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Abstract 

Over the past few decades, carbon quantum dots (CQDs) gained remarkable attention due to their distinctive properties and wide-ranging 

applications. Usually, CQDs are nano-sized materials, showcase of outstanding optical, electronic, and chemical characteristics. Their synthesis 

involves the controlled carbonization of diverse carbon-rich precursors, such as organic molecules or waste materials. Their optical properties, 

including adjustable fluorescence, make them ideal for implementation in bioimaging, sensors, and optoelectronic devices. Their diminutive size, 

biocompatibility, and minimal toxicity enhance their suitability for applications in biology and medicine. Furthermore, researchers have delved 

into exploring the potential of CQDs in energy-related domains, such as photo-catalysis, solar cells, and super-capacitors, leveraging their unique 

electronic structure and catalytic capabilities. Ongoing research continue to uncover their synthesis and fascinating applications due to low 

toxicity. This review provides comprehensive information on CQDs, including their synthesis, characteristics, and attractive applications.  
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1. Introduction

From the past few decades, researches on carbon 

quantum dots have significantly increased due to their 

dramatic and fascinating applications [1]. Carbon 

quantum dots are a novel class of fluorescent materials 

from the nano-carbon family with a dimension of less 

than 10nm that include carbon as one of their constituent 

parts [2]. Due to their unique properties, such as 

biocompatibility, ease of surface modification, good 

photoluminescence, exceptional water+ solubility, and 

low toxicity, carbon quantum dots have recently 

emerged as a possible rival for inorganic quantum dots. 

For example, applications like photo-catalysis in vitro 

and in vivo bio-imaging, light emitting diodes (LEDs), 

organic solar cells (OSCs), DSSCs (dye-sensitized solar 

cells), drug carriers in biomedicine, chemical and 

biological sensors, as well as photodynamic and 

photothermal therapies, all utilize CQDs [3]. However, 

the search for low-cost synthesis/fabrication materials 

that are also non-toxic, eco-friendly, and biocompatible 

has been ongoing for some time. C-dots can be made 

using two different approaches: top-down and bottom-

up. For example, laser ablation, electrochemical 

syntheses, and electric discharges are all top-down 

techniques [4]. Meanwhile, bottom-up methods include 

carbonization of sugars like glucose and sucrose, 

ascorbic acid, and citric acid [5]. To improve water 

solubility and luminescent properties, additional 

synthetic procedures, techniques, stages/levels, 

hazardous agents, and equipment are required [6]. An 

urgently needed one-step, facile approach with 

economic chemistry is required to produce self-

passivated photo luminescent C-dots. In particular, it is 

possible to control the size, shape, and physical 

properties of the carbon nanoparticles by careful 

selection of the carbon source and surface modifier [7]. 

However substantial production of C-dots with tailored 

composition, structure, morphology and size by a simple 

and cheap method remains still challenging. 

2. Semiconductor Quantum Dots  

Semiconductor nanocrystals are the latest developed 

nanomaterial, also known as QDSs, that has piqued 

many people's curiosity [8]. A broad range of studies 

have been conducted on semi–conductor quantum dots, 

which have found them durable, tunable-fluorescence-

emission, high productivity, and with new visual 

characteristics [9]. The most often utilized fluorescent 
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compounds are organic dyes, CdSe, and ZnS quantum 

dots (QDs). These are some of the most frequently 

utilized fluorescent compounds [8], which use heavy 

toxic metals (either with low concentrations). Therefore, 

these QDs are not considered useful in  biomedical 

applications [10]. The disadvantages arise due to photo-

bleaching, quenching of dye molecules, and the toxicity 

of QDs [11].  

Photo-luminescent materials have gained popularity 

due to  their auspicious, diversified, and broad range of 

uses [12]. Because excitons are restricted in spatial 

dimensions, QDs exhibit the characteristics that fall 

between bulk semiconductors and discrete molecules 

[13]. When stimulated by photons and/or an electric field 

with greater energy than the band gap, quantum dots 

produce photons to release the absorbed energy [14]. 

Furthermore, because of the quantum confinement 

phenomenon, the emission energy can be adjusted by 

varying the composition and particle size of quantum 

dots. 

3. Carbon Quantum Dots 

Researchers have conducted a broad range of studies for 

investigating nanotechnology and creating 

nanomaterials. These nanomaterials are the particles that 

have been reduced to the nanoscale size and display 

significantly different characteristics than what they do 

on a large scale. For example, when the system size 

decreases, the "quantum size effect" becomes more 

apparent, causing the electrical characteristics of solids 

to change [15]. Meanwhile, increasing the exterior part 

to capacity proportion dramatically alters the 

mechanical, thermal, and catalytic characteristics of 

constituents [16]. Nanomaterials' specific characteristics 

allow for novel uses [7]. Carbon nanotubes, along with 

fullerenes, as well as nanoparticles composed of  

different materials  such as silver, gold, silica, zinc, and 

titanium, are usually employed in a variety of goods in 

the market [17]. 

