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Application of Carbon Dots and Their Composites to Analysis of Heavy Metals and 

Small Biomolecules by Fluorescence Spectroscopy 

Diébel Dado Sall#a,b, Yawen Xiao#a, Abdou Karim Diagne Diawb and Miryana Hémadi*a

 Carbon Dots (CDs) have attracted significant attention due to their unique photoluminescent properties, 

biocompatibility, and versatile surface functionalities. After a brief introduction devoted to their synthesis and 

characterization, this review explores the fluorescence properties of CDs, and how these are impacted by non-

metallic and metallic atom doping, surface functionalization and passivation. Applications of CDs for analyzing 

heavy metals and small molecules of biomedical interest by fluorescence spectroscopy are discussed. CD 

composites with inorganic or organic materials are presented along with applications to both the assay and 

removal of heavy metal and organic pollutants. Challenges and future prospects in this emerging field are 

addressed.

1. Introduction

Water pollution is a very serious problem that has been exacerbated 

by the process of industrialization, the expansion of urban areas, and 

agricultural practices. Water sources have become extensively 

polluted with a multitude of detrimental substances, notably heavy 

metals like lead, mercury, and cadmium, as well as a variety of 

organic pollutants such as pesticides and pharmaceuticals 1,2 . The 

distribution of these pollutants is closely associated with human 

population densities, particularly in heavily industrialized areas of 

Europe, North America, and Oceania, leading to a profound 

ecological and public health crisis 3. The adverse effects range from 

the degradation of aquatic ecosystems to the emergence of chronic 

health conditions in humans, emphasizing the urgency for innovative 

and effective treatments.

Given the complexity of water pollution, characterized by a vast array 

of chemical  contaminants, the development of highly sensitive and 

selective detection methods is imperative 4. Traditional approaches 

often fall short, unable to adequately address these concerns due to 

limitations in sensitivity, specificity, and operational feasibility. 

Therefore, the ability to detect and accurately quantify pollutants, 

particularly at low concentrations within complex environmental 

matrices, is critical for the monitoring and treatment of water 

pollution.

Within this context, Carbon Dots (CDs), a novel class of 

nanomaterials, have shown immense promise as a means of 

improving the analysis of heavy metal ions 5,6. Their size, less than 10 

nm, their notable fluorescence, and customizable surface 

functionality permit the design of specialized sensors that are highly 

sensitive and selective. Offering advantages over traditional 

detection methodologies, including reduced toxicity, environmental 

compatibility, and the capacity for real-time monitoring, CDs stand 

out as a formidable tool in environmental science. Reflecting the 

increasing relevance of CDs, data collected and visualized in recent 

publications reveal an escalating trend in research, particularly in 
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sensor applications, which have surged to comprise 47% of all CD-

related research by July 2025. This surge responds to the important 

demand for advanced sensing technology in water pollution control. 

This review paper concentrates on the versatile applications of these 

nanomaterials in addressing the challenges of heavy metal 

quantification (essentially by CDs) and remediation (essentially by CD 

composites) in aqueous systems. However, the possibilities for 

exploiting the fluorescence properties of CDs are not limited to heavy 

metals. They can also be applied to the detection and quantification 

of small molecules of biomedical interest by fluorescence 

spectroscopy. It seems appropriate therefore to combine these two 

aspects in a single review,

despite the difference in their fields of application. 

Figure 1. Publication trends of CDs (2004-2025) (a) Annual 

distribution across various application areas, (b) Proportional 

breakdown by field, data sourced from Scopus as of July 2025.

2. Synthesis of Carbon Dots 

CDs offer a versatile platform for environmental monitoring, their 

synthesis and modification dictating their physicochemical 

properties. CD preparation methods are classified according to the 

raw materials used for their preparation, and can be divided into top-

down and bottom-up routes. The “top-down” approach consists in 

breaking down carbonaceous materials to form nano-sized CDs by 

physical or chemical methods, including laser ablation and 

electrochemical exfoliation. The precursors are mainly: graphite 

powder 7, graphene/graphite oxide 8,9, activated carbon 10,11, carbon 

nanotubes 12, and candle soot 13. Conversely, the “bottom-up” 

approach consists in taking a carbon-containing organic material as 

the precursor, and preparing CDs by carbonization, pyrolysis, 

microwave-assisted synthesis, and hydrothermal/solvothermal 

methods. Commonly used materials include: small organic molecules 

(acetic acid 14, sugars 15, amino acids 16, citric acid 17, urea 18, folic acid 

19), polymers (proteins 20, linear polymers 21, polythiophene 22, 

chitosan 23, DNA 24), biomass materials (papaya leaves 25, bamboo 

leaves 26, fruits 27, flower petals 28), and mixtures of several source 

materials. The surface of CDs allows for a plethora of modification 

techniques including, but not limited to, functionalization with 

organic or inorganic molecules, doping with heteroatoms like 

nitrogen or phosphorus, and coating with biocompatible materials. 

These alterations can enhance solubility, specificity, and the overall 

detection capability of CDs, paving the way for their use in diverse 

environments.

Figure 2. Two approaches to obtaining CDs (bottom-up and top-

down) 

2.1 Top-down approach

2.1.1 Electrochemical/chemical oxidation

Electrochemical/chemical oxidation is the predominant top-down 

synthesis method for producing CDs. This approach offers several 

notable advantages, including high yield, high purity, low cost, and 

easy size control 29. The choice of electrolyte and electrode materials 

is important insofar as it makes it possible to generate CDs with 

distinctive fluorescence emission, cytotoxicity, and surface state 

characteristics. Various conductive carbon materials (carbon fiber, 

graphite rod, etc.) serve as sacrificial electrodes 30,31.  

