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Abstract: Carbon quantum dots (CQDs) are innovative carbon-based nanomaterials that
can be synthesized from organic and inorganic sources using two approaches: “top-down”
(laser ablation, arc discharge, electrochemical, and acidic oxidation) and “bottom-up” (hy-
drothermal, ultrasound-assisted, microwave, and thermal decomposition). Among these,
hydrothermal synthesis stands out as the best option as it is affordable and eco-friendly
and can produce a high quantum yield. Due to their exceptional physical and chemical
properties, CQDs are highly promising materials for diverse applications, i.e., medicine,
bioimaging, and especially in food safety, which is one of the thriving fields of recent
research worldwide. As an innovative sensing tool, CQDs with different surface functional
groups enable them to detect food contaminants, i.e., food additives in processed food, drug
residues in honey, and mycotoxins in beer and flour, based on different sensing mechanisms
(IFE, PET, and FRET). This article discussed the sources, fabrication methods, advantages,
and limitations of CQDs as a sensing for the detection of food contaminants. In addition,
the cost-effectiveness, eco-friendliness, high quantum yield, safety concerns, and future
research perspectives to enhance food quality and security were briefly highlighted. This
review also explored recent advancements in CQD applications in food safety, supported
by a bibliometric analysis (2014–2024) using the PubMed database.

Keywords: carbon quantum dots; carbon nanomaterials; carbon sources; food sensing;
food safety; photoluminescence

1. Introduction
For humans, food is one of their most basic needs. Nonetheless, eating often exposes

a person to food contaminants. Food contaminants are substances that do not naturally
exist in food products. These contaminants can pass into food through three main routes.
First, when food is processed, naturally occurring chemicals may change into dangerous
pollutants. Secondly, during processing, contaminated food may absorb contaminants
from the surrounding area. Thirdly, throughout the handling, processing, washing, and
disinfection stages, food may come into contact with contaminants [1]. Food contaminants
can be either organic or inorganic and originate from a variety of sources, such as the
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environment and microorganisms [2]. Food additives, polychlorinated biphenyls (PCBs),
copper, mercury, lead, mycotoxins, and drug residues such as pesticides, herbicides, fertil-
izers, and food preservatives are a few examples of harmful pollutants, and their toxicity
depends upon different factors, i.e., age, dosage, exposure frequency, and health of the
individual [3,4]. Mycotoxins are chemical compounds produced by filamentous fungi such
as Fusarium, Penicillium, and Aspergillus, which pose short- and long-term effects on human
beings. Plant-based foods frequently contain mycotoxins, which are well-known chemical
risks in the food chain and are widely present in human bodies [5]. Food additives are
frequently utilized in the food sector because they can prolong the shelf life and improve
the appearance and odor of food. However, using food additives excessively might result
in cancer, cytopathic illness, organ damage, and food poisoning [6]. These contaminants
pose potential risks to food safety and processing, can cause food deterioration, result in
food poisoning, and may ultimately lead to acute or severe diseases. Global consumer
concern over food safety is increasing the risk of consuming unsafe food globally [7,8]. It is
crucial to maintain food quality from contamination and ensure food safety, which is essen-
tial for both producers and consumers [9]. Analytical techniques, i.e., high-performance
liquid chromatography (HPLC) and gas chromatography–mass spectrometry (GC-MS),
can be expensive and time-consuming and requires skilled operators and rigorous sample
preparation [10]. Moreover, the increasing research interest in global food safety, which
is pushed by the continuous advancements in techniques and devices for accurate food
analysis, has caused quantum dots (QDs) to emerge as promising contributors [11,12].
QD applications have laid the groundwork for high sensitivity, low cost, ease of use, and
improved accuracy [13,14].

Carbon quantum dots (CQDs) are eco-friendly carbon-based nanomaterial with a
size of 2–10 nm and quasi-spherical structures and have excellent chemical and physical
properties such as strong fluorescence, good biocompatibility, excellent photobleaching
resistance, and ultraviolet (UV) absorption, gaining them the attention of investigators
and researchers in food-related applications [15,16]. CQDs display a significantly large
surface area despite their small size. The core of CQDs contains conjugated sp2/sp3

hybridized carbon and the outer surface of CQDs is bounded by carbonyl and carboxyl
groups, making CQDs more biocompatible and ideal for adsorbing various pollutants
and metal ions; for example, CQDs can remove Cr (VI) from a water environment with
efficiency of over 83.85% [16,17]. Their fluorescence properties and ability to interact with
different analytes make them useful tools for detecting a wide range of substances, such
as obtaining pathogens and toxins, contributing to the improvement of more efficient and
consistent food safety and quality monitoring [18]. Photoluminescence is a significant
optical characteristic of CQDs. The three primary luminescence mechanisms that have been
found to cause fluorescence enhancement or quenching are photo-induced electron transfer
(PET), the inner filter effect (IFE), and fluorescence resonance energy transfer (FRET) [19].

Atoms present on the surface of CQDs have prominent activity and can interact with
other molecules or functional groups to achieve numerous chemical properties that can be
exploited for different applications [20,21]. CQDs have vast characteristics depending on
the precursor materials and fabrication methods [22]. The fabrication of CQDs is achieved
through varied methods such as thermal decomposition, hydrothermal, laser ablation,
and arc discharge, with each proposing distinct advantages [20,23]. CQDs with plenty of
surface functional groups enhance their ability to identify different components in food,
which could lead to new developments in food safety techniques in the future [24].

The significance of utilizing CQDs in food safety, food analysis, and the monitoring of
toxic substances is becoming more effective as sensing and detection approaches [9]. CQD
application in food analysis assists with the accurate and efficient identification of multi-
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ple components in complex food matrices, expediting inclusive quality assessments [22].
Furthermore, CQDs play an important role in monitoring and tracing toxic substances,
offering a sensitive and targeted method to identify and detect harmful elements [25].
Many studies emphasize the effectiveness and crucial role of CQDs in advancing analytical
methodologies/technologies in real-time analysis, contributing to the predominant goal
of protecting public health through improved food safety practices [8]. The prospective
interactions between CQDs and biological systems, as well as the long-term effects of
their absorption, demand a thorough study to confirm consumer safety [7]. Bibliometrics
is an effective method for describing the patterns of publishing trends in certain study
domains. The two main parts of a bibliometric analysis are as follows: first, it describes
how publications are distributed according to several clusters, such as subjects, fields,
sources, authors, organizations, and countries; second, it is widely used to analyze trends
in research and production in science, including the number of cited publications across a
variety of domains. The current study presents a bibliometric analysis of the literature on
“carbon quantum dots” as sensors obtained from the PubMed database.

This review article thoroughly covers the most recent research advancement on the
detection mechanism of CQDs and their applications in food contaminants analysis, food
safety, and harmful substance detection, with a specific emphasis on food inspection and
toxicity. Furthermore, the challenges, future perspectives, and safety concerns of CQDs in
fundamental research and applications were also discussed.

2. Basic Sources for Fabrication of CQDs
CQDs can be produced from organic and inorganic components, providing researchers

with the flexibility to adapt CQDs for particular applications, minimizing concerns of
toxicity, high stability, and excellent functionality [26].

2.1. Natural Carbon-Based Organic Precursors

Natural sources gained importance as CQDs can be derived from precursors such
as fruit extracts, sugars, or other biomass materials, offering a natural and sustainable
source for carbon-based nanomaterial synthesis. The functional groups of CQDs depend
on the precursor materials employed and fabrication approaches and have become more
important due to growing environmental concerns and production costs [27,28]. Lignin-
based carbon dots (L-CDs) were prepared by Mint et al. [29] via a simple facile hydrothermal
technique using H2O2 as an oxidizing agent and successfully applied for bio-imaging
(in vitro and in vivo) applications. Devi et al. synthesized waste-derivatized CQDs from
whey for selenite monitoring in water [30]. These carbon-based natural organic probes
are environmentally friendly and exhibit excellent analytical characteristics, making them
ideal for the food industry’s rising emphasis on real-time application [31]. Despite the
low cost and non-toxicity of natural sources, there are still significant challenges such as
uncertain reaction mechanisms and complications caused by the existence of impurities in
the optimization of CQD synthesis. In food-related applications, CQDs synthesized from
these sources can assist as non-toxic and biocompatible additives for food labeling, tracing,
and sensing. Their exclusive detecting properties make them valuable for enhancing food
safety and quality control processes [31].