The systematic studies and the combination of both 

nanotechnology and biotechnology are quite appealing 

for the  provision of analytical tools  and  techniques, and 

provide an efficient platform for the studies and/or 

research in biological sciences [18]. Quantum dots have 

been utilized as strong fluorescent probes for imaging 

biological targets [19], illness diagnosis and prognosis, 

tracking cell/protein interactions, and cell viability [20]. 

Traditional organic dyes have a restricted excitation 

range, poor fluorescence intensity, and a short lifespan 

[16]. QDs, on the other hand, have broad emission 

spectra but a limited, powerful, and modified emission 

range [21]. With their brilliant emission and exceptional 

photostability,  they allow a real-time monitoring of 

particles [17]. 

Because of their simplicity of functionalization and 

low cost of synthesis, carbon nanomaterials have shown 

significant promise in applications such as 

optoelectronics, bioimaging, and catalysis [22]. 

However, chemical changes frequently result in 

unwanted consequences such as low water solubility, 

limiting  their potential in a variety of applications [23]. 

Carbon QDS, or CQDs, are not very old, and a type 

of carbon-nanomaterial which has intrinsically high-

water solubility, photoluminescent quantum yield, and 

size-dependent fluorescence, has demonstrated even 

more potential in these applications [24]. Chemical 

treatment retains or even improves these characteristics, 

elevating CQDs above many carbon nanomaterials [24]. 

3.1. Discovery of CQDs 

Xu et al. (2004) [25] unintentionally discovered CQDs 

during the process of the disintegration and filtration of 

the SWCNTs (carbon nanotube) [26]. This prompted 

further research to harness CQD fluorescence 

characteristics and produce a new class of very small 

sized practical fluorescent nanomaterials [27].  

C-dots particles are found to be very interesting 

among researchers due to their uniqueness in integration 

of bright-light photoluminescence, high water solubility, 

easy functional activity, lower  toxicity values, and 

photostability with higher values [12]. The simple 

synthesis processes achievable by several methods from 

a range of initiating materials [28, 29]. Unlike 

nanodiamonds, which emit light owing to point defects 

found in the sp3 hybridized carbon structures due to 

differences in carbon atom arrangement, energy 

emission from C-dots exhibits  several characteristics 

along with fully recharged electrons and carbon 

materials [30]. 

3.2. Optical Properties of CQDs 

The most fascinating element of CQDs is their variable 

photoluminescence (PL) properties, which are produced 

by the quantum confinement phenomena. The excited 

electron transfers from the conduction band towards the 

valence band of the absorbed photon’s wavelength [31]. 

Light emitted by QDs can have wavelengths ranging 

from ultraviolet to infrared [32]. 

The major distinguishing feature of fluorescent CQDs 

or FCQDs is that the hue of fluorescence varies with size 

[31]. Quantum dots of various sizes produce high-

energy light (Blue). Furthermore, large quantum dots 

produce light with a low energy (Red) [33].  

3.3. Quantum Confinement Effect 

Bulk semiconductor materials contain a fully occupied 

valence band and also a conduction band, which is 
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separated by relatively small band gap distance (less 

than 4 eV), acting like insulators at ambient temperature 

and displaying electrical conductivity when triggered 

externally [34]. The valence band receives energy 

through the conduction band when the energy is higher 

than the band gap, and it also allows electric current to 

flow. The valence and conduction bands in nanoparticles 

are divided into different energy levels, with the energy 

difference between the closest feasible valence and 

conduction levels  increasing with particle size [35,36].  

A dot is formed when a bulk substance is reduced to 

1nm-10nm in all three dimensions  [14]. The band gap 

between the conduction band and the valence band 

grows as the number of atoms decreases from bulk 

material to quantum dots. The number of electrons that 

jump from the conduction band to the valence band is 

determined by the energy gap between the conduction 

and valence bands, which is directly proportional to the 

number of atoms present in the material [37]. 

Because QDs have broad absorption spectra, they 

may be excited by a wide variety of wavelengths. This 

feature may be used to concurrently stimulate several 

colored QDs with a single wavelength. The emission 

spectra of QDs are narrow. This can be easily adjusted 

by making changes to the size, composition, and surface 

coating [36]. When quantum dots are produced, the 

number of atoms in each cluster of material may vary, 

resulting in fluorescent carbon quantum dots of varying 

sizes displaying distinct colors [17].  Color of QDs 

depends on size, decreasing size from 6nm to 2nm, 

energy bandgap increases and color changed 

red>yellow>green>blue (decreasing size order) [38]. This 

is caused by the quantum confinement effect. 

 

i) As the nanoparticle's size shrinks, the exciton 

(electron-hole pair) becomes more restricted.  

ii) As the exciton is restricted further, the recombination 

energy increases. This is caused by the quantum 

confinement effect. 