Rocco et al. 32 demonstrated that the selection of the electrolyte 

significantly influences the optical properties of electrochemically 

synthesized CDs. Using graphite rods as sacrificial electrodes in a 

K₂S₂O₈ electrolyte resulted in red-emissive CDs, attributed to sulfate 

radical-mediated exfoliation. In contrast, the use of PBS or a citric 

acid/NaOH electrolyte yielded blue-emissive CDs with oxygen-rich 

surface functional groups. In related studies, graphene quantum dots 

(GQDs) and graphene oxide quantum dots (GOQDs) were prepared 

by electrochemical exfoliation of graphite rods in a two-electrode cell 

configuration (Figure 3a) 33. A practical one-step strategy for the 

synthesis of GQDs, based on the electrochemical stripping of a coke 
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working electrode, has been developed (Figure 3b) 34. By regulating 

the current density applied to the coke and the water content of the 

electrolyte solution, the emission wavelengths of the GQDs can be 

precisely controlled, resulting in green (G-GQDs), yellow (Y-GQDs) 

and orange (O-GQDs) fluorescent materials with yields of 18, 43 and 

31 wt.%, respectively. In addition, the G-GQDs prepared can be 

reduced by NaBH4 to form new GQDs with blue fluorescence (B-

GQDs) (13 wt.% yield). 

Figure 3. (a) Electrochemical exfoliation of defect-induced graphite 

rod. Intercalation of OH− ions, O2 production, and exfoliation result 

in GQDs. Reproduced from ref. 33 with permission from the 

American Chemical Society, copyright© 2017. (b) Synthesis of 

multicolor GQDs from coke. Reproduced from ref. 34 with 

permission from Elsevier Ltd, copyright© 2018.

2.1.2 Laser ablation

In laser ablation a carbon source is subjected to laser irradiation 

which produces very high plasma temperatures and pressures at the 

solid-liquid interface. Explosive sputtering melts the surface of the 

target, resulting in the formation of nanodroplets. A low-pressure 

vapor medium is preferable as it favors the generation of smaller 

nanoparticles with little chance of aggregating 35. The properties of 

the CDs depend on the nature of the target and the medium, as well 

as the properties of the laser used (wavelength, power density, pulse 

duration, etc.), making this process versatile in terms of customized 

CD production 36. Recent work by Cortes et al. 37 further highlights 

the versatility of pulsed laser ablation in liquids (PLAL) for 

synthesizing high-purity carbon and graphene quantum dots, 

emphasizing the influence of laser parameters and solvent type on 

size, composition, and photoluminescence properties.

Single-step pulsed laser ablation (PLA) of graphite was used to 

fabricate amine-functionalized GQDs (FGQDs) using polypyrrole as 

both precursor (N-amine) and surfactant (Figure 4) 38. Due to the 

synergistic effect of surface passivation and the incorporation of N-

amine groups, FGQDs showed a sensitive response to Fe3+ ions with 

a limit of detection (LOD) of 500 nM. 

Figure 4. Possible mechanism for the transformation of graphite 

flakes to FGQDs by PLA. Reproduced from ref. 38 with permission 

from the American Chemical Society, copyright© 2022.

2.1.3 Ultrasonic treatment 

Large carbonaceous materials can be broken down by the 

mechanical energy of ultrasonic sound waves (>20 kHz). This 

treatment combines mild processing conditions with enhanced 

product yield 35, and offers several advantages, including simplicity, 

affordability and scalability, as well as precise control over the size, 

shape, and surface characteristics of the resulting CDs 39,40.

The properties of the resulting CDs can be tailored by adjusting 

parameters such as ultrasonic power, reaction time, solvent type, 

and carbon precursor ratios. For instance, Huang et al. 41 used a 

direct ultrasonic exfoliation method to synthesize chlorine-doped 

graphene quantum dots (GQDs). Similarly, Park et al. 42 used 

ultrasonic treatment on a mixture of ethanol and food waste to 

prepare water-soluble carbon quantum dots (CQDs). This process 

yielded CQDs (average particle size 2–4 nm) having strong 

photoluminescence, good photostability, and low cytotoxicity, 

making them highly promising for in vitro bioimaging applications.

2.2. Bottom-up approach

2.2.1 Hydro/solvothermal synthesis

Hydrothermal and solvothermal methods are among the most widely 

employed bottom-up strategies for synthesizing carbon dots (CDs), 

due to their simplicity, low cost, environmental friendliness, and the 

possibility of tailoring their physicochemical properties. In both 

approaches, organic precursors such as saccharides, amines, organic 

acids, or their derivatives are subjected to thermal treatment in a 

sealed high-pressure reactor (typically PTFE-lined), allowing 
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carbonization, dehydration, polymerization and cross-linking to 

proceed under controlled temperature and pressure conditions 43–45. 

These reactions are typically conducted at temperatures ranging 

from 120 to 260 °C for several hours, using either water 

(hydrothermal) or organic solvents (solvothermal) as the reaction 

medium. By a combination of precursor design, thermal control, and 

solvent selection, CDs with varied emission colors, surface 

functionalities, morphologies, and dopant profiles (e.g., N, S, Fe, or 

Se) can be obtained. This flexibility is key for tailoring CDs to specific 

applications.

The hydrothermal method is used by most researchers as an 

inexpensive, and sustainable route for CD synthesis 43–45. In this 

method the reaction mixture in water is held in an autoclave at 

120240 °C for several hours under the autogenous pressure of the 

solution within the sealed system. For instance, fluorescent 1.72 nm-

diameter CDs were synthesized by heating solutions of ammonium 

citrate and ammonium thiocyanate at 160 °C for 6 h 46. Similarly, L- 

or D-cysteine-derived CDs were obtained via a one-step 

hydrothermal treatment at 150 °C for up to 20 h 47. Iron- and 

nitrogen-doped CDs (diameter 3.7 nm) were prepared by heating 

ferric chloride and Na₂EDTA at 200 °C for 10 h 48. CDs doped with N 

and S (diameter 5–7 nm) for Fe³⁺ detection (LOD, 0.2 µM) were 

synthesized hydrothermally from citric acid and thiourea by heating 

at 180 °C for 12 h 49.