2.2. Synthetic Organic Carbon Precursors

CQDs can be sourced from synthetic organic materials such as polymers or organic
ligands with tailored properties [24,27]. CQDs with high quantum yield were produced by
Feng et al. [32] using ethylenediamine and thiosalicylic acid as precursors. The CQDs have
a size of 2.3 nm with an excitation-independent emission wavelength of 320–440 nm. Ding
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et al. [32] synthesized highly luminescent carbon quantum dots (CQDs) with a mixture of
o-phenylenediamine and l-glutamic acid using different ratios in four different solvents
(ethanol, formamide, aqueous H2SO4 solution, and dimethylformamide). Multicolor (blue
to red) with high color-purity emission triangular CQDs were synthesized by Yuan et al. [33]
using phloroglucinol (PG) as the reagent (a triangulogen), and a quantum yield of up to
54–72% was determined with the advantages of stability, low cost, and environmental
friendliness. The different organic carbon precursors used for the fabrication of CQDs and
their advantages, disadvantages, and safety concerns are given in Table 1.

Table 1. Organic carbon precursors for the synthesis of CQDs and their advantages, disadvantages,
and safety concerns.

Organic Source Advantage Disadvantage Safety Concern References

Sugarcane bagasse

Abundant and
sustainable source

Potential for energy
applications

Lower quantum
yield compared to

some CQDs
Potential risks from

residual pesti-
cides/herbicides

Potential cytotoxicity
under specific

conditions
[34,35]

Orange pericarp

High oxygen content,
potential for catalysis

Good
photoluminescence

quantum yield

Low nitrogen
content compared to

palm shells
Potential for heavy

metal contamination

Potential heavy
metal contamination

and cytotoxicity
[36,37]

Orange waste peels

Cost-effective;
upcycles waste

Tunable properties;
potential

antibacterial activity
High oxygen content,
potential for catalysis

Variability in
properties based on

orange variety
Potential for heavy

metal contamination

Potential heavy
metal contamination

and cytotoxicity
trace elements and

contaminants

[36,38]

Pineapple peel

Abundant and
sustainable source

Good
photoluminescence

quantum yield
Cost-effective;
upcycles waste

Lower stability
compared to some

CQDs
Potential for heavy

metal contamination

Potential cytotoxicity
under specific

conditions
[39,40]

Banana peel

Excellent
biocompatibility and

biodegradability
Tunable properties;

potential
antibacterial activity
Tunable properties;

potential
antibacterial activity

Lower stability
compared to some

CQDs

Potential cytotoxicity
under specific

conditions
[31,41]

Wheat straw

Abundant and
sustainable source

Potential for energy
applications

Cost-effective;

Limited control over
size and morphology

Lower
biocompatibility

Potential cytotoxicity
under specific

conditions
[36,42]



C 2025, 11, 1 5 of 28

Table 1. Cont.

Organic Source Advantage Disadvantage Safety Concern References

Citrus fruit peels

Diverse potential
applications (sensing,

catalysis, etc.)
Wide variety of

available citrus fruits
Potential for energy

applications.

Variability in properties
based on citrus variety
Potential for bitterness

from limonene

Potential cytotoxicity
under specific

conditions; trace
elements and
contaminants

[43,44]

Cassava peels

Abundant and
sustainable source

Good biocompatibility
and biodegradability
Tunable properties;
good antibacterial

activity.

Lower stability
compared to some

CQDs
Potential for heavy

metal contamination

Potential cytotoxicity at
specific conditions;
trace elements and

contaminants

[40,45]

Grapefruit peel

Good
photoluminescence

quantum yield,
Upcycles waste

Potential for sensing
applications.

Limited research
compared to some

options
Potential for heavy

metal contamination

Potential cytotoxicity
under specific

conditions; trace
elements and
contaminants

[36,40]

2.3. Industrial Waste Materials

Waste from food processing, agriculture, and industrial products containing high
contents of carboxyl, amino, sulfur, and hydroxyl functional groups can be excellent
sources for the fabrication of CQDs and offer a wide range of potential practical uses [46,47].
Although the synthesis of CQDs from waste and by-products has been covered in recent
studies, further investigation is required to completely examine potential materials as a
sustainable source of CQDs due to their low cost and availability at large scale. Graphene
(G) and (CQDs) are two valuable materials that can be synthesized from agricultural-
based waste [16,48]. Highly fluorescent CQDs from industrial waste were synthesized by
Thambiraj [34] from bagasse waste with a particle size of around 5 nm. Zhang et al. [49]
synthesized high-quality biocompatible CDs from polystyrene foam waste and showed
tunable emission (blue to orange) with a particle size of 3.4 nm. Huang et al. [50] used
bio-refinery byproducts for the preparation of CQDs with a size distribution ranging from
2.0 to 6.0 nm, and they contained a significant proportion of blue-green fluorescence with a
quantum yield (QY) of about 13%.

2.4. Inorganic Sources

Inorganic sources typically deal with heavy metal elements, like cadmium or lead,
combined with metallic elements chalcogenide to produce CQDs through methods such as
colloidal production [51]. Inorganic source-based CQDs are important in the context of the
food industry, where the prominence of safety and regulatory compliance is paramount [52].
CQDs derived from inorganic precursors, normally related to the carbonization of materials
like graphite or carbon black, offer a controlled and standardized approach to nanomaterial
fabrication. These inorganic sources contribute to the advancement of CQDs with consistent
size, surface properties, and purity, making them suitable for food-related applications [51].
In the food industry, inorganic-sourced CQDs can be employed for food labeling, quality
control, and sensing/detection of harmful components. Their stability and unique char-
acteristics make them valuable tools for improving food quality, enhancing shelf life, and
ensuring the food supply chain is up to standards, bringing it into line with the rigorous
necessities of the industry [26].
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2.5. Graphitic Materials

Tohamy et al. [16] synthesized amphoteric-Janus nitrogen-doped CQDs (AJ–N–CQDs)
from industrial waste and showed excellent fluorescence properties, whereas N–GQDs lack
fluorescence properties because of the high concentration of Graphene (G). Agricultural
waste (sugarcane bagasse) was utilized to synthesize hybrid material by Al-Kiey [47].
The synthesized electrodes demonstrated remarkable qualities for supercapacitors with
a high specific capacitance of 612 F g−1 at 1 A g−1 and exhibited a retention rate (96.3%).
Further CV studies showed that the synthesized electrode had a high specific capacitance
of 657.1 F g−1 at 5 mV/s.

Xu et al. [53] prepared novel CQDs with an average size of <10 nm using high-purity
graphite rods by ionic liquid-assisted electrochemical exfoliation, which offered a new
avenue for research with the expanded application of innovative graphitic materials in
analyte detection. A green method for producing high-quality CQDs was developed by
Hu et al. [54] via selective oxidation using coal. This approach is simple, safe, green, and
efficient to acquire CQDs without the emission of hazardous gases. Liu et al. [55] prepared
water-soluble carbon nanoparticles (CNPs) with a particle size < 2 nm using candle soot
via an oxidative acid treatment, and further purification of CNPs was performed using
polyacrylamide-gel electrophoresis (PAGE). Incomplete combustion resulted in particles
with larger diameters between 20 and 800 nm. Studies showed that this reaction introduces
some functional groups, i.e., OH and CO2H on the surface of CNPs, which gives the
particles a hydrophilic and negatively charged appearance. Calabro et al. [56] synthesized
graphene quantum dots (GQDs) from carbon nano onions utilizing two methods, i.e.,
chemical oxidation (CO-GQDs average diameter of 8 nm) with a thickness of two or three
graphene layers and pulsed laser ablation (LA) (LA-GQDs average diameter of 6 nm) with
a single layer of graphene thickness. These GQDs exhibit blue-shifted absorbance and are
more uniformly sized. Inorganic carbon precursors for the synthesis of CQDs and their
advantages, disadvantages, and safety concerns are given in Table 2.