During the synthesis process, the size of quantum 

dots may be adjusted [33]. 

3.4. Review on Various Synthetic Methods 

Carbon dots can be synthesized from different materials 

including lemon juice [5], wheat straws [39], milk [40], 

apple juice [41], aspirin [42], coffee grounds [43], egg 

yolk [44], and chocolate [45]. There are two basic 

approaches to the synthesis of carbon dots [15]; top-

down methods, and bottom-up methods.  

In the top-down method, the carbon particles (bulk 

material) are usually broken down, which results in 

different products, such as carbon soot, graphite, 

graphite oxide, nanodiamonds, and/or nanotubes. These 

materials are produced by using different processes such 

as the laser ablation, electrochemical oxidation, and/or 

electrochemical oxidation [46]. Unlike the top-down 

method, the bottom-up method involves the 

carbonization of tiny organic molecules to produce CDs, 

which are frequently manufactured utilizing 

combustion/thermal/hydrothermal, supported 

synthesis, microwave/ultrasonic-aided processes in 

which CQDs usually generated from molecular 

precursors [47]. 

3.4.1. The Top-down Approaches  

3.4.1.1. The Arc-discharge Methods  

C-dots were discovered by Xu et al. while purifying arc-

discharge dust-derived single-walled nanotubes 

(SWCNTs). Carbonaceous materials were divided into a 

number of components with varying degrees of 

fluorescence based on their size. The researchers used 3.3 

M HNO3 to add carboxyl-functional groups to the arc 

soot, which improves the substance's hydrophilicity. 

They then extracted the dust/soot using a NaOH solution 

(pH 8.4) to create a stable black suspension. Gel  

electrophoresis was used to separate the suspension into 

SWCNTs, short tubular carbons, and fluorescent Carbon 

dots. Lack of poly aromatic hydrocarbon (PAH) 

characteristic C-H bond out of plane bending modes in 

the FTIR spectrum showed that the PL was not derived 

from PAH sources [25]. 

3.4.1.2. The Electrochemical Oxidation 

For the first time, electrochemical synthesis of C-dots in 

a solution was shown by Zhou et al. (2007). They grew 

multiwall carbon nanotubes (MWCNTs) on carbon 

paper made from scrolled grapheme layers using 

chemical vapor deposition. A degassed acetonitrile 

solution with 0.1 M tetrabutylammonium perchlorate 

(TBA+ClO4) served as the electrolyte, and the nanotubes 

were used as the working electrode in an electrochemical 

cell along with a Pt wire counter electrode and an 

Ag/AgClO4 reference electrode, as well as a Pt wire 

counter electrode and a reference electrode. When 

developed, they were spherical and emitted 

photoluminescence. When no MWCNTs were used in 

the carbon paper, no C-dots were generated. Chi and 

colleagues also created C-dots in phosphate buffer 

solution (pH 7.0) using a Pt mesh counter electrode and 

an Ag/AgCl reference electrode assembly by 

electrochemically oxidizing  graphite rods [48]. 

3.4.1.3. Laser-Ablation Methods  

Argon was used to heat-press a mixture of graphite 

powder and cement, which was then baked, cured, and 

annealed at 900°C and 75 kg/cm2. To enhance C-Dot 

fluorescence, different non-toxic polymeric agents [47] 

such as poly(ethylene glycol) diamine (PEDG), poly 

(propionyl ethylene-imine-ethyleneimine) (PEIE) [49], 
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terminated polyethylene glycol diamine [50], and 

poly(propionyl-ethylenimine-coethylenimine) (PEIE-EI) 

[49]. After dialysis against water, followed by 

centrifugation, a highly fluorescent product was 

obtained from the fluorescently pure C-dots [51]. It was 

necessary to design and execute a slightly modified 

technique utilizing 13C powder and more rigorous 

control in order to produce C-dots with a high quantum 

yield of 20% [52]. For 2 hours, the authors of the study 

used a pulsed Nd:YAG laser to irradiate graphite or 

carbon black mixed in diamine hydrate, diethanolamine, 

or PEG200N, which acted as a surface passivating agent.  

3.4.2. Bottom-up Approaches 

3.4.2.1. Combustion/Thermal/Hydrothermal Methods 

Unscented candle soot and natural gas burner soot are 

also excellent sources of C-dots. To make multicolor 

luminous C-dots from candle combustion soot, Mao et 

al. used an oxidative acid treatment to the C-dot 

surfaces, adding -OH and -COOH groups [53]. 

Polyacrylamide gel electrophoresis (PAGE) 

fractionation was employed to clean up the particles 

after they had been separated.  