Under solvothermal conditions, p-phenylenediamine was used to 

obtain 3.6 nm CDs in ethanol or dimethylformamide (200 °C, 6 h) 50, 

while N-doped CDs (NCDs) were prepared at 260 °C from PET 

oligomers, pyromellitic anhydride and urea in tetrahydrofuran 51. In 

another example blue-emitting CDs (2.8–3.2 nm) were synthesized 

by heating folic acid in formamide at 160 °C 52.

2.2.2 Microwave-assisted Synthesis 

Microwave-assisted synthesis is a fast, clean, sustainable, and cost-

effective method aligned with Green Chemistry. Its primary 

advantage is that energy is generated directly within the material 

through molecular interactions 53,54 with the electromagnetic field 

55,56, allowing efficient and uniform heating. This results in reduced 

thermal inertia 57 and significantly shorter reaction times than for 

conventional methods 58,59 (Figures 5a,b). Additionally, it improves 

safety, reproducibility, and precise experimental control while 

optimizing particle size and ensuring a high-yield production of size-

controlled CDs 60.

Heteroatom-co-doped CDs were synthesized by microwave heating 

at 500 W for 20 min. 61. and SD-CDs were synthesized from 5-sulfo-

anthranilic acid and 1,5-diphenylcarbazide by this method (600 W, 

10 min.)62. Highly fluorescent nitrogen-sulfur co-doped CDs (NS-

CQDs) were prepared from L-cysteine and citric acid (800 W, 60 s) 63. 

Figure 5. (a) Schematic presentation of the initial spatial temperature 

profiles in a spherical reactant solution during conventional heating 

(left) and microwave-assisted heating (right). Reproduced from ref. 

58 with permission from Springer nature B.V., copyright© 2018. (b) 

Different temperature transients that result from conventional 

heating and microwave-assisted heating. Reproduced from ref. 59 

with permission from Sage publications, copyright© 2018.

2.2.3 Pyrolysis methods  

The pyrolysis method involves heating precursors at very high 

temperatures under controlled conditions to induce a series of 

dehydration, polymerization, and carbonization reactions 64. 

Temperature is a critical parameter: insufficient heat can lead to 

incomplete carbonization, whereas excessive temperatures may 

cause over-oxidation, damaging the surface of CDs and impairing 

their optical properties. Similarly, the reaction time must be 

optimized to avoid under- or over-carbonization 65.

In some protocols, especially when dealing with complex or 

polymeric carbon precursors, strong acids or bases may be employed 

prior to or during pyrolysis to facilitate the decomposition and 

enhance carbonization efficiency 66,67. These chemical agents can 

also promote the removal of heteroatoms or introduce functional 

groups, which can significantly impact the physicochemical and 

optical properties of the resulting CDs. Thus, even within thermal 

processes like pyrolysis, the chemical environment, including the pH, 

can play a supporting role in tuning CD formation. Due to its many 

advantages (simple operation, short reaction time, wide precursor 

tolerance and low cost), this method has frequently been used in 

recent years for research into the large-scale preparation of CDs 68,69. 
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Graphene quantum dots (GQDs) and nitrogen-doped 

graphene quantum dots (N-GQDs, for Cu2+ ion detection) were 

prepared by direct pyrolysis of citric acid and urea (200 °C, 30 min.) 

70. Using a one-step pyrolysis approach, citric acid (CA) and 

ethylenediamine (EDA) were thermally treated to synthesize N-

doped carbon dots (NCDs) with a high mass yield of 69% and a 

quantum yield of 65.5%, without post-treatment. The resulting NCDs 

exhibited excitation-independent blue fluorescence and were 

successfully applied for the selective detection of Fe³⁺ in buffer 

solution, with a low detection limit (0.703 µM) and good 

performance in real water samples 71. 

3. Purification and separation of CDs

Beyond the previously mentioned techniques, several other notable 

approaches can be employed for the synthesis of CDs, including self-

assembly, anchor/support-based strategies, and metal-organic 

framework (MOF) template methods. Uniformity and precise size 

control are essential for their applications and can be further 

optimized by post-treatment processes. The removal of impurities, 

such as unreacted compounds and by-products, plays a critical role 

in ensuring the quality and compatibility of CDs. Although no 

universal method exists for their purification and separation, specific 

protocols can be developed according to the nature of the products 

obtained after the synthesis process. Many techniques, including 

dialysis, filtration, centrifugation, precipitation, and column 

chromatography, capillary electrophoresis, ion-exchange, have been 

explored in the literature, each offering distinct advantages in 

addressing impurity-related challenges 72–76. Various methods 

applied to isolate CDs from other reaction materials (starting 

products, oligomers, aggregates, microparticles) are reported in 

Figure 6. The required purity level may vary depending on the 

application. Due to the diversity of CD structures and synthetic 

pathways, purification procedures must be adapted accordingly. As 

a result, many studies opt to use or characterize CDs directly within 

composite systems, where purification is less critical, rather than 

isolating them in their pure form 77.

Filtration involves forcing the crude CD reaction mixture through a 

filter or membrane to separate and remove the larger particles. For 

effective purification, PTFE filters with pore sizes ranging from 0.22 

µm to 0.45 µm are commonly used. Dialysis follows, utilizing a 

membrane with a molecular weight cut-off (MWCO) of 1.0 kDa or 3.5 

kDa, for more efficient purification [73]. In contrast, membranes with 

an MWCO of 0.5–1.0 kDa typically result in only partial removal of 

by-products over a given period. High speed centrifugation, i.e., 

subjecting the sample to a centrifugal speed between 8000 and 

13000 rpm for several minutes 78, effectively removes coarse 

impurities, primarily microscopic particles. The supernatant obtained 

after centrifugation contains the CDs, along with impurities that may 

include organic molecules (such as carbonization by-products or 

starting products) or carbon particles of size intermediate between 

the CDs and insoluble aggregates.