Table 2. Inorganic carbon precursors used for the fabrication of CQDs and their advantages, disad-
vantages, and safety concerns.

Inorganic Source Advantage Disadvantage Safety Concern References

Crude soot

-Tunable
photoluminescence

(color emission)
-Good biocompatibility

and biodegradability,
-Good water solubility

-Lower photoluminescence
efficiency than some

inorganic quantum dots
QDs

-Low yield, large particle
size, low specific surface

area, limited active reaction
sites.

Harmful substances
Polycyclic aromatic

hydrocarbons(PAHs)
toxic byproducts

[57]

Graphite electrodes,
Graphite powder and

cement

-High chemical stability
-Wide range of

potential applications
-Narrow size

distribution, excellent
water solubility with

fluorescence properties.

-Limited control over size
and morphology

Complicated operations and
high-cost.

-May require special
handling due to dust [58,59]

Graphene oxide, Bulk
F-C3N4 powder

-Tunable properties
-High thermal stability

-Easy operation

-Potential cytotoxicity under
specific conditions

-Sophisticated equipment,
high energy cost

-Limited safety data;
may require further

research
[60,61]
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Table 2. Cont.

Inorganic Source Advantage Disadvantage Safety Concern References

Citric acid and thiourea,
Poly(ethylene glycol) and

saccharide

-Homogeneous,
simultaneous, and

rapid heating, resulting
in uniform size

distribution.

-High production cost
-High energy cost -Toxic in high doses [62,63]

Urea and sodium citrate,
Melamine and EDTA

High quantum yield,
with tunable PL

characteristic

-Purification treatment is
complicated and
time-consuming

-May be harmful if
inhaled [64,65]

Carbon glassy,
polyethylene glycol 200,
Nanodiamond-derived

carbon Nano onions

Narrow size
distribution, excellent
water solubility with

fluorescence properties

Complicated operations and
high-cost

-May be harmful if
inhaled [56,66]

3. Fabrication of CQDs
The fabrication of CQDs can be achieved via two basic approaches: bottom-up and

top-down approaches. Bottom-up methods produce CQDs from molecular precursors,
allowing the controlled size of particles and chemical composition. In contrast, the top-
down approach involved breaking down large carbon structures into nanoscale CQDs in
a broader size distribution. The choice between these methods depends on the desired
application and the specific properties required for the synthesized CQDs [67], which are
listed in Table 3. These essential techniques can fulfill the various demands of CQDs and
their unique properties [68]. The generalized synthetic routes for the fabrication of CQDs
are shown in Figure 1.

C 2025, 11, x FOR PEER REVIEW 7 of 30 
 

Urea and sodium cit-
rate, 

Melamine and 
EDTA 

High quantum yield, with 
tunable PL characteristic 

- Purification treatment is 
complicated and time-con-

suming 

- May be harmful if in-
haled [64,65] 

Carbon glassy, poly-
ethylene glycol 200, 
Nanodiamond-de-
rived carbon Nano 

onions 

Narrow size distribution, 
excellent water solubility 

with fluorescence properties 

Complicated operations and 
high-cost 

- May be harmful if in-
haled [56,66] 

3. Fabrication of CQDs 
The fabrication of CQDs can be achieved via two basic approaches: bottom-up and 

top-down approaches. Bottom-up methods produce CQDs from molecular precursors, al-
lowing the controlled size of particles and chemical composition. In contrast, the top-
down approach involved breaking down large carbon structures into nanoscale CQDs in 
a broader size distribution. The choice between these methods depends on the desired 
application and the specific properties required for the synthesized CQDs [67], which are 
listed in Table 3. These essential techniques can fulfill the various demands of CQDs and 
their unique properties [68]. The generalized synthetic routes for the fabrication of CQDs 
are shown in Figure 1. 

 

Figure 1. Two basic approaches for CQD synthesis are the bottom-up method and the top-down 
method. 

Table 3. Synthetic routes using different precursors and properties of carbon quantum dots. 

Route 
Synthetic 
Method Precursor 

Size of 
CQDs 

Quantum 
Yield (%) Advantages Disadvantages Reference 

Top-Down 
Approach 

Laser Ablation 
Graphite pow-

ders 1–8 nm 0.54 Controllable 
morphology 

Low yield and 
difficult to scale 

up 

[69] 

Graphene 2–5 nm 2 [70] 

Arc Discharge 
SADW 1–5 nm 16 Small particle 

size and high 
oxygen content 

Impurities are dif-
ficult to separate 

[71] 
Ni/Co carbon 
composite rod 

 0.016 [57] 

Figure 1. Two basic approaches for CQD synthesis are the bottom-up method and the top-down method.
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Table 3. Synthetic routes using different precursors and properties of carbon quantum dots.

Route Synthetic
Method Precursor Size of

CQDs
Quantum
Yield (%) Advantages Disadvantages Reference

Top-Down
Approach

Laser
Ablation

Graphite
powders 1–8 nm 0.54 Controllable morphology Low yield and difficult to

scale up
[69]

Graphene 2–5 nm 2 [70]

Arc Discharge
SADW 1–5 nm 16 Small particle size and

high oxygen content

Impurities are difficult to
separate and purify, yield

is very low

[71]
Ni/Co carbon
composite rod 0.016 [57]

Acidic
Oxidation

Lignin 2.4 nm
13

High yield, controllable
size, and low cost

Easy to corrode [29]
Chinese ink 1–6 nm [72]

Bottom-Up
Approach

Hydrothermal
Synthesis

Ascorbic acid 2–6 nm High efficiency,
Controllable size, and

low cost

High temperature and
time-consuming

[73]
Dry carnation

petals 2.69 13 [74]

Microwave
Pyrolysis Orange juice 2–5 nm 29.30 Simple, short-time, and

low cost Not easy to control [75]

3.1. Fabrication of CQDs by Top-Down Approach

CQDs synthesized by using a top-down approach involved the breakdown of large
carbon structures into nano-scale particles. This method allows for fabrication but the re-
sulting CQDs may show an extensive size distribution. The top-down fabrication approach
is chosen based on its efficiency and suitability for specific applications requiring larger
quantities of CQDs [68].

The fabrication of CQDs via a top-down approach is regularly exploited to modify
large-scale carbon materials into nano-sized CQDs usually by laser ablation, discharge tech-
niques, and acidic oxidation. The primary disadvantage of this approach is the challenge
of attaining the optimal particle size and shape [76].

3.1.1. Laser Ablation

The laser ablation technique is one of the most promising approaches for synthesizing
CQDs that make use of a high-intensity laser pulse to expose the surface of the target to
thermo-dynamic conditions that result in high pressure and temperature. The sudden
increase in heat leads to the formation of a plasma state and nanoparticles are formed
by vapor crystallization. The laser beam increases the temperature of ablated particles,
i.e., ions, atoms, and atom clusters, to several kelvins. Inside the cavitation bubble, they
interact with liquid (from surroundings) and undergo chemical reactions. The obtained
nanoparticles diffuse into the surrounding liquid, which is turned into a colloidal solution
during the plasma-cooling phase, and the whole cycle is completed in 1 ms [77].

Li et al. [78] prepared CQDs using a laser ablation technique, which showed observ-
able and controllable photoluminescence (PL) [78]. Moreover, by selecting the appropriate
organic solvent during the laser ablation process, CQDs can be modified to vary their
photoluminescence (PL) properties [79]. In the food industry, CQD fabrication via the laser
ablation method holds promise for different applications. This advanced technique facili-
tates the formation of nano-scale CQDs with particular properties, such as size and surface
features, which can be employed for food labeling, traceability, and quality control [77].

The accuracy offered by the laser ablation technique allows for the customization of
CQDs to serve as exclusive and consistent markers for tracking and authenticating food
products, addressing concerns related to food safety. Moreover, the sensing properties of
CQDs synthesized through this method could offer new avenues for advanced sensing and
imaging technologies in food processing and quality assurance [79].