Thermally degrading low-temperature melting 

molecular precursors were used to produce surface 

passivated C-dots in a single procedure [54]. Careful 

selection of the carbon source and surface modification 

increased control over the C-dots' form and physical 

properties. The EDTA salts were converted using a one-

step pyrolytic process into extremely blue luminous C-

dots with a PL QY of 31.6–40.6%. Chemical oxidation of 

carbohydrates was a significant technique for generating 

C-dots [55]. To increase water solubility and other PL 

properties, most synthesis methods call for a number of 

steps, a strong acid, and further treatment with other 

compounds. Wu et al. created hydrophilic C-dots with a 

high yield via controlled carbonization of sucrose, as 

reported in Science [55]. Green luminescent C-dots were 

differentiated from non-luminous C-dots that emitted 

blue fluorescence after being functionalized with PEG, 

and this was accomplished effectively. The 

hydrothermal technique was also utilized  by other 

researchers for the production of C-dots with a high 

quantum yield from chemical precursors including 

glucose, fructose, saccharide, and ascorbic acid as 

compared to others [56]. We recently synthesized huge 

quantities of highly photoluminescent C-dots on a 

massive scale using hydrothermal treatment of cheap 

orange juice that is readily available. Because of their 

high photo-stability and low toxicity, these C-dots have 

shown to be excellent probes for cellular imaging. Using 

hydrothermal treatment of soya milk, Zhu et al. created 

bi-functional florescent C-dots with strong electro-

catalytic activity for oxygen reduction [57]. 

3.4.2.2. Microwave/Ultrasonic Synthesis 

To make C-dots with electro-chemiluminescence 

properties, Yang says he used a microwave pyrolysis 

approach by mixing PEG200 with a saccharide (such as 

glucose or fructose) in water to make a transparent 

solution, which was then heated for 2–10 min in a 500 W 

microwave oven to produce electro-chemiluminescence 

[58]. The length of the microwave heating influences the 

size and PL properties of these C-dots (5 minutes in this 

case). Kang et al. created C-dots that showed vividly 

colored PL from glucose or active carbon in the visible to 

near-infrared spectral region using an ultrasonic 

treatment method [59]. Also, using hydrogen peroxide 

as a catalyst, the same group devised a one-step 

ultrasonic treatment to generate water-soluble bright C-

dots from active carbon [56]. It was found that these C-

dots generated bright and colorful photoluminescence 

throughout the whole visible to near-infrared spectral 

range, despite their up-conversion fluorescent 

properties. One-pot ultrasonic synthesis was utilized in 

a recent research to produce photocatalytically active 

fluorescent N-doped C-dots (NCDs), which were then 

used in the visible light photo degradation of methyl 

orange [60]. Figure 2.5 depicts the photodegradation of 

methyl orange utilizing fluorescent N-doped C-dots 

(NCDs) with photocatalytic activity [60]. 

3.4.2.3. Supported Synthetic Methods 

With this method, the C dots may be made to have a 

monodisperse structure while still being synthesized 

using a supported synthetic approach. The support 

helps to keep the C-dots separate during high-

temperature treatment, which prevents nanoparticle 

aggregation. For C-dot formation, Li and colleagues 

used surfactant-modified silica spheres as supports; the 

silica spheres were then removed using a 2 M NaOH 

solution etched with a diamond pen [61]. Using 3M 

HNO3, the surface was passivated and oxidized to 

produce hydrophilic photoluminescent C-dots. When 

developing C-dots, Giannelis and colleagues used an 

ion-exchanged version of NaY zeolite [54]. To make 

hydrophilic C-dots, Zhu et al. utilized mesoporous silica 

(MS) spheres as nanoreactors. After calcination and 

support removal, MS spheres were impregnated with a 

complex salts and citric acid solution, resulting in 

monodisperse, hydrophilic C-dots [62].  

3.5. Applications of CQDs 

3.5.1. The Chemical sensing 

CQDs have proven useful in chemical sensing, e.g., 

mercury (Hg2+) must be identified as soon as possible 

since it poses a major hazard to both the environment 

and human health. CQDs have been used in chemical 

sensing applications because of their low toxicity, water 
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solubility, high photostability, and remarkable chemical 

stability. The selective detection of Hg2+ in aqueous 

solutions and live cells was one of the first successful 

attempts to utilize CQDs in chemical sensing [6]. 

Fluorescence emissions from both CQD solution and 

CQDs immobilized in sol–gel were found to be 

Hg2+dependent, as shown by Goncalves and colleagues 

in their study. Fluorescent probes included laser-ablated 

CQDs, NH2-PEG200, and N-acetyl-L cysteine-passivated 

CQDs. The team of Goncalves and associates used 

micromolar quantities of Hg2+ with a Stern–Volmer 

constant of 1.3105 M-1. Barman and Sadhukhan (2012) 

found that fluorescence intensity in CQDs could be 

successfully reduced. This means that the quenching 

induced by Hg2+is most likely due to static quenching as 

a consequence of the formation of a stable non-

fluorescent complex between CQD and Hg2+, given the 

high value of the Stern–Volmer constant. Substituting N-

CQDs for the laser-ablated CQDs led to a substantial 

improvement in sensitivity down to nanomolar levels, as 

later found. Again, it is speculated that static quenching 

is responsible for the loss of fluorescence; but this time, 

the value of the Stern–Volmer constant is two orders of 

magnitude higher: 1.4107 M-1. The significantly 

improved Hg2+ sensing ability of N-CQDs has been 

attributed to the presence of nitrogen element, most 

likely in the form of –CN groups on the N-CQD surface 

[63]. The Hg2+–CQD system, developed more recently by 

Yan and colleagues, enables the selective detection of 

Hg2+ in aqueous solution and in live cells. When 

compared to conventional synthesis methods, the 

authors were able to achieve quantum yields of 65.5 and 

55.4 percent using citric acid and 1,2-ethyldiamine 

(CQD-1 and CQ-2, respectively). These quantum yields 

were much higher than those of the usual technique. 

They looked into the influence of Hg2+ on CQD-1 and 

CQD-2's fluorescence emission quenching effectiveness 

and selectivity. Both CQDs served as selective and 

sensitive fluorescence probes, respectively, for the 

detection of mercury levels in aqueous solutions and live 

cells. After injecting 20 mM of Hg2+, the fluorescence 

became more intense. 

The intensity of CQD-1 was reduced by 80% in the 

first hour, whereas the intensity of CQD-2 was reduced 

by 55% in the first hour and stayed constant afterwards. 

This shows that CQD-1 and CQD-2 may be used as Hg2+ 

chemical sensing probes in a wide range of applications 

[64]. The Hg2+ selectivity of CQD-1 and CQD-2 was then 

determined by measuring the quantity of fluorescence 

quenching produced by different metal ions added to the 

cells at 20 mM concentrations. Using Hg2+, the most 

potent metal ion tested, scientists were able to 

significantly reduce the fluorescence of the CQD-1 and 

CQD-2 fluorescent materials. Reversible quenching of 

fluorescence was shown in these CQDs, making them 

useful as reversible fluorescent probes. This was 

demonstrated in the studies. The detection of Hg2+ in 

growing cells was also made with efficient and 

successful efforts [64]. 

Some of the additional elements identified by CQDs 

in chemical sensing include Cu2+ [65], Fe3+ [66], Pb2+ [20], 

Cr4+ [67], and Ag+ [68]. The bulk of the methods proposed 

are based, as previously mentioned, on the fluorescence 

quenching produced by metal ions, similar to the Hg2+ 

sensing approach. Cu2+ was discovered to be selectively 

detected utilizing CQDs modified with lysine and 

bovine serum albumin in aqueous samples such as tap 

water described by Liu et al (CQDs-BSA-Lys). Sensitive 

detection of Cu2+ in solution was achieved using the 

coordination reaction of Cu2+ with the –COOH and –NH2 

groups of the CQDs-BSA-Lys [69]. CQD-based 

fluorescent probes with higher sensitivity were 

developed by covering them with more sensitive metal–

organic frameworks (ZIF-8 – zinc imidazolate 

frameworks) and silica nanoparticles rather than 

polymeric materials [70]. A new class of ultrasensitive 

nanocomposite fluorescence probes has been developed 

by Lin and colleagues by using CQDs coated with b-PEI 

and encapsulated in ZIF-8. It was discovered that by 

using the synergistic effects of the strong fluorescence of 

the CQDs and the selective accumulation action of ZIF-8 

hosts, CQD-ZIF-8 nano composite probes could detect 

Cu2+ concentrations down to 80 parts per million (pM) 

[52]. To make more CQD–metal–organic framework 

probes, the same method may be employed, which 

would enable very sensitive and selective detection for 

many analytes like concentration of metal ions, detect 

pH, citrate ion concentration in a single experiment. 

A few examples of reactive oxygen species are CN- 

[71], S2- [72], ClO- [73], and I- [74]. Instead of using the 

fluorescence quenching method to measure metal ions, 

many anion assays use the fluorescence rise (also known 

as fluorescence recovery) of previously quenched CQD–

metal complexes. CQD fluorescence was recovered by 

creating more stable complexes between I- and metal 

ions in the I-assay, which displaced the CQDs from the 

CQD–metal complexes. The authors, Z. Yang et al. 

(2013), state that Ascorbic acid, 4-nitrophenol, quercetin, 

2,4-dinitrophenol, and APTS-GO were also tested for 

chromium [67], as were other minor inorganic 

substances [75]. Variations in the synthesis of CQDs have 

serious consequences because studies suggest that the 

fluorescence characteristics of CQDs are strongly 

dependent on the composition of CQDs and residue 

chemical groups on their surface; different starting 

materials and procedures invariably result in CQDs with 

significantly different physicochemical properties 

overall, and optical properties specifically. CQDs must 
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be standardized, and their performance must be 

evaluated, as soon as possible [13].  

3.5.2. Biosensing 

CQDs were used in immunoassays and biomarker 

studies in addition to biosensing using antibodies and 

their gene-recombinant fragments [76]. In 

immunoassays, CQDs are mainly employed as 

fluorescent labels. Posthuma-Trumpie and colleagues 

studied the utilization of CQDs in lateral flow and 

microarray immunoassays[77]. Because they are less 

costly, more stable, and more sensitive, CQDs were 

chosen for this study over other commonly used 

fluorescent markers. CQDs have been found to be more 

sensitive as labels in lateral flow tests than gold or latex 

nanoparticles (LFA). As recently as 2019, researchers 

discovered that the pico-molar range was capable of 

accurately detecting CQDs. 

NALFA serves as a good generic example of nucleic 

acid LFA. The amplicons' distinguishing tags are 

recognized  by the appropriate antibodies, and the CQDs 

attached to the amplicons generate fluorescence signals 

[78]. For the rapid and specific detection of 4,4’-

dibrominated biphenyl (PBB15), a persistent organic 

pollutant that has been shown to disrupt the endocrine 

system, Bu and colleagues developed an immune-sensor 

based on the principles of Forrester resonance energy 

transfer (FRET) and homogenous immunoassay. Gold 

nanoparticles (AuNPs) functionalized with anti-PBB15 

antibody have been used as fluorescence acceptors, 

whereas PBB15 antigens have been CQD-labeled have 

been used as donors. Because of the FRET phenomena, 

the AuNPs were able to reduce the CQDs' fluorescence. 

Fluorescence recovery happened when the CQD-labeled 

antigens were competitively immune-reacted off of 

AuNP's surface with PBB15 added to the solution. Using 

antibodies and antigens specific to the analyte, this 

immunosensor may be used as a model for the future 

creation of immunoassays for the detection of other 

analytes [79]. The fluorescence dye was successfully 

quenched by the addition of single-stranded DNA to the 

CQDs, and this technique was used to identify nucleic 

acids with such great selectivity that even a single base 

mismatch could be detected first. The newly generated 

cs-DNA desorbed from the CQD surface when single-

stranded DNA (ss-DNA) hybridized with its matching 

target to make a double-stranded DNA (ds-DNA). This 

allowed the fluorescence to return [80]. Single-

nucleotide polymorphisms may be detected using this 

technology's ability to detect changes in fluorescence 

intensity. The use of nucleic acid binders called 

aptamers, selected from a large nucleic acid library, has 

also been shown in another CQD application [13]. Most 

of the time, aptamers are linked to a conformational 

change in the target that can be detected in the 

radiometric response. When used in conjunction with 

thrombin-functionalized CQDs, this technique creates a 

sandwich-structure with aptamer-functionalized silica 

nanoparticles by creating a specific interaction between 

thrombin and a particular aptamer [80]. With a detection 

limit of 1.0 nM, this thrombin assay was shown to be one 

of the most sensitive fluorescence assays available for 

thrombin. Stable fluorescent CQDs made using a one-

step microwave pyrolysis method previously reported 

were used to identify the proteins after they were 

separated using gel electrophoresis. Protein staining was 

a breeze with these CQDs since they worked so well. 

Conventional staining agents like Coomassie Brilliant 

Blue and Ag+ work extremely well or even better in terms 

of sensitivity than [80]. According to the researchers, 

water-soluble CQDs made from rice straws thermally 

burned in a furnace with insufficient air flow were used 

to rapidly identify and count bacteria cells in sewage 

water. These CQDs engaged with the receptors only 

when they came into touch with the bacterial cell 

membrane.[81]. In addition to macro-biomolecules, 

CQDs have shown promise as fluorescent probes for the 

detection of small bio-analytes such as anti-bacterial 

drugs. This was clearly shown by Niu and Gao's 

experiments. Luminescent N-CQDs were initially 

synthesized from glutamic acid using a one-step 

pyrolysis method. These N-CQDs were utilized in a 

number of applications for the detection of amoxicillin, a 

popular antibiotic used to treat bacterial infections. The 

researchers  found that amoxicillin molecules effectively 

separate N-CQDs from one another, decreasing the 

frequency of non-radiative transitions, which ultimately 

led to an increase in fluorescence intensity [82]. CQDs 

were also utilized to detect previously undetectable 

small bio-analyte including dopamine, ascorbic acid, 

and glucose. Some of these CQD-based methods utilize 

dopamine as a carbon source and generate highly 

fluorescent CQDs, which may be used to detect 

dopamine without the need of labelling chemicals. Using 

dopamine, researchers were able to restore the 

fluorescence of a previously quenched Fe3+ CQD 

complex in a manner similar to the anion sensing 

described earlier. In the range of 0.1–10 mM, the increase 

in fluorescence was shown to be proportional to an 

increase in dopamine concentration, with a detection 

limit of just over 68 nM. [71]. Dopamine, on the other 

hand, was shown to be an efficient quencher in another 

study.  The differences in the techniques and carbon 

sources used to make CQDs likely account for this 

discrepancy. Consistency in CQD synthesis is crucial to 

prevent data misunderstanding of data [70]. 
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3.5.3. Bio-imaging 

CQDs provide numerous advantages over 

semiconductor quantum dots due to their comparable 

optical properties and outstanding chemical and 

photochemical durability [12]. First and foremost, 

carbon does not pollute the environment in any way. 

