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ABSTRACT: Carbon dots (CDs), a novel class of carbon-based
nanoparticles, have received a lot of interest recently due to their
exceptional mechanical, chemical, and fluorescent properties, as well as
their excellent photostability and biocompatibility. CDs’ emission
properties have already found a variety of potential applications, in
which bioimaging and sensing are major highlights. It is widely
acknowledged that CDs’ fluorescence and surface conditions are closely
linked. However, due to the structural complexity of CDs, the specific
underlying process of their fluorescence is uncertain and yet to be
explained. Because of their low toxicity, robust and wide optical
absorption, high chemical stability, rapid transfer characteristics, and
ease of modification, CDs have been recognized as promising carbon
nanomaterials for a variety of sensing applications. Thus, following such
outstanding properties of CDs, they have been mixed and imprinted onto different polymeric components to achieve a highly
efficient nanocomposite with improved functional groups and properties. Here, in this review, various approaches and techniques for
the preparation of polymer/CDs nanocomposites have been elaborated along with the individual characteristics of CDs. CDs/
polymer nanocomposites recently have been highly demanded for sensor applications. The insights from this review are detailed
sensor applications of polymer/CDs nanocomposites especially for detection of different chemical and biological analytes such as
metal ions, small organic molecules, and several contaminants.

1. INTRODUCTION
Nanostructured materials are currently an area of interest for
individual academics as well as research groups around the
world because of their enormous potential to improve life and
society.1 In his article “There’s plenty of room at the bottom,”
Feynman (1960) emphasized the benefits of being able to
construct structures atom by atom, pointing out that if a bit of
information only requires 100 atoms, then all books ever
written could be stored in a cube 0.02 in. (0.05 cm) on each
side.2 Even though these nanomaterials have been a part of
several applications and products since the dawn of
civilization/time, it is currently becoming possible to get
better control of their systematic synthesis process and variable
application fields.3,4 By using modern characterization
techniques,5 we have gained a better conception of various
nanomaterials which have been discovered earlier as well as
have existed in the past. Nanomaterials are classified based on
the dimensions of a material, that is, above the nanoscale
(<100 nm) range.6 These are classified as 0D (nanoparticles),
1D (nanowires, nanorods, nanofibers, and nanotubes), 2D
(graphene, nanofilms, nanosheets, and nanocoatings), and 3D
(bulk powder, dispersions, bundles of nanowires and nano-

tubes).7 There are several “top-down” and “bottom-up”
methods for generating nanomaterials of various sizes, and
these have a vast range of applications.8 In the healthcare
field,9 these are mostly used for drug delivery including
delivery of chemotherapeutic medications for cancerous
growth directly along with delivery into the damaged regions
of arteries in the case of cardiovascular disease.10 Additionally,
efforts are being made to generate carbon nanotubes for
applications such as creating bacterial sensors by fusing
antibodies into nanotubes.11 In the cosmetics industry,
titanium oxide nanoparticles are used in sunscreen due to
their excellent UV protection properties.12 These have
potential applications in electronic and computing indus-
tries,13,14 and also in the energy industry, these may increase
the effectiveness and efficiency along with lowering the cost of
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conventional techniques of energy generation, such as solar
panels,15,16 while also creating new opportunities for energy
storage17 and harnessing.18

The most promising outcomes of nanotechnology are
carbon-based materials, which have intriguing features that
make them suitable for a large range of usages, from
medication to electronics.19 Recent years have witnessed a
rapid growth in the field of research being done on carbon-
based nanomaterials, which includes carbon nanotubes,
graphene, and its derivatives, fullerenes, nanodiamonds, and
other nanosized carbon allotropes.20 Dimensionally these are
divided into 0D, which include nanodiamonds, carbon dots
(CDs), and GQDs, and 1D, which include single-walled
carbon nanotubes (SWCNTs) and multiwalled carbon nano-
tubes (MWCNTs), and 2D containing graphene and its
derivatives like GO and reduced graphene oxide (RGO).21

Among the carbon-based nanomaterials, carbon nanotubes
(CNTs) are the strongest and stiffest materials with respect to
tensile strength and elastic modulus until now. CNTs are
chemically bound together with sp2 bonds, an exceptionally
strong type of molecular interaction, just like its fundamental
constituent, graphene.22,23 Another remarkable carbon-based
nanomaterial is graphene, in which carbon atoms are bound
together in a hexagonal configuration. It is the strongest
substance known to us, which is also one of the most
electrically and thermally conductive substances.24 Since
graphene is expensive and rather difficult to generate,
tremendous efforts are made to develop efficient and affordable
processes for producing and using graphene derivatives or
similar materials. One such material is graphene oxide (GO), a
single-atomic layered substance produced by the potent
oxidation of graphite, a resource that is both inexpensive and
abundant. Infused with oxygen-containing groups, GO is an
oxidized version of graphene having good water dispersi-
bility.25,26 Due to their small size, significant thermal and
electrical conductivity, large specific area, superior mechanical
properties, and special optical properties, carbon nanomaterials
have nearly endless potential for modification and tailoring,
which further opens the door for a wide variety of applications
in different fields.27−29

Currently, nanomaterials having fluorescent properties have
emerged as a result of the fast growth of nanotechnology
during the last two decades. These fluorescent nanomaterials
have unique optical characteristics due to their nanoscale size,
which is crucial in several fluorescent-related applications like
bioimaging and detection. The phenomenon of fluorescence is
simply the process of emitting light upon absorption of light of
a specific wavelength in the case of any molecule. Most of the
time, the wavelength of the emitted light is longer than that of
the absorbed light.30,31 There are different types of fluorescent
nanomaterials with diversified features and properties. Starting
from the inorganic class, semiconductor quantum dots (QDs),
silicon/functionalized silicon-based nanomaterials, and metal
nanoclusters are the most used, whereas from the organic class
carbon-based nanomaterials including graphene quantum dots
(GQDs), carbon quantum dots (CQDs), and carbon dots
(CDs) along with certain polymeric nanoparticles are well-
known. Semiconductor QDs are renowned for their size-
dependent fluorescence emission, known as quantum confine-
ment, and by controlling the composition and size of these
dots, their emission wavelengths can be precisely tuned.
Silicon-based nanomaterials, such as silicon nanocrystals, also
exhibit fluorescent properties and demonstrate efficient light

emission in the visible and infrared region, which is valuable
for silicon-based optoelectronics. Metal nanoclusters are small
assemblies of a few several hundred atoms, and these
nanoclusters exhibit strong fluorescence emission due to
quantum size effects and surface plasmon resonance.32 CDs,
CQDs, and GQDs are carbon-based nanomaterials that exhibit
bright fluorescence emission, and the fluorescence properties
of these dots basically arise from the presence of sp2 carbon
domains and functional surface groups. As there is still a lot of
misconception and debate going on for the exact reason for
fluorescence in these carbon-based nanomaterials, we will have
a detailed discussion regarding this in the following sections. It
is important to note that the fluorescent properties of these
nanomaterials can be further enhanced or modified through
surface modifications, such as coating them with specific
ligands or functionalizing them with biomolecules. These
modifications enable the fluorescent nanomaterials to target
specific biological or chemical entities for various sensing
applications, which is the central focus of this review.

As fluorescence emission is highly sensitive to the immediate
microenvironment of a fluorophore, it has been exploited in
the development of several sensing applications. The
fluorescence would be impacted by any parameter that may
have a molecular interaction with the fluorophore.30 Talking
about sensors, the detection system of signals is based on the
recording of an alternation in any one of the physical
characteristics (such as mechanical, optical, electrical, or
thermal) of sensing materials brought on by the interaction
with the analyte. The idea for optical sensor systems can be
based on the major benefit of employing these fluorescent
nanoparticles, such as altering their optical characteristics like
intensity, emission color, emission kinetics, or polarization.
Fluorescent nanomaterials may be used to detect analytes via a
variety of techniques, such as nonradiative Förster resonance
energy transfer (FRET), emission quenching from nanoma-
terials, and increments in emission as a result of the analyte
passivating the surface of the nanomaterial.32 Comparing these
fluorescent nanomaterial-based sensors to other small mole-
cule-based ones, there are several benefits that can be obtained.
Their benefits include customizable fluorescence character-
istics, simple biofunctionalization, the capacity to detect
multiple analytes, and being able to detect ultrasensitively
even at the nanomolar and picomolar levels of particle
concentration, which is not achievable with small molecules.

As discussed earlier, while all these nanomaterials exhibit
fluorescence properties, their characteristics differ based on
their composition, size, and surface properties. CDs have
gained significant attention as fluorescent nanomaterials due to
several advantages over others. Notably, CDs being emerging
nanomaterials in the nanocarbon family are gradually replacing
semiconductor QDs and others on the grounds of their
superior biocompatibility, high water solubility, high photo-
stability, excellent cell permeability, excitation-dependent
multicolor emissions, and preferable surface modification
flexibility.33 Therefore, a brief history and detailed specifica-
tions are mentioned in the next section about CDs.

2. CARBON DOTS (CDs)
CDs were initially identified in 2004 during the preparative
electrophoresis purification of SWCNTs.34 CDs, considered
quasispherical carbon nanoparticles, are composed of carbon,
oxygen, and hydrogen atoms with a size of fewer than 10 nm.
Although there are two fundamental methods for the synthesis

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c07612
ACS Omega 2024, 9, 11050−11080

11051

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of CDs, i.e., breaking down large carbonaceous materials (top-
down) and pyrolysis of small organic molecules (bottom-up);
we have witnessed almost a dozen synthetic pathways for this
task throughout the years.35,36 Nearly every carbon-containing
precursor has been used to create CDs, including citrates and
amines, phenylenediamines, graphite, ionic liquid, polymers,
saccharides, biomass, human hair, and human urine.35,37 CDs
have been prepared using a variety of top-down approaches
including laser ablation,38,39 arc discharge,40,41 electrochem-
ical/acidic oxidation,42−44 electrochemical exfoliation,45,46

combustion/thermal microwave-assisted heating,47,48 and
other supported syntheses; however, among these, several
techniques are of the complex treatment process and need
complex equipment. Having easy operational steps and a lower
economic nature, bottom-up methods like hydrothermal,49,50

solvothermal,51,52 ultrasonication,53,54 and MWA (microwave
assist)55,56 synthesis are the most significant. Numerous surface
functionalities like high flexibility and tenability of CDs
generated employing bottom-up methods, which are, in the
case of top-down approaches, difficult to achieve. Aside from
their low cost, facile synthesis, and ease of functionalization
characteristics, CDs exhibited extraordinary fluorescence
properties that have earned them the title “carbon nano
lights”, and thus a variety of applications can be assigned for
these nanomaterials. CDs have exceptional photochemical and
physiochemical stability,57,58 increased water dispersibility,
intense and tunable photoluminescence,59−61 excellent bio-
compatibility,62,63 and minimal toxicity. CDs are classified into
three distinct classes, namely, carbon nanodots (CNDs), which
possess graphite or amorphous-like structure, graphene
quantum dots (GQDs), which consist of one or 2−3 graphene
layers, and polymer dots that consist of aggregated linear
polymer chains around or inside a carbon core, respectively.
CDs are widely used in the optical, energy, and biomedical
fields and also have great electrical and optical properties with
a minimal production cost and good biocompatibility. CDs
have a huge range of applications in several scientific
disciplines which include catalysis,64,65 CO2 reduction,66

sensors,67 information encryption,68,69 light-emitting diodes
(LEDs),70 and promising biomedical applications like photo-
therapy,71 bioimaging,72 drug/gene delivery,73 and nano-
medicines74 and as nanofillers.75

2.1. Synthesis of CDs. Initially, inorganic nanoparticles
have frequently been produced from solid substrates using
laser ablation, in which the earliest direct demonstrations of
CDs were carried out by Sun and co-workers. The synthesized
CDs did not possess fluorescent properties initially, and to
achieve that, surface passivation/functionalization with hydro-
carbon chains (more particularly with PEG) was performed to
get the desired photoluminescence.76 Since surface passivation
might render CDs’ hydrophilic nature, i.e., water solubility and
being amenable to biological applications including bioimag-
ing, this contributed a significant role in the growth of CD
investigations. Li et al. reviewed CDs having fluorescence using
different solvents through laser irradiation and further doping
with metal ions.77 Although the effect of doping with inorganic
salts on the luminescence of CDs was intriguing from a
synthetic perspective, this era of study has not advanced
significantly due to the fact that one of the quite notable
“selling points” of CDs is that they are made from organic
building blocks, resulting in less toxicity in CDs than inorganic
nanoparticles.

Wet chemistry had been used in CD synthesis like other
several synthetic processes, which outline a conventional
solution-based approach. The method was created by Liu and
co-workers, and it was based on incorporating the carbon
source, i.e., phenol/formaldehyde resin within the host matrix
of porous silica colloids.78 CDs were synthesized using the
pyrolysis process and released after the silica scaffold was
broken down. Surface functionalization then led to the
development of the characteristic luminescent features of the
CDs. Ngu et al. synthesized CDs using a bottom-up approach,
which simply involved the carbonization of considerably
inexpensive rice husks with sulfuric acid.79

A rather simple and less complex synthesis method was
introduced by Ray and colleagues by taking carbon soot as a
natural carbon precursor source and refluxing them in strong
acid (nitric acid).80 However, the resulting CDs possessed a
comparatively low quantum yield, which was probably due to
the larger particles generated and the wide size range. In this
same significant field, Qiao et al. effectively created CDs using
activated carbon as a natural source through an acid-induced
oxidation process.81 Following chemically derived CD
purification, surface functionalization was performed using
various amine-terminated organic agents, resulting in water-
soluble luminous CDs.

Other solution-based procedures have been developed
concurrently with the growth of “chemical oxidation”
approaches in the field of CD synthesis. Particularly, the
process of generating CDs by the hydrothermal method has
probably become the most popular one. The key of this
method is to induce condensation of carbonaceous building
components at elevated temperatures and further crystalliza-
tion of the graphitic core of the precursor materials.

Wang et al. studied a straightforward hydrothermal refluxing
approach for the synthesis of multicolor CDs using this
technique.82 Amino acids and carbohydrates are converted to
luminous CDs using the Millard reaction. By adjusting the
amount of base (NaOH) in the precursor solution, CDs of
different vibrant colors were created. Through the hydro-
thermal treatment of aloe plants, Xu et al. devised a simple and
green approach for the production of fluorescent CDs.83 Sahu
et al. prepared highly photoluminescent CDs from orange juice
using a one-step hydrothermal process, having a pretty high
level of quantum yield of 26%.84 Here, it is demonstrated that
the large-scale, easy, environmentally friendly synthesis of CDs
is possible using a natural precursor. A study by Jana et al.
reported the synthesis of CDs doped with nitrogen utilizing
citric acid and 3-aminophenyl boronic acid using the
hydrothermal method.85 By combining ZnCl2 and sodium
citrate, Xu et al. synthesized blue-light-emitting CDs (CZnO−
Dots), and those were employed as potential biosensors.86

Cheng and co-workers combined citric acid and zinc chloride
in toluene to obtain yellow fluorescent CDs, which were
further used in certain applications like fluorescent microfibers
and bifunctional photonic crystal films.87 In another study,
Pawar et al. reported the synthesis of nitrogen-doped red-
emitting CDs (NRCDs) using para-phenylenedimine through
the hydrothermal method.88

Other methods of generating CDs include a microwave-
based synthesis technique, which may be the most affordable
and simplest way of synthesizing CDs. It is noteworthy that
this facile synthetic approach, developed by Zhang and co-
workers, demonstrated the synthesis of N-doped CDs (N-
CDs) through a microwave-assisted approach using citric acid
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and amino compound-containing hydroxyls like ethanolamine
and tris(hydroxyl-methyl)aminomethane.89 The resulting CDs
have significant luminescence blue emissions in solution
phases. Wang et al. prepared highly fluorescent CDs through
the microwave irradiation method in which polyethylenimine
(PEI) was carbonized.90 The synthesized CDs had a greater
intercellular transport efficiency, superior biocompatibility, and
stability. Sun et al. described a microwave synthesis approach
for the production of red-emitting CDs (RCDs) utilizing
phenylenediamine as the carbon source.91 Particularly p-
phenylenediamine was dissolved in an ethanol/water mixture
followed by sonication and further heating in a domestic
microwave oven.