The laser ablation fabrication technique has advantages for creating CQDs with well-
organized structures, excellent water solubility, narrow size distribution, and luminous
properties. However, the difficult operation, expensive cost, and labor-intensive nature
limit its uses. This approach has the significant advantages of controlling particle size
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and having a high quantum yield. However, the disadvantage is the creation of irregular
particle sizes and bubble formation.

3.1.2. Arc Discharge Synthesis

The fabrication of CQDs using the arc discharge method is gaining attention in the
food industry due to its prospective applications in food safety and the quality of food
products. Using this technique, a target material is vaporized and condensed into CQDs by
creating a high-voltage electric arc between two electrodes. The optimum conditions of the
arc discharge process allow the production of CQDs with specific features and are suitable
for applications such as food labeling and detection [59].

Chemical exfoliation is an appropriate method for the fabrication of high-quality CQDs
at a large scale, in which a high-purity graphite rod is used as an anode and platinum
wire is used as an electrode installed into an ionic fluid or water solution [59,80]. Sikiru
et al. [80] employed an arc discharge technique to synthesize CQDs from the breakdown of
bulk carbon material, which included rearranging the carbon atoms as a result of the gas
plasma generated in a sealed reactor, breaking down bulk carbon material at the anodic
electrode powered by the gas plasma produced in a sealed reactor, and turning carbon
vapors into CQDs at the cathode [80].

Although the CQDs produced using this method often have a wide range of particle
sizes due to the formation of various-sized particles during the arc discharge process, these
CQDs can serve as exclusive markers for the confirmation of helping to stop food deception
and ensuring the viability of food products throughout the supply chain. Furthermore,
the adaptability of CQDs produced by the arc discharge method opens prospects for
advanced sensing technology, contributing to improved monitoring and control in the
food industry. The uniformity of each particle’s shape and structure is greatly enhanced
by this approach. The low yield, formation of undesirable particles, and need for further
purification procedures are the disadvantages of this approach [59,80].

3.1.3. Electrochemical Oxidation

CQDs can be fabricated through electrochemical techniques employing either a basic
or acidic environment to cause the electrolytic reaction. Carbon source materials, such
as carbon fiber, graphene, and graphite, are commonly used as electrodes to produce
electrolytic cell discharge, which separates the carbon particles and produces CQDs [81]. A
novel electrochemical method was developed by Deng et al. [82] for large-scale synthesizing
GCQDs with purified water as an electrolyte and particle size-dependent emission colors
were obtained. CQDs were fabricated by Liu et al. [83] in alkaline alcohols NaOH/EtOH
from the electrochemical oxidation of graphite electrodes for ferric ion detection. Tan
et al. [84] produced small uniform-sized GQDs with a distinct red fluorescence by elec-
trochemically peeling graphite in a K2S2O8 solution. Borna et al. [85] prepared CQDs
1–5 nm in size via electrochemical synthesis using graphite, and their study revealed that
the particle size of CQDs was dependent on the current intensity, while the fluorescence
intensity decreased proportionally with the increased size of the particle. CQDs with high
purity, cheap cost, high yield, and controlled size can be synthesized by electrochemical
oxidation; however, the tedious purification and extraction procedures are the somewhat
major drawbacks of this technique [85].

3.1.4. Acidic Oxidation Method

CQDs fabricated via the acidic oxidation method, through the exfoliation of bulk
carbon precursors, generate hydrophilic groups (carboxyl and hydroxyl groups) on the
surfaces of CQDs, which could significantly improve fluorescence properties [86]. Small
organic molecules are carbonized by strong acids (oxidizing) and break down into small
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sheets via controlled oxidation; however, this approach could suffer from severe circum-
stances and abrupt procedures.

Peng et al. [87] proposed a facile method for the fabrication of luminous CQDs using
concentrated H2SO4 to dehydrate carbohydrates in an aqueous solution, subsequently
utilizing HNO3 to split the carbonaceous materials into individual CQDs and employing
amine-terminated compounds for passivation [87].

Yang et al. (2014) [72] synthesized heteroatom-doped CQDs via acidic oxidation
followed by hydrothermal reduction. A mixed solution with an appropriate ratio of
HNO3, H2SO4, and NaClO3 was first employed to oxidize carbon nanoparticles made
from Chinese ink. After that, the oxidized CQDs were treated with sodium hydrosulphide
(NaHS), dimethylformamide (DMF), and sodium selenide (NaHSe) via the hydrothermal
method to obtain N-CQDs, SCQDs, and Se-CQDs with adjustable photoluminescence (PL),
a high quantum yield (QY), and a prolonged fluorescence lifetime. The photoluminescence
(PL) of these CQDs was dependent on the surface passivation. By adjusting the starting
material and nitric acid treatment period, these CQDs can have a customized emission
wavelength. These CQDs can be used in life science research because of their benign nature
and multicolor emission capabilities. There are numerous advantages of acidic oxidation,
i.e., the bulk production of a final material with a controlled size that is easy to handle, low
cost, and highly efficient. The drawback of chemical oxidation worth noting is the lack
of homogeneity in size, and QDs prepared via chemical oxidation with acid are prone to
corrosion and the production of waste acid compounds [72,88].

3.2. Fabrication of CQDs by Bottom-Up Approach

The fabrication of CQDs via a bottom-up approach involved building nanomaterials
from molecular precursors with well-defined tailored properties, making them appropriate
for numerous applications that need specific features, i.e., precise size and composition [68].

The bottom-up approach is favored when refining the characteristics of CQDs is
important for optimal performance in different applications, and this approach has sev-
eral benefits including the lower manufacturing temperature, porosity control, low cost,
straightforward composition to produce high-surface-area nanomaterials, and molecular
homogeneity of the finished product. The bottom-up method is preferred when CQD
refining properties are crucial for the best results in various applications.

3.2.1. Hydrothermal Method

In the food industry, the hydrothermal technique is employed as an adaptable, simple,
and eco-friendly practice for the fabrication of CQDs. The hydrothermal method is one of
the most fascinating techniques for the fabrication of CQDs, in which a carbon-rich reaction
precursor is placed into a Teflon-lined vessel, which involves dissolving tiny organic
compounds or polymers in water or an organic solvent. The organic compounds, polymers,
or natural carbon precursors are combined at a high temperature to create carbon-seeding
cores, which subsequently grow into CQDs with a particle size range of 2 nm to 10 nm [89].

CQDs are fabricated by the hydrothermal method using an autoclave with external
heating, usually prepared at a high temperature; for example, for the synthesis of CQDs
from glucose, 15 mL of deionized H2O, 6 mL of NH3, and 2 g of glucose were taken,
mixed into a Teflon-lined vessel, and then autoclaved at 180 ◦C temperature for 5 h, from
which a quantum yield (QY) of the CQDs of up to 80% was reported, which is comparable
to fluorescent dyes. The approach has several benefits compared to other approaches,
including its cost-effectiveness, ease of synthesis, low energy use, green chemistry, and en-
vironmental friendliness. The method’s shortcomings are its non-homogeneous dispersion
and requirement for a lengthy reaction time [20].
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3.2.2. Ultrasound-Assisted Approach

The ultrasound-assisted approach (sonochemical synthesis) utilizes cavitation from
alternating waves in liquid (high and low pressure) at frequencies from 20 kHz to 100 kHz,
which generates high-speed liquid jets, resulting in strong hydrodynamic shear forces that
cause tiny vacuum bubbles to grow and burst. Large carbon materials are broken into
nanoscale CQDs using these high-energy ultrasonic waves [90,91]. A simple facile approach
was proposed by Park et al. [92] for synthesizing green carbon nanodots at a large scale
with a particle size of ∼4 nm under ultrasound treatment at room temperature. Another
facile and green method was reported by Li et al. [93] to synthesize fluorescent carbon
nanoparticle FCNPs less than 5 nm by treating the active carbon in a hydrogen peroxide
solution with ultrasonic waves in a single step. FCNPs emit photoluminescence from the
visible-to-near infrared spectral range and have high hydrophilicity due to rich surface
hydroxyl groups. Some major advantages of this technique include the low equipment cost
and facile, non-toxic, and scalable nature, whereas its primary drawbacks are the lack of
control over particle size and relatively low Φs (<10 %) [93].