These features make CQDs an appealing technology as 

an alternative to semiconductor quantum dots for 

studying biological systems both in vitro and in vivo 

[72]. Cytotoxicity is caused by surface passivating 

chemicals on the CQD surface, not by the carbon core of 

the CQDs [83]. Surface passivating compounds with low 

cytotoxicity have been proven to be safe at high dosages 

for in vivo imaging. Mice were given 8–40 mg/kg 

(CQD/weight) of PEGylated CQDs intravenously, and 

no adverse effects could be detected up to 28 days later 

for the evaluation of toxicity [84]. To test whether CQDs 

are detrimental at exposure levels and durations beyond 

what is typically used in in-vivo imaging studies, 

researchers gave mice various dosages of CQDs or NaCl 

as a control. Physiological indicators were all similar. 

Despite liver and spleen CQD levels being higher than 

those reported in the other organs, no abnormalities 

were seen in the tissues. Additionally, the health of cells 

exposed to various doses of CQDs was evaluated. Cell 

viability was reported to be more than 95% at CQD 

dosages up to 1.8 mg/ml. As a result of these results, 

CQDs have been shown to be much more biocompatible 

than semiconductor quantum dots as a result of these 

results [85]. Even at low concentrations and/or short 

incubation times, it is feasible to use CQDs modified 

with high cytotoxicity agents for in vivo applications. It 

has been shown that organic dye-conjugated CQDs are 

effective fluorescent H2S probes. When organic dye-

conjugated CQDs were exposed to residues of H2S, a 

FRET reaction took place, changing the blue emission 

into a green emission [12]. H2S has already been shown 

to cross cell membranes through simple diffusion [84]. A 

fluorescence microscope was used to investigate the 

ability of organic dye-conjugated CQDs to detect 

changes in physiologically relevant H2S levels in live 

cells. Additionally, CQDs synthesized using N–(b–

aminoethyl)–g–aminopropyl methyl–dimethoxysilane 

as a carbon source interacted preferentially with Cu2+ 

owing to the presence of ethylenediamine residues on 

their surface [85]. RhB-doped silica nanoparticles were 

coated with these CQDs to produce dual-emission Cu2+ 

probes. Cu2+ significantly reduced the fluorescence of 

CQDs but had no effect on RhB. These probes worked 

well for imaging Cu2+ in live cells [85]. The images taken 

by Hsu et al. showed that the cytoplasm and membrane 

were the primary locations of CQDs. Passivated PPEI-EI 

water-soluble CQDs have been shown to label MCF-7 

cells' cell membrane and cytoplasm, but not their 

nucleus [86]. COS-7 cells' membranes and cytoplasm 

were labelled with CQDs produced from activated 

carbon alone [84]. Only cells treated with silica-

encapsulated CQDs exhibited the highest light in the 

cytoplasm [81]. Fowley and colleagues created CQDs 

that passed the membrane of Chinese hamster ovary 

cells and landed in the cytoplasm using a biocompatible 

amphiphilic polymer [86]. Researchers led by Hu have 

created CQDs with a 54.3% quantum yield b-PEI coating 

that are uniformly dispersed throughout the cytoplasm 

[63]. 

Surface passivating chemicals and surface 

passivation mode influence CQDs localization, as shown 

by these examples. It is common practice to apply CQDs 

to cells before imaging to enable uptake by the cells and 

utilization within them. When CQD internalization was 

tested at 481°C, no CQDs were found within the cells. As 

reported, CQDs enter cells through endocytosis [87, 88]. 

One possible way to enhance CQD absorption is by 

coupling them with membrane translocation peptides to 

facilitate  this process [89]. CQDs are unique labelling 

agents due to their variety of emission colors. 

Consequently, researchers can now select  and control 

the excitation and emission wavelengths more easily 

[65]. The multicolor emissions they produce  when 

stimulated at different wavelengths were also observed 

when folic acid passivated CQDs were used in HepG2 

cells [84]. Bacteria and yeast cells utilized  several 

excitation modes to stimulate green CQDs produced 

from sugar cane juice [90]. The strong fluorescence 

intensity required for cell imaging [89]. Even without 

any surface passivating compounds, thermally 

combusted soot CQDs treated with acid efficiently 

translocated into Ehrlich ascites carcinoma cells. If the 

excitation wavelength is sufficiently red-shifted, CQDs 

may emit in the near infrared (NIR). Despite their low 

NIR emission, CQDs have great potential for in vivo 

fluorescence tracking studies [91]. This is due to the fact 

that the animal's body is almost transparent in the near-

infrared spectrum. Yang's team was the first to use CQDs 

in live mice as a contrast agent [91]. PEG1500N-

passivated CQDs were administered subcutaneously 

into mice, and the animals continued to emit bright 

fluorescence for 24 hours after the injection. This study 

found that intravenously administered CQDs mostly 

exit the body through urine extraction.  The same group 

observed lymph vessel movement using ZnS-doped 

CQDs [92]. 

3.5.4. Nano-medicine 

CQDs are an ideal alternative to other fluorescent 

nanomaterials since they are tiny fluorescent 

nanoparticles that can be synthesized rapidly and 

inexpensively using various synthetic methods [93]. As 

CQDs show no apparent signs of toxicity in animals, 
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they hold  great promise  for application in nano-

medicine [94]. CQDs were administered intravenously 

to mice in vivo and used in photodynamic treatment to 

treat transdermal tumors with no effect on thrombin 

activity or blood coagulation [95]. The production of 

singlet oxygen species, which leads to cell death, and the 

localization and concentration of photosensitizers in 

cancer tissue are induced using a specific wavelength of 

irradiation. The strong tumor-to-background 

fluorescence contrast and the low fluorescence levels in 

other tissues and organs indicate that CQDs might be 

used as photosensitizers due to their ability to selectively 

concentrate within tumors [96]. 

PPEI-EI functionalized small CQDs (PPEI-CQDs) 

showed a significant photodynamic impact on Du145 

and PC3 cells when exposed to UV light. The observed 

photodynamic impact was caused by the photo-induced 

production of singlet oxygen (Type II process) and other 

reactive oxygen species and radicals (Type I mechanism) 

[97]. Due to the size of its bandgap, TiO2 is a typical 

semiconductor photo-catalyst that can only be activated 

by UV light [98]. CQDs also used to treat deep-seated 

tumors like colon and bladder cancer [99]. CQDs 

combined with conventional photosensitizer 

(protoporphyrin IX). The up-conversions activated the 

photosensitizer without causing any negative side 

effects thanks to FRET. Fluorescence emission is 

produced by excitation of the CQDs at 800 nm. In 

comparison to clinical photodynamic treatment, the 

excitation light at 800 nm from the phototherapeutic 

window may penetrate four times deeper into human 

tissue than clinical photodynamic therapy [100]. 

CQDs significantly used for radiotherapy as well as 

phototherapy. Silver-coated PEG-CQDs (C-Ag-PEG 

CQDs) were employed as radiosensitizers in Du145 cells. 

To enhance their therapeutic selectivity, low-energy X-

ray exposure generated electrons that damaged cancer 

cells around the CQDs but did not affect healthy cells 

[101]. bPEI-coated CQDs efficiently used as nanocarriers 

for gene delivery to the retinal cells due to high number 

of amino groups on their surfaces. The bPEI was 

successfully delivered into cells without any issues. 

Because of its high positive charge density and proton-

sponge activity, biotin gathers and condenses genetic 

material to form toroidal complexes that cells can  easily  

uptake through endocytosis [102].  

Zheng & coworkers used chemical coupling to attach 

an anticancer Pt4+-based pro-drug – oxidized oxaliplatin 

(Oxa(VI)–COOH) to CQD surfaces [103]. When exposed 

to light, the quinoline molecules on the CQDs' surfaces 

serve as release triggers, allowing researchers to monitor 

the dispersion of drug–CQDs conjugates. In addition to 

pH-triggered drug release, several mechanisms for the 

release of medicines have been investigated [104]. Folic 

acid was used as a navigation molecule on the CQDs 

surface because of its association with almost all types of 

cancer cells. CQDs were used to evaluate the loading 

capacity of DOX, and the release kinetics were found to 

follow first order kinetics at a physiological pH, 

providing for a good release profile.  

Interestingly, the DOX-loaded CQDs killed cancer 

cells more quickly  and were less harmful to normal cells 

than free DOX because of the better targeting ability of 

the folic acid molecule [105]. 

4. Conclusion 

In conclusion, CQDs represent a fascinating class of 

nano-sized carbon-based materials that have garnered 

significant scientific interest in recent decades. Their 

distinct qualities, including optical, electrical, and 

chemical characteristics, make them ideal candidates for 

a variety of applications. The controllable fluorescence 

and biocompatibility of CQDs have led to their 

utilization in domains such as bioimaging and sensors, 

highlighting their promise for medical and technological 

advancements. Furthermore, the study of CQDs in 

energy-related applications, such as photocatalysis and 

solar cells, demonstrates their potential importance in 

sustainable technology. As new synthesis methods are 

discovered, the multifarious nature of CQDs presents 

them as exciting and valuable materials with far-

reaching ramifications in a various scientific 

technological field. This comprehensive review 

highlights the synthesis, properties, and applications of 

CQDs, which will serve as an informative foundation for 

future research. 
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