For instance, Essner et al. 79 investigated the impact of dialysis on the 

quality of CDs. Syntheses were conducted using a two-step 

hydrothermal and microwave-assisted approach, where citric acid 

(carbon source) was combined with urea or ethylenediamine as 

nitrogen sources. Following synthesis, CDs were purified by dialysis. 

Careful comparison revealed significant differences in the optical and 

morphological properties of the dialysate (components transported 

into the water bath) and retentate fractions (solution remaining 

inside the dialysis membrane) obtained during dialysis. 

Figure 6.  Various methods reported for the purification and 

separation of CDs.

Table 1. Advantages and limitations of CD synthesis methods. 

Methods Advantag
es

Limitatio
ns

ref.

Top 

dow

n

Electrochemical/

chemical 

oxidation

Controllab

le size, 

good 

reproduci

bility and 

high 

purity, 

Difficult 

to 

control, 

complex 

purificati

on 

process

29,30,80
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synthesis 
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high yield, 
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yield, 

products 
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high salt 
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High 

energy 

cost, long 

synthesis

35,39,83,84

Hydro/solvother

mal

High yield, 

purity and 

quantum 

yield, low 

cost, good 

dispersion

, diverse 

starting 

materials, 

biomass 

starting 

materials, 

nontoxic, 

environme

ntally 

friendly, 

well-

controlled 

nucleation 

processes, 

properties 

solvent-

dependen

t.

Long 

synthesis

, harsh 

condition

s, high 

vapor 

pressure, 

unsatisfa

ctory size 

and 

morphol

ogical 

uniformit

y.

35,45,63,64,66,66

,76,85,86

Bott

om 

up

Microwave Easy 

operation, 

fast 

synthesis, 

uniform 

size 

distributio

n, high 

quantum 

yield, easy 

size 

control, 

eco-

friendly, 

biomass 

High 

energy 

cost

59,87–89
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starting 

materials

Pyrolysis Simple 

operation, 

solvent-

free, 

economic

al, wide 

precursor 

tolerance, 

short 

reaction 

time, low 

cost, 

suitable 

for large-

scale 

productio

n, biomass 

starting 

materials

Broad 

non-

uniform 

size 

distributi

on, high 

temperat

ures 

required, 

separatio

n from 

other 

molecule

s 

challengi

ng.

66,69,70,74,90 

4. Properties and Characterization

The variety of preparation methods and the wide range of carbon 

precursors have contributed to the diversity of structures and 

compositions of CDs. Nevertheless, CDs reported in different studies 

often display remarkably similar physicochemical properties. 

Reference to the literature on carbon dots leads to a multitude of 

abbreviations other than CD. One finds also CNP (carbon 

nanoparticles), CND (carbon nanodots), GCD (graphene carbon dots), 

GQD (graphene quantum dots), CQD (carbon quantum dots) and 

many others when, for example, heteroatom doping is specified. The 

use of the word “quantum” in this context is a reference to inorganic 

Quantum Dots (QDs), suggesting an analogy of CDs with QDs and that 

in both cases the photoluminescence is due to the quantum 

confinement effect (QCE).

4.1 Composition, morphology, and surface properties of CDs

The composition and structure of CDs are influenced by the synthesis 

method, surface defects, dopant atoms, and differences in surface 

functional groups, and depends strongly on the nature of the 

precursors and post-synthesis treatments. Since top-down methods 

start with essentially carbonaceous materials, the resulting CDs tend 

to be the same, though surface oxygen functions frequently arise or 

are sought. CDs produced by bottom-up processes are, like their 

precursors, more heterogeneous and are typically composed of 

elements such as C, H, O, N, and S. Surface carboxylic acid groups are 

especially abundant due to the oxidation of organic precursors 74.

The morphology and composition of CDs can be characterized by a 

multitude of techniques (Figure 7). CDs prepared by bottom-up 

techniques have diameters (determined by Transmission Electron 

Microscopy (TEM)) between 1 and 10 nm, tending to peak around 

2−3 nm, and are represented as being roughly spherical, whereas 

CQDs obtained by top-down techniques usually have a better 

defined layer structure and may well be oblate (a flattened sphere) 
91. Their height, according to Atomic Force Microscopy (AFM), 

generally lies between 1 and 5 nm 92. High-resolution TEM 

observations, along with calculations from X-ray diffraction (XRD) 

peaks, indicate that the interplanar spacing of graphene-like layers in 

S,N-CQDs  (from feijoa leaves and thiourea by microwave heating) is 

typically 0.18–0.24 nm, with a graphitic interlayer distance of 0.32 

nm 93. Single-layer graphene quantum dots (S-GQDs) synthesized by 

the oxidation of coals show a narrow size distribution, with a 

diameter of about 10 nm (TEM) and an average height (AFM) of 

about 0.5 nm. A broad XRD peak around 25° was attributed to the 

(002) planes of graphite 94. Raman spectra displayed two 

characteristic peaks corresponding to the out-of-plane stretching 

mode of sp2 defects (D band) and the in-plane stretching mode of sp2 

hybridized carbon (G band) 94. X-Ray Photoelectron Spectroscopy 

(XPS) spectra presented three main peaks, associated with C–C, C–O, 

and C=O carbon atoms, and Fourier Transform Infrared (FTIR) spectra 

confirmed the presence of various functional groups on the surface 

of CDs, with peaks for C=C, C=O, C–O, and O–H groups 94. CNPs 

prepared by nitric acid treatment of candle soot are predominantly 

composed of amorphous or nanocrystalline sp2 carbon clusters 95, 

while CNPs obtained by laser ablation of graphite powders show the 

presence of sp3 hybridized carbon structures, as well as C−O and C=O 

vibrations, characteristic of −COOH groups 96. 
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Figure 7. Techniques for the characterization of CDs. Reproduced 

from ref. 91 with permission from American Chemical Society, 

copyright© 2009 and reproduced from ref. 94 Royal Society of 

Chemistry, copyright© 2014.

4.2 UV-Visible absorption spectroscopy

Different carbon precursors and synthetic methods lead to CDs with 

varied absorption behaviors. Conjugated π-electrons of the sp2 

hybridized structures in CDs absorb in the ultraviolet at 260−320 nm  

97 or 230–320 nm 98, with tails that extend into the visible; the 

wavelength may increase upon surface passivation 97. For the carbon 

core, the substantial absorption peak at 230 nm is primarily due to 

π-π* transitions of aromatic C−C bonds, while the shoulder at around 

300 nm is attributed to n-π* transitions of C=O bonds or other 

functional groups 98. Carbon nanoparticles (CNPs) prepared from 

different ratios of urea to citric acid by microwave synthesis have 

diverse absorption and emission properties: CNP1, urea/citric acid = 

0.2 (Figure 8b); broad absorption peak at 336 nm; CNP2, urea/citric 

acid = 2 (Figure 8c); maximum at 420 nm 99. Supra-carbon nanodots 

(supra-CNDs) were obtained by aging urea/citric acid CNDs. While 

CNDs had a single absorption band at 340 nm, supra-CNDs, in 

addition to an absorption peak at 356 nm, exhibited a well-defined 

strong absorption at 700 nm, covering the visible to NIR range of 

470–1000 nm (Figure 8a) 100. Near Infrared (NIR)-absorbing 

nanodots, including carbon-based and conjugated polymer systems, 

are capable of converting light into thermal or acoustic energy, and 

are thus widely applied in photoacoustic tumor imaging and 

photothermal therapy 101.

Figure 8. (a) Schematic of supra-carbon nanodots (CNDs) showing 

the energy level alignment and photothermal conversion 

mechanism. Reproduced from ref. 100 with permission from 

Springer nature, copyright© 2016. Blue horizontal bars represent the 

ground state or Highest Occupied Molecular Orbital (HOMO) level 

("a" level), while yellow horizontal bars indicate the excited state or 

Lowest Unoccupied Molecular Orbital (LUMO) level ("d" level). 

Jagged red lines depict NIR irradiation leading to electron excitation, 

and wavy red lines indicate heat generated from non-radiative 

relaxation of these excited electrons. (b) Comparative UV-Vis 

absorption and photoluminescence (PL) spectra of CNP1 and (c) 

CNP2 in ethanol/water. Reproduced from ref. 99 with permission 

from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright© 

2013.

4.3 Photoluminescence 

By absorbing photons with energies greater than the bandgap, 

electrons transition from the valence band to the conduction band, 

thus attaining an excited state. Upon returning to the valence band, 

energy is emitted in the form of photons as the electrons return to 

the ground state 102,103. Most CDs emit blue or green light, but some 

emit at longer wavelengths, potentially covering the entire visible 

spectrum. CDs generally display broad emission spectra and 

excitation-dependent fluorescence (i.e., emission wavelength and 

intensity change with excitation wavelength), which have potential 

for application in multicolor imaging 95,104. 

The fluorescence exhibited by CDs is one of their most intriguing 

characteristics, and has been extensively investigated and 
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documented 105. Compared to traditional organic/inorganic 

photoluminescent materials, CDs have very good photostability and 

resistance to photobleaching. They can be stored in air at room 

temperature for extended periods without their fluorescence 

properties changing and conserve over 90% of their original intensity 

after several hours of UV irradiation 106,107. 

The likelihood of CDs transitioning from the excited state back to the 

ground state through fluorescence radiation defines the quantum 

yield (QY), an highly important metric 108. In early work, the QY of CDs 

was relatively low (generally less than 10%), but it can be significantly 

enhanced by surface passivation or heteroatom doping (see below). 

These modifications alter the surface structure, energy levels, and 

emission traps of the CDs, thereby improving their fluorescence 

performance and possibly shifting the emission peak positions 92. For 

example, CDs synthesized by laser ablation and treated with organic 

and polymeric passivators exhibit multicolor fluorescence, covering 

visible to NIR wavelengths, attributed to the stabilization of surface 

traps by the passivating agents 109. Other factors influencing the 

fluorescence properties of CDs are the type of solvent, solution pH, 

temperature, and concentration. For instance, deep red-emissive 

carbonized polymer dots (CPDs) with long-wavelength emission and 

a narrow full-width-at-half-maximum (FWHM ~20 nm) have been 

developed by selecting nitrogen-rich polymeric precursors and 

precisely controlling the reaction temperature, which governs the 

degree of carbonization and the formation of π-conjugated 

structures responsible for their optical properties 110. When GQDs, 

obtained solvothermally from graphene oxide, are dissolved in 

different solvents such as tetrahydrofuran, acetone, 

dimethylformamide (DMF), and water, there is a notable shift in the 

emission peak from 475 nm to 515 nm. The different solvents affect 

the surface emission traps or energy levels of the CDs, thereby 

altering the emission wavelength 111. The fluorescence response of 

N-doped CDs obtained from alginic acid and ethanediamine is 

notably pH-dependent. The fluorescence intensity of these N-doped 

CDs notably decreases as the solution pH is adjusted from 2 to 13, 

yet the emission peak position remains unchanged 112. For CDs 

synthesized from a silane coupling agent KH-602 and citric acid, when 

the pH increases from 1 to 12, the fluorescence intensity rises 

steadily to a level almost five times that at pH 1. Moreover, the 

emission peak blue-shifts, moving from 520 nm to 463 nm under the 

same excitation conditions 113. The pH-dependent fluorescence of 

CDs arises from the protonation and deprotonation of surface 

functional groups such as –COOH, –OH, and –NH₂, which influence 

the electronic structure by altering the surface charge distribution 

and shifting the Fermi level  114. 

4.4 Up-conversion fluorescence 

The up-conversion fluorescence observed in CDs refers to an optical 

process in which the emission occurs at a shorter wavelength than 

the excitation light, contrary to conventional fluorescence. This 

behavior is primarily attributed to multiphoton excitation 

mechanisms, where two or more photons are absorbed before 

photon emission, as demonstrated by Cao et al. 115 in their study on 

CDs for multiphoton bioimaging. Additionally, Shen et al. 116 

proposed that specific electronic transitions, involving excitation of 

π-electrons to higher energy orbitals followed by relaxation to σ-

orbitals, could also account for the up-conversion behavior in 

graphene quantum dots. However, Wen et al. 117 highlighted the 

possibility of experimental artifacts, such as second-order diffraction 

at λ/2, which may falsely appear as up-conversion and can be 

mitigated by applying suitable optical filters. Zong et al. 118 provided 

deeper insights into the photoluminescent behavior of CDs, helping 

to clarify how these materials emit light under various conditions. 

Their findings reinforced the overall understanding of the optical 

properties of CDs, including phenomena such as excitation-

dependent emission and potential up-conversion luminescence. 

These unique up-conversion characteristics make CDs highly 

attractive for applications in bioimaging, photocatalysis, and optical 

data encryption, particularly due to the low phototoxicity of IR and 

NIR photons used for excitation 119,120. 

This was further explored by Lu et al. 121, who found that carbonized 

polymer dots from o-phenylenediamine and dopamine show two-

photon emission under 800 nm femtosecond pulse laser irradiation. 

Certain CDs, such as those obtained by ultrasonication using citric 

acid, graphene oxide, fluoresce at 300600 nm upon excitation at 

6501000 nm 118,122,123.  The up-conversion properties of CDs are not 

only utilized in bioimaging but also in sensors. For example, the 

quenching effect on the up-conversion fluorescence of CDs from 

fresh pepper and H2O by hydrothermal method 180 °C for 5 h, under 

780 nm excitation was used to establish a method for detecting ClO 

in water samples 124. Moreover, the up-conversion properties of CDs 

are employed in novel photocatalytic composites, by combining 

them with wide-bandgap semiconductors to convert long-
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wavelength light into short-wavelength light, improving 

photocatalytic efficiency 125,126. 

4.5 Biocompatibility

Unlike semiconductor QDs such as CdSe and CdS, which contain toxic 

heavy metals, CDs are a new type of carbon-based fluorescent 

nanomaterial with low cytotoxicity and high biocompatibility 127–130. 

CDs synthesized by microwave pyrolysis of citric acid and 

ethylenediamine show extremely low toxicity towards mouse 

fibroblast cells (L929), with high cell viability even at concentrations 

up to 6 mg mL−1 131. Further experiments, including studies on HeLa 

cells, showed that these CDs have minimal impact even at high 

concentration. Fluorescence microscopy revealed that the cells not 

only maintained good morphology but also had a strong blue 

fluorescence 132. Animal studies have confirmed the low in vivo 

toxicity of CDs 86,133. When injected intravenously into mice, CDs did 

not provoke any significant toxic responses or inflammatory 

symptoms and were rapidly excreted via the renal and hepatic 

systems 134,135. Similarly, studies have shown that CDs produced via 

an alkali-assisted ultrasonic route using glucose are non-toxic even at 

high concentrations, exhibiting excellent biocompatibility across 

different cell lines, including cancerous and non-cancerous cells 136.

CDs undergo photodegradation or generate reactive oxygen species 

(ROS) upon exposure to laser radiation 137. Degradation of the carbon 

core structure leads to the production of electrons and point defects. 

Consequently, hydroxyl and alkyl radicals can be generated, and 

these may damage biological entities. This distinctive property has 

resulted in the widespread use of functionalized CDs in biomedicine. 

Although CDs generally exhibit low toxicity, their surface 

functionalization may alter their biocompatibility. For instance, CDs 

bearing specific ligands can be used to label and track cells, but it is 

important to note that the ligands may influence the interactions 

between the CDs and cells 72. Furthermore, studies have shown that 

the charge on CDs plays a significant role in their biocompatibility. In 

general, CDs with neutral or negative charges are the less toxic 138,139.

5. Modulation of fluorescence properties 

5.1 Quantum size effect and size control techniques

Carbon dots (CDs), typically ranging from 1 to 10 nm in size, exhibit 

quantum confinement effects (QCE) due to the spatial restriction of 

electrons within their nanoscale structure. This confinement leads to 

quantized energy levels, resulting in size-dependent optical 

properties, such as tunable fluorescence emission 140. These 

quantum size effects also enhance their photochemical stability, 

electronic transitions, and catalytic activity, making them promising 

for sensing, imaging, and optoelectronic applications 141,142.

Yellow fluorescent GQDs were prepared from carbon black by acid-

assisted exfoliation. Coating with polyethyleneimine (PEI) of 

different molecular weights gave blue- (monocoated, MW 1800 Da) 

and red-emitting (polycoated, MW 600 Da) GQDs 143. GQDs, obtained 

from carbon nanofibers by acid breakdown and chemical exfoliation, 

are of the order of a few nm in size. Their photoluminescence can be 

tailored by changing process parameters to vary their size 144. Density 

functional theory (DFT) and time-dependent DFT have been 

employed to explore the influence of size, edge states, and shape on 

the bandgap and fluorescent emission of CDs 145. By thermal 

treatment of triphenol, triangular CDs with multicolor emission were 

synthesized, and their size was adjusted to control the emission 

wavelength and QY 146. In another study, thiourea and p-

phenylenediamine were used as precursors and the reaction solvents 

were varied to produce CDs with blue, green, and red emissions. 

Subsequent DFT calculations shed light on how the sp2 domains 

regulate the emission wavelengths. An increase in the size and the 

introduction of amide bonds leads to a corresponding increase in the 

size of the sp2 domains, resulting in a red-shift in the emission 147. 

Thus, adjusting the size of CDs offers a promising approach to control 

their luminescent properties, notably for the fabrication of CDs with 

longer emission wavelengths. 

The template/carrier synthesis method is an effective way of 

controlling the size of the product. Typically, the process involves two 

key steps. Initially, mesoporous materials or silica spheres are 

employed as the template, and CDs are synthesized by calcination at 

high temperature. The template acts as a carrier, limiting the growth 

of CDs and preventing their aggregation, which effectively controls 

their size. Subsequently, the template is etched away to release the 

CDs, ensuring they are free from constraints and aggregation. This 

method ensures precise control over the structural characteristics of 

the CDs. Liu et al. created F127-silica composites as templates by 

grafting F127, an amphiphilic polymer, onto nano-silica spheres 148. A 

soluble phenol-formaldehyde resin was polymerized onto the 

composite, and the material was then carbonized under argon, 

resulting in a CD/silica composite. Etching away the silica template 

Page 10 of 29Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
1:

36
:2

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TB00190D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6tb00190d


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11

Please do not adjust margins

Please do not adjust margins

by sodium hydroxide solution left 1.5~2.5 nm-diameter CDs. After 

PEG1500N passivation, they fluoresced strongly and their maximum 

emission wavelength could be adjusted to 400580 nm [150]. Four 

organic molecules with different aromatic frameworks were used as 

carbon sources to develop a novel soft-hard template method for the 

synthesis of CQDs with tunable size, composition, crystallinity, and 

photoluminescence properties. Mesoporous silica (OMS) SBA-15 and 

a copolymer (Pluronic P123) were used as the hard and soft 

templates, respectively 149. Generally, CDs obtained by the template 

method are uniform in size, which can be regulated by modifying the 

type and quantity of the template or ligand. Nonetheless, the 

experimental procedure is intricate, and detaching the template 

poses a challenge. There is a risk of compromising the structural 

integrity of CDs and modifying their fluorescent characteristics when 

they are separated from the template. 

5.2 Heteroatom doping techniques

Doping is a highly effective method for modifying the 

physicochemical properties of CDs, and has attracted significant 

attention in recent years 150. It involves the incorporation of hetero-

atomic organic precursors or metal ions into CDs. This process aims 

to enhance QY, modulate light waves based on the dopant atom, and 

broaden functionalities and applications. Doping can be divided into 

two main categories: non-metallic atom doping and metal atom 

doping 151. In so far as non-metallic atom doping involves the 

overlapping of atomic orbitals between non-metallic and carbon 

atoms, it can alter the electronic structure, and the nanostructure. 

On the other hand, metal atom doping can change the electron 

density distribution and energy gap of CDs, leading to significant 

modifications in their optical, electrical, and magnetic properties. 

Metal atoms have more electrons, more empty orbitals, and larger 

atomic radii than non-metallic atoms. 

5.2.1 Doping by Non-Metallic Atoms

Non-metallic atoms, such as nitrogen, phosphorus, oxygen, fluorine, 

and sulfur, can be incorporated into CDs to modify their electronic 

structure and introduce structural defects. Among these, nitrogen-

doped CDs are the most common. Nitrogen, as a typical electron-rich 

dopant, improves the fluorescence performance of CDs by injecting 

electrons and changing their internal electronic environment. For 

example, Yang et al. examined the bandgap and emission states of 

GQDs by using boron and nitrogen as electron-deficient and 

electron-rich dopants, respectively 152. They synthesized undoped 

GQDs (U-GQDs), boron-doped GQDs (B-GQDs), and nitrogen-doped 

GQDs (N-GQDs). Compared to U-GQDs, B-GQD fluorescence was red-

shifted, while N-GQDs displayed a blue-shift. In B-GQDs, boron atoms 

provide vacant orbitals for the carbon π-system, resulting in an 

increase in the energy level of the HOMO. Conversely, in N-GQDs, 

pyridine nitrogen contributes an electron pair to the occupied π-

orbitals, leading to a decrease in the HOMO energy level and an 

increase in the bandgap. For instance, N-CDs, synthesized by 

microwave pyrolysis of glucose and amino acids, gave a high QY of 

69%. The emission wavelength of CDs can be adjusted by varying the 

amount of nitrogen doping 153. Highly doped N-CDs were prepared by 

microwave-assisted pyrolysis of chitosan, acetic acid, and 

ethylenediamine. N-doping enhances the surface defects of CDs, 

thereby improving their QY 154. Different types and positions of 

nitrogen doping significantly influence the absorption and emission 

behaviors 155. According to the study, central doping (core) 

introduces mid-gap states that are non-fluorescent and obstruct the 

transition channels for photo-excited electrons, thereby reducing 

fluorescence. In contrast, edge doping (periphery) preserves the π-

conjugated system of GQDs, enhancing the radiative transition 

probability of photo-excited electrons and thus significantly 

increasing fluorescence intensity. Green and yellow fluorescing P-

doped CDs were synthesized from valine and phosphoric acid at 90 

°C. The red-shift in fluorescence emission, from green to yellow, 

demonstrates that the inclusion of phosphorus introduced new 

electronic states, altering the bandgap of the CDs and leading to 

significant changes in their electronic structure 156. N-, S-, and Se-

doped CDs were synthesized hydrothermally from Chinese ink with 

DMF, NaHS, and NaHSe, respectively. The fluorescence emission 

varied with the electronegativity of the doped heteroatoms: lower 

electronegativity (S, Se) induced a red-shift, whereas higher 

electronegativity (N) caused a blue-shift 157. Novel B-doped CDs, 

prepared by microwave pyrolysis of citric acid, boric acid, and urea, 

had a significantly higher non-linear optical response than undoped 

dots 158. N,S-co-doped CDs, synthesized from glutathione by a 

hydrothermal method, had optical properties, stability, water 

solubility, and a QY of 17.5%, which made them suitable for 

applications in temperature sensing and as fluorescence sensors for 

tetracyclines 159. In N,F-co-doped far-red fluorescent CDs, 

synthesized solvothermally from citric acid, urea, and NH4F, the N,F 
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doping reduces the HOMO-LUMO energy gap, red-shifting the 

emission 160.

5.2.2 Doping by Metallic Atoms

Metal ion doping modifies the electron density distribution and 

energy gap of CDs, with consequent changes in their optical, 

electrical, and magnetic characteristics 161. Among the commonly 

employed metal ions for this purpose are Cu, Mn, Zn, Gd, Ge, Tb, and 

Zr  162 The incorporation of manganese into CDs leads to green 163 

orange 164, red 165, and even NIR emissions 166. Similarly, the addition 

of lanthanide compounds as dopants produces distinctive narrow 

fluorescence emission peaks. For example, ytterbium-doped CDs 

have notable peaks at 998 nm, while neodymium-doped CDs peak at 

1068 nm 161. Metal doping of CDs not only enhances their inherent 

fluorescence properties but also imparts unique attributes 

associated with metals. Gadolinium- 167, manganese- 168, iron- 169, and 

nickel-doped 170 CDs have been employed in magnetic resonance 

imaging because of their exceptional imaging performance and 

biocompatibility. Furthermore, CDs doped with metal ions have 

catalytically active centers that can modify their electronic structure 

and chemical reactivity in photo-, electro- and chemical catalysis. For 

example, the yield of the photo-oxidation of 1,4-dihydro-2,6-

dimethylpyridine-3,5-dicarboxylate is 3.5 times higher with Cu-CDs 

than with undoped CDs. This increase in yield is attributed to changes 

in the electron supply and acceptance capabilities of CDs by the 

copper ions 171. However, it is imperative to evaluate the potential 

toxicity of metal ions prior to their usage, as these aspects can 

significantly affect the biological applications and environmental 

safety of CDs.

5.3 Surface passivation and functionalization

In order to enhance the performance and stability of CDs in various 

applications, chemical modification of the surface and coating 

treatments are often employed 172,173. By the use of silanes, 

polymers, or other organic materials as coating agents, CDs can be 

protected against photobleaching and chemical degradation, while 

also being functionalized to introduce specific chemical groups or 

biomolecules 174. This expands their potential applications in areas 

such as biomarkers, drug delivery, and environmental monitoring. 

Modification of the surface properties of CDs, synthesized by the 

hydrothermal oxidation of graphite, by means of 

aminophenylboronic acid improved the QY from 3% to 50%. At the 

same time the fluorescence emission peak blue-shifted from 435 nm 

to 370 nm. These modified CDs can be used to selectively detect 

glucose 175. Carboxyl groups present on the surface of CDs were 

coordinated with Tb3+, to establish a fluorescence detection method 

for B. anthracis, capitalizing on their strong binding affinity for Tb3+ 

176. Passivating the surface of CDs decreases non-radiative 

recombination and significantly enhances their QY. By the use of 

I1500N and PEG-200 as passivators, CDs with a QY as high as 75% 

were obtained 177. CDs with enhanced fluorescence intensity were 

prepared by microwave-assisted pyrolysis of sugars, PEG-200 being 

used as passivating agent 178. Apart from using PEG as a passivating 

agent, other viable options include polyethylenimine (PEI)  179 and 

various small amine molecules, such as 4,7,10-trioxa-1,13-

tridecanediamine 180, ethylenediamine 181, and ethanolamine 182. The 

QY of passivated CDs was significantly enhanced by amide bond 

formation and ethylenediamine grafting 183; the surface polarity of 

the CDs could be controlled by adjusting the length of the 

hydrocarbon chain of the amine. Similarly, the fluorescence of 

aniline-passivated GQDs not only shifted from blue to white - where 

white fluorescence refers to a broad emission spectrum covering 

multiple visible wavelengths - but their surfaces went from 

hydrophilic to hydrophobic. This change in surface properties 

allowed these GQDs to be uniformly dispersed in a poly(3-

hexylthiophene-2,5-dialkyl) matrix 184. CDs produced by oxidation 

methods typically have oxygen-containing surface functional groups, 

which can be chemically reduced in order to enhance and/or shift 

their fluorescence. For example, sodium borohydride can reduce 

green-emitting CDs to blue-emitting CDs, increasing their QY 184. 

These reduced CDs can be reoxidized back to their original green 

luminescent state, enabling repetitive redox cycling. Moreover, 

alternative reduction pathways, such as hydrothermal treatment 185, 

hydrazine reduction 186, and UV irradiation 187, have also been found 

to alter the surface oxygen-containing groups and fluorescence 

characteristics of CDs.     

6. Applications in Heavy Metal Assay

Due to their exceptional optical properties and stability, CDs have 

considerable potential for the detection of metal ions. In the context 

of wastewater treatment by composites 188,189, CDs may be 

employed as fluorescent probes to identify metal ions. Their 

photoluminescence properties are adjustable, and they exhibit 

multicolor emission characteristics dependent on the excitation 

wavelength. Moreover, the functional groups located on the surface 
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of CDs, including amino, carboxyl, and hydroxyl groups, can interact 

with metal ions, thereby altering the electron transfer path and 

leading to either fluorescence quenching or attenuation 190,191. 

Fluorescence detection of CDs typically involves various 

mechanisms, such as static quenching, dynamic quenching, 

resonance energy transfer (FRET), photo-induced electron transfer 

(PET), surface energy transfer (SET), Dexter energy transfer (DET), 

and the inner filtering effect (IFE)  192,193 (Figure 9). Consequently, the 

fluorescence intensity of CDs can serve as a means of detecting 

minute quantities of metal ions within the environment. CDs, 

functioning as fluorescent probes, offer advantages such as rapidity, