
of N-GQDs and phytohemagglutinin-L (PHA-L) onto 
screen-printed electrodes for the detection of breast can-
cer cells (MCF-7) in human serum. According to Mol-
larasouli et  al. (2018), the disposable immune-sensing 
platform is formed by immobilizing the specific anti-AXL 

antibody onto amine-functionalized GQDs-modified 
screen-printed carbon electrodes for the detection of 
biomarker receptor tyrosine kinase (AXL) in human 
serum (Fig.  5). The use of amine-functionalized GQDs 
improved the kinetics of the electron transfer reac-
tion, allowing the attachment of large antibody loadings 

Fig. 4 a Schematic showing the modification of GCE with the CuNC@N‑GQDs and the resultant enhanced sensing of DA, SER, and NIC; b the 
oxidation mechanisms of DA, SER, and NIC on CuNC@N‑GQD/GCE; c a diagrammatic representation of the enhanced release of DA and SER in the 
brain during NIC intake; d a flowchart showing the functional correlation between DA, SER, and NIC; and e the interactions among CuNC@N‑GQDs 
and the analytes DA, SER, NIC, EP, and NEP based on the structural and functional features (Reproduce with permission from Ref. Saisree et al. 2022, 
Copyright 2022, Royal Society of Chemistry)

Fig. 5 Schematic of the different steps in constructing a label‑free immunosensor for AXL, which involves amine‑functionalized GQDs‑modified 
screen‑printed carbon electrodes and covalent immobilization of anti‑AXL through oxidized sugar chains (Reproduced with permission from Ref. 
Mollarasouli et al. 2018, Copyright 2018, Elsevier)
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owing to in  situ electrode functionalization with a high 
number of amine groups, resulting in a high sensitivity 
of the immunosensor developed in their work. Gogola 
et al. (2021) reported an apta-sensor that detects human 
immunodeficiency virus (HIV) via p24 proteins. In their 
research, graphene QDs were used to improve the ampli-
fication of an electrochemical signal and to help immo-
bilize the p24-HIV aptamer on the device. Furthermore, 
it was reported that the developed apta-sensor success-
fully distinguished between positive and negative sam-
ples in spiked human serum. Table  1 summarizes some 
GQDs-based nanocomposites for voltammetric sensors 
reported recently.

GQDs‑based nanocomposites for amperometric sensors
Amperometry is a technique for measuring cell current 
overtime after a fixed potential has been applied. It can 
be used in response to successive addition of analytes, as 

well as electroactive substances that demonstrate redox 
current as a function of time (Xu et al. 2017).

Tashkhourian et  al. (2018) used GQD to construct a 
simply modified carbon paste electrode (CPE) with chi-
tosan (CS) as a stabilizing agent to develop a new elec-
trochemical sensor. The objective of this study was to 
develop an amperometric sensor for the detection of epi-
nephrine. Amperometry analysis revealed a linear range 
of 0.36–380 µM, with no interference from typical inter-
fering substances (AA, DA, and UA). An amperometric 
hydrogen peroxide  (H2O2) sensor was developed by Xu 
et  al. (2018) using carbon fiber with dual nanoenzyme, 
i.e., AuPd alloy nanoparticles (AuPd-ANPs) decorated 
GQDs assembly (Fig. 6). In this system, the authors sug-
gested the AuPd-ANPs/GQDs/ACF microelectrode dis-
plays good sensing performances and can be used for 
real-time tracking of  H2O2 released from different types 
of living human breast cancer cells and in  situ  H2O2 
detection in clinical breast cancer tissue. Thirumalai 

Table 1 Some of the GQD‑based nanocomposites for voltammetric sensors

a BGQD boron-doped graphene quantum dots, CNTs carbon nanotubes, TC titania–ceria, AuNPs gold nanoparticles, MWCNTs multiwalled carbon nanotubes, PEDOT 
poly(3,4-ethylene dioxythiophene), CuNC copper nanocluster, N-GQD nitrogen-doped graphene quantum dots, GCE glassy carbon electrode, MIP molecularly 
imprinted polymer, Anti-cTnI anti-cardiac troponin-I, SPGE screen-printed gold electrode, PHA-L phytohemagglutinin-L, Anti-AXL anti-receptor tyrosine kinase, fGQDs 
amine-functionalized graphene quantum dots, SPCE screen-printed carbon electrode

Electrode 
material

GQD preparation 
method 
(precursor)

Target analyte Electroanalytical 
technique

Linear range LOD References

BGQD/CNTsa Hydrothermal 
(citric acid)

UA Differential pulse 
voltammetry (DPV)

5.0 ×  10−6–5.0 ×  10−5 M 9.9 ×  10−7 M Wang et al. (2022)

MIP/GQDs/2D‑
hBN/GCE

Thermal deoxidiza‑
tion (graphene 
oxide)

SER DPV 1.0 ×  10−12–1.0 ×  10−8 M 2.0 ×  10−13 M Yola and Atar (2018)

TC–GQD Hydrothermal 
(espresso coffee 
wastes)

DA DPV 1.0 ×  10−6–5.0 ×  10−4 M 2.2 ×  10−7 M Ahmadi et al. (2020)

AuNPs/GQDs/GCE Pyrolysis (citric 
acid)

Norepinephrine 
(NE)

Square‑wave strip‑
ping voltammetry

5.0 ×  10−7–7.5 ×  10−6 M 1.5 ×  10−7 M Fajardo et al. (2019)

GQDs@MWCNTs/
GCE

Pyrolysis (glucose) DA DPV 2.5 ×  10−7–2.5 ×  10−4 M 9.5 ×  10−8 M Arumugasamy et al. 
(2020)

PEDOT‑GQD/GCE Electro polym‑
erization (carbon 
nanofibers)

AA, DA, and UA DPV AA: 3.0 ×  10−5–1.0 ×  10−3 M
DA: 5.0 ×  10−7–4.0 ×  10−5 M
UA: 1.0 ×  10−6–1.0 ×  10−4 M

4.1 ×  10−6 M
1.2 ×  10−7 M
1.8 ×  10−7 M

Chul Lim et al. (2022)

CuNC@ N‑GQD/
GCE

Hydrothermal 
(polyaniline)

DA, SER, and NIC DPV DA: 
1.0 ×  10−12–1.0 ×  10−6 M
SER: 
1.0 ×  10−9–1.0 ×  10−6 M
NIC: 
1.0 ×  10−11–1.0 ×  10−6 M

1.0 ×  10−12 M
1.0 ×  10−9 M
1.0 ×  10−11 M

Saisree et al. (2022)

Anti‑cTnI/AuNPs@
GQDs/SPGE

Commercial GQD 
from Sigma

Cardiac troponin‑I Square‑wave 
voltammetry

1.0–1000 pg  mL−1 0.10 pg  mL−1 Mansuriya and 
Altintas (2021)

N‑GQDs/PHA‑L Microwave‑assisted 
hydrothermal (pas‑
sion fruit juice)

Human breast can‑
cer cells (MCF‑7)

Linear sweep 
voltammetry

5–20 ×  106 cells  mL−1 1.0 cell  mL−1 Tran et al. (2022)

Anti‑AXL‑fGQDs/
SPCE

Pyrolysis (citric 
acid)

AXL receptor 
tyrosine kinase

DPV 1.7 pg  mL−1–1.0 ng  mL−1 0.5 pg  mL−1 Mollarasouli et al. 
(2018)

GQD‑SPE/aptamer Pyrolysis (citric 
acid)

p24‑HIV Cyclic voltammetry 0.93 ng  mL−1–93 µg  mL−1 51.0 pg  mL−1 Gogola et al. (2021)
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et  al. (2020) described a simple method for developing 
reagent-free amperometric pyruvate biosensors based on 
enzyme nanoparticles (EnNPs). EnNPs were produced 
by crosslinking pyruvate oxidase with GQDs. Prussian 
blue, a biocompatible coordination polymer, was used 
to modify screen-printed carbon electrodes (SPCEs) 
prior to EnNP immobilization. According to the authors, 
the developed pyruvate biosensor has high sensitivity, 
selectivity, and reproducibility. As a result, it could be a 

promising candidate for new enzyme-based biosensors, 
specifically for pyruvate detection.

GQDs‑based nanocomposites for impedimetric sensors
Electrochemical impedance spectroscopy is a technique 
that can be used to monitor changes in the interfacial 
properties of an electrode surface. This is advantageous 
because it does not require any additional signal-gener-
ating labels, and it is not destructive. Additionally, EIS 

Fig. 6 a Schematic representation of GQDs assembly and AuPd‑ANPs decorated GQDs assembly formation. Step 1: Electrodeposition of GQDs 
on ACF with [BMIM]OTF as the electrolyte to form a close‑pack GQDs assembly; Step 2: Electrodeposition of AuPd‑ANPs on GQDs on ACF. b CV 
curves of AuPd‑ANPs/GQDs/ACF, Au‑NPs/GQDs/ACF, and Pd‑NPs/GQDs/ACF microelectrodes in 0.5 M  H2SO4. Scan rate: 50 mV  s−1. c CV curves of 
AuPd‑ANPs/GQDs/ACF, AuPd‑ANPs/ACF, and GQDs/ACF microelectrodes in 0.1 M PBS solution containing 5 mM  H2O2. Scan rate: 50 mV  s−1. d CV 
curves of AuPd‑ANPs/GQDs/ACF, Pd‑NPs/GQDs/ACF, and Au‑NPs/GQDs/ACF microelectrodes in 0.1 M PBS solution containing 5 mM  H2O2. Scan 
rate: 50 mV  s−1. e CV curves of AuPd‑ANPs/GQDs/ACF electrode in 0.1 M PBS solution containing 0, 2, 5, and 10 mM  H2O2. Scan rate: 50 mV  s−1. f 
Typical amperometric response of AuPd‑ANPs/GQDs/ACF microelectrode to successive addition of different  H2O2 concentrations into 0.1 M PBS 
solution under stirring. Inset of f is the amperometric response of AuPd‑ANPs/GQDs/ACF electrodes at low concentrations. Applied potential: 0.05 V. 
g Amperometric response of AuPd‑ANPs/GQDs/ACF to successive addition of 0.1 mM  H2O2 and 0.1 mM UA, GLU, AA, and DA in 0.1 M PBS. Applied 
potential: 0.05 V. (Reproduced with permission from Ref. Xu et al. 2018, Copyright 2018, Elsevier)
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is not affected by the analytes and can be used to study 
them without any interference (Magar et al. 2021).