3.2.3. Microwave Pyrolysis Approach

The process of microwave pyrolysis, which is an inexpensive and quick way to fabri-
cate CQDs, has received widespread attention due to its quick synthesis and commercial-
ization. This method utilizes microwave radiation to induce pyrolysis, a process involving
the decomposition of organic compounds at elevated temperatures (the absence of oxygen).
The microwave synthesis approach involves a common strategy to increase emission quan-
tum yields using sugar moieties as a carbon source, polymeric oligomers as the reaction
media, and amine compounds as surface-passivating agents and nitrogen dopants [80].

Zhu et al. [62] proposed a simple, efficient microwave pyrolysis fabrication technique
to create carbon quantum dots that involved dissolving saccharide (glucose) polyethylene
glycol (PEG200) in water to create a transparent solution and then heating it in a microwave
oven. Excitation-dependent PL characteristics were present in the produced CQDs. First,
distilled water was combined with varying amounts of the carbon precursor and reaction
medium. The resulting translucent solution was then heated for a further two to ten
minutes in a 500 W microwave oven. The color shifted from colorless to light yellow in
less than a minute, and additionally, the appearance of a dark brown color indicated the
development of CQDs. The product was separated and purified to produce fluorescent
carbon quantum dots when it was cooled to room temperature [62].

This approach offers advantages like rapid heating, energy efficiency, and precise
temperature control [94,95]. The microwave pyrolysis approach aligns with the industry’s
growing emphasis on eco-friendly practices and circular economy principles, providing a
promising avenue for turning useful and environmentally friendly materials [62,96].

The CQDs created can be applied in the food sector for excellent optical function
with high efficiency of detection and sensing frequency. This technique is most suitable
for a scientist to synthesize CQDs because of the simple operation, optimum condition of
reaction, cheap raw materials, and simple preparation method, contributing to the potential
for one-step high-volume fabrication of CQDs. However, there are a few drawbacks,
including the fact that it is expensive and contains dangerous microwave radiation that
needs to be handled carefully.

The benefits include the quick reaction time, simple and quick synthesis process, high
production of particles with adjustable sizes, and environmental friendliness. The primary
drawback of the microwave approach is its high energy requirement and unpredictable
reaction conditions [68].
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3.2.4. Thermal Decomposition

An efficient method to fabricate CQDs is the thermal decomposition technique, which
involves the decomposition of compounds by heat [97]. One of the most fascinating ways to
make fluorescent CQDs is through the thermal decomposition of citric acid (CA); however,
the reaction path is rather complicated and still not well understood. To prepare excellent
luminous CQDs, CA was employed as the carbon source and N-(aminoethyl)-amino propyl
methyl dimethoxy silane (AEAPMS) was used as the passivating agent. Furthermore, CA
was neutralized with NaCl solution, heated at 200 ◦C for 30 min, and dialyzed to obtain the
purified product. The size of the synthesized CQDs was within the 0.7 nm to 1.0 nm range.
Both of these CQDs revealed that the quantum yield (QY) is dependent and independent
of the photoluminescent (PL) function [20].

Ludmerczki et al. [98] investigated how the optical characteristics of absorption and
emission vary as CA is thermally decomposed. To understand the overall chemical syn-
thesis route that results in the formation of CQDs starting from the carbon precursor CA,
to organosilane coating (amino functional group) and the final product, this modification
was very successful in enhancing the temporal stability of the optical response. The ma-
jor advantages of the thermal decomposition method include its large-scale production,
cost-effectiveness, and less time-consuming nature, while the varying particle sizes and
low yields are the drawbacks of this technology [98].

4. Application in Food Analysis
CQDs have better biocompatibility, are inexpensive, have good photobleaching resis-

tance, and have more stable properties, which result in their prospective use in the food
industry. Their distinctive physicochemical and optical characteristics have drawn the
attention of researchers [99]. There are numerous potential applications based on CQDs
for the analysis and detection of noxious substances in foodstuffs that can cause severe
health problems. Table 4 lists the applications of CQD-based sensors in the food indus-
try, such as the detection of pesticides, nutritional materials, microbial toxins, additives,
and pathogenic microbes. The fabrication of a CQDs-MnO2 detection platform based
on fluorescent retrieval was efficaciously used in sensing canned vegetables, fruits, and
juices [100].

Table 4. Role of CQDs and their applications in food sector contaminants.

Food Contaminant Types of Food
Compounds Detection Mechanism Perimeter of

Detecting
Emission

Wave-Length References

Bacteria Tap water, eggplant Fluorescence recovery 50 nM 442 nm [20]
Chemical Juice

samples/cabbages Fluorescence quenching 3.4 nM - [101]
Phytic acid Food Fluorescence recovery 0.36 µmol/L 450 nm [102]

Lemon yellow Ice sugar, honey, and
bread Fluorescence quenching 73 nM 593 nm [103]

Heavy metal ion Food Fluorescence recovery 4.2 nM 410 nm [20]
Vitamin Fresh fruits &

vegetables Fluorescence recovery 42 nM 441 nm [103]

Hg2+ Food (beverage) Fluorescence quenching (Static
quenching) 0.24 µM 445 nm [104]

Methyl orange Saffron Fluorescence quenching (FRET) 0.77 µM 425 nm [105]
Curcumin Curry powder Fluorescence quenching (IFE) 0.133 µM 445 nm [106]

Pesticide residues Apple Fluorescence quenching
(Electron transfer) 5 ppb 520 nm [107]

Chlorpyrifos Apple juice Fluorescence 2.7 ng/mL 462 nm [108]

Ochratoxin A Red wine Fluorescence recovery (Tuning
aggregation/disaggregation) 13 pg/mL - [109]

Aflatoxin B1 Food (Peanuts &
soybeans) Fluorescence/immunoasssay 0.05 ng/mL 525 nm [12]

Tartrazine Food samples Fluorescence quenching (FRET) 0.45 µmol/L 462 nm [110]
Melamine Milk Fluorescence quenching(FRET) 36 nM 438 nm [111]

Tannic acid Food Samples Fluorescence
quenching(Electron transfer) 0.6 nmol/L 440 nm [112]

Food additives Pickled olives Fluorescence quenching 252 ng/mL 435 nm [113]



C 2025, 11, 1 13 of 28

4.1. Sensing Mechanism of Functionalized CQDs in Food Analysis

The sensing approach of functionalized CQDs in food analysis represents a cutting-
edge methodology that influences the unique properties of these nanomaterials for the
enhanced detection and quantification of numerous analytes in food samples [100]. The
functionalization of CQDs involves modifying their surface with specific functional groups,
enabling selective interactions with target molecules. This surface chemistry boosts the
sensitivity and specificity of the sensing platform. In food analysis, functionalized CQDs
show significant capabilities [18,100].

Their fluorescence properties and ability to interact with different analytes make them
useful tools for detecting a wide range of substances, including pathogens, toxins, and
quality parameters in food samples, contributing to the improvement of more efficient
and consistent food safety and quality monitoring systems [18]. Photoluminescence is a
significant optical characteristic of CQDs. The three primary luminescence mechanisms
that have been found to cause fluorescence enhancement or quenching are photo-induced
electron transfer (PET), fluorescence resonance energy transfer (FRET), and the inner filter
effect (IFE) [19].

If the absorption spectrum of a target substance overlaps the fluorescence ex/em
spectrum of the probe, the fluorescence intensity of the probe will be quenched by the
target substance, namely the IFE [114]. Photo-induced electron transfer (PET) occurs when
both the electron donor and electron acceptor are excited, and when electron transfer occurs
between both species, this process can result in fluorescence quenching [115].