Ju and co-workers reported a one-step carbonization method
for the synthesis of red-emitting nitrogen-doped CDs (RN-
CDs).92 The main criteria to synthesize the N-CDs were that
acidic conditions should be maintained, and the red emission
of N-CDs is pH-dependent, suggesting proton-controlled
synthesis and emission. Ding et al. also synthesized red-
emitting CDs (RCDs) from pulp-free lemon juice by the
process of solvothermal heating.93 This simple, cost-effective,
and ecofriendly way synthesis resulted in highly red
luminescent CDs with a remarkable quantum yield of 28%.

One step forward, Bhati and co-workers outlined a simpler
method of synthesis of CDs embedded with magnesium−
nitrogen (r-Mg-N-CD) having red emission by using the leaves
extract of the widely accessible bougainvillea plant through a
microwave carbonization process.94 The excitation-independ-
ent emissions from the CDs were detected at ∼678 nm with a
higher quantum yield (40%) and remarkable photostability.
Khare et al. also synthesized red-emitting zinc-doped CDs
(CZnO-Dots) from bougainvillea leaves with remarkable
photostability, better water solubility, and high quantum
yield (50%).95 Miao et al. synthesized multiple color emissive
CDs using citric acid and urea through the thermal pyrolysis
method.96 As an application, CDs/epoxy resin composite discs
were prepared along with pure white LED devices. Hu et al.
studied the synthesis of full-color emitting CDs using CA and
urea through a solvothermal approach and utilized those in
LED applications.97 Using the same precursors, Tian et al.
obtained full-color emissive CDs by tuning the solvents under
solvothermal conditions and employed them as CDs
phosphors for the fabrication of white LEDs.98

The higher production cost and intrinsic poor yield of CDs
became the significant bar that substantially restricts their
practical usage, preventing CDs as a reality for commercial
use.99,100 So instead of using commercial chemicals and
elements as precursors, coal and heavy oil may serve as an
alternate source due to their large-scale availability. Heavy oil is
an unfavorable feedstock in the conventional refining market
owing to its poor yield of fuel products. Still, the presence of
plentiful natural aromatic structures and heteroatom com-
pounds enable them to serve as a precursor for the bulk
fabrication of carbon products.100,101 For instance, Hu et al.
integrated acid oxidation corrosion and carbonization to turn
inexpensive coal into fluorescent CDs, which were then used
for copper ion detection.102 Shao et al. used acid oxidation
corrosion to turn petroleum coke into green fluorescent CDs,
which were then used in the photocatalytic application.103

However, coal and lignin have been documented as precursor
sources, and the differences and nonrepeatability prevent CDs
from being produced in large quantities having a greater
quantum yield.100 To overcome these hurdles, studies in the

field of mass production of CDs and characteristic improve-
ment of photoluminescent quantum yield (PLQY) have
recently emerged. Heavy oils, particularly the enormous
amounts of generated asphalt following solvent extraction,
are abundant in heteroatoms and rich aromatic compounds,
which might make them possible CD precursors. Ma et al.
particularly focused on the mass production of CDs with a high
quantum yield through new simple and cost-effective methods
for the feasible use of CDs in practical applications. Following
a simple hydrothermal approach, they were able to synthesize
four highly fluorescent multicolor petroleum-based CDs. With
a higher quantum yield (i.e., 64%) and a wide range of
photoluminescence (350−650 nm), these CDs were synthe-
sized with a bulk amount from heavy oil and its three solvent
deasphalting (SDA) products (i.e., heavy deasphalted oil
(HDAO), light deasphalted oil (LDAO), and asphalt).103 Zhu
et al. reported a novel quick magnetic hyperthermia (MHT)
approach for large-scale production of luminescent Zn2+, Na+,
and K+ doped CDs employing corresponding citrate and
carbamide as precursors. With an outstanding product yield of
85 g/h and a quantum yield of 50%, the resulting multicolor
emissive CDs exhibited exceptional wound healing properties
and offered enhanced mechanical performance when utilized as
nanofillers.99 Li et al. was not only able to fabricate CDs in the
kilogram-scale (1.4975 kg) but also achieved a stable PLQY of
10.64%. Having low cytotoxicity and consistent photo-
luminescence range within the biological pH range, these
CDs showed multiple applications such as bioimaging and Fe3+

ion sensing.104 Liu et al. synthesized CDs with an outstanding
higher absolute PLQY of 67% and a large production output of
25.37 g (from a single batch) from citric acid and carbamide
using the MHT method. These resulting CDs significantly
improved the overall mechanical properties of nanofiber films
of polymers and polymer mixtures when embedded within the
polymer matrix.105 Also, the inclusion of AI and machine
learning in the process optimization of chemical reactions has
brought revolutionary advancement in the case of exper-
imentation. Tang et al. have developed a regression model on
hydrothermally grown CDs to improve process-related features
such as PLQY. For getting CDs with a higher quantum yield,
ideal possible reaction conditions were obtained from the
trained XGBoost-R model, and using those results as reaction
parameters, CDs with PLQY of 55.5% were surprisingly
achieved. This is one of the highest achieved QY despite
having a relatively low heteroatom doping ratio of the
precursors.106

2.2. Structure of CDs. Understanding CD structures is
essential for comprehending their main characteristics, such as
fluorescence. Although the precise structure of CDs varies
depending on the precursors and the synthesis process, it is
widely agreed that CDs are made up of amorphous clusters
and carbon crystalline cores comparable to sp2 carbon. The
core of a CD structure can be either crystalline or amorphous.
The surface shell that surrounds the core of a CD structure can
include a wide range of polar or nonpolar groups, ranging in
size from small functional groups to lengthy atomic chains.
Different functional groups are often added to CDs in addition
to the basic carbon framework by surface passivation or
functionalization, which protects the surface and improves the
fluorescence of the CDs. Based on the impact of surface
passivation, both amorphous and crystalline CDs exhibit
comparable optical phenomenology. It is easily comprehen-
sible that the core has almost no influence on the process of
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fluorescence emission and that the surface is the sole important
component.107 Different analytical techniques are often used to
describe CDs, and their physical characteristics reveal the
crystalline structure of the carbon atoms, and to investigate the
kind and quantity of functional units that are present on the
CDs’ surface. The primary method for visualizing CDs has
been transmission electron microscopy (TEM), which offers
crucial details on particle morphology, size distribution, and
crystalline structure. As a result of the graphitic core’s
crystalline form, high-resolution TEM (HRTEM) studies
have been employed to validate the graphitic core’s periodicity.
2.3. Photoluminescence of CDs. Excitation-dependent

photoluminescence, also known as excitation-dependent
emission, is one of the most notable characteristics of CDs.
The multicolor characteristics of CDs are highlighted by the
broad-spectrum range and relatively high intensities of the
emission peaks. In fact, one of the special characteristics of
CDs used in various applications is the ability to tailor the
emission color by the excitation wavelength.108 Figure 1 shows
typical excitation-dependent luminescence spectra and the
related colors.

It is widely acknowledged that CDs’ fluorescence and surface
conditions are closely connected. Nevertheless, the precise
underlying process of CDs’ fluorescence is uncertain and has to
be clarified due to the structural complexity of CDs.109 Even
CDs synthesized from identical ingredients (mixtures contain-
ing the same amount of formamide and citric acid) might have
different optical characteristics depending on the microwave
hydrothermal method’s applied heat temperature and time. In
other words, the fluorescence spectra of two independent CDs
samples might differ. While CDs synthesized over extended
periods of reaction time at low temperatures had a blue color
when exposed to the same wavelength of light, those made
over brief periods of reaction time at high temperatures
displayed a whole color spectrum.110 This could be explained
by the different sizes of the CDs, which have an impact on
their emission profiles because, like semiconductor QDs, CDs’
emission is governed by quantum confinement effects,
meaning that as QDs get smaller, the energy gap between
their valence shell and conduction band widens and their
emission wavelength shrinks. Investigation indicated that the
full-colored CDs contained more functional groups, including
C�N/C�O and C−N groups, on their surfaces than the

other sample, suggesting that the differences may be related to
the CDs’ surface states.111

Until now, the photoluminescence properties of CDs have
different controversial origin causes. Certain major points are
pointed out in the earlier/following sections briefly, but the
most common misconception for the actual origination of
fluorescence properties in CDs after synthesis pointed out by
Essner et al. has created a question about the purification
process associated with CDs and whether the real fluorescence
is due to the CDs or due to the organic byproducts or
impurities or generated surface organic fluorophore.112 From
their study, it can be clearly pointed out that the current
proposed purification processes (i.e., filtration or membrane
dialysis) are not totally effective toward the complete
separation of actual CDs from the synthesized products
(especially in the case of bottom-up synthesis), which contains
CDs along with impurities, organic fluorophore, and artifacts.
It is significant since the top-down CDs production results in
fewer molecular byproducts. Taking artifacts into consid-
eration, the authors also explained this by observing the
improper fluorescent emission peaks of CDs, and visual red
emissions which further revealed that this red color was due to
the visual artifact arising from illumination of a concentrated
solution already brick red in color. On the contrary, it is
demonstrated that the fluorescence from organic fluorophores
having small molecular weight dominates the CDs emission in
unpurified products generated through bottom-up approaches.
A similar aspect is also explained by Javed et al. in which they
also identified the long-term impact of fluorescence impurities
in CDs resulted in a gradual decrease of quantum yield. From
the experimental results, it was clear that the continuous
decomposition of impurities caused a deposition on the
particles with respect to time, which as a result increased the
particle size following the gradual decay of photoluminescent
emission. Impurities in CDs samples can affect the photo-
luminescent capabilities of CDs. Impurities can introduce
artifacts and influence PL behavior in a variety of ways.
Impurities in the CDs might cause defects or trap states. These
defects and traps can serve as nonradiative recombination
locations, effectively suppressing PL emission.113 Impurities
can also influence charge carrier dynamics, influencing
recombination rates and PL lifetimes. Impurities on the
surface of CDs can either inhibit or improve surface state
passivation. Surface passivation is essential for efficient light
emission from CDs. Impurities that interfere with the
passivation process can introduce nonradiative electron
relaxation routes, lowering the total photoluminescent
quantum yield. Impurities can operate as energy acceptors or
donors, resulting in energy transfer mechanisms that compete
with the PL-causing radiative recombination. Impurities with
energy levels near the excited states of CDs, for example, can
enable nonradiative energy transfer, resulting in a drop in
photoluminescent intensity.

Comprehending the stability of carbon dots (CDs) is crucial
for their various applications. The characteristics of CDs,
including structure, fluorescence, and solubility, are influenced
by factors such as synthesis method, precursors, and synthetic
parameters (e.g., temperature, time, pH). Thermal stability
refers to a material’s ability to remain stable under elevated
temperatures. Typically, the chemical structure of fluorescent
materials undergoes changes at higher temperatures, leading to
a decline in emission. Therefore, it is essential for carbon dots
to exhibit high thermal photostability to endure applications

Figure 1. Excitation-dependent luminescence of CDs. (a) Photo-
graphs of CDs that have been passivated with polyethylene glycol
(PEG) and excited at 400 nm and captured using various bandgap
emission filters, or stimulated at the given wavelengths. (b)
Fluorescence emission spectra of the carbon dots excited at 20 nm
increasing increments. The emission spectra at normalized intensities
are displayed in the inset. Reprinted with permission from ref 76.
Copyright 2006 American Chemical Society.
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involving elevated temperatures. In a study conducted in 2014
by Kim et al.,114 the thermal stability of synthesized silica-
based carbon dots was tested at 80 °C. Over a testing period of
264 h, these CDs demonstrated less photoluminescence
intensity degradation under heat compared to exposure to
UV light. In less than an hour, CDs in silica experienced a 20%
reduction in initial photoluminescence (PL) intensity, while it
took over 6 h for KBr S-CDs (identified as the most thermally
stable) to reach the same level of degradation. At the
conclusion of the thermal stability assessment, it was noted
that CDs in silica, S-CDs in KCl, and S-CDs in NaCl retained
20%, 40%, and 60%, respectively, of their initial PL intensity.
The most favorable outcome was observed for S-CDs in KBr,
where approximately 80% of the original PL intensity was
retained. All samples exhibited rapid degradation of PL
intensity within the first 4 h of temperature exposure, likely
due to the presence of retained oxygen and water. However,
once water was evaporated from the crystals, degradation
either slowed down or stabilized. In 2014, Wang et al.115 also
observed that the emission intensity of the as-prepared carbon
dots (CDs) was strongly influenced by temperature. The
emission spectra of the CDs, however, did not shift with
temperature, as depicted. The intensity decreased by 52% as
the temperature increased from 15 to 90 °C, and the PL
intensity of the obtained CDs exhibited a somewhat linear
change as the temperature increased from 15 to 60 °C. The
intriguing aspect of these CDs lies in their suitability for in vivo
temperature monitoring applications, given that the temper-
ature range they can withstand exceeds physiological temper-
atures. In 2016, Liu et al.116 conducted thermal stability tests
on N-CDs in two scenarios: (1) a broad temperature range
heating test, and (2) a constant temperature heating test for a
set duration. Results indicated that the initial fluorescence
intensity of N-CDs remained stable between 25 and 65 °C.
Further increasing the temperature from 75 to 95 °C resulted
in a slight 2% increment in fluorescence intensity. Additionally,
a heating test conducted for 360 min at fixed temperatures of
70 °C, 80 °C, and 90 °C provided further insights into the
thermal stability of N-CDs. No decline in fluorescence
intensity was observed at any of the fixed temperatures
throughout the heating process compared to the initial
fluorescence intensity. However, after 360 min, increases in
fluorescence intensity of 2%, 7%, and 5%, respectively, were
noted at temperatures of 70 °C, 80 °C, and 90 °C. The
exceptional stability performance is attributed to the
constitution and steric effects of Tris, which contains
numerous dendritic hydroxyl-methyl groups.

Similarly, focusing on the pH and ion solution, it is highly
required for ensuring the practical applicability of CDs hinges
on their stability concerning ions, pH, and time. To assess ion
stability, the impact of specific common cations at various
concentrations on the synthesized fluorescent CDs was
examined. Similarly, pH stability is evaluated by monitoring
photoluminescence quenching under different pH conditions.
Time stability indicates the duration over which CDs maintain
their properties, a critical parameter from an application
standpoint since the longevity of CDs-integrated systems
directly relies on their time stability. In 2014, Wang et al.115

explored the ion stability of freshly prepared carbon dots
(CDs). In this investigation, 20 mM solutions of NaCl, KNO3,
NH4Cl, ZnCl2, Ba(NO3)2, FeCl2, Ca(NO3)2, MgSO4, Cu-
(NO3)2, Ni(NO3)2, (CH3COO)2Mn, Co(NO3)2, Cd(NO3)2,
PbCl2, and (CH3COO)3Cr were introduced to 1.0 mL of the

produced CDs and mixed for 3 min. The impact of cations
such as Na+, K+, NH4

+, Zn2+, Ba2+, Fe2+, Ca2+, Mg2+, Cu2+,
Ni2+, Mn2+, Co2+, Cd2+, Pb2+, and Cr3+ on the emission
response of the synthesized CDs was measured using a
fluorescence spectrophotometer. By comparing the fluores-
cence intensities of the CDs solution in the presence and
absence of interfering ions, the relative fluorescence intensity
was calculated. The results indicated that the majority of
common cations exhibited either no interference or negligible
interference, suggesting that the fluorescence intensity of the
prepared CDs was not significantly hindered by these cations.
Based on pH fluctuations, the reversibility of the switching
action of carbon dots was also evaluated. The manufactured
CDs were subjected to cycles between pH values of 3 and 9,
using acid and base as modulators, and the resulting
photoluminescence (PL) intensity was observed. The switch-
ing procedure was repeated six times consecutively, showcasing
the robust reversibility of the two-way switching operations.
The findings suggested that the CDs prepared in this manner
could be employed for monitoring liquid temperature and pH.
Additionally, the research group assessed the time stability of
CDs and observed no significant variation in fluorescence
intensity after preserving the synthesized CDs for one month
under normal conditions, as described scientifically.
2.4. Factors Affecting Photoluminescence of CDs.

Unquestionably one of the most remarkable things about CDs
is their PL characteristics, which set them apart from other
members of the nanocarbon family. The conjugation effect, the
surface state, and the synergistic effect are elements impacting
the optical behavior of CDs. Here, we explore how the carbon
core and surface state affect PL. Contrarily, a few elements of
CD’s PL behavior have profoundly confounded the study
community.
2.4.1. Quantum Confinement Effect. We begin by

describing the quantum confinement effect because the word
“quantum” is incorporated into the names of CDs (CQD and
GQD). The distance between an electron and a hole inside of
an exciton is known as the Bohr radius, and it is generated by
the Coulombic interaction of an electron−hole pair. The
mobility of the electrons and holes is firmly restrained to the
dimension of the material if it decreases to the Bohr radius of
the exciton (<10 nm), and significant quantum confinement
predominates, leading to unusual optical features. In this case,
the fluorescence emission band must be narrowed and
excitation independent. The excitonic transition energy and
bandgap energy rise with decreasing nanoparticle size, which
causes a blue shift in the emission wavelength and a reduction
in radiation less energy loss. However, actual experimentation
is still needed to confirm the existence of quantum confine-
ment in CDs.117

In recent years, scientists have been investigating various
methods for synthesizing carbon dots (CDs) that bring about
significant changes in their structure, properties, and
fluorescence mechanisms. These methods are broadly classified
into two categories: top-down and bottom-up techniques. The
top-down techniques involve laser irradiation, electrochemical
synthesis, and chemical oxidation, while the bottom-up
techniques include microwave irradiation and hydrothermal
heating. Notably, the microwave irradiation method has
emerged as a preferred synthesis approach due to its simplicity
and the ability to produce highly luminescent CDs. This
method, utilizing electromagnetic irradiation with wavelengths
ranging from 1 mm to 1 m in a reaction medium containing
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precursor molecule, is a rapid and cost-effective means of
synthesizing CDs.

Several studies have successfully demonstrated the synthesis
of CDs with a high quantum yield through microwave
irradiation, making them suitable for applications such as cell
imaging, metal detection, and fluorescence sensors. For
instance, He et al. proposed a straightforward microwave-
assisted production of CDs with a quantum yield of 51%,
which was then applied in the biological cell imaging of BT-
474 cells. Additionally, Yang et al.118 conducted a study where
fluorescent CDs were prepared from low-cost xylan via
microwave synthesis, requiring low energy consumption (200
W) and completing within 10 min. Collectively, these studies
provide compelling evidence that microwave irradiation is an
effective, economical, low-cost, and environmentally friendly
method for synthesizing CDs. The characteristics and optical
features of carbon dots (CDs), particularly the quantum yield
and photoluminescence (PL) intensity, are influenced by
various synthesis parameters such as pH, temperature, choice
of reaction media, types of dopants and carbon precursors, and
the ratio of carbon source to reaction medium. The duration of
the reaction time plays a crucial role in the formation of CDs
from their precursors, ultimately affecting the optical properties
of the CDs. For example, Yoshinaga et al.119 observed an
increase in the quantum yield of CDs from 0.7% to 3.0% as the
hydrothermal duration extended from 30 to 120 min.
Conversely, some reports indicate that prolonged synthesis
durations may lead to the destruction of the CDs’ structure
due to uncontrolled carbonization.

In contrast, So et al.120 reported the absence of fluorescence
in CDs synthesized with microwave irradiation times less than
5 min, suggesting that inadequate synthesis duration results in
incomplete carbonization of the precursors. Indeed, manipu-
lating the reaction duration can provide insights into the
formation mechanism of CDs, which is crucial for under-
standing the specific processes involved in complete CDs
formation. However, this aspect of study has received limited
attention and is rarely investigated due to its complex
experimental requirements, necessitating systematic character-
istic measures to identify the specific formation mechanism of
CDs. Papaioannou et al.121 outlined a formation mechanism of
CDs by varying the reaction duration from 2 to 12 h,
proposing four stages, including the decomposition of glucose

(precursor), followed by aromatization, nucleation, and growth
of CDs.
2.4.2. Conjugation Effect. The conjugation effect is also

related to this quantum confinement effect, otherwise known
as the size effect. This is a commonly acknowledged PL
mechanism where “size” refers to the sp2 (graphene)
domain�the effective conjugation length�rather than the
actual particle size.122 Quasicontinuous electronic levels close
to the Fermi level become discrete energy levels as the “size”
becomes smaller until it reaches the nanoscale. A greater “size”
for CDs results in a smaller bandgap and a longer PL emission
wavelength. The energy gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) diminishes as the CDs’ interior
graphene domain increases, causing greater delocalization and
more even distribution of energy. The PL of CQDs and GQDs
with lattice structures or a high level of graphitization may be
explained by this paradigm.123

2.4.3. Particle Size-Dependent and Independent PL. The
particle size-dependent PL of CDs has been examined by
several research teams. Li et al. produced CQDs with four
distinct particle sizes by electrolyzing aqueous ethanol using
graphite electrodes in an alkaline environment.124 They
verified that PL characteristics changed with particle size:
tiny (1.2 nm) CQDs were situated in the UV area (about 350
nm), medium (1.5−3 nm) CQDs were found in the visible
range (400−700 nm), and big (3.8 nm) CQDs were found in
the near-infrared region (around 800 nm). The quantum
confinement effect is consistent with this particle size
dependency. Kim et al. came to the same conclusion that
particle size affects the absorption spectra of GQDs.125 Many
circumstances, nevertheless, go against this dependency. By
carefully controlling the thermal pyrolysis of citric acid (CA)
and urea, Miao et al. synthesized CDs with multicolor
emission, concentrating on CDs with average particle sizes of
(3.96 0.54), (4.12 0.68), and (4.34 0.49 nm).96 Red-shifting in
emission wavelength was ascribed to the increasing graphitiza-
tion or longer effective conjugation lengths rather than size
since X-ray diffraction and Raman spectroscopy examinations
showed that the degree of graphitization did not match the
increasing CDs size trend. By hydrothermally treating a
combination of phenylenediamine and urea, Ding et al. also
found particle size independent PL of CDs that are

Figure 2. Surface state/defects. (a) Diagram showing the differences in CDs’ emissions caused by various levels of surface oxidation. Reproduced
with permission from ref 127. Copyright 2011 Wiley. (b) Diagram showing how altering the surface functional groups’ oxidation or reduction
influences the luminescence of CDs. Reproduced with permission from ref 130. Under the Creative Common Attribution 4.0 International License.
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manufactured with various colors, with four samples having
fluorescent hues blue, green, yellow, and red with an average
particle size of 2.6 nm.126 The level of surface oxidation is what
is responsible for this variance in this case.
2.4.4. Surface States/Defects. In the CDs solution, trap

states are generated within the bandgap where the photo-
excited electrons and holes can be captured, and after their
recombination, fluorescence emission occurs. These trap states
are caused by surface defects, functional groups, adsorbed
molecules, or impurities. As the excitation wavelength rises, the
material under this phenomenon often shows excitation-
dependent fluorescence that shifts consistently toward longer
wavelengths. The surface state model essentially describes how
variations in luminous sites correlate to variations in electronic
energy levels. Here, we focus on two types of surface states:
surface configurations and doping atoms. The former may be
thought of as a general surface structure type in which essential
factors include polymers, functional groups (with various
degrees of oxidation), defects, and edge states. In the latter,
heteroatoms like nitrogen, fluorine, sulfur, phosphorus, or
selenium have an impact on PL. Changes in surface
arrangements may affect the light-emitting sites or electron
energy levels of CDs, maybe even causing emissions in CDs
which are nonluminous previously. Redox processes, amino
modification/amino passivation, and molecular modification
can all influence surface configurations. For having a clear view,
we are considering the PL mechanism of CDs synthesized by
Bao and co-workers through the electrochemical etching of
carbon fibers.127 Contrary to the conjugation effect, red-shifted
emission was observed with CDs produced at higher potentials
and also smaller in size. Additional research showed that
greater potentials enhance surface oxidation with equivalent
increases in emission wavelength. This may be because higher
degrees of oxidation increase surface-defect density and trap
more excitons, resulting in red-shifted radiation from their
recombination. Thus, CDs with significant surface oxidation
exhibited green PL (Figure 2a). Another interesting
fluorescence on−off phenomenon was observed by Liu and
co-workers from the CDs which when fluoresced in dissolved
alkaline condition and quenched under acidic conditions. This
behavior is due to hydrogen bonds that formed in acid
conditions; block emissions which are originated from
hydroxyl groups. As a result, hydroxyl-group coatings on
CDs improve PL, which is a result of radiative recombination.
When hydroxyl or carboxyl groups are embedded on CDs’
surfaces, electrons and holes undergo radiative recombination
while being illuminated by excitation light, leading to PL.128

Carboxyl groups, for example, absorb some of the radiation

signals, decreasing the PL, whereas hydroxyl groups, which
donate electrons, encourage PL. In support of this, Zheng et al.
verified that surface groups that donate electrons (on
hydrothermally synthesized CDs from candle soot) increase
PL by reducing surface carbonyl and epoxy moieties to
hydroxyl groups using sodium borohydride. An increase in
CDs’ luminescence was the outcome of their method i.e., the
considerable increase in surface hydroxyl groups without
diminishing other species (e.g., C�C and −COOH
groups).129 Further it can note that −OH, −COOH, −CO,
and NH2 are the most prominent functional groups and the
characteristics of CDs’ surface and core may be altered through
functional group modification and doping, respectively130

(Figure 2b).
The surface configuration of CDs can be altered through

amino modification, often known as “amino passivation”. It is
hypothesized by Li et al. that the level of surface amination
affects the PL excitation dependency of CDs. If amino groups
passivate all surface states, emissions take place through a
single mode of sp2 carbon’s radiative transition, independent of
the excitation wavelength. Functional groups like C−O, C�O,
and O�CO-H generate a range of various energy levels when
surface states are not as passivated, and the fluorescence
emission then depends on the excitation energy.131 Kwon et al.
further demonstrated the use of organic compounds with
amino groups in the modification of CDs surfaces to modulate
their PL. CDs are given additional energy levels via surface
functionalization, which results in them exhibiting long-
wavelength (up to 650 nm) PL with a very narrow spectral
width.132

A common technique for changing CDs’ electronic
structures is heteroatom doping, which involves using elements
like nitrogen, fluorine, boron, sulfur, phosphorus, and certain
heavy atoms, among which nitrogen and sulfur are common
dopants. Doping may be thought of as a surface-state
technique even if it is often considered in terms of dopant
atoms rather than surface configurations since both procedures
basically affect the electronic structure. In conclusion, surface
modification and the addition of heteroatoms provide control
over the electronic structure and energy levels of CDs, with a
broadly applicable PL mechanism at the core.
2.4.5. Synergistic Effect. The interplay between the surface

state and the carbon core must be taken into account, and
knowing how they work together (the synergistic effect) is
crucial to comprehending CDs’ PL emissions. Models are
frequently interconnected, making it difficult for a single effect
to fully explain observed data. Therefore, as will be explained

Figure 3. Synergistic effect. (a) An illustration of the energy associated with the luminescence pathway. Reproduced with permission from ref 133.
Under the Creative Common Attribution 4.0 International License (b) π-electron and functional group-containing diagram of the putative PL
mechanism. Reprinted with permission from ref 134. Copyright 2019 American Chemical Society.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c07612
ACS Omega 2024, 9, 11050−11080

11057

https://pubs.acs.org/doi/10.1021/acsomega.3c07612?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07612?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07612?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07612?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


below, research has concentrated on the synergistic impact of
the combined effects of PL mechanisms.

According to certain research, CDs’ photoluminescence is
caused by both the carbon core and surface state. In support of
this theory, Yu et al. synthesized six distinct types of CDs with
varying carbon and nitrogen levels using a microwave
fabrication technique. They observed that the diverse CDs
structures are linked to variable emissions and excitations. In
accordance with electron transitions of intrinsic C (4.1 eV),
graphitic N (3.5 eV), pyridine N (3.0 eV), amino N (2.8 eV),
and C�O (2.5 eV), five CDs emission bands centered at 305,
355, 410, 445, and 500 nm, respectively, correspond to these
electron transitions (Figure 3a). These energy-transfer
processes are due to the synergy between carbon cores and
surface states.133

In order to produce CDs PL, surface functional groups
typically work in synergy with the conjugation effect. Liu et al.
synthesized CDs using oxidized carbonized fiber and further
post-treatment with sodium hydroxide and sodium borohy-
dride. According to their research, the electron system and
carbonyl group were coupled, and the QY was dependent on
the carbonyl group (Figure 3b). Overall, the π-electron system
and functional groups worked synergistically to influence CDs
PL.134 In terms of radiation recombination, defects are
frequently thought of as a common category of surface
configurations that, along with the conjugation effect, explain
luminescence. Gan et al. studied the PL of CDs derived
hydrothermally and observed weakening blue and slightly
variable green emissions as the reaction time increased. The
former may have been caused by carbon defects (such as
vacancies and irregular rings) and the latter by the radiative
recombination of electron−hole pairs in the carbon network
(the size effect). Fundamentally, impacts resulting from both
carbon cores and surface states are integrated and interact to
produce internal factors-dominated emissions.135,136

2.4.6. Solvent Effect. The synthesis and characterization of
CDs depend heavily on solvents since they have an impact on
both particle dissolution and synthesis. Varied solvents result
in CDs with various optical characteristics and different
structures. The solvent employed in the study is frequently
crucial if the CDs fluoresces toward the wavelength of a higher
region. Mostly using the H-bonding hypothesis, CDs’
solvatochromic phenomenon was elucidated137−139 (Figure
4a). The fluorescence was observed in polar protic solvents via
H-bonding between the solvent molecules and the CDs’
surface functional groups (Figure 4b). In contrast, the
fluorescence behavior of the CDs has been explained in
aprotic solvents by considering factors like dipole moments
(interactions at the excited state), Kamlet−Taft parameters,
the refractive index, and the permittivity of the solvent
molecules.140,141 This is similar to how CDs excited states are
more stable in aprotic solvents, yielding greater quantum yield.
Other supported phenomena like solvent relaxation are well
described by Ai et al. through which it can be obtained that a
more polar solvent was found to better stabilize the excited
state of CDs while having little to no impact on the ground
state, red shifting the emission.123

2.4.7. Heteroatom Doping and Their Effect in QY
Enhancement. Usually, the quantum yield of CDs is
influenced by various factors which have been described
briefly in the following sections. As CDs have a graphitic sp2

hybridized carbon core, this can be favorable for both
functionalization and doping. In the process of heteroatom

doping, certain carbon atoms in the graphitic structure are
swapped out for the heteroatoms (other than carbon).
Introducing atomic impurities (such as nitrogen, boron, sulfur,
phosphorus, and so on) onto CDs may alter their electronic
structures, yielding n-type or p-type carriers. As a result, by
applying different types and quantities of doping atoms, the
optical and electrical characteristics of CDs can be modified.142

The introduction of heteroatoms into carbon materials having
graphitic carbon networks, regardless of whether the dopants
have a higher electronegativity (as nitrogen) or lower
electronegativity (as boron, sulfur, or phosphorus) than that
of carbon, could cause electron modulation to change the
charge distribution and electronic properties of carbon
skeletons. This in turn affects their work function for electronic
applications and enhances their efficiency.143 Following a one-
step or multistep synthesis process, there are several top-down
(arc discharge, laser ablation, electrochemical/chemical
oxidation, etc.) and bottom-up (hydrothermal/solvothermal,
microwave, pyrolysis, ultrasonication, etc.) strategies that have
been employed to synthesize single-atom doped or multiatom
codoped CDs.142 CDs doped with heteroatoms have recently
gained popularity due to their exceptional photoluminescence
properties and wide range of applications. Because of the
similarities of nitrogen and carbon atoms, N-doping is one of
the most commonly utilized ways to promote the photo-
luminescence property of CDs. The introduction of the
nitrogen atom clearly changes the environment of internal
electronics, which can impact the photoluminescence of
CDs.144 For instance, Zhang et al. synthesized N-doped CDs
with an exceptional quantum yield of 15.7% from folic acid
using a one-step hydrothermal method.145 Zhao et al.

Figure 4. Solvent effect. (a) The influence of hydrogen bonding on
luminescence between solvent molecules and CDs. Reproduced with
permission from ref 139. Copyright 2017 The Royal Society of
Chemistry. (b) Schematic representation of the hydrogen bonding
interaction between the surface functional groups of CDs with polar
protic solvent molecules (R = H, alkyl chain). Reproduced with
permission from ref 140. Copyright 2020 Elsevier.
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synthesized N, S-co-doped CDs having a quantum yield of
17.5% having outstanding optical properties and chemical and
biological stability through a hydrothermal method.146

Similarly, sulfur atoms can modify the electronic structures
of CDs providing energy or emissive trap states for
photoexcited electron capture. S-Doped CDs possess all the
advantages similar to blank CDs, adding the extra feature of
avoiding self-quenching, which is due to its large ensemble
Stokes shift. Sulfur doping also results in a higher quantum
yield like in the case of S-doped CDs, synthesized by Xu et al.
through the hydrothermal method, which possessed an
outstanding quantum yield of 67%.147 The peculiar electrical
structure created by the synergistic impact between the
heteroatoms and CDs has received a lot of interest, and the
number of active spots for codoping CDs has expanded
significantly. Furthermore, the band structure of CDs may be
engineered by incorporating metal atoms and metal carbonite
into the CDs matrix. Doped metal atoms, such as Zn, Mn, and
Gd, can aid in electron and hole radiative recombination on
the CDs’ surface. Furthermore, the presence of valence
electrons in dopant metal atoms or metal carbonates can
boost the charge electron transfer, resulting in an increase in
QY. For a better view and with an application perspective, Xu
et al. explained the advantage of heteroatom doping of CDs.
From their study, it can be observed that specific surface area
and nitrogen doping on typical carbon materials can result in
higher supercapacitor characteristics.148 In a very recent study,
Liu et al. explained the impact of boron doping in CDs, which
resulted in achieving an ultrahigh quantum yield of 99.6%. To
investigate the mechanism of heteroatom doping impact on
CDs, electron density difference and first-principle calculations
of doping element states in spherical modified CDs with Ba
atom were performed. It was concluded that the charge
transfer generated through hetero atoms was most likely the
cause of the high quantum yield Ba-CDs, which was
particularly favorable for enhanced photoluminescence mech-
anism of CDs.149

2.4.8. Software for Quantum Yield Simulation. Quantum
yield (QY) is the proportion of emitted photons to absorption
photons generated by the fluorescent material. The QY of
quinine sulfate can be used as a reference fluorescent material
to compare QY CDs. The quantum yield of carbon dots can
range from less than 1% to over 50%, with some reports of
even higher values. Achieving high quantum yields in carbon
dots is an active topic of research, with numerous ways being
investigated to improve their efficiency. These strategies
include optimizing the synthesis conditions, surface passiva-
tion, and engineering the carbon dot structure to reduce
nonradiative decay pathways and enhance radiative recombi-
nation. There are various software tools available for modeling
quantum yield, which is a measure of a light-emitting process’s
efficiency. NWChem is an impressive computational chemistry
program for calculating quantum yields. It provides a variety of
quantum mechanical techniques and can calculate both ground
and excited states. VASP (Vienna Ab initio Simulation
Package) may be used to examine quantum yields in addition
to electronic structure studies. It simulates excited states and
luminescent characteristics using density functional theory
(DFT) and many-body perturbation theory (MBPT). Q-Chem
is a complete quantum chemistry software suite that allows us
to calculate quantum yields. It is compatible with a variety of
approaches, including time-dependent density functional

theory (TDDFT), which is often used to simulate excited
states and emission processes.
2.5. Polymer/CDs Nanocomposites. 2.5.1. Physical

Blending. Commonly, the term “blending” refers to the
process of combining two or more chemicals without initiating
a chemical reaction or the formation of additional industrial
chemicals. It is the process of making a polymer blend by
mechanically mixing different polymers together in the melt.
Since the majority of polymer pairs are immiscible, blends
between them are not formed spontaneously. Additionally, the
phase structure of polymer blends is not equilibrium and is
dependent on the method of synthesis. Melt mixing, solution
blending, latex mixing, partial block or graft copolymerization,
and the fabrication of interpenetrating polymer networks
(IPN) are the five techniques known to produce polymer
blends. On a laboratory scale, solution blending is commonly
used to fabricate polymer blends. In a typical solvent, the
blend’s constituent parts are dissolved, then vigorously stirred.
The blend is separated by precipitation or evaporation of the
solvent. The procedure has certain advantages like the ability
to prevent unfavorable chemical reactions while mixing the
system rapidly and with less energy usage. In general, the most
common technique for producing polymer blends is melt
mixing. In extruders or batch mixers, the blend’s component
parts are combined in their molten state.
2.5.2. Chemical Grafting. In polymer chemistry, the term

“grafting” describes the attachment of polymer chains to a
surface. Grafting is a desirable method for adding various
functional groups to a polymer. Therefore, it has been
demonstrated that under certain circumstances, a variety of
amendment procedures can enhance the inherent properties of
the standard polymer backbone. Graft polymerization involves
covalently bonding and polymerizing monomers as side chains
onto the primary polymer chain (the backbone).150 Free
radical initiators including dibenzoyl peroxide, potassium
permanganate (KMnO4), potassium persulfate (KPS -
K 2 S 2 O 8 ) , ammonium persu l f a te (APS) , azob i s -
(isobutyronitrile) (AIBN), ceric ammonium nitrate (CAN),
and Fenton’s reagent, together, can be used to initiate free
radicals on the backbone during chemical grafting.
2.5.3. In-Situ Growth. As a reference to in situ growth, it

means that growth is taking place without isolating it from the
place of its formation and if one can characterize it without
isolating it. In situ polymerization methods often include the
mixing of nanomaterials in a neat monomer (or multiple
monomers) or a solution of monomer, followed by polymer-
ization in the presence of the dispersed nanomaterials.151 In
situ polymerization has a number of advantages. First of all,
this method may be used to synthesize thermoplastic and
thermoset-based nanocomposites. Additionally, it allows for
the grafting of polymers onto the surface of the filler, which can
typically enhance the final composite’s characteristic proper-
ties. Due to the fillers’ excellent dispersion and intercalation in
the polymer matrix, partially exfoliated structures may be
produced with this technique.152

Numerous methods have been used to synthesize polymer/
CDs nanocomposites, including stirring, sol−gel,153 drop
casting,154 conventional solution casting,155 in situ chemical
polymerization,156 polymer-assisted self-assembly, stirring,157

interfacial polymerization, solution blending,158 reverse micro-
emulsion polymerization, cross-linking reaction, photopolyme-
rization, bulk polymerization, Schiff base reaction, electro-
spinning, hydrothermal treatment,159 thermal treatment-in
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situ,160,161 nonsolvent driven phase inversion, and free radical
dispersion polymerization.
2.6. Synthesis and Applications of Polymer/CDs

Nanocomposites. Issa et al. used a composite film made of
poly(vinyl alcohol) (PVA) and nitrogen-doped CDs to remove
harmful cadmium ions. The empty fruit bunch wastes from oil
palm trees were used to produce carboxymethylcellulose
(CMC), which was then combined with polyethylenimine
(PEI) to create the CDs. PVA was then employed to embed
the CDs. The resulting polymer composite film had a bright
blue color, a higher QY of 47%, and an increased Cd2+ removal
percentage of 91.1%.162 Wang et al. developed a facile
procedure to synthesize CDs/MIPs (molecularly imprinted
polymers combined with CDs, a fluorescent composite
material for the detection of trace amounts of 4-nitrophenol
(4-NP). First, using anhydrous citric acid as a carbon source
and AEAPMS as a surface modification, a hydrothermal
synthesis was used to produce fluorescent CDs with a high
quantum yield (QY) of 51.8%. Then, utilizing 4-NP as a
template, (3-aminopropyl) triethoxysilane (APTES) as a
functional monomer, tetraethoxysilane (TEOS) as a cross-
linker, and CDs as signal sources, respectively, CDs were
synthesized with MIPs (CDs/MIPs) using the sol−gel
technique.163

Generally, CDs have the capacity to enhance or modify the
characteristics or functionalities of materials already in use for
specific purposes. Consequently, the fundamental framework
and attributes of CD/polymer nanocomposites are dictated by
the type of polymer matrix employed, which can be either
thermoplastic (linear or branched) or thermoset (cross-linked
polymer). CDs may be either covalently bonded to or mixed
noncovalently with the polymer matrix. The selection of the
polymer matrix is contingent on the intended application. The
strength of secondary interactions between the polymer and
CDs, as well as the feasibility of covalently attaching CDs, is
influenced by the chemical structure of the polymer or
thermoset resin. This, in turn, affects the dispersion of CDs
and the overall preparation cost. The current methodologies
for creating CD/polymer nanocomposites can be categorized
into physical blending, chemical grafting, and in situ growth.
CDs, as a burgeoning category of carbon nanomaterials, exhibit
significant promise across a wide range of applications owing to
their facile preparation, distinctive properties, and diverse
structures and compositions. The advantageous attributes,
coupled with abundant surficial polar functionalities, bestow
CDs with considerable potential for further development into
CD/polymer nanocomposites. These nanocomposites have the
capacity to enhance performance and introduce novel
functionalities. Recently, CD/polymer nanocomposite materi-
als have found applications in various fields, with a particular
focus on energy storage, environmental concerns, and
biomedical applications, prompting extensive research efforts.
Consequently, this section will comprehensively outline and
emphasize the advancements in employing CD/polymer
nanocomposites in these forefront areas. Depending on the
intended application, distinct criteria govern the final proper-
ties of CD/polymer nanocomposites. In the energy sector,
optimal electron charge transfer and ionic conductivity are
imperative, whereas in environmental applications, the non-
toxicity and reusability of the nanocomposites play a pivotal
role. For biomedical purposes, considerations such as hydro-
philicity, biocompatibility, nontoxicity, and biodegradability
become crucial factors.

MIPs are a fascinating class of materials designed to mimic
the highly specific recognition capabilities of natural antibodies
and receptors. These synthetic polymers possess tailor-made
binding sites that can selectively recognize the bind to target
molecules with high affinity and specificity. These materials are
created through the polymerization of functional and cross-
linked monomers around a template molecule, which
ultimately led to a highly cross-linked three-dimensional
network polymer. The template molecule is subsequently
removed, leaving behind cavities that possess a complementary
shape, size, and chemical functionality to the target molecule.
This imprinting process results in the creation of artificial
recognition sites within the polymer matrix, enabling the
selective binding of the target molecule (i.e., CDs) even in
complex mixtures. Molecular recognition is often driven by
intermolecular interactions such as hydrogen bonds, ionic and
dipole−dipole interactions between the template molecule and
functional groups present within the polymer matrix.164−167

Wu et al. synthesized yellow emitting polymer/CDs
composite using carboxy methyl cellulose/polyvinyl alcohol
and chitosan. CDs were prepared via one-step hydrothermal
process, and further polymer nanocomposites were fabricated
through a drop casting method.168 In order to fabricate the
polymer/CDs nanocomposites, Devadas et al. established a
viable in situ chemical oxidative polymerization process
employing the conducting polymers polypyrrole (PPy) and
polyaniline (PANI). The in situ chemical oxidative polymer-
ization approach that was presented was the ideal way of
achieving the synergistic interaction between polymers and
CDs. As a result, adding adequate CDs improved the specific
capacitance values of both polymers by up to double or more.
The polymer/CDs hybrid is thus the ideal electrode material
for use in supercapacitors and prototype energy storage/
conversion systems.169 Wang et al. utilized magnetic covalent
organic frameworks (MCOFs), MIPs, and CDs to develop a
composite material that can be used as a fluorescence sensor.
MCOFs were employed as sorbents and supporting materials
in the fabrication of the MCOFs/MIPs/CDs, while MIPs
served as selective sorbents, and CDs were chosen as the
fluorescence sensor element. Using a one-pot reverse micro-
emulsion polymerization technique, the MCOFs/MIPs/CDs
were effectively synthesized and used for the selective,
sensitive, and rapid detection of TNP.170 Wang et al. fabricated
solid-white-light-emitting phosphors by combining blue and
orange emissive CDs with polystyrene nanospheres, resulting a
polymer/CDs composite (WCDs/PS). A warm WLED and
temperature-sensory device were designed based on the
superior stability and high-quality lighting performance of
WCDs/PS.171 By dispersing the CDs nanoparticles in various
amounts into aqueous solution using interfacial polymerization
(IP) of m-phenylenediamine (MPD) and t chloride mono-
mers, Li et al. synthesized a novel CDs-TFN RO membrane
(TMC). Further, the CDs-TFN RO membrane was fabricated
by interfacial polymerization on the PSf membrane (micro-
porous polysulfone support). The desalination performance of
the TFN membrane with 0.02 wt % CDs inclusion was
promising, with a water flux of 87.1 L/m2/h and salt rejection
of 98.8%.172 Zheng et al. utilized hexamethylenetetramine
(HMT) and polycarbonate as precursors to synthesize CDs
and CDs-polymer composite in a facile one-step hydrothermal
process. The powdered dried polymer/CDs nanocomposites
have remarkable optical stability, and no luminescence
quenching was found. This fluorescent polymer/CDs nano-
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composite has potential application in metal-less white LED
phosphors.159 Li et al. synthesized an alginate (Alg) hydrogel
that responds to pyrophosphate ions (PPi), demonstrating its
potential as a fluorescence sensing platform for ALP detection.
This hydrogel was fabricated utilizing CDs as a visual indicator
and Cu2+ as a cross-linker to produce Cu/Alg gel. The CDs
were immobilized in the Cu/Alg gel matrix to fabricate the
composite of CDs/Cu/Alg that has green fluorescence.173 A
hybrid microgel system composed of up-conversion CDs
embedded in a network of polymer microgels with boronic
acid functionalization was reported by Wang et al. In particular,
the functional comonomers of 4-vinylphenyl boronic acid
(VPBA) and acrylamide (AAm) combined in one pot can be
easily synthesized into spherical hybrid microgel particles by
one-step free radical polymerization in water.174 An ecofriendly
approach was proposed by Kazemifard et al. to synthesize CDs
from rosemary leaves, which were then used as a fluorophore
in an optical sensor after being modified with MIPs for the
detection of thiabendazole (TBZ). For this, a reverse
microemulsion approach was used to stabilize a silica shell
utilizing tetraethoxysilane (TEOS) as a silica source on the
surface of CDs. Then, employing 3-aminopropyl triethox-
ysilane as a functional monomer and TEOS as a cross-linker,
MIPs were synthesized in the presence of TBZ as a
template.175 Koulivand et al. developed a novel mixed matrix
nanofiltration membrane by incorporating CDs into a
poly(ether sulfone) (PES) matrix. A simple hydrothermal
technique was successfully employed to produce CDs, which
were then used to enhance the hydrophilicity, permeability,
antifouling characteristics, and dye rejection efficiency of PES.
The phase inversion method was used to add CDs into the
PES casting solution. In terms of membrane shape, porosity,
hydrophilicity, permeability, nanofiltration performance, and
fouling factors, the impacts of adding CDs to the membrane
matrix were investigated.176 Yuan et al. developed novel
composite membranes based on the polymer/CDs active layer
for organic solvent nanofiltration. The CDs with tailored
functional groups were facilely synthesized and embedded into
polyethylenimine (PEI) matrix, and then dip-coated on
polyacrylonitrile support to prepare composite membranes
through interfacial polymerization. The hydrolyzed polyacry-
lonitrile (PAN) support was coated with a cross-linked PEI-
CDs layer to form a thin, defect-free composite membrane.177

3. MECHANISM AND SENSING APPLICATIONS OF
CDs AND POLYMER/CDs NANOCOMPOSITES
3.1. Mechanism and Sensing Applications of CDs.

3.1.1. Designing of CDs in Sensing Applications. The
potential for employment as a sensor is illustrated by any
phenomena of fluorescence change (intensity, wavelength,
anisotropy, or lifespan) connected to the concentration of
various analytes. The majority of CDs-based sensing
technologies are based on analyte-induced fluorescence
quenching. Many CDs need to be functionalized with desired
recognition elements, such as antibodies and aptamers, in
order to provide high specificity toward analytes of interest,
like proteins, even though some CDs exhibit selectivity toward
interesting analytes such as Fe3+, Cu2+, ascorbic acid, glucose,
hydroxyl radicals, tartrazine, iodide, DNA, cells, and
bacteria.178 The hydrophilicity and fluorescence of CDs are
associated with the surface functional groups; therefore, the
functionalization of CDs must be tuned with regard to
biocompatibility, sensitivity, and selectivity67 as shown in

detailed description in Table 1 for different types of materials
used for preparation of CDs and their sensing applications.

It has been observed that carbon dots (CDs) exhibit the
potential for quenching when exposed to heavy ions such as
Fe3+ and Hg2+. This phenomenon introduces an intriguing
dimension to the study of carbon dot interactions, suggesting
that the presence of these heavy ions can influence and
modulate the fluorescence properties of CDs. The quenching
effect over heavy ions underscores the dynamic nature of CD
interactions with various elements, expanding the scope of
their applications in sensing and other related fields. Further
exploration of these interactions could lead to innovative
approaches for utilizing carbon dots in diverse analytical and
detection technologies. The quenching of carbon dots by
heavy ions represents a dynamic process wherein the
fluorescence of CDs is reduced or completely extinguished
upon interaction. The underlying mechanisms involve complex
interactions between the heavy metal ions and the surface
functional groups of CDs, leading to alterations in the
electronic structure and optical properties. One significant
implication of the quenching phenomenon is its potential
application in fluorescence sensing, which is well described in
the review. Studies have explored the use of CDs as sensitive
probes for detecting and quantifying heavy metal ions in
aqueous solutions. The quenching effect serves as a basis for
developing selective and responsive sensors with applications
in environmental monitoring, water quality assessment, and
industrial safety. Despite progress in understanding the
quenching of CDs by heavy ions, challenges remain, including
the need for a deeper mechanistic understanding and the
exploration of real-world applications. Future research
directions may involve investigating the impact of environ-
mental conditions, exploring additional heavy metal ions, and
advancing the integration of CDs into practical sensing devices.
3.1.2. Sensing Mechanism of CDs. One of the most recent

quantum nanomaterials, CDs, are synthesized from carbon-
based materials. Since their discovery, these nanomaterials
have drawn a lot of attention due to their superior qualities,
including simple surface functionalization, green and simple
synthetic routes, excellent water solubility, good photostability,
great biocompatibility, bright fluorescence, and tunable surface
functionalities as previously discussed in section 1. CDs can be
used in place of semiconductor quantum dots to achieve highly
sensitive detection in the field of biosensing because of their
nontoxic nature.179,180 CDs have been utilized for drug
delivery, bioimaging, and analyte detection. These applications
were based on the concept that interactions between analytes
and CDs can cause quenching, which lowers fluorescence or
suppress quenching, which enhances fluorescence. CDs, which
have been used in sensing applications, undergo several
different fluorescence-changing processes which are the key
features for sensing.181 The CDs’ quenching methods include
resonance energy transfer (RET), photoinduced electron
transfer (PET), inner filter effect (IFE), and static and
dynamic quenching. The three types of energy transmission
are surface energy transfer (SET), Fö̈rster resonance energy
transfer (FRET), and Dexter energy transfer (DET). When
CDs and the quencher interact, a nonfluorescent ground-state
complex is generated, leading to static quenching. When the
quencher and CDs collide owing to energy transfer or charge
transfer, the excited state returns to the ground state, and the
phenomenon is known as dynamic quenching. A brief view of
these phenomenon is well discussed by Sun et al.178

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c07612
ACS Omega 2024, 9, 11050−11080

11061

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


T
ab
le
1.

D
et
ai
le
d
D
es
cr
ip
tio

n
fo
r
D
iff
er
en
t
T
yp
es

of
M
at
er
ia
ls
U
se
d
fo
r
Pr
ep
ar
at
io
n
of

C
D
s
an
d
T
he
ir
Se
ns
in
g
A
pp
lic
at
io
ns
a

Sl no
.

m
at

er
ia

l
pr

ec
ur

so
r

m
et

ho
d

an
d

co
nd

iti
on

flu
or

es
ce

nc
e

co
lo

r
an

d
qu

an
tu

m
yi

el
d

se
le

ct
iv

ity
/s

en
sit

iv
ity

flu
or

es
ce

nc
e

w
av

el
en

gt
hs

(n
m

)
lim

it
of

de
te

ct
io

n
(L

O
D

)
re

fe
re

nc
e

1
C

D
s

C
itr

ic
ac

id
(C

A)
,3

-a
m

in
op

he
ny

lb
or

on
ic

ac
id

H
yd

ro
th

er
m

al
Bl

ue
,5

7.
8%

N
itr

ite
io

n
λ e

x
-

36
0,

λ e
m

-
42

0
7.

9
nm

85
2

N
-C

D
s

o-
Ph

en
yl

en
ed

ia
m

in
e

C
ar

bo
ni

za
tio

n
Re

d,
12

.8
%

H
em

at
in

λ e
x

-
56

0
0.

18
μM

92
3

B-
C

D
s

Bo
ric

ac
id

, L
-a

sc
or

bi
c

ac
id

H
yd

ro
th

er
m

al
Bl

ue
,-

Pb
2+

,C
u2+

,p
yr

op
ho

sp
ha

te
(P

2O
74−

)
λ e

x
-

35
0,

λ m
ax

-
44

0
25

nm
−

25
0

μM
,

50
nm

−
30

0
μM

,a
nd

25
−

50
0

μM

19
9

4
g-

C
N

Q
D

s
Fo

rm
am

id
e

(H
C

O
N

H
2)

M
ic

ro
w

av
e

sy
nt

he
sis

Bl
ue

,2
9%

H
g2+

λ e
x

-
34

0,
λ m

ax
-

40
5

1
nM

18
2

5
C

D
s

C
A,

Et
hy

le
ne

di
am

in
e

H
yd

ro
th

er
m

al
Bl

ue
,8

0%
Fe

3+
λ e

x
-

36
0,

λ e
m

-
44

3
1

pp
m

19
3

6
C

D
s

C
A,

Et
hy

le
ne

di
am

in
e

H
yd

ro
th

er
m

al
Bl

ue
,3

8−
80

%
Fe

3+
λ e

x
-

36
0

0.
9

pp
b

18
5

7
C

D
s

O
xa

lic
ac

id
,u

re
a

M
ic

ro
w

av
e

sy
nt

he
sis

Bl
ue

,2
9%

Fe
3+

λ e
m

ar
e

re
d-

sh
ift

ed
fro

m
40

5
to

49
5

4.
8

nM
19

7

8
S-

do
pe

d
C

D
s

So
di

um
ci

tr
at

e,
so

d
th

io
su

lfa
te

H
yd

ro
th

er
m

al
Bl

ue
,6

7%
Fe

3+
λ m

ax
-

44
0

0.
1

μM
14

7
9

C
D

s
D

op
am

in
e

H
yd

ro
th

er
m

al
Bl

ue
,g

re
en

,6
.4

%
Fe

3+
,d

op
am

in
e

λ m
ax

-
40

0
0−

20
μM

19
4

10
C

D
s

Po
m

el
o

pe
el

H
yd

ro
th

er
m

al
Bl

ue
,6

.9
%

H
g2+

λ m
ax

-
44

4
0.

23
nM

18
7

11
PA

N
I/

C
D

s
So

di
um

ci
tr

at
e,

N
H

4H
C

O
3

H
yd

ro
th

er
m

al
Bl

ue
,-

H
g2+

λ m
ax

-
44

8
0.

05
−

1.
0

μM
18

3
12

O
D

N
-C

D
s

C
A,

Et
hy

le
ne

di
am

in
e,

So
di

um
ch

lo
ro

ac
et

at
e

H
yd

ro
th

er
m

al
-,

75
.0

%
,a

nd
7.

19
%

H
g2+

λ m
ax

-
34

7
2.

6
nM

18
8

13
N

,S
co

do
pe

d
C

D
s

3-
M

er
ca

pt
op

ro
pi

on
ic

ac
id

(a
s

a
S

so
ur

ce
),

et
hy

le
ne

di
am

in
e,

di
et

hy
le

ne
tr

ia
m

in
e,

tr
ie

th
yl

en
et

et
ra

m
in

e
(a

s
a

N
so

ur
ce

)
H

yd
ro

th
er

m
al

G
re

en
,6

9%
H

g2+
35

5−
37

0
0.

05
nM

19
0

14
V

al
in

e-
fu

nc
tio

na
liz

ed
G

Q
D

s

C
A,

va
lin

e
Py

ro
ly

sis
Bl

ue
,2

8.
07

%
H

g2+
λ m

ax
-

45
0

0.
4

nM
21

5

15
N

-d
op

ed
C

D
s

H
yd

ro
so

lu
bl

e
ch

ito
sa

n
H

yd
ro

th
er

m
al

Bl
ue

,3
1.

8%
H

g2+
λ m

ax
-

36
0

80
nM

19
1

16
T

hi
ou

re
a

fu
n.

C
dS

e/
C

dS
Q

D
s

C
or

e−
sh

el
lC

dS
e/

C
dS

Q
D

s,
th

io
ur

ea
(T

U
)

El
ec

tr
os

ta
tic

in
te

ra
ct

io
n.

-
H

g2+
λ m

ax
-

53
6

0.
56

m
g/

L
18

4

17
Q

D
/D

N
A/

go
ld

na
no

pa
rt

ic
le

-
H

g(
II

)
-

0.
4

an
d

1.
2

pp
b

21
6

18
Am

in
o

fu
n.

G
Q

D
s

G
ra

ph
en

e
ox

id
e,

G
Q

D
,a

m
m

on
ia

H
yd

ro
th

er
m

al
G

re
en

,1
6.

4%
C

u2+
λ m

ax
-

32
0

an
d

50
0

6.
9

nm
20

1

19
Po

ly
am

in
e

fu
n.

C
Q

D
s

C
A,

br
an

ch
ed

po
ly

(e
th

yl
en

im
in

e)
Py

ro
ly

sis
Bl

ue
,4

0%
C

u2+
λ e

x
-

36
5

6
nM

20
0

20
C

dT
e

Q
D

s
C

dC
l 2,

T
e,

an
d

N
aB

H
4

fo
rC

dT
e

Q
D

s,
m

er
ea

pt
oa

ct
et

ic
ac

id
C

u2+
-

-
18

6
21

M
n-

do
pe

d
Ag

2S
Q

D
s

C
he

m
ic

al
pr

ec
ip

ita
tio

n
La

m
in

in
(L

N
)

-
3.

2
pg

/m
L

20
6

22
C

D
s

Fr
es

h
al

oe
H

yd
ro

th
er

m
al

Ye
llo

w
,1

0.
37

%
T

ar
tr

az
in

e
λ m

ax
-

50
3

73
nM

83
23

Bo
ro

ni
c

ac
id

fu
n.

C
D

s
Ph

en
yl

bo
ro

ni
c

ac
id

M
od

ifi
ed

hy
dr

ot
he

rm
al

ca
rb

on
iz

at
io

n
m

et
ho

d
Bl

ue
,8

.4
%

G
lu

co
se

λ m
ax

-
40

8
9−

90
0

μM
20

9

24
C

D
s

L-
Ar

gi
ni

ne
H

yd
ro

th
er

m
al

Bl
ue

,1
6%

4-
C

hl
or

oe
th

ca
th

in
on

e
λ m

ax
-

43
0

1.
73

m
M

an
d

0.
14

m
M

20
3

25
C

D
s

an
d

C
dT

e
Q

D
s

Sp
in

ac
h,

C
dT

e
Q

D
H

yd
ro

th
er

m
al

Bl
ue

an
d

re
d

Sp
er

m
in

e
λ m

ax
-

47
0

fo
r

bl
ue

C
D

s,
λ m

ax
-

69
0

fo
r

re
d

C
D

s
76

nM
20

7

26
Eu

-fu
n.

C
D

s
C

itr
ic

ac
id

m
on

oh
yd

ra
te

,u
re

a
M

ic
ro

w
av

e
sy

nt
he

sis
G

re
en

an
d

re
d

Po
in

t-o
f-c

ar
e

te
st

in
g

(P
O

C
T

)
of

di
pi

co
lin

ic
ac

id
(D

PA
)

λ m
ax

-
53

0
0.

8
nM

20
5

27
C

D
s

C
A,

Et
hy

le
ne

di
am

in
e

(E
D

A)
H

yd
ro

th
er

m
al

Bl
ue

T
rin

itr
ot

ol
ue

ne
λ m

ax
-

45
5

10
nM

to
1.

5
μM

20
8

28
C

Q
D

s
C

itr
at

e
an

d
N

H
4H

C
O

3
H

yd
ro

th
er

m
al

Re
d,

gr
ee

n,
bl

ue
H

yd
ro

ge
n

pe
ro

xi
de

(H
2O

2)
λ m

ax
-6

04
fo

rr
ed

,5
50

fo
r

gr
ee

n,
44

5
fo

r
bl

ue
0−

88
.2

m
M

20
4

a
Ab

br
ev

ia
tio

ns
:C

D
s

-c
ar

bo
n

do
ts

,Q
D

s
-q

ua
nt

um
do

ts
,C

Q
D

s
-c

ar
bo

n
qu

an
tu

m
do

ts
,N

-C
D

s
-n

itr
og

en
do

pe
d

C
D

s,
B-

C
D

s
-b

or
on

do
pe

d
C

D
s,

g-
C

N
-g

ra
ph

ite
ca

rb
on

ni
tr

id
e,

S
-s

ul
fu

r,
PA

N
I

-
po

ly
an

ili
ne

,O
D

N
-

ol
ig

od
eo

xy
rib

on
uc

le
ot

id
e,

Ag
-

sil
ve

r,
C

d
-

ca
dm

iu
m

,S
e

-
se

le
ni

um
,T

e
-

te
llu

riu
m

,M
n

-
m

an
ga

ne
se

,E
u

-
eu

ro
pi

um
,C

A
-

ci
tr

ic
ac

id
.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c07612
ACS Omega 2024, 9, 11050−11080

11062

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.1.3. Design of Sensor for CDs. Typically, there are three
approaches used in the design of fluorescent CDs-based
sensors. One involves the direct interaction of analytes with
CDs, which changes the fluorescence signals of the CDs. Next,
CDs that have been postfunctionalized are used for sensing.
The third is the use of CDs as sensing materials by integrating
them with additional components (such as quenchers,
fluorophores, substrates, etc.).
3.1.4. Sensing Applications of CDs. With the aid of the

recognizable fluorescence quenching effect, CDs have recently
received extensive evaluation as fluorescent probes to
quantitatively identify trace chemical pollutants in aquatic
systems. A wide variety of analytes, including ions, small
molecules, macromolecules, cells, and germs, could be detected
by CDs because of their special fluorescence properties. The
sensing of various analytes using CDs is discussed in the
sections that follow.
3.1.4.1. Metal Ion Sensing. CDs frequently experience

electron transfer and the inner filter effect during fluorescence
quenching of analytes. For detecting metal ions including Ag+,
Hg2+,182−184 Fe3+,185 Cr6+, and Cu2+,186 CDs have been
adopted. CDs synthesized from carboxylic acids, amines, and
amino acids exhibit selectivity for some metal ions through
interactions like the coordination of their surface functional
groups, including carboxylate and amino, with metal ions.
When the CDs come into contact with the metal ions, either
the inner filter effect or electron transfer can quench their
fluorescence.

3.1.4.2. Mercury and Ferric Ion Sensing. One of the most
harmful and widespread pollutants that poses risks to both the
environment and human health is mercury(II) ion (Hg2+). It is
well-known that Hg2+ can readily pass through epidermal,
respiratory, and digestive tissues, causing permanently harming
the central nervous system, damaging DNA, and impairing
mitosis. Lu et al. reported an affordable, environmentally
friendly, and quite easy method for producing water-soluble,
fluorescent CDs with a quantum yield of around 6.9% and a
size of 2−4 nm via a hydrothermal process employing cheap
pomelo peel waste as the carbon source. With a detection limit
as low as 0.23 nM, these CDs have also been employed as a
novel sensing probe for the label-free, sensitive detection of
Hg2+ ions based on Hg2+-induced fluorescence quenching.
This sensing device has been successfully utilized to analyze a
lake water sample and also has great selectivity for Hg2+

detection.187 A fluorometric biosensor for Hg2+ detection
based on GO and CDs-labeled oligonucleotide was developed
by Cui et al. In the suggested system, GO functioned as the
FRET acceptor, and CDs labeled T-rich 22-mer oligonucleo-
tide served as the energy donor and molecular recognition
probe. Oligonucleotides would be adsorbed on GO surfaces in
the absence of Hg2+ ions, quenching the fluorescence of CDs
(Figure 5a). The current GO-based sensor device has a
detection limit of 2.6 nM and is highly selective toward Hg2+

over a broad range of metal ions. This simple and efficient
technology will demonstrate a possible use in the Hg2+

monitoring of the environment and food.188 In order to detect
methylmercury, Isabel et al. originally reported a fluorescent

Figure 5. (a) Schematic illustration of GO quenched ODN labeled CDs and the GO-CDs-ODN system for Hg2+ detection due to the fluorescence
recovery. Reproduced with permission from ref 188. Copyright 2015 Elsevier. (b) A plausible mechanism for fluorescence quenching of N-doped
CDs by Hg2+ and representative PL emission with increasing Hg2+ concentration. Reprinted with permission from ref 191. Copyright 2016 Elsevier.
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assay based on in situ ultrasound-assisted synthesis of CDs
utilizing D-fructose as the carbon source. With an average size
of 2.5 nm, CDs had a small size distribution, and the results
showed a repeatability represented as a relative standard
deviation of 2.2% (N = 7) and a methylmercury detection limit
of 5.9 nM. The basis of the recognition event is hypothesized
to be methylmercury’s hydrophobicity and its potential to
facilitate a nonradiative electron/hole recombination.189 One-
step synthesis of nitrogen and sulfur codoped CDs (NSCDs)
with a high photoluminescence quantum yield of 69% was
reported by Mohapatra et al., for the selective and sensitive
detection of Hg2+ in water and live cells. The nonradiative
electron transfer from the excited state to the d-orbital of the
metal ion is responsible for the switch on−off fluorescence
shift with mercury addition. Excellent selectivity is displayed by
the detection approach in both tap water and the presence of

complex metal ions in the intracellular environment.190 From
hydrosoluble chitosan, Wang and colleagues synthesized N-
doped CDs with high yield (38.4 ± 3.4%) and high quantum
yield (31.8%). Photoluminescence quenching was used to
provide very sensitive and specific Hg2+ detection. With a
detection limit of 80 nM, the N-doped CDs displayed potential
as mercury ion sensors (Figure 5b). The use of MATLAB code
and a smartphone app for colorimetric measurement was
demonstrated. These tools might be used with portable and
relatively inexpensive Hg2+ sensors.191

Our lives depend heavily on iron, and iron deficiency is the
first of three major micronutrient deficits worldwide. It is
necessary to effectively manage and monitor the presence of
ferric ions in biological systems and the environment. Zhou et
al. effectively synthesized CQDs with a high quantum yield and
excellent photoluminescence using citric acid and tris as

Figure 6. (a) Selectivity of the C-QDs toward Fe3+ ions and Representative fluorescence emission spectra of C-QDs in the presence of increasing
Fe3+ ions concentrations. Reproduced with permission from ref 192. Copyright 2015 Elsevier. (b) Fluorescence quenching in the presence of Fe3+

ions and the on/off fluorescence. Reproduced with permission from ref 193. Copyright 2013 Wiley. (c) Selectivity and PL spectra of N-CDs in the
presence of various concentration of Fe3+ ions. Reproduced with permission from ref 197. Copyright 2015 Elsevier.
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precursors. The as-synthesized CQDs with a QY as high as
52% are monodispersed spherical particles, and the diameter
distribution of CQDs is 2.8 ± 1.1 nm. The CQDs sensing
system furthermore provided simple, dependable, and sensitive
Fe3+ ions detection through fluorescence quenching (Figure
6a). With a detection limit of 1.3 μM and an excellent linear
correlation (R2 = 0.997) throughout the concentration range of
0−50 μM, the CQDs probes offered extremely sensitive
studies of Fe3+ ions. By employing these probes, the probes
were also able to determine the amount of Fe3+ ions present in
both the lake water and tap water.192 Zhu et al. addressed a
simple and effective hydrothermal approach for the synthesis of
CDs, which is suited for industrial-scale production (yield is
about 58%) with a QY as high as 80%. By switching from a low
to a high synthesis temperature, the polymer-like CDs were
transformed into carbogenic CDs. The CDs could be used as a
biosensor reagent to detect Fe3+ in biological systems. Because
of the unique coordination relationship between Fe3+ ions and
the phenolic hydroxy groups of the CDs, which has been
extensively employed for the detection of Fe3+ ions or colored
processes in classic organic chemistry, the fluorescence of the
CDs could be quenched by Fe3+ ions (Figure 6b). The
estimation for the detection limit was 1 ppm or so.
Additionally, oxidation may be used to generate the on/off
fluorescence in the detection system using a Fe3+/Fe2+

medium, and in the case of Fe, the selectivity was highest
among other metal ions.193 Qu et al. proposed a simple,
economic, and green one-step synthesis of photoluminescent
CDs via a hydrothermal method. The average size of the as-
prepared CDs is about 3.8 nm. Most significantly, the surfaces
of the as-prepared CDs have unique catechol groups. It was
further shown that such entirely new CDs can function as a
very efficient fluorescent sensing platform for label-free
sensitive and selective detection of Fe3+ ions and dopamine
with a detection limit as low as 0.32 mm and 68 nm,
respectively, which was due to the special response of catechol
groups to Fe3+ ions.194 Lu et al. synthesized water-soluble
photoluminescent CDs through one-step microwave pyrolysis
of oxalic acid. The as-prepared CDs could be used as a highly
efficient nanoprobe for Fe3+ as well as Ag+ detection.
Additionally, CDs have exceptional selectivity over other
typical metal ions and exhibit high sensitivity and selectivity to
Fe3+ and Ag+ in complicated environments, thereby making
them suitable probes for PL detection of Fe3+ and Ag+ with
detection limits as low as 4.8 and 2.4 nM, respectively.195

Zhang et al. proposed a simple and efficient solid-phase
synthesis method for the fabrication of N-doped, highly
fluorescent CDs. With an absolute quantum yield (QY) of up
to 31%, the produced N-doped CDs displayed a strong blue
emission. The N-doped CDs may be used as a novel
fluorescent probe for label-free Fe3+ sensing since they were
entirely water-soluble and remarkably stable against high pH,
ionic strengths, and light illumination. Oxygen-rich groups on
N-doped CDs were strongly coordinated to Fe3+, which
resulted in fluorescence quenching via nonradiative electron
transfer and the quantitative detection of Fe3+. With a
detection limit of 2.5 nM, the probe showed a broad linear
response concentration range (0.01−500 M) to Fe3+.196 Lu et
al. reported the synthesis of CDs by one-step microwave-
assisted pyrolysis of DL-malic acid as the carbon source,
ethanolamine and ethanesulfonic acid as N and S dopants,
respectively. Additionally, as a fluorescent probe for Fe3+ ions,
such N-CDs demonstrated a broad detection range and

outstanding accuracy (Figure 6c). With a linear range of 6.0−
200 M and a limit of detection of 0.80 M, this probe enabled
the selective detection of Fe3+ ions.197 Xu et al. used the
hydrothermal approach to synthesize S-doped CDs with a high
fluorescence quantum yield (67%) utilizing sodium citrate and
sodium thiosulfate as the precursors. The average diameter of
spherical-shaped S-doped CDs is 4.6 nm, and Fe3+ ions could
efficiently and selectively quench their fluorescence. As a result,
S-doped C-dots were used as probes for the detection of Fe3+,
which has a limit of detection of 0.1 M.147 Ju et al. developed a
simple and cost-effective method for the synthesis of nitrogen-
doped GQDs (N-GQDs) via the hydrothermal treatment of
GQDs with hydrazine. The produced N-GQDs with functional
groups rich in oxygen show a bright blue emission with a
quantum yield of 23.3%. (QY). The as-prepared N-GQDs
were found to be a highly efficient fluorescence sensing
platform for the label-free sensitive and selective detection of
Fe(III) ions with detection limits as low as 90 nM.
Additionally, highlighted is the effective use of N-GQDs for
the detection of Fe3+ ions in actual water samples. It is also
notably observed that the detection of Fe3+ by N-GQDs
involves both dynamic and static quenching processes, whereas
the quenching impact of Fe3+ on the fluorescence of GQDs is
accomplished by affecting the surface states of GQDs.198

3.1.4.3. Copper Ion Sensing. Cu2+ is a trace element that is
essential for human health and is usually present in untreated
natural water. However, it becomes toxic at high concen-
trations and, following prolonged exposure to high amounts,
can harm the liver or kidneys. So, it is necessary to monitor the
Cu2+ ions in the biosystem as well as in the environment and to
understand their complex contributions to health and disease
states.

Wang et al. reported the synthesis of boron-doped CDs
through a hydrothermal method using ascorbic acid and boric
acid as precursors. The as-prepared CDs have an irregular
shape with a particle diameter of 10 nm and exhibit strong
fluorescence. Since the formation of nonfluorescent metal
complexes between chelating oxygen atoms on the surface of
the CDs, fluorescence is quenched by Cu(II) and Pb(II) ions.
A sensitive B-CDs-based FL analytical system for Cu2+ and
Pb2+ ions was designed by taking advantage of the efficient FL
quenching effect of Cu2+ and Pb2+ ions caused by charge
transfer between −COO/OH groups or bidentate OH-donors
and Cu2+ or Pb2+ ions, respectively. It is significant to note that
the quenched Cu (II)-quenched B-CDs complexes system
exhibits very sensitive and selective detection of PPi by a FL
recovery procedure, whereas Pb(II)-quenched B−C-dots
enable recovery selective detection of Pb2+ and Cu2+ ions. A
detection range of 8.47−13.56 nM was achieved through this
fluorescent probe.199 Dong et al. developed a novel sensing
method for the detection of Cu2+ ions based on the quenched
fluorescence (FL) signal of branched poly(ethylenimine)
(BPEI)-functionalized carbon quantum dots (CQDs). It was
observed that the polyamine-functionalized CQDs were
efficient FL probes for detecting Cu2+ (Figure 7a). The
amino groups on the surface of the BPEI-CQDs can interact
with Cu2+ ions to form an absorbent complex, which then
causes the FL of the CQDs to be sensitively quenched by
means of an inner filter effect. With a detection limit as low as
6 nM and a dynamic range of 10 to 1100 nM, this simple
approach can provide a quick, reliable, and selective detection
of Cu2+. The FL-based sensing system based on CQDs has
been found to have promising applications in the detection of

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c07612
ACS Omega 2024, 9, 11050−11080

11065

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Cu2+ in environmental water samples and exhibits several
benefits including quick detection, high sensitivity, good
selectivity, wide linear response range, and low cost.200 Sun
et al. reported the fabrication of a novel, highly fluorescent
Cu2+ sensing probe using hydrothermal treatment of graphene
quantum dots (GQDs). The greenish-yellow fluorescent
GQDs (gGQDs) with a low quantum yield (QY, 2.5%) are
changed into amino-functionalized GQDs (afGQDs) with a
high QY (16.4%) after hydrothermal treatment in ammonia.
The selectivity of afGQDs for Cu2+ is substantially higher than
that of gGQDs because the Cu2+ ion has a higher binding
affinity and faster chelating kinetics with N and O on the
surface than other transition metal ions. Importantly,
amination transformed the GQDs’ surface charge from
negative to positive, thereby making it easier for cells to
absorb the of GQDs. In order to detect Cu2+ in aqueous
solutions and even in live cells, a simple fluorescence sensor
can be fabricated by utilizing the aforementioned features
having a limit of detection of 6.9 nM201 (Figure 7b). N-(2-
Aminoethyl)-N,N,N′-tris(pyridin-2-ylmethyl)ethane-1,2-dia-
mine (AE-TPEA), an organic molecule specific for Cu2+ ions,
was integrated by Zhu et al. into a hybrid system made of
carbon and CdsSe/ZnS quantum dots (QDs), leading to the

development of a selective and sensitive ratiometric strategy
for intracellular sensing of Cu2+ ions. As a dual-emission
fluorophore (CdsSe/C nanohybrid), the CQDs emitting blue
fluorescence are hybridized with the CdsSe/ZnS QDs emitting
red fluorescence (Figure 7c). The CdSe/ZnS QDs embedded
in silica shells (CdSe/SiO2) are inert to Cu2+ ions and only
serve as reference signals for a built-in correction to avoid
environmental effects. In the meanwhile, inorganic−organic
CdSe/C-TPEA probes are developed by conjugating the
specific Cu2+ ion receptor AE-TPEA with the responsive
CdSe/C nanohybrid. When excited at a single wavelength of
400 nm, the hybrid probe exhibits two emission bands with
respective centered at 485 and 644 nm. While the fluorescence
of the red CdSe/SiO2 particles does not change, that of the
blue CQDs functionalized with AE-TPEA selectively recog-
nizes Cu2+ ions. As a ratiometric fluorescent sensor for Cu2+

ions, it results as a consequence of the constant color changes
caused by the addition of Cu2+ ions, which are visible with the
naked eye under a UV light when the two fluorescence
intensities are varied.202

3.1.4.4. Sensing of Organic Molecules. CDs have become a
viable and cutting-edge method for detecting organic
compounds in recent years. These have exceptional fluorescent
properties which make them the ideal choice for identifying
and classifying different organic molecules. A brief overview of
the detection of certain major organic molecules is mentioned
below.

A CDs-based turn-off PL sensing assay for the detection of
psychoactive drugs, such as the -conjugated keto compound 4-
chloroethcathinone, was reported by Yen et al. L-Arginine was
used as the precursor for the CDs using a hydrothermal
process. The synthesized CDs were used to measure 4-
chloroethcathinone in an aqueous solution and on C-dot-
functionalized papers (CDsFPs). The C-dots are selective for
misused drugs with a -conjugated keto or ester group when the
pH is 7.0. The analyte-induced PL quenching caused by an
electron transfer process serves as the basis for the sensing
method. According to the research, the 4-chloroethcathinone,
its analogues, and popular narcotics like cocaine and heroin
can all be detected using the C-dot probe at pH 7.0, whereas
cathinones can be detected at pH 11.203 Using sodium citrate
and NH4HCO3, Chu and colleagues synthesized water-soluble
multicolor luminescent CQDs using a one-step hydrothermal
process. For the detection of H2O2, these CQDs displayed
multicolor emission under a single wavelength excitation. It is
demonstrated that red emission CQDs can detect H2O2
throughout a linear range of 0−88.2 mM using an LED with
a central wavelength of 365 nm as the excitation source, and
the H2O2 sensitivity of wavelength shift to changes in the H2O2
concentration was observed to be 0.18 nm/mM. The
multicolor luminescence CQDs for H2O2 provide excellent
analytical performance with affordable, convenient, and
sensitive detection. Figure 8a gives an illustration of
experimental set up for the detection of H2O2.

204 As a novel
ratiometric fluorescent probe for point-of-care testing (POCT)
of dipicolinic acid (DPA), a biomarker of anthrax, Wang et al.
reported Eu(III) CDs (CDs-Eu). The CDs served as a scaffold
for coordination with Eu(III) ions and a luminescence
reference in the probe (CDs-Eu). The CDs containing
carboxyl and amino groups and Eu(III) ions were easily
coordinated to form the probe. Due to the existence of energy
transfer when DPA chromophore associated with Eu(III) ions,
the inherent red luminescence of Eu(III) ions can be sensitized

Figure 7. (a) Selectivity and FL response of CQDs for Cu2+ ions.
Reprinted with permission from ref 200. Copyright 2012 American
Chemical Society. (b) Schematic illustration of copper ion sensing by
GQDs through quenching. Reproduced with permission from ref 201.
Copyright 2013 Wiley. (c) Schematic representation of dual-emission
fluorescent sensing of Cu2+ ions based on a CdSe/C-TPEA
nanohybrid. Reproduced with permission from ref 202. Copyright
2012 Wiley.
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with the addition of DPA. A ratiometric fluorescence response
to DPA was produced as a result of the reference fluorescent
peaking at 530 nm being practically constant (Figure 8b). With
a linearity range of 0.5 nM to 5 M and a LOD of 0.8 nM, the
proposed technique demonstrated sensitive responses.205 Wu
et al. developed a unique low-toxic, water-dispersed Ag2S
quantum dot (Ag2S: Mn QDs) that was initially used as a type
of ECL material and then used as an ECL biosensor for the
detection of laminin (LN). As a new signal tracer, BSA-Ag2S:
Mn bioconjugates were easily formed in water using 3-
mercaptopropionic acid (3-MPA) as a growth template, Mn as
a dopant to increase luminescence efficiency, and BSA as a
linking agent to further increase luminescence intensity. This
suggested immunosensor, which used a sandwiched immuno-
assay approach, had a comparatively low detection limit of 3.2
pg/mL for laminin detection and a linear range from 10 pg/
mL to 100 ng/mL.206 Xu et al. reported a simple, affordable,
and environmentally friendly approach for the synthesis of
water-soluble, highly fluorescent carbon quantum dots (CDs)
utilizing a hydrothermal method using aloe as a carbon source.
The average diameter of CDs was 5 nm, and they exhibited
vivid yellow photoluminescence (PL) with a quantum yield of
about 10.37%. The produced CDs were employed as an
efficient sensor for sensitive and selective detection of
tartrazine, one of the commonly used synthetic food colorants,
through a static quenching procedure based on fluorescence
quenching (Figure 8c). The reduction in fluorescence intensity
allowed tartrazine to be identified throughout a linear range of
0.25 to 32.50 M. In addition, this observation was effectively
used to identify tartrazine in food samples collected from

nearby markets, indicating its significant potential for routine
food analysis.83 Fu et al. developed a fluorometric probe based
on a combination of CDs and CdTe QDs that has excellent
selectivity and sensitivity for the detection of spermine. It is
highly desired to develop effective, low-cost methods for
spermine detection since spermine is an indicator of the
freshness of meat. As a result, a fluorometric probe made of red
fluorescent cadmium telluride quantum dots (CdTe QDs) and
blue fluorescent CDs was developed, with CdTe QDs acting as
the response signal and CDs as the internal reference.
Spermine effectively maintains the red fluorescence of CDs
while effectively quenching the red fluorescence of CdTe QDs,
resulting in a recognizable fluorescent color fluctuation of the
probe solution from shallow pink to blue. With a low limit of
detection (76 nM), this probe can selectively distinguish
spermine from other organic amines.207 Zhang et al. created
aqueous N-rich CDs using microwave-assisted pyrolysis, and
they used them as sensing platforms for the fluorescence
detection of 2,4,6-trinitrotoluene (TNT). The strong TNT-
amino interaction that allows the charge transfer mechanism to
quench the photoluminescence of amino-functionalized CDs is
the fundamental basis of the fluorescent sensing platform. The
resulting linear detection has a quick reaction time of 30 s and
covers a linear detection range of 10 nM to 1.5 μM.208 For
nonenzymatic blood glucose sensing applications, Shen et al.
reported a novel method for fabricating fluorescent boronic
acid-modified CDs. Phenylboronic acid serves as the only
precursor in the one-step “synthesis modification integration”
technique used to synthesize the functionalized CDs. The
added glucose selectively leads to the assembly and

Figure 8. (a) Schematic diagram showing the experimental arrangement for H2O2 detection. Reproduced with permission from ref 204. Copyright
2016 Optica Publishing. (b) Schematic illustration of the ratiometric fluorescence probe for the detection of DPA. Reproduced with permission
from ref 205. Copyright 2020 Elsevier. (c) Fluorescence emission spectra of C-dots in the presence of different concentrations of tartrazine.
Reprinted with permission from ref 83. Copyright 2015 American Chemical Society. (d) The schematic diagram for fluorescent blood sugar
sensing. Reprinted with permission from ref 209. Copyright 2014 American Chemical Society.
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fluorescence quenching of the CDs (Figure 8d). These
fluorescent responses may be utilized to accurately detect
glucose in the 9−900 μM range. The CDs exhibit excellent

selectivity and can effectively withstand interference from
diverse biomolecules due to their “inert” surface. The
suggested sensor technology has been utilized to measure

Table 2. Detailed Description of Synthesis Approach for Polymer/CDs Nanocomposites and Their Sensing Applicationsa

Sl
no.

polymer/CDs
nanocomposites

preparation method
of nanocomposites application

sensitivity for
contaminant/

analyte
FL color and

quantum yield
FL emission

Wavelength (nm)

limit of
detection
(LOD) References

1 CDs/MIPs Sol−gel Chemical
sensor

4-nitrophenol Blue, 51.8% λex - 370 35 nM 163

2 BMIP/CDs Sol−gel Chemical
sensor

3-nitrotyrosine Green, - λex - 425 17 nM 153

3 CDs/carboxymethyl
cellulose film and CDs/
chitosan film

Drop casting Chemical
sensor

Cu2+ Yellow, 6% λex - 420 10 nM 168

4 CDs/PVA Drop casting Chemical
sensor

Fe3+ Green, 8.64% λex - 370 - 155

5 CDs/cellulose Solution blending Chemical
sensor

- Bright green,
50%

λmax - 470 - 158

6 CDs/PET film Drop casting Chemical
sensor

Relative
humidity
(RH) sensing

- - - 154

7 Fe3O4/OCMC/CDs One-pot synthesis Chemical
Sensor

Cu2+ Green, - λex - 340 0.56 μM 220

8 PVA/CDs hydrogels Physical cross-
linking

Chemical
Sensor

Fe3+ Green, - λex - 470 10 μm 221

9 CM/CNF/CDs-hydrogel Radical
polymerization

Chemical
Sensor

Fe3+ Blue, 23.6% λex - 382, λem - 462 18 mg/L 222

10 CDs/SiO2/PAN Electrospinning,
stirring

Chemical
Sensor

Fe3+ Blue, - λex - 350 3.95 μM 223

11 Cellulose nanofibril-CDs/
lignin hydrogel

Free-radical
polymerization

Chemical
Sensor

Cr6+ Blue, - λex - 437, λem - 515 11.2 mg/L 224

12 CDs/agarose hydrogel Film casting Chemical
Sensor

Cr6+ Fe3+, Pb2+,
Mn2+, Cu2+

Multicolor, - - 1 pM, 0.5
nM,
0.5 μM

225

13 CDs-IPDI In-situ synthesis Chemical
Sensor

Cr6+ Blue, 30.4% λex - 375 0.42 mg/L 233

14 Pyrene-boronic acid-CDs/
cellulose membrane

Solution casting Chemical
Sensor

F− Blue, - λex - 355 0.59 μM 226

15 CDs/silica aerogel In-situ synthesis Chemical
Sensor

Aromatic VOCs Yellow, - λex - 450 5 μL/L 227

16 TPU/CDs In-situ
polymerization

Chemical
Sensor

Ag+ Blue, 20% λex − 400 12 μM 228

17 MCOFs/MIPs/CDs Reverse
microemulsion

Chemical
Sensor

TNP Blue, - λex - 370, λem - 470 0.1 nM 170

18 CDs/Fe3O4/MIPs Reverse
microemulsion

Chemical
Sensor

TNP Blue, - λex - 370, λem - 470 0.5 nM 229

19 ACDs/DNT/MIPs - Chemical
Sensor

DNT - - 0.28 ppm 230

20 CQDs/MIPs One-pot synthesis Chemical
Sensor

Mesotrione Blue, - λex - 360, λem - 453 4.7 nM/L 234

21 Poly(VPBA-Aam)-CDs Free radical
polymerization

Biological
Sensor

Glucose - NIR-900 2−20 mM 174

22 HMIP/CDs Microwave assisted Biological
Sensor

Tetracycline Blue, - λex - 390, λem - 503 3.1 μg/L 231

23 CDs/MIPs Sol−gel Biological
Sensor

Caffeic acid Blue, - λex - 360 0.11 μM 232

24 CDs/SiO2/MIPs Reverse
microemulsion

Biological
Sensor

TBZ - λex - 300, λmax - 360 8 ng/mL 175

25 CDs-MIP Reverse
microemulsion
polymerization

Biological
Sensor

EGFR epitopes - λex - 540, λem - 610 0.73 μg/mL 235

26 CDs/Cu/Alg Cross-linking Biological
Sensor

ALP Green, - λmax - 513 0.55 mU/
mL

173

27 MIPs-GSCDs Reverse
microemulsion

Biological
Sensor

Phenobarbital - λex - 340, λem - 410 0.1 nM/L 236

aAbbreviations: CDs - carbon dots, MIP - molecularly imprinted polymer, BMIP - bioinspired MIP, PVA - poly vinyl alcohol, PET - polyethylene
terephthalate, OCMC - ortho-carboxymethyl chitosan, CM/CNF - carboxymethylated cellulose nanofibrils, PAN - polyacrylonitrile, IPDI -
isophorone diisocynate, VOC - volatile organic compound, TPU - thermoplastic polyurethane, MCOF - magnetic covalent organic framework,
ACDs - amino functionalized CDs, DNT - dinitrotoluene, VPBA - vinyl phenyl boronic acid, Aam - acrylamide, HMIP - hollow MIP, TBZ -
thiabendazole, ALP - alkaline phosphate, GSCDs - green source CDs.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c07612
ACS Omega 2024, 9, 11050−11080

11068

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


glucose in human serum with effectiveness.209 Similarly, Zhu et
al.210 showed a strategy to integrate Bi-doped carbon quantum
dots (CQDs) with liposomes to produce fluorescence
visualization and therapeutic effects, namely lipo/Bi-doped
CQDs. Lipo/Bi-doped CQDs show good water solubility and
physicochemical properties, which can be used for in vitro
labeling of colon cancer (CT26) cells and in vivo imaging
localization tracking tumors for monitoring. Simultaneously,
thanks to the excellent pH sensitivity and ion doping
characteristic of Bi-doped CQDs, lipo/Bi-doped CQDs can
be used to reveal the drug release rate of liposomes at different
pH values and exhibit potential effects in vivo antitumor
therapy.
3.1.4.5. Sensing of Proteins. Since proteins are essential to

many biological processes, it is crucial to identify and quantify
them in biomedical research and diagnosis. By exploiting the
unique characteristics of CDs, researchers have made
remarkable strides in developing sensitive, specific, and real-
time protein detection methods.

The first test using aptamer-functionalized CDs as a sensory
platform for protein identification was presented by Xu et al.
Through a particular protein/aptamer interaction, the presence
of thrombin can cause the aptamer-modified fluorescent CDs
to create a sandwich structure with aptamer-functionalized
silica nanoparticles. The test exhibited good specificity for
thrombin. Compared to several previously reported fluores-
cence-based thrombin detection assays, a detection limit of 1
nM was attained, which is a substantial improvement.211 A
sensitive fluorescent test for the protein biomarker mucin 1
(MUC1) has been developed by Ma et al. Its foundation was
the accumulation of functionalized CDs when MUC1 is
present. The MUC1 aptamer and antibodies were covalently
conjugated to CDs, and the immunoreaction between the
CDs-labeled aptamer to MUC1 and the CDs-labeled antibod-
ies to MUC1 produced a sandwich structure that was
accompanied by CDs aggregation and fluorescence quenching.
With a detection limit of 2 nM, the change in fluorescence is
directly linked to the MUC1 concentration in the range of 5 to
100 nM.212 Collectively creating a label-free sensor array for
protein discrimination, Xu et al. devised a simple one-step
method for quickly (within 1 min) producing four different
types of nitrogen doped CDs. Eight proteins with different
isoelectric points and molecular weights may be concurrently
and successfully differentiated at nanomolar concentration
using linear discrimination analysis (LDA) based on various
fluorescence intensity responses patterns. It was also possible
to identify proteins in mixtures or with varying amounts.
Furthermore, even with a human urine sample present, several
proteins could still be accurately identified without any overlap.
Additionally, the ability to distinguish between serums from
persons with rectal cancer, people with Alzheimer’s disease,
and healthy people is very promising for auxiliary clinical
diagnosis.213 In another research study, Freire et al. described
the creation and use of polyethylenimine, ethylenediamine
branched-functionalized CQDs (CQDs.BPEI) for protein
sensing. It was discovered that these carbon-based nano-
particles function as a platform for protein response. Based on
this, the CQDs.BPEI system could, depending on the analyte
protein, identify eight distinct proteins (four metallic and four
nonmetallic) even at concentrations as low as 5−40 nM.
Furthermore, it was also possible to create a quick “nose”-
based method to distinguish proteins by mixing components
like copper ions and EDTA with CQDs.BPEI.214

3.2. Mechanism and Sensing Applications of Poly-
mer/CDs Nanocomposites. 3.2.1. Mechanism for Polymer/
CDs Nanocomposites in Sensing Applications. The liquid-
state fluorescent probe has typically been prepared by
dispersing the CDs in an aqueous solution, even though the
fluorescent probes may also be built up using only the CDs.
However, this has obvious drawbacks including limited
mobility and relatively low recovery efficiency. Additionally,
the interaction of various ambiguous elements like pH value
and salt content in actual aquatic settings may damage CDs’
dispersion stability, which may cause the CDs to aggregate.
This might lead to the fluorescence self-quenching phenom-
ena.217,218 The construction of solid-state fluorescent probes
via CDs injection into the polymer matrix has been developed
to address these issues. A solid-state fluorescence probe is
more stable, portable, and compatible with small-footprint
devices than a liquid-state fluorescent probe. A solid-state
probe also has the specific benefit of having a reversible
response to the analytes and comparatively higher recovery
efficiency due to the easier washing step.219 Additionally, by
interacting with the active sites of the polymers through
secondary interactions or covalent bonding, CDs can be evenly
diffused in the proper polymer matrix, thereby reducing the
agglomeration issue and improving the stability and accuracy
of the analysis. Beyond that, it has been demonstrated that the
presence of a polymer increases the PL intensity and QYs of
CDs,162 with plausible explanations as follows: (1) the
agglomeration of CDs may be effectively inhibited due to
the physiochemical interaction between CDs and polymer; (2)
in accordance with the assumptions that the photolumines-
cence originates from the radiative recombination between the
excited electron located at the surface energy trap and the
holes, as well as the surface states218 as shown in Table 2
regarding synthesis approach for polymer/CDs nanocompo-
sites and their sensing applications.
3.2.2. Sensing Applications of Polymer/CDs Nanocompo-

sites. Currently, CDs have been incorporated into polymeric
matrixes to fabricate various fluorescent sensors, including
membranes, hydrogels, aerogels, test paper, and electrospun
nanofibrous films. These sensors have remarkable functions in
the detection of heavy metals and organic contaminants,
including Ag+, Cu2+, Fe3+, Cr6+, 2,4,6-trinitrophenol (TNP), 4-
nitrophenol (4-NP), mesotrione, and 2,4-dinitrotoluene
(DNT). As biosensors, these polymer/CDs nanocomposites
are applicable in the detection of alkaline phosphatase (ALP),
epidermal growth factor receptor (EGFR) epitopes, caffeic
acid, thiabendazole (TBZ), 3-nitrotyrosine (3-NT), tetracy-
cline, and glucose.

Wu et al. developed polymer/CDs composite films for the
detection of Cu2+ ions using yellow-emitting CDs (y-CDs),
which are synthesized through a one-step hydrothermal
process. The as-prepared y-CDs possessed prominent fluo-
rescent properties and high-water disparities. The two types of
polymer/y-CDs composite sensors that are depicted here are
(a) carboxy methyl cellulose/poly(vinyl alcohol) and (b)
chitosan. Fluorescence intensity and time stability can both be
enhanced in (a). Even though both (a) and (b) have
selectivity, sensor (b)’s response is noticeably more sensitive
than (a)’s, i.e., due to the chelation mechanism of chitosan
with Cu2+ ions. The detection limit for Cu2+ ions is 10 nM/1.3
ppm owing to an optimized sample of system (b).168 In a one-
pot synthesis, Kumar et al. created a novel magnetic
fluorescent nanoparticle by encapsulating CDs on Fe3O4
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nanoparticles modified with chitosan (Fe3O4@OCMC@CDs).
More crucially, a weak magnet may be used to readily separate
the produced magnetic fluorescent nanoparticle using an
external magnetic field. Excellent selectivity is demonstrated by
the fluorescent magnetic nanoparticles for the detection of
Cu2+ ions over other metal ions. The inclusion of various
concentrations of Cu2+ ions was found to successfully quench
the fluorescence intensity. With a detection limit of 0.56 μM
and a signal-to-noise ratio of 3, the decrease in fluorescence
intensity here demonstrates the detection of Cu2+ ions in the
linear range of 0.01−200 μM.220 Carvalho et al. synthesized
water-stable luminescent CDs from acerola fruit (Malpighiae-
marginta) via a hydrothermal process. These CDs were further
successfully used to fabricate CDs/poly(vinyl alcohol)
luminescent nanocomposites (CDs/PVA) by blending CDs
with PVA aqueous solution. The use of a colorimetric visual
sensor for the detection of Fe3+ metal ions allowed
examination of CDs/PVA composite films’ application as an

effective sensor having a strong green emission. In the presence
of Fe3+ ions, the composite’s emission spectra were quenched.
Sensing is revealed to be sensitive to Fe3+ ions as the
fluorescence intensity decreases indicating a linear response
with the increasing Fe3+ ions concentration in the range of
0.001−0.012 mol L−1. Consequently, utilizing fluorescent
CDs/PVA composite films, highly specific “turn off”
fluorescence detection of Fe3+ was accomplished155 (Figure
9a). Shao et al. synthesized a high-strength fluorescent
hydrogel by physically cross-linking carbon nanodots
(CNDs) with poly(vinyl alcohol) (PVA). By freezing and
thawing PVA and CNDs, luminous PVA-CND hydrogels were
produced. The resultant hydrogel displays fluorescence
quenching in the presence of Fe3+ owing to the high selectivity
and sensitivity fluorescence properties of CNDs, which can be
used as a solid detection platform for Fe3+. The PVA-CNDs
luminous hydrogel can be employed as an effective Fe3+

detection platform, with a detection limit of 10 μM for Fe3+

Figure 9. (a) PL emission spectra of CDs with varying concentration of Fe3+ and visual detection under both normal light and under UV.
Reproduced with permission from ref 155. Under the Creative Common Attribution 4.0 International License. (b) The maximum fluorescence
intensity ratio of PVA-CNDs hydrogel; fluorescence spectra (λex = 470 nm) of the hydrogel with different concentrations of Fe3+. Reproduced with
permission from ref 221. Copyright 2019 Wiley.
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determined by fluorescence investigations221 (Figure 9b). Guo
et al. developed a novel fluorescent nanocellulosic hydrogel
based on CNDs and CNFs that functions as both an optical
sensor for measuring the concentration of heavy metals and an
efficient adsorbent for removing them. The synthesized
fluorescent nanocellulosic hydrogel (CM/CNF/CDs/hydro-
gel) showed excellent sensitivity for the detection of Fe3+ and
strong blue fluorescence with a fluorescence quantum yield of
23.6%. The CNFs modified with CDs in this hydrogel not only
facilitated the hydroxyl-induced aggregation of heavy metals as
the adsorption-aggregator but also permitted a quick visual
response to heavy metals as the optical sensor, increasing the
adsorption capacity of heavy metals and enhanced the stability
of the fluorescence signal and sensitivity for determining the
concentration of heavy metals. In this case, fluorescence
changed from bright blue to a deep black as the concentration
of Fe3+ ions surged, and also the LOD was calculated to be 18
mg L−1.222 Li et al. assessed a novel turn-off and label-free
fluorescence sensor based on a carbon quantum dot
encapsulated mesoporous silica/polyacrylonitrile (CDs/meso-
SiO2/PAN) electrospun nanofibrous membrane for the
detection of Fe(III). The micro- and mesopore-sized CDs/
mesoSiO2/PAN membrane are highly hydrophilic in nature.
The membrane exhibits good sensing capability for the
linearity range selective detection of Fe(III) with the detection
limit estimated to be 3.95 μM. For the detection of Fe(III), the
CDs can be employed as a “turn-off” sensor. Only Fe(III)
quenched the fluorescent signal in the CDs/mesoSiO2/PAN
membrane, whereas other metal ions barely impacted the
luminosity. The CDs/mesoSiO2/PAN composite nanofibrous
membrane exhibits strong fluorescence sensing capability for

the selective detection of Fe(III) in tap water sample analysis,
with recoveries ranging from 100 to 110%, offering it a novel
sensing platform.223

Yuan et al. created a new fluorescent lignin-based hydrogel
containing cellulose nanofibers and CDs for the high-value
utilization of lignin and control of hexavalent chromium
(Cr(VI)). A wide linear range from 15 to 200 mg/L and a high
sensitivity to Cr(VI) were both displayed by this new hydrogel,
with a limit of detection of 11.2 mg/L. Furthermore, this
hydrogel was utilized as a solid-state fluorescence probe to
detect Cr(VI) (Figure 10a). The highly effective adsorption
and detection of Cr(VI) were further validated by XPS and
FTIR investigations. This is because the 3D porous structures
formed by lignin and CCN-CDs provide multiple ion transport
channels and active sites, hence stabilizing the fluorescence
signal.224 In order to detect heavy metal ions, Gogoi et al.
developed a hybrid solid sensing platform based on chitosan-
based CDs-rooted agarose hydrogel film. Simple electrostatic
interaction between NH3+ groups in CDs and OH- groups in
agarose is the basis for the development of the solid sensing
platform. For the colorimetric-optical detection of the quintet
heavy metal ions Cr6+, Cu2+, Fe3+, Pb2+, and Mn2+, agarose
hydrogel rooted with CDs acted as an interesting sensing
platform. Agr/CDs hydrogel thin film color variations were
found that matched the colors of the individual metal ion
solutions: Cr6+ yellow, Cu2+ blue, Fe3+ brown, Pb2+ white, and
Mn2+ tan brown (Figure 10b). This color shift can be
attributable to the strategic formation of colored chitosan-
metal chelates. The minimum detection limit was determined
to be 1 pM for Cr6+, 0.5 nM for Fe3+, Pb2+, and Mn2+, and 0.5
M for Cu2+.225 Li et al. developed a novel sensing platform for

Figure 10. (a) Fluorescent selectivity of the lignin-based hydrogel (FLH) after the addition of different metal ions at the concentration of 2000
mg/L and gradual fluorescence decrease of FLH-3 with the increase of the Cr (VI) concentration. Reproduced with permission from ref 224.
Copyright 2021 Elsevier. (b) The net change in absorbance value of chitosan-metal chelate peak on binding of metal ion of different concentration
Inset: The enlarged view of the graph from 0.5 μM to 1 pM concentration range of metal ions and the photograph of the Agr/CDs hydrogel film
after binding with the respective metal ions. Reprinted with permission from ref 225. Copyright 2015 American Chemical Society.
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the selective detection and removal of fluoride (F−) ion at
environmentally relevant levels utilizing pyrene boronic acid
and CDs. On the surface of water-soluble CDs, pyrene-boronic
acid (PyB) moieties have been immobilized to form the probe.
Due to the high selectivity and sensitivity of F−, in particular,
the affinity of a boron atom toward it constitutes an attractive
strategy. Additionally, an amino-modified cellulose membrane
containing CDs/PyB has been fabricated for the efficient
removal of F−. The cellulose membrane-based sensor exhibits
outstanding F− adsorption and removal efficiency of 90.2%, as
well as the considerable potential for the detection of F−. The
pyrene-boronic acid−based CDs (CDs/PyB) provide a sensor
with strong selectivity for F− over other anions that respond
linearly for F− concentrations throughout a range of 0 to 200
M and a detection limit of 5.9 × 10−5 M (0.59 μM).226

Aromatic volatile organic compound (VOC) detection is
critical for monitoring environmental applications, industrial
safety, and occupational hazards. Further, Dolai et al. reported
the development of an aromatic VOC detection platform using
silica aerogel embedding fluorescent CDs. Different aromatic
VOCs were detected using the CDs/aerogel; specifically, it was
found that different aromatic VOCs caused differential shifts
and quenching of the fluorescence signals linked to the aerogel-
embedded CDs. Particularly, both aniline and p-phenylenedi-
amine resulted in considerable positive shifts of the
fluorescence signal as well as significant fluorescence
quenching227 (Figure 11a). Bai et al. synthesized high-
performance thermoplastic polyurethane elastomer/CDs

(TPU/CDs) bulk nanocomposites with vibrant luminescence
by using in situ polymerization. The CDs were produced using
2-aminothiophenol and citric acid. Through the interaction
between active hydrogen and NCO from the isocyanate
monomers of TPU, these many hydrogen-containing func-
tional groups enabled covalent bonding with the TPU matrix
during polymerization. All of the nanocomposites had more
prominent luminescence behavior as compared to the initial
solid-state CDs (absolute photoluminescence quantum yields
(QY: 20%). Ag+ detection studies for the composite film were
carried out due to the good Ag+ detection performance of the
CDs (LOD = 12 μM), the high QY, and the processability of
the nanocomposites.228 Wang et al. used a reverse micro-
emulsion technique to fabricate a new magnetic fluorescent
composite material consisting of CDs, Fe3O4 as a conucleus,
and MIPs as specific recognition sites. The synthesized CDs/
Fe3O4/MIPs exhibited significant magnetic and fluorescence
capabilities for the separation and detection of 2,4,6-
trinitrophenol (TNP). These nanocomposites also had a
spherical and homogeneous core−shell structure. The novel
fluorescent material showed a strong linear range of 1 nM−100
M and a low LOD of 0.5 nM for TNP detection, indicating the
CDs/Fe3O4/MIPs had exceptional TNP sensitivity. As a result,
the CDs/Fe3O4/MIPs were successfully used to detect TNP in
samples of lake water and tap water. This fluorometric TNP
assay has a 0.5 nM detection limit. The technique worked well
to identify TNP in samples of spiked tap water and river water,
with recoveries ranging from 89.4% to 108.5%.229 Dai et al.

Figure 11. (a) Schematic illustration of fabrication of CDs/aerogel and detection of aniline. Reproduced with permission from ref 227. Copyright
2017 Elsevier. (b) Schematic illustration of HMIP@CDs and their fluorescence detection process of tetracycline. Reproduced with permission from
ref 231. Copyright 2018 Elsevier.
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synthesized amino-functionalized CDs (AC-dots) and used
them to fluorescently label a MIP made using 2,4-
dinitrotoluene (DNT) as a template. With a detection limit
of 0.28 ppm, the fluorescence sensor had a quick response and
was able to produce quantitative readings in the linear range
between 1 and 15 ppm. With relatively accurate predictions of
DNT concentrations, selectivity tests further demonstrated the
MIPs’ strong identification of the target molecule even in the
presence of possible interferences (structural analogs). In
addition, the material can be retrieved following measurement
and regenerated for ongoing usage, which lowers costs and
offers a noninvasive technique of examination (no nanoma-
terials are left in the sample). It has good reusability for up to 5
cycles.230

Wang et al. synthesized a novel fluorescent composite
material based on MIPs that included CDs for the sensitive
and selective detection of 4-nitrophenol (4-NP) (CDs). First,
utilizing anhydrous citric acid as a carbon source and AEAPMS
as a surface modification, hydrothermal synthesis was used to
produce luminous CDs with a high quantum yield (QY) of
51.8%. Then, utilizing 4-NP as a template, (3-aminopropyl)
triethoxysilane (APTES) as a functional monomer, tetraethox-
ysilane (TEOS) as a cross-linker, and CDs as signal sources,
respectively, CDs were made with MIPs (CDs@MIPs) using
the sol−gel technique. As it combined the benefits of CDs and
MIPs, the CDs@MIPs demonstrated excellent fluorescence
properties and good selectivity to 4-NP. Under ideal
circumstances, from 0.025 gmL−1 to 5 gmL−1 of 4-NP, the
relative fluorescence intensity of CDs@MIPs dropped linearly.
For 4-NP, the limit of detection (LOD) was 5 ng mL−1 (35
nM).163 Li et al. reported the preparation of single-hole hollow
molecularly imprinted polymers embedded CDs (HMIP@
CDs) via a microwave-assisted sol−gel method for the
detection of tetracycline (TC) in honey. Because honey’s
autofluorescence overlaps with CDs’ fluorescence emission
spectrum, CDs cannot be used to directly detect TC in honey.
Within 3 min, the diluted honey sample’s TC was adsorbed by
the HMIP@CDs; following this, the HMIP@CDs and TC
were centrifuged from the honey sample and redistributed into
phosphate buffer solution. It was avoided that honey’s
autofluorescence would disrupt the HMIP@CDs fluorescence
signal (Figure 11b). The approach demonstrated excellent
linearity within 10−200g L−1 and a modest 3.1 g L−1 detection
limit.231 Xu et al. created a simple approach for the detection
of caffeic acid (CA) by combining the excellent selectivity of
MIPs with the robust and stable photoluminescence of CDs.
First, silane-functionalized CDs were synthesized using citric
acid as the carbon source and aminosilane as the coordinating
solvent. These CDs provided the signal of fluorescence and
served as the carrier for the subsequent imprinting technique.
The CDs@MIPs demonstrated exceptional selectivity, high
binding affinity, and good reusability toward CA templates.
Under ideal circumstances, the amount of CA between 0.5 and
200 M caused a linear reduction in the fluorescence intensity
of CDs@MIPs. The detection limit was 0.11 μM. Finally, the
suggested technique was used to detect CA in human plasma
with success.232

4. CONCLUSIONS AND FUTURE OUTLOOK
Numerous synthesis approaches, properties (especially optical
PL properties), and applications of CDs and polymer/CDs
nanocomposites have been demonstrated, but the develop-
ment of CDs and polymer/CDs nanocomposite-based

fluorescence sensors are the major emphasis of this review
paper. CDs are more biocompatible than semiconductor
quantum dots but have lower QYs. It has been discovered
that doping CDs with additional elements (such nitrogen,
sulfur, and phosphorus) can improve the photoluminescence,
like broad visible spectrum emission. Future studies will need
the synthesis of CDs with wide visible emission. It is
anticipated that by modifying precursors and doping agents,
a wide range of CDs might be developed, opening up a new
path to a number of unanticipated uses beyond sensing,
including catalysis, bioimaging, disease diagnosis, energy
storage, etc. A summary of the sensing processes, sensor
architecture, and sensing characteristics for diverse targets is
provided. Numerous areas of detection have been considered,
including chemical and biological analytes such as metal ions,
small organic molecules, and several contaminants along with
temperature, pH, cations, cancer cells, and antibiotics. For a
variety of targets, polymer/CDs nanocomposites have
demonstrated good performance as chemical, biological, and
physical sensors. The sensing capabilities of polymer/CDs
nanocomposites might be expanded and enhanced by
increasing their sensitivity and selectivity for different targets.
The majority of the polymer/CDs nanocomposites’ sensing
applications are based on their FL quenching process. Despite
the significant prospects provided by polymer/CDs nano-
composites, there are still certain challenges in studying their
significant potential.

More studies are required for the development of polymer/
CDs nanocomposites from cheap and natural polymer sources
and simple one-step synthesis techniques as most of the
nanocomposites result from synthetic polymer precursors.
More work could expand toward doped/functionalized
polymer/CDs nanocomposites as they can possess a wide
visible spectrum emission for better applications. Specifically,
in the sensing part, there are a lot of new analytes/targets can
be explored, and sensitivity along with selectivity can be
improved. More focus has to be put forward for the visual and
solid probe for detection. There are only a few research works
and no such progress in the physical sensors like temperature,
light humidity etc. along with other specific carcinogenic
metals such as Hg, Pd, Ni, As, Cd, etc. The fluorescence
mechanism is still a topic of debate, and as the PL properties of
polymer nanocomposites clearly depend on CDs, clear insight
into the fluorescence mechanism is much needed. Multiple
sensing capabilities of different analytes using the same probe
could be a ground breaking factor in this research.
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