Nxele and Nyokong (2021) have developed an 
impedimetric sensor that can be used to detect pros-
tate-specific antigens (PSA). They have combined a 
PSA-specific aptamer and a cobalt phthalocyanine with 
GQDs, N-GQDs, and graphitic carbon nitride quantum 
dots (gCNQDs) to study the effects of the type of QDs on 
the sensor’s electrocatalytic ability. They found that the 
N-GQDs-based electrode had the lowest LOD compared 
to the other sensors. The high performance of N-GQDs 
was predicted because they are known to perform better 
in electrocatalysis than GQDs owing to the incorpora-
tion of nitrogen atoms into the graphitic structure. Simi-
larly, conductive polypyrrole with sulfur/nitrogen-doped 
GQDs and cobalt phthalocyanine composite can be used 
for impedimetric human epidermal growth factor recep-
tor 2 (HER2) detection (Centane and Nyokong 2021). 
According to the authors, the study observed that devel-
oped immunosensors are very sensitive, with a detec-
tion limit of 0.00141  ng/mL. This makes them suitable 
for the determination of HER2 in serum samples with 
high accuracy and reproducibility. Ganganboina et  al. 
(2021) reported that sulfur-doped GQDs (S-GQDs) are 
deposited onto gold nanoparticles, which are then deco-
rated with carbon nanospheres (Fig.  7). The S-GQDs@
Au-CNS nanocomposite is then used as a dual-function 
probe for enhancing electrochemical activity and conju-
gating the angiopep-2 protein for glioma cell detection. 
Table 2 summarizes some GQDs-based nanocomposites 
for amperometric and impedimetric sensors reported 
recently.

Optical sensors
The excellent optical and fluorescence properties of 
GQDs are the main factors that GQDs are often com-
bined with other materials as optical sensors. Good 
biocompatibility properties and oxygen-rich functional 
groups of GQDs are becoming advantages of GQDs to 
be used in biosensing applications which is different from 
other quantum dot-based materials that suffer from tox-
icity issues. Several studies are reported the good per-
formance of GQDs as a composite material in optical 
sensors, such as surface-enhanced Raman scattering and 
fluorescence sensors.

GQDs‑based nanocomposites for SERS sensors
Raman spectroscopy is an important tool for charac-
terization and biosensing as it provides a chemical fin-
gerprint for molecular identification (Koh et  al. 2021; 
Serebrennikova et al. 2021). Long-term research has been 
conducted on developing substrates for increasing the 
Raman signal (Cheng et al. 2012). Several nanostructured 

materials, known as SERS substrates, have been devel-
oped to provide a highly sensitive vibrational technique 
for identifying trace analytes. The detection of multiplex 
targets was investigated using their characteristic vibra-
tional fingerprints (Jung et al. 2019; Linh et al. 2021; Plou 
et al. 2021). Noble and transition metals have been used 
as substrates for SERS owing to their plasmonic prop-
erties (Linh et  al. 2019a; b). However, developing novel 
SERS substrates is still required to meet rigorous require-
ments such as cost, stability, reliability, and biocompat-
ibility (Cheng et al. 2012).

As a “miracle material” with a crystal package of car-
bon atoms, graphene-based materials exhibit interest-
ing Raman scattering properties, which are promising 
in SERS applications owing to excellent adsorption and 
chemical properties (Bali Prasad et al. 2017; Cheng et al. 
2012; Mary and Mary 2021). GQDs comprising gra-
phene sheets with sizes < 10 nm have attracted enormous 
attention owing to high optical absorptivity, excellent 
chemical stability, biocompatibility, and efficient charge 
transfer (CT) properties suitable for a SERS substrate 
(Zheng et  al. 2015). Plasmonic metals such as Au and 
Ag (Fig.  8) show a considerably good SERS sensitivity 
when the particle size is > 30 nm (Jin et  al. 2022). How-
ever, it would be difficult to use plasmonic metal nano-
structure for biological applications such as intracellular 
analysis that requires a small size to enter cells via endo-
cytosis (Jin et al. 2022; Wu et al. 2019). The small-sized 
plasmonic nanostructure frequently exhibits poor SERS 
activity owing to reduced localized surface plasmon res-
onance (Pustovit and Shahbazyan 2006). According to 
Butler et al. (2015), the small size of the plasmonic nano-
structure also generates high toxicity resulting from bio-
logical damage. This challenge restricts plasmonic metal 
nanostructures to be used in the biological field (Jin et al. 
2022).

The dense GQDs can exhibit noticeable SERS sensitivi-
ties through enhancements of the electromagnetic mech-
anism (EM) and chemical mechanism (CM) (Jin et  al. 
2022; Liu et  al. 2018a). The rational assembly of GQDs 
in nanoarchitecture could effectively adsorb target mol-
ecules and harvest collective Raman signals (Cheng et al. 
2012). However, Das et al. (2020) reported no clarity on 
the individual contributions of GQDs on SERS perfor-
mance. Classifying the type of interaction, CT, and indi-
vidual contributions in SERS is still challenging.

Several studies have found that combining GQDs and 
metal materials provides high SERS signals for identify-
ing target molecules owing to their optical and electronic 
properties (Cheng et al. 2012; Mary and Mary 2021). As 
shown in Fig. 9, GQDs contribute to higher SERS activity 
than bare metal. The high SERS activity of this combina-
tion is due to the synergistic contribution between noble 
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Fig. 7 a Illustration of the synthesis and fabrication of GCE||Au–CNS@S‑GQD/Ang‑2 biosensor, b pulse‑induced electrochemical detection of 
glioma cells, c calibration line obtained from change in Rct versus glioma cells concentration, d Nyquist plot of GCE||CNS–Au@S‑GQDs/Ang‑2 sensor 
at different concentrations of glioma cells in human serum, and e calibration line obtained from the change in Rct versus glioma cells concentration 
(Reproduced with permission from Ref. Ganganboina et al. 2021, Copyright 2021, Elsevier)
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Table 2 Some of the GQDs‑based nanocomposites for amperometric and impedimetric sensors

CS chitosan, CPE carbon paste electrode, AuPd-ANPs AuPd alloy nanoparticles, ACF activated carbon fiber, PoxBNP PoxB with GQD, PB Prussian blue, SPCE screen-
printed carbon electrodes, SPE screen-printed electrodes, p24-HIV p24-human immunodeficiency virus, N-GQDs nitrogen-doped graphene quantum dots, CoPc Co(II) 
phthalocyanine, Anti-AXL anti-AXL receptor tyrosine kinase, fGQDs amine-functionalized graphene quantum dots, SPCE screen-printed carbon electrodes, PHA-L 
phytohemagglutinin-L, LSV linear sweep voltammetry, BSA bovine serum albumin, Anti-OTA anti-ochratoxin A, ZrO2 zirconium dioxide, ITO indium tin oxide, Anti-cTnI 
anti-cardiac troponin-I, AuNPs gold nanoparticles, SPGE screen-printed gold electrode, PPy polypyrrole, SNGQDs sulfur/nitrogen-doped graphene quantum dots, CoPc 
cobalt phthalocyanine, CNS-AuNPs gold nanoparticles decorated carbon nanospheres, S-GQDs sulfur-doped graphene quantum dots, Ang-2 angiopep-2

Electrode material GQD preparation 
method 
(precursor)

Target analyte Electroanalytical 
technique

Linear range LOD References

GQD‑CS/CPE Hydrothermal (citric 
acid)

Epinephrine (EP) Amperometry 3.6 ×  10−7–3.8 ×  10−4 M 3.0 ×  10−10 M Tashkhourian et al. 
(2018)

AuPd‑ANPs/GQDs/
ACF

Pyrolysis (citric acid) Hydrogen peroxide 
 (H2O2)

Amperometry 1.0 ×  10−6–1.8 ×  10−2 M 5.0 ×  10−7 M Xu et al. (2018)

PoxBNP/PB/SPCE Commercial GQD 
from Sigma

Pyruvate Amperometry 1.0 ×  10−5–7.5 ×  10−4 M 9.1 ×  10−7 M Thirumalai et al. 
(2020)

GCE‑N‑GQDs‑CoPc‑
Aptamer

Hydrothermal (citric 
acid)

Prostate‑specific 
aptamer (PSA)

Impedimetric 0.034–0.057 ng  mL−1 0.044 ng  mL−1 Nxele and Nyokong 
(2021)

GCE/PPy@SNGQDs/
CoPc

Hydrothermal (citric 
acid)

Human epidermal 
growth factor 
receptor 2

Impedimetric 1.0–10 ng  mL−1 1.41 pg  mL−1 Centane and 
Nyokong (2021)

GCE||CNS‑AuNPs@ 
S‑GQDs/Ang‑2

Pyrolysis (citric acid) Glioma cell Impedimetric 100–100,000 cells  mL−1 40 cells  mL−1 Ganganboina et al. 
(2021)

Fig. 8 a SERS spectra for the oxTMB catalyzed by Ag/o‑GQDs in the presence of  H2O2 (3 mM). The time interval between successive curves is 2 min. 
b SERS spectra for the oxTMB catalyzed by Ag/o‑GQDs with the  H2O2 concentration range (3–30 nM). Inset: Quantitative analysis plot of oxTMB 
at 1605  cm−1 with different  H2O2 concentrations, Error bars = SD, n = 3. c Schematic diagram of the SERS‑active Ag/o‑GQDs nanozyme‑triggered 
in situ catalytic oxTMB for cancer cell  H2O2 detention and ROS‑mediated therapy. d SERS spectra for the oxidation of TMB catalyzed by Ag/o‑GQDs 
in MCF‑7 cells treated with various concentrations of the exogenous introduction of  H2O2 (1–1000 μM). e Plots of the SERS response of oxTMB 
at 1605  cm−1 catalyzed by Ag/o‑GQDs in MCF‑7 cells treated with various concentrations of  H2O2. f SERS spectra for the oxTMB catalyzed by 
Ag/o‑GQDs in MCF‑7 cells treated with the various concentrations of PMA (0–80 μg/mL). g Plots of the SERS response of oxTMB at 1605  cm−1 
catalyzed by Ag/o‑GQDs with  H2O2 release from MCF‑7 cells upon the stimulation of PMA (Reproduced with permission from Ref. Jin et al. 2022, 
Copyright 2022, Elsevier)
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metals and GQDs. According to Anithaa et  al. (2017) 
and Motahari et  al. (2012), GQDs can absorb analyte 
molecules via π–π stacking, electrostatic interactions, 
and hydrophilic interactions. The interactions between 
adsorbed molecules and GQDs induce the CT process, 
which provides extra Raman enhancement during meas-
urement, often called CM enhancement (Fan et al. 2012; 
Pandit et al. 2021). Liu et al. (2018a) explained that π–π 
stacking is not the only factor that affects the SERS sig-
nal in graphitic material. It can also be ascribed to GQDs 
being an interfacial layer between the noble metal and 
target molecules, inducing the CT process. Meanwhile, 
the SERS activity of noble metals is mainly attributed to 
EM enhancement owing to their localized surface plas-
mon resonance (LSPR) (Langer et  al. 2020; Valley et  al. 
2013). For instance, Fei et  al. (2017) reported that the 
nanoflower structure of noble metal exhibits a strong 
LSPR, which generates a strong electromagnetic field 
(called “hot spots”) on the tip of the petal and within a 
small gap between the petal and the particle. Even though 
GQDs often contribute through CM enhancement, some 

studies have reported that GQDs also participate in EM 
enhancement. Pandit et  al. (2021) and Ge et  al. (2016) 
reported that GQDs can create plasmonic hot spots 
between metal nanoparticles. Consequently, high-density 
small gaps were generated, and the Raman signal could 
be intensified through EM enhancement. However, the 
amount of GQDs is important in generating nanogap 
between the particles, where a high concentration of 
GQDs can reduce the SERS activity of metal-GQDs 
owing to GQDs blocking hot spot sites, preventing ana-
lyte molecules from adsorbing on the surface (Pandit 
et al. 2021).

Recently, GQDs nanocomposite-based studies for 
Raman sensors, especially SERS, have substantially 
increased. Several biofield areas have been explored, 
including biochemical analytes, cancer cells, and bacte-
rial protein, as shown in Table  3. The unique physico-
chemical properties of GQDs are promising to support 
noble metals or metal oxides as SERS substrates (Fan 
et al. 2018). The construction of metal–GQDs nanocom-
posite may endow them with synergistically improved 

Fig. 9 The effect of GQDs on metal nanocomposite for SERS substrate (Reproduced with permission from Ref. Pandit et al. 2021, Copyright 2021, 
Elsevier)
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catalytic activity for catalyzing peroxidase (POD). Jin 
et  al. (2022) reported that the efficient POD-like cata-
lytic activity and excellent SERS sensitivity of Ag/oxi-
dized GQDs (Ag/o-GQDs) make them an ideal platform 
for in  situ SERS monitoring of the nanozyme-catalyzed 
reaction. The SERS activity came from EM enhancement 
of noble metal and CT resonance between Ag/o-GQDs 
and oxidized 3,3′,5,5′-tetramethylbenzidine (oxTMB). 
The small size of GQDs provides an effective platform 
for intracellular analysis with in  situ SERS monitoring, 
which noble metals could not accomplish owing to the 
lack of SERS activity in small size (Pustovit and Shahba-
zyan 2006). A similar study about POD monitoring via 
SERS was reported by Zhao et  al. (2017) regarding the 
oxidation of TMB in the presence of  H2O2. They showed 
that metal/GQDs could be used as a nanocatalyst for the 
oxidation of TMB and as an efficient SERS substrate for 
monitoring the intensity change of TMB.

Metal–GQDs can be used to develop Raman probes 
because of their high Raman enhancements, substantial 
monodispersity, good signal uniformity, and long-term 
stability (Miao et  al. 2019). Au–N–GQDs nanoparticles 
were commodified with 4-mercapto phenylboronic acid 
(MPBA) and 4-nitrobenzene-thiol (4-NBT) via Au–S 
bonding, where MPBA and 4-NBT serve as the glycan 
recognition unit and Raman reporter, respectively. At a 
physiological pH of 7.4, MPBA could specifically bind to 
the C-8,9 diol of glycans via strong esterification. Con-
sequently, after treating the cells with the Au–N–GQDs 
probes, the glycan expression on the cell membrane can 
be analyzed.

Lan et al. (2017) also reported the good performance of 
GQDs-based nanocomposite material (GQDs–Mn3O4) 
for cancer cell detection. This material can reveal a 
characteristic of HeLa cells, indicating that the com-
bination of metal oxide and GQDs can be used as an 

active substrate for Raman substrates. Zou et  al. (2015) 
reported that GQDs modified with antibodies could cap-
ture antigens such as CFP-10, which is secreted from 
Mycobacterium tuberculosis. GQDs on the immunoassay 
protocol act as dual mode nanoprobes to enhance SERS 
and fluorescence signals.

GQDs‑based nanocomposites for fluorescence sensors
Biofluids such as urea, serum, saliva, and blood are com-
plex body fluids with dynamic biomatrix, including bio-
molecules, electrolytes, waste products, and various 
pathogens, that contain information for diagnosing and 
monitoring diseases (Tagit and Hildebrandt 2017). Fluo-
rescence sensing or fluorescence labeling is the most 
commonly used technique for metabolite detection 
owing to its simplicity, non-destructiveness, rapid signal 
generation and detection, and diversity.

GQDs-based nanocomposites have recently been used 
to develop various photoluminescence sensors, including 
fluorescence sensors, as alternatives to conventional fluo-
rophores, which suffer from photobleaching (Salehnia 
et al. 2017).

Table 4 presents several GQDs-based nanocomposite 
studies that have investigated various metabolite fields. 
Most studies used the fluorescence “turn off–on” tech-
nique depending on the interaction between an analyte 
and receptor molecules, causing quenching or fluores-
cence recovery (Gupta and Kumar 2016). The present 
technique has realized the sensitive and simple deter-
mination of active biological molecules with excellent 
selectivity. For instance, Huang et al. (2015) introduced 
Cr(VI) on GQDs as a quencher for the detection of 
AA, where the presence of Cr(VI) in the system can 
quench the fluorescence of GQDs owing to the overlap-
ping of the absorption spectra of Cr(VI) and both the 
excitation and emission spectra of GQDs. Thus, Cr(VI) 

Table 3 Some examples of GQDs‑based nanocomposites for SERS sensor

o-GQDs oxidized graphene quantum dots, N-GQDs nitrogen-doped graphene quantum dots, MPBA 4-mercaptophenylboronic acid, 4-NBT 4-nitrobenzene-thiol, 
CTAB cetyltrimethylammonium bromide, MWCNTs multiwalled carbon nanotubes, MagPlas NPs magneto plasmonic nanoparticles, L02 cell human liver cell, HeLa cell 
immortal human cell, MCF-7 cell human breast cancer cell, HepG-2 cell human liver cancer cell, CFP-10 antigen from mycobacterium tuberculosis

Material GQD preparation 
method

Target analyte Raman technique Linear range (M) LOD (M) EF References

Ag/o‑GQDs (col‑
loidal probe)

Nanocutting 
method (graphite 
powder)

H2O2 SERS 0–9 ×  10−5 3.17 ×  10−6 2.39 ×  106 Jin et al. (2022)

MPBA/4‑NBT@
Au–N‑GQD (colloidal 
probe)

Hydrothermal treat‑
ment (CTAB)

L02 cell, HeLa cell, 
and MCF‑7 cell

SERS – – 2.01 ×  106 Miao et al. (2019)

GQD–Mn3O4 (col‑
loidal probe)

Nanocutting 
method (MWCNTs)

7702, HepG‑2, and 
HeLa cells

SERS – – 2.06 ×  104 Lan et al. (2017)

MagPlas NP–GQD 
(solid substrate)

Chemical oxidation 
(carbon fiber)

CFP‑10 SERS immunoassay 1 ×  10−12–1 ×  10−6 5 ×  10−14 – Zou et al. (2015)
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absorbs the emission light from GQDs which causes the 
“turn off” of fluorescence. Similar studies have reported 
that other metal ions such as  Hg2+,  Fe3+, and  Cu2+ act 
as quenchers in GQDs systems (Chakraborti et al. 2013; 
Ju and Chen 2014; Wang et  al. 2014). Liu et  al. (2013) 
reported similar phenomena in which the strong fluo-
rescence of the GQDs@Glutathione (GQDs@GSH) 
was quenched in the presence of  Fe3+. The quench-
ing effect has been primarily caused by the effective 
electron transfer from GQDs@GSH to  Fe3+. However, 
the affinity between metal ions and systems should be 
considered to determine the effective metal ions to 
quench the fluorescence emission of GQDs (Wang et al. 
2014). Meanwhile, the presence of AA in the system, 
which acts as a reducing agent, causes Cr(VI) reduc-
tion to lower-valent Cr species that do not affect the 
fluorescence intensity of GQDs. This phenomenon is 
often called fluorescence “turn on” for analyte detec-
tion (Huang et al. 2015). A similar study was reported 
by Shi et  al. (2021) to detect AA through the fluores-
cence “turn off–on” mechanism, where  Fe3+ was used 
as a quencher, as shown in Fig. 10a. AA in the system 
reduced  Fe3+ into  Fe2+ and restored the fluorescence of 
layered double hydrochloride–GQDs (LDH–GQDs). 
It can be seen that LDH–GQDs fluorescence emis-
sion intensity increases with increasing concentration 
of AA, as shown in Fig.  10b, c. Similar to metal ions 
that quench GQDs-based systems, the fluorescence 
recovery of GQDs also depends on the structure of 

the metabolite. Figure 10d shows that several metabo-
lites, such as glutathione, glycine, and serine, could not 
restore the fluorescence of LDH–GQDs as it depends 
on the affinity between metabolites and receptors. For 
instance, Li et al. (2015) detected cysteine through the 
“turn on–off” mechanism, where  Hg2+ works as an 
effective quencher to quench the emission of GQDs 
via CT. The fluorescence of the GQDs was restored by 
cysteine because it reacted with  Hg2+.

Using GQDs as a fluorescent component in metal 
oxide has proven to be an effective strategy for con-
structing integrated quenchers on fluorescence “turn 
off–on” systems to enhance the selectivity and sensitiv-
ity of fluorescent sensors (Wolfbeis 2015). For instance, 
introducing GQDs on 2D materials such as  MnO2 and 
 MoS2 nanosheets induces a reaction between 2D mate-
rials and the surface functional groups of GQDs, caus-
ing fluorescence quenching or reduction (Chen et  al. 
2015). Ganganboina et al. (2018) also reported 2D  V2O5 
on N-GQDs systems, where  V2O5 exhibits excellent 
redox activity and the ability to quench the fluores-
cence of N-GQDs. Notably,  V2O5 has a strong affinity 
for N-GQDs owing to electrostatic interactions, which 
contribute to fluorescence quenching (Song et al. 2015). 
The presence of cysteine in the systems causes  V2O5 
to reduce into  V4+ and N-GQDs to release from the 
N-GQDs@V2O5, resulting in the fluorescence intensity 
being restored (Ganganboina et al. 2018).

Table 4 Some examples of GQDs‑based nanocomposites for fluorescence metabolite sensing

LDH layered double hydroxides, N-GQDs nitrogen-doped graphene quantum dots, MIP molecular imprinting polymers, Pin-BAc poly(indolylboronic acid), GLY-GQDs 
glycine-functionalized graphene quantum dots, GSH glutathione, Arg arginine

Material GQD preparation 
method

Target analyte Fluorescence 
technique

Linear range LOD References

LDH–GQDs Hydrothermal 
treatment (citric 
acid)

Ascorbic acid (AA) Fluorescence “turn 
off–on”

5 ×  10−6–3 ×  10−4 M 1.72 ×  10−6 M Shi et al. (2021)

N‑GQDs@V2O5 Hydrothermal 
treatment (citric 
acid and urea)

Cysteine Fluorescence “turn 
off–on”

1 ×  10−7–1.25 ×  10−4 M 5 ×  10−8 M Ganganboina et al. 
(2018)

MIPs@PIn‑BAc/
GQDs

Pyrolysis (citric 
acid)

Dopamine (DA) Fluorescence 
quenching

5 ×  10−9–1.2 ×  10−6 M 2.5 ×  10−9 M Zhou et al. (2017)

GQDs@AgNPs Oxidative cutting 
(GO powder)

H2O2 Fluorescence 
quenching

5 ×  10−7–1 ×  10−4 M 5 ×  10−7 M Mehata and Biswas 
(2021)

GLY‑GQDs‑Ce (IV) Pyrolysis Ascorbic acid (AA) Fluorescence “turn 
off–on”

3 ×  10−8–1.67 ×  10−5 M 2.5 ×  10−8 M Liu et al. (2017a)

GQDs@GSH Pyrolysis (citric 
acid)

Acid phosphatase 
(ACP)

Fluorescence “turn 
off–on”

1 ×  10−1–9 mU  mL−1 2.7 ×  10−2 mU  mL−1 Qu et al. (2019)

Arg–GQDs Hydrothermal 
treatment (citric 
acid)

Thiamine Fluorescence “turn 
off–on”

1 ×  10−7–8 ×  10−6 M 5.3 ×  10−8 M Nemati et al. (2018)

GQDs/AuNCs/ 
 Fe2+

Pyrolysis (triso‑
dium citrate)

Glucose Ratiometric fluo‑
rescence probe

1 ×  10−6–1.5 ×  10−5 M 1.8 ×  10−7 M Hong et al. (2020)
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The small particle size of GQDs is advantageous in 
developing fluorescent probes that can distribute in the 
cytoplasm of the cell and the nuclei (Hong et al. 2018). In 
plasmonic-enhanced fluorescence, GQDs also can over-
come the short lifetime of LSPR which becomes a prob-
lem in small particle sizes of plasmonic material (Jin et al. 
2022; Lu et al. 2018). In the small size, GQDs also showed 
a high photostability against photobleaching, which is 
mainly a problem in the case of organic dyes and semi-
conductor QDs (Hong et al. 2018).

Several studies have shown the effective role of GQDs-
based nanocomposite in cellular fluorescence analysis, 
as summarized in Table  5. For instance, Asghari and 
Mahmoudifard (2023) used hyaluronic acid (HA)-func-
tionalized GQDs to detect captured cancer cells on the 
nanofibrous membrane (NFM) through the change in 
fluorescence intensity induced by surface charge interac-
tion. Tang et al. (2021) introduced N-GQDs as a fluores-
cent probe on  MoS2 to overcome biocompatibility issues 
for the intracellular detection of GSH. The combination 
between  MoS2 and N-GQDs shows a photo-catalyst abil-
ity to produce oxygen radicals for GSH detection, playing 

an important role in pathological and biological pro-
cesses through redox reactions (Tang et al. 2021; Zhang 
et  al. 2015b). “Turn-on” fluorescence biosensors based 
on GQDs and  MoS2 nanosheets were demonstrated for 
rapid and sensitive detection of epithelial cell adhesion 
molecule (EpCAM), which is known as a biomarker for 
diagnosing and prognosis of cancer (Cui et  al. 2019), 
(Shi et al. 2017). The presence of EpCAM on the surface 
of the circulating tumor cells promotes the separation 
process of aptamer@Fe3O4@GQD from  MoS2, resulting 
in fluorescence recovery and becoming an indicator for 
EpCAM detection.

The introduction of GQDs as a fluorescent probe 
on plasmonic materials is an effective strategy for cel-
lular detection, especially in constructing fluores-
cence “turn off–on” systems (Pei et  al. 2015). The LSPR 
absorption of plasmonic materials is suitable for mak-
ing devices and assays with unparalleled functionalities 
for highly sensitive target analysis (Chen et al. 2014). Lu 
et  al. (2018) developed GQDs/Ag NPs for sensing alka-
line phosphatase (ALP), a glycoprotein enzyme that can 
catalyze the dephosphorylation process of nucleic acids, 

Fig. 10 a Procedure and mechanism of LDH–GQDs fluorescence probe for detecting ascorbic acid, b fluorescence spectra of LDH–GQDs with 
different ascorbic acid concentration, c Stern–Volmer relationship between F0/F and ascorbic acid concentration, d selectivity performance of LDH–
GQDs in ascorbic acid detection (Reproduced with permission from Ref. Shi et al. 2021, Copyright 2021, Elsevier)



Page 18 of 23Ja’farawy et al. Journal of Analytical Science and Technology           (2023) 14:29 

proteins, and other small molecules. The ALP sensor is 
based on a “turn off–on” system, where the change of the 
LSPR band of Ag NPs causes fluorescence quenching of 
GQDs. Sun et  al. (2018) also reported the combination 
between GQDs and plasmonic Au nanoflower (Au NF) 
for microRNA (miRNA) detection. The fluorescence of 
GQDs was quenched during hybridization between Au 
NF-ssDNA1 and GQDs-ssDNA2. The effect of distance 
between Au NF and GQDs provides information regard-
ing subsequent conditions. The presence of miRNA 
causes the disassembly of heterodimers of Au NF@
GQDs via toehold-mediated DNA strand displacement, 
affording fluorescence signal recovery of the GQDs. 
Guerrero-Martínez et al. (2011) reported that the unique 
anisotropic shape of GQDs shows a strong fluorescence 
resonance energy transfer (FRET) behavior.

Current challenges and future perspectives
GQDs have attracted increasing attention in biosensing 
applications owing to their biocompatibility and excel-
lent physical and chemical properties. The combination 
of GQDs with numerous nanomaterials to form nano-
composites has been proven to be a promising strategy 
owing to the synergistic effect in sensitivity and selectiv-
ity. This review summarizes the successful advancements 

of GQDs-based nanocomposites in electroanalytical and 
optical sensors.

Despite tremendous progress, there are still some 
issues that must be addressed. GQD mass production, for 
example, has yet to be achieved. The methods currently 
described allow for limited production with a wide range 
of sizes, shapes, and properties. GQDs prepared for one 
application may not be suitable for other desired appli-
cations. This is a significant disadvantage when transi-
tioning from laboratory to real-world applications, as the 
manufacturing process is typically lengthy.

In addition, several challenges must be addressed to 
facilitate the clinical implementation of GQDs-based 
biosensors. To achieve high reliability and sensitivity 
of biosensors, the interplay between the size and shape 
of the recognition element and the choice of synthetic 
pathways of GQDs and functionalization must be under-
stood and carefully optimized for a specific application. 
Even though GQD-based nanocomposites appeal to be 
biocompatible materials, there is no definite evidence 
of their safety in clinical usage. In this regard, the focus 
will continue on specific areas of GQDs nanocomposite 
applications for future in vivo biosensing research.

Furthermore, only a few studies have addressed the 
electron transfer process, selectivity issues, as well as the 

Table 5 Some examples of GQDs‑based nanocomposites for fluorescence cellular sensing

N-GQDs nitrogen-doped graphene quantum dots, AuNF gold nanoflower, Py-MBs pyrene-functionalized molecular beacon probes, BN-SGQDs boron and nitrogen 
co-doped single-layered graphene quantum dots, CuNC copper nanocluster, CM curcumin

Material GQD 
preparation 
method

Target analyte Fluorescence 
technique

Linear range LOD References

GQDs/Ag NPs Pyrolysis (citric 
acid)

Alkaline phos‑
phatase (ALP)

Fluorescence 
quenching

0–5 U  L−1 2 ×  10−2 U  L−1 Lu et al. (2018)

N‑GQDs‑MoS2 Hydrothermal 
treatment (citric 
acid and urea)

Glutathione (GSH) Fluorescence 
“turn off–on”

4 ×  10−4–4.4 ×  10−3 M 2.47 ×  10−6 M Tang et al. (2021)

Aptamer@ 
 Fe3O4@ GQD@ 
 MoS2

Electrolysis 
(graphite rods)

Epithelial cell 
adhesion mol‑
ecule (EpCAM)

Fluorescence 
“turn off–on”

2 ×  10−9–6.4 ×  10−8 M 1.19 ×  10−9 M Cui et al. (2019)

AuNF@GQDs Pyrolysis (L‑glu‑
tamic acid)

MicroRNA‑34a Fluorescence 
resonance energy 
transfer (FRET)

1.5 ×  10−16–8 ×  10−15 M 1 ×  10−16 M Sun et al. (2018)

Nanoceria @ GQD Pyrolysis (citric 
acid)

Ochratoxin A (OA) FRET 1 ×  10−8–2 ×  105 mg  mL−1 2.5 ×  10−9 mg  mL−1 Tian et al. (2018)

Py‑MBs–GQDs Pyrolysis (citric 
acid)

MicroRNA FRET 1 ×  10−10–2 ×  10−7 M 1 ×  10−10 M Zhang et al. 
(2015a)

BN–SGQD Solvothermal Human immuno‑
deficiency virus 
(HIV) DNA

FRET 0–2 ×  10−8 M 5 ×  10−10 M Li et al. (2017)

GQDs‑CuNC Hydrothermal 
treatment (citric 
acid)

Human T cell lym‑
photropic virus 
type I (HTLV‑I)

Fluorescence 2 ×  10−11–1.2 ×  10−8 M 1 ×  10−11 M Chen et al. (2021)

ITO–GQDs–CM–
APOE DNA

Pyrolysis (citric 
acid)

APOe4 DNA Dual (fluores‑
cence/amperom‑
etry)

2 ×  10−8–4 ×  10−7 mg  mL−1 2.18 ×  10−9 mg  mL−1 Mars et al. (2018)
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increase in quantum yield caused by heteroatom doping 
and surface functionalization. Despite the fact that GQDs 
exhibit both excitation-dependent and excitation-inde-
pendent emission spectra, another significant challenge 
related to the mechanism underlying their fundamental 
photoluminescence properties requires additional theo-
retical and experimental investigation.

Improvements in GQDs nanocomposite-based sen-
sors for sensitive detection have been demonstrated 
in numerous recently published publications. A lot of 
research is being done at present to improve the analyti-
cal performance of sensors by integrating various GQDs 
nanocomposite combinations. The selective quantifica-
tion of analytes in multiple coexisting species is neces-
sary for the commercialization of these sensors, which 
remains an important challenge. Therefore, pursuant to 
the efforts of many researchers, the sensitivity of detec-
tion has significantly improved; nevertheless, additional 
study is still required to identify platforms for selective 
sensing.

To address these concerns, the size and surface prop-
erties of GQDs must be fine-tuned in order to fabricate 
highly selective and sensitive sensors. In-depth investiga-
tions into these issues will aid researchers and scientists 
in better understanding the electrical and optical prop-
erties of GQD-based nanocomposites, opening up new 
avenues for developing highly efficient biosensing plat-
forms. Multidisciplinary collaborations could allow for 
the investigation of novel preparation methods and prop-
erties of GQDs and their nanocomposites for potential 
applications in electroanalytical and optical sensors.
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