Fluorescence resonance energy transfer (FRET) occurs due to the following reasons:
(1) there is good overlap between the emission and absorption spectrum of the fluorescent
probe and the quencher; and (2) there is an appropriate distance, of generally less than 100
Å, between the donor and the acceptor. If these two conditions are met, the fluorescence
energy will be transferred from the donor to the acceptor, with this process known as
FRET [116]. Figure 2 shows the general sensing mechanism of carbon quantum dots in
food applications.
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4.2. CQDs Detecting Functional Components in Foods

CQDs have emerged as promising nanomaterials for detecting functional compo-
nents in foods due to their distinctive sensing and chemical properties. These nanoscale
carbon-based structures, often engineered with specific surface functionalities, show unique
sensitivity and selectivity in identifying and quantifying different bioactive compounds
existing in food backgrounds [117]. CQDs can be tailored to interact with specific functional
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groups of bioactive molecules, such as polyphenols, vitamins, and antioxidants, leading to
distinct alterations in their fluorescence properties upon binding [100].

This essential sensitivity allows for the real-time analysis of functional components in
food samples. Moreover, the biocompatibility of CQDs and their minimal interference with
the innate composition of foods make them ideal candidates for rapid detection methods,
offering a promising opportunity for advancing the analysis of functional components in
diverse food products [18]. In foods that are medicinally homologous, the existence of
functional components is generally regarded as the primary criterion for determining the
quality of food. CQDs and certain metal ions can interact, causing the quenching of the
fluorescence intensity of CQDs. Thus, the fluorescence of CQDs can be restored by adding
nutrients to the solution containing certain ions. This phenomenon can therefore be used to
construct a fluorescence-enhanced sensor to detect nutrients in meals. For the detection
and analysis of such components, fluorescent CQDs are an efficient, practical, and accurate
approach [117].

Significant pharmacological actions against viruses and bacteria are produced by
chlorogenic acid, and its quantity can be used as the benchmark for assessing honey suckle
quality. The strength of chlorogenic acid increases in the linear range of 0.15 to 60 mol
L−1, and the fluorescence of CQDs is quenched due to the inner filter effect (IFE). These
CQD-based fluorescent methods not only considerably increase the detection speed but
also improve the sensitivity, making them appropriate for the rapid evaluation of large
numbers of honey suckle samples [118].

4.3. Sensing Toxic Food Additives

The most frequently utilized substances in the food sector are food additives as they
can prolong the shelf life and improve the appearance and odor of food. However, using
food additives excessively might result in cancer, cytopathic illness, organ damage, and
food poisoning. Thus, it is essential to develop a quick and effective technique for the
monitoring of food additives [6]. Xylitol is a type of food additive that has drawn the
attention of prospective cohort studies and randomized controlled trials [119] given that, if
a significant amount is ingested, it may end up in the colonic microbiota due to its poor
intestinal absorption and digestion effects on body weight and glucose metabolism, as well
as its potential to heighten the risk of obesity and cardiovascular events.

CQDs have emerged as versatile tools that play an excellent role in the detection
of food additives within the food industry [118]. The unique properties of CQDs, like
their biocompatibility, tunable fluorescence, and large surface area, make them suitable
candidates for improving the functionality and safety of food products. CQDs can be
employed as carriers for delivering food additives, providing controlled release, and
targeted delivery [76].

As shown in Figure 3a, a highly sensitive approach developed by Carneiro et al.,
(2021) [113] based on fluorescence sensing, while taking into account the importance of
examining chemical additives in processed food with a detection limit (LOD) 252 ng mL−1,
was successfully performed for five food additives (ascorbic acid, citric acid, sodium ben-
zoate, lactic acid, and potassium sorbate). Using a dilution factor of 201, the discrimination
tests were conducted using 2000 µL of FM-CD suspension and 10 µL of each additive in an
aqueous solution. The first signal was measured as I0 (emission fluorescence of FM-CD),
and Signal I was measured for the FM-CD sample + additive. To create the LDA platform,
the ratio of these signals (I/I0) was calculated using the values of I and I0, which were
assessed over a spectral range of 380 to 600 nm. All the tested additives could clearly be
distinguished using the suggested sensing approach of FM-CDs in conjunction with LDA
algorithms; these additions were also detected in an actual sample of pickled olives. In
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addition, the sensing platform shows promise for prospective application in manufactured
food quality control since it successfully distinguished between the five additives with 100%
accuracy. Furthermore, it is imperative to highlight the exceptional sensing capabilities of
FM-CDs derived from natural sources, which have the potential to yield distinct binding
events with every food additive molecule [113].
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Figure 3. (a) Illustration of five distinct food additives shown with their fluorescence sensing strate-
gies using the LDA approach. Reproduced from [113] ©Elsevier Science Direct. (b) Illustration of
detection of tetracycline (TC) procedure in honey. The HMIP@CD was first dispersed in a sample
of diluted honey. After adsorption, the composite was separated by centrifugation and was dis-
persed in (PBS) followed by fluorescence detection. Reproduced from [120] ©Elsevier Science Direct.
(c) Schematic illustration of CDs for Cr2O7

2− ions detection by fluorescence quenching through
inner filter effect (IFE). Reproduced from [121] ©Elsevier Science Direct. (d) FRET-based fluorescence
detection of ochratoxin A (OTA) in flour and beer. The absorbance spectra of Apt-AgNPs correlated
with the cDNA-CD emission spectrum, promoting the FRET between AgNPs and CD and causing
the energy transfer to cause the CD’s fluorescence signals to vanish. Reproduced from [122] ©Elsevier
Science Direct.

Moreover, the intrinsic ability of CQDs to interact with different molecules allows for
proficient sensing and monitoring of food additives, confirming their proper combination
and adherence to regulatory standards [76]. Furthermore, the use of CQDs can contribute to
improving the stability, prolonging shelf-life, and increasing the quality of food products by
preventing oxidation or degradation of sensitive additives [123]. The multifaceted role of
CQDs in food additive applications emphasizes their potential to advance food technology
and quality control measures in the ever-evolving landscape of the food industry [124,125].

4.4. Detection of Toxic and Harmful Drug Residues in Food

The detection of harmful and toxic drug residues in food is a serious aspect of con-
firming food safety and public health [126]. Advanced technologies, including innovative
analytical methods utilizing sensors and nanomaterials, have improved our ability to iden-
tify and quantify contaminants in food samples [6]. Different techniques, such as mass
spectrometry, chromatography, and biosensors, are employed to target a broad spectrum
of toxic residues, including pesticides, heavy metals, mycotoxins, and veterinary drug
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residues. These methods often influence the specificity and sensitivity of biosensors, utiliz-
ing antibodies or aptamers that selectively bind to the target contaminants [127]. Moreover,
nanomaterials such as CQDs can play a crucial role in intensifying signals and increasing
the sensitivity of detection assays. Fast and precise analysis of toxic residues in food not
only facilitates compliance with regulatory standards but also confirms the delivery of safe
and healthy food products to consumers [126].

Li et al. [120] successfully synthesized molecularly imprinted polymer carbon dots
(HMIP@CD) via a microwave method. The HMIP@CD absorbed the tetracycline (TC)
from the diluted honey sample in less than three minutes through the charge transfer
quenching. TC separated from the honey sample via centrifugation and re-dispersed
the sample into the phosphate buffer solution, as shown in Figure 3b. Following the
separation and re-dispersion procedure, satisfactory recovery was obtained, indicating that
the technique can be used successfully to identify TC in honey samples. The fluorescence
of HMIP@CD can prevent the autofluorescence of honey, which interferes with the sample.
Compared to the conventional solid core MIP@CD, the HMIP@CD has several benefits,
such as a large surface area, a quick adsorption rate, and high sensitivity. HMIP@CD
was employed as a fluorescence detection method for TC in honey, which eliminated the
problem of auto-fluorescence interference with the honey sample. This technique should
enable MIP@CD to be extended for the detection of numerous analytes in complex samples
with auto-fluorescence interference [120].

The unique capacity of MIPs to recognize compounds is frequently utilized to con-
centrate, purify, and isolate minute target molecules of veterinary drug and pesticide
residues in food. An excellent fluorescent, room-temperature ionic liquid-sensitized CQD
sensing probe (RTIL-SCQDs-MIPs) was successfully designed to track the pesticide lambda-
cyhalothrin (LC) in tea and vegetable samples with a limit of detection of 0.5 g kg−1 [128].
It is known that the detection and sensing performance can be considerably improved by
using S-doped CQDs with RTIL sensing probes. According to the interactions between the
host and the guest mechanism, the MIP-based outer material is significant in the detection
of analyte LC in foods [129].

To improve the detection of organophosphorus pesticide residues, magnetic molec-
ularly imprinted polymer (MMIP) microspheres functionalized with vinyl phosphate
(VPA) were created and coupled with CQDs for fluorescence detection [130]. The MMIP-
CQDs@VPA fluorescence sensor was used to detect triazophos in vegetables (cucumbers)
with a lower limit of detection of 0.0015 mmol L−1 and was proven to have excellent
reproducibility, sensitivity, and accuracy. Metallic nanoparticles (NPs), such as AgNPs
and AuNPs, are excellent carriers for electrochemical sensing because they have a low
energy transfer resistance and large surface area. For more precise and sensitive detection
of acetamiprid (pesticides) in cucumber, tomato, and cabbage samples, an exceptional
fluorescent aptasensor made of AuNPs and CQDs was developed [36].

4.5. Sensing for Toxic Heavy Metal Ions

CQDs have gained attention as efficient and sensitive sensing platforms for the detec-
tion of metal ions in food items, playing an essential role in confirming food safety. The
optimal properties of CQDs, such as the large surface area, fluorescence, and excellent
biocompatibility, make them suitable for designing highly efficient sensors for monitor-
ing metal ions [18,131]. Heavy metal ions like Hg2+, Pb2+, Cr6+, As3+, Cu2+, Fe3, and
Fe2+ are known as contaminants and play an important role in the contamination of the
environment, notably in food [132].

Notwithstanding efforts to limit the environmental contamination caused by these
metals, people consume a few micrograms of Cd2+ and Pb2+ daily, even in developed
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countries. Recent research has shown that exposure to high concentrations of Cd2+ and
Pb2+ in human beings can cause neurodegeneration and neurological problems [133].
When functionalized or modified with specific ligands, CQDs can selectively interact with
different heavy metal ions, leading to distinct changes in their fluorescence intensity or
emission wavelength. This interaction forms the basis of a sensitive and quick detection
method, often with low detection confines [18].

The versatility of CQDs facilitates the effective simultaneous determination of multiple
ions in complex food matrices and can monitor the levels of contaminants, such as Hg2+,
Pb2+, Cr6+, As3+, Cu2+, Fe3+, and Fe2+, contributing to the overall safety and quality
assurance of food products consumed by the public. The application of CQDs in heavy
metal ion sensing showcases their potential as innovative tools in the field of food product
investigation [132]. As a result, it is critical to detect heavy metal ions accurately and
promptly in food. These heavy metals enter the body of a human through the food chain.

Qiao et al. [121] used the carbon precursors citric acid (CA) and 1,3-phenylenediamine
(1,3 PD) to produce water-soluble carbon dots (CDs), as illustrated in Figure 3c. Carbon
dots were a good choice for an on-site nano platform, with two modes for the detection of
Cr2O7

2− at the trace level, and the fluorescence of CDs can be remarkably quenched by
the presence of chromate due to the inner filter effect. Furthermore, the results showed
that carbon dots respond to Cr2O7

2− in a very selective and sensitive manner, whereby
the color changes achieved linearity of 0 to 140 nM with recoveries ranging from 95% to
105% and 96% to 98% in the drinking and Zhujiang River water samples, respectively.
This further demonstrated that ion-selective recognition is feasible in real-time analysis
because of its practicality, quick response, and precise detection. Further real water and
river samples were tested for Cr2O7

2− concentrations to assess the analytical capabilities of
this nano-platform [121].

In addition, Pizarro et al. [134] prepared an electrochemical sensor using glassy carbon
electrode-modified GQDs for the simultaneous detection of Cd2+ and Pb2+ in seafood. The
ratiometric fluorescence based on novel CQDs for the efficient determination of glutathione
and Cu2+ was successfully synthesized. [134]. The fluorescent CQDs were produced
utilizing citric acid and o-phenylenediamine (OPD) through a one-pot simple hydrothermal
method. The oxidation product, 2,3-diamino phenazine, was produced when the oxidation
reaction occurred between Cu2+ and OPD, the fluorescence of CQDs was quenched at
446 nm, and a new distinct peak appeared at 562 nm. This ratiometric sensing technique
demonstrated increased sensitivity to Cu2+ in the range of 0.25–10.0 mol L−1, with a limit
of detection of 0.076 mol L−1 [135].

Similarly, He et al. [136] synthesized ratiometric CdTe quantum dots and graphite
carbon nitride (GCNN) fluorescent sensing probes to detect Cu2+ in drinks. Cu2+ quenched
the CdTe QDs’ yellow fluorescence when exposed to a UV lamp. The pink-yellow color of
GCNN shifted to blue at the same time [136].

4.6. Sensing of Mycotoxins Through CQDs

Mycotoxins are chemical compounds produced by filamentous fungi such as Fusar-
ium, Penicillium, and Aspergillus. These substances have the potential to have several
detrimental short- and long-term effects on human beings. Plant-based foods frequently
contain mycotoxins, which are well-known chemical risks in the food chain and are widely
present in human bodies [5]. Recent studies of prolonged exposure to mycotoxins and their
possible link to the development of neurological disorders like Parkinson’s or Alzheimer’s
due to neurotoxicity repercussions have increased our understanding of the effects of
mycotoxins on the nervous system [137].
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The application of CQDs in sensing mycotoxins represents a significant advancement
in ensuring the quality and safety of products within the food industry [116]. CQDs exhibit
unique optical properties and surface functionality and provide an innovative solution for
mycotoxin detection in different food backgrounds. Functionalized CQDs can be tailored to
selectively bind to specific mycotoxins, inducing measurable changes in their fluorescence
characteristics [18].

Aflatoxin (AF) was categorized as an exceedingly hazardous cancerogenic substance
that contaminates lentils, cereals grain, oil, and their products, posing a major threat to
human health. Fluorescent carbon quantum dots–duplicate molecularly imprinted poly-
mers (CQDs-DMIPs) were employed as a pretreatment for the specific identification and
quantification of aflatoxin B1 (AFB1) in peanuts, together with HPLC detection [138]. The
high toxicity of aflatoxin B1 was determined using a duplicate template of 5, 7-dimethoxy
coumarin compared to solid-phase extraction (SPE-HPLC) combined with UV, which
achieved a high enrichment factor of 71-fold with a LOD 118 ng L−1 [18].

Wang et al. [122] developed a facile, highly efficient method for detecting ochratoxin
A in flour and beer based on nitrogen-doped carbon dots (N-CDs) as an energy donor
and DNA and MCH (6-mercapto-1-hexanol)-modified silver nanoparticles as an energy
acceptor in the FRET system as shown in Figure 3d. This method has three advantages:
(1) nitrogen-doped CDs produced in a single step without requiring complex nanoparticle
modification allow for the acquisition of increased fluorescence intensity; (2) using MCH
as an assistance molecule, OTA detection was completed in less than 30 min; and (3) a
wide linear range was obtained, which could detect OTA in actual agricultural samples and
provide solutions for food safety issues. This tailored interaction facilitates the sensitive and
rapid detection of mycotoxins, offering a more efficient alternative to traditional methods.
The use of CQDs in mycotoxin sensing holds great promise for real-time monitoring, early
detection, and quality control in the food industry, thereby mitigating the potential health
hazards associated with mycotoxin contamination in food products [122].

5. Safety Concerns and Challenges
CQDs have exclusive properties, e.g., their sensitivity and surface functionality, which

make them valuable tools for detecting contaminants and pollutants in food products.
Carbon quantum dots can be modified in their surfaces, which makes them useful in
food analysis [139]. CQDs provide the real-time monitoring of pathogens, allergens, and
toxins in foodstuffs, contributing to the prevention of foodborne illnesses. Moreover, the
exclusive fluorescence properties of CQDs help in the sensitive and selective detection of
specific biomolecules, supporting the identification of allergens or adulterants [99]. By
incorporating CQDs into food safety measures, the industry can address health concerns,
boost consumer confidence, and contribute to the inclusive well-being of the public through
the delivery of safe and healthy food [52].

CQDs assume an essential role in improving safety measures within the food industry
when utilized as carriers for food products. CQDs’ distinctive characteristics, including
their biocompatibility, stability, and surface properties, make them ideal for improving the
safe delivery of food additives or bioactive compounds [140]. Acting as carriers, CQDs can
facilitate the controlled release and targeted delivery of important constituents, reducing
the risk of undesired interactions or side effects [52]. Additionally, their ability to prevent
the oxidation or degradation of sensitive compounds increases the overall safety and shelf-
life of food products [18]. By using CQDs as carriers, the food industry not only confirms
the proficient delivery of functional constituents but also addresses safety concerns related
to the stability and integrity of the delivered components, contributing to making safer and
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higher-quality food items [141]. The following important safety concerns and challenges
should be considered for the CQD-based sensing platform:

(1) The sensitivity and selectivity of the CQDs can be constrained by the complexity of
the food matrix. To fabricate CQDs with the appropriate characteristics, it is important
to obtain safe raw materials and create environmentally friendly additives [8,22].

(2) Currently, all approaches focus on sensing a single analyte, and few studies have
been conducted on the simultaneous detection of several targets in a single sample.
CQDs, compared to semiconductor QDs, have a low fluorescent quantum yield (QY),
and further research is necessary to fully understand their luminescent or fluorescent
mechanism. In addition, investigating their lifespan and degrading processes is
necessary to potentially widen their applications in the industry [15,27].

(3) For food packaging, the particle size of nanomaterials is a crucial factor that needs to
be confirmed as safe and stable throughout its shelf life, sensitive to the target analyte,
and non-destructive, especially when used in conjunction with packaged goods. In
addition to accurately determining the quality of the packed food, the fabrication and
size of CQDs must be maintained to keep the food quality high over time [7,25].

(4) Materials used in nanosensors to make them multifunctional and multireactive must
be made safe. Before implementing new food-sensing technologies, it is best to
carefully consider how nanomaterial-based sensors affect socioeconomic and human
health issues. We must be aware that the toxicity of carbon quantum dots increases due
to the oxidative stress caused by the relative oxygen species leading to the poisoning
of food [3].

6. Bibliometric Analysis and Future Perspectives
A bibliometric analysis is an organized analysis framework of many articles on a

particular topic. This provides knowledge on both current and future-oriented topics,
including research trends, journals, co-authorship networks, co-citations, bibliographic
coupling, the creation of new fields and subjects, and the evolution of new fields over
time [142]. In this study, the purpose of the bibliometric analysis was to examine and assess
published works from 2014 to 2024 that generally addressed the potential uses of CQDs in
food from the PubMed scientific database. In bibliometric research, keyword co-occurrence
analysis is a potent technique for examining the connections and trends among keywords
in a particular field of study [143]. Overlay visualization and network visualization maps
of author keyword co-occurrence are shown in Figure 4a,b, respectively, from the period
of 2014 to 2024. By presenting and discerning the co-occurrence patterns, researchers can
identify closely associated and commonly studied concepts. This information can guide
future research directions, collaborations, and grant funding decisions by highlighting
prevailing research interests and potential areas of scientific advancement regarding carbon-
based quantum dots. These networks may be used to assess how revolutionary a piece of
research is in the subject under consideration.

The bibliographic analysis on CQDs reveals that a growing number of publications
emphasized their importance and potential in food safety applications, particularly in
the detection of food contaminates, and highlighted the eco-friendly synthesis of CQDs
from both natural and synthetic sources, showing their versatility and effectiveness in
various food matrices. Additionally, CQDs exhibit photoluminescent properties, which
further research should strive to fully understand. The sensing mechanism of CQDs, as
well as the longevity and degradation process of CQDs, should also be addressed to ensure
their effectiveness over time in real-time analysis. To make carbon quantum dots more
commercially viable for use in food-based applications, it should be imperative to find
low-cost methods for fabrication on a large scale. Thermal or pyrolysis methods may
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restrict the widespread usage of brown-colored CQDs in a range of food analyses. For this
problem, novel non-thermal technologies can be used to handle the large-scale production
of CQDs. From a synthesis perspective, sustainability issues such as the recyclability,
reusability, environmental pollution, and toxicity of CQDs should be taken into account
while developing new synthesis techniques and desired materials. More work and efforts
are required, in particular, to produce green carbon precursors for the eco-friendly synthesis
of CQDs.
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The use of carbon dots at the nanoscale to identify dangerous food additives used to
lengthen the shelf life of foods is still not widespread. The practical application of carbon
quantum dots for the detection of additives during packing materials must therefore be
demonstrated using realistic food samples. Further research should determine the effects
of composition, charge, and functional groups on CQDs made from various polymers.
Previous scientific studies have demonstrated that the impurity of CQD in samples results
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in a situation where a significant amount of by-products, such as oligomers and carbon
particles, would result. These issues cause CQD applications in food investigation and food
safety detection to move at a slower pace. From a detection perspective, future research
is required to accomplish the simultaneous determination of numerous pollutants and to
stop various contaminants from interfering with one another.

Additionally, there is a need for greater study on carbon QD sensors with low de-
tection limits. Concerning the application’s perspective, before detection, complicated
food samples require several pre-treatment procedures. As a result, it can be difficult to
perform analysis without pre-treatment, and future studies should be improved or omit
the pre-treatment step to allow the practical use of these CQDs-based detection approaches.
Additionally, while taking into account more food sample blends, more exceptional results
should be attained for the more effective detection of trace analytes in food and its products
with high specificity and sensitivity.

Great efforts should be made in this regard to improve the sensitivity and selectivity of
CQDs-based detectors for the simultaneous detection of multiple analytes in food. Carbon
quantum dots are small nanoparticles that can enter the human body by skin inhalation
because of their nano size and dimensions, which can have a severe impact on our health.
The exceptional applications of CQDs have fascinated researchers and energized them to
use nanotechnology in the field of food sciences. Additional CQD-based mixes and high-
quality CQDs should be developed to boost their exceptional features in the field of food
research as a result of the rapid growth of nanofood technology. Therefore, synthesized
CQDs from food waste could have a bright future in food safety and food quality.

7. Conclusions
In conclusion, CQDs are emerging as versatile nanomaterials with remarkable poten-

tial across various fields, especially for food safety. CQDs can be synthesized from diverse
carbon-rich organic and inorganic sources. Waste from food, agriculture, and industry con-
tains a high content of carboxyl, amino, sulfur, and hydroxyl functional groups, which can
be excellent sources for the fabrication of CQDs and offer a wide range of potential practical
uses. Environmentally friendly CQDs possess unique physical and chemical properties
and enable the efficient detection of food contaminants introduced during processing and
packaging. Among fabrication methods, green hydrothermal synthesis attracts attention
for its cost-effectiveness, eco-friendliness, and high quantum yield. The functionalized
surfaces of CQDs make them highly effective in sensing applications, ensuring food quality
and safety. The primary luminescence mechanisms that have been found to cause fluores-
cence enhancement or quenching are photo-induced electron transfer (PET), fluorescence
resonance energy transfer (FRET), and the inner filter effect (IFE). CQDs offer numerous
advantages over semiconductor QDs but have a low fluorescent quantum yield (QY), and
further research is necessary to fully understand their luminescent or fluorescent mecha-
nisms. For food packaging, the particle size of nanomaterials is a crucial factor that needs to
be confirmed as safe and stable throughout its shelf life, as the toxicity of carbon quantum
dots increases due to oxidative stress caused by the relative oxygen species, leading to the
poisoning of food.

This review highlights the recent advancements in CQDs for food safety, while the
limitations have also been addressed to ensure their practical implementation. We also
provided bibliometric insights into a decade of research progress (2014–2024). Future efforts
should focus on overcoming the current challenges to fully harness CQDs’ potential in
ensuring global food security. To enable their increased use in the field of food sensing, it is
necessary to investigate their lifespan and degradation processes. Moreover, the surface
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functionalization of carbon dots using certain chemical ligands is a promising approach
toward the development of nanoprobes capable of targeting diverse species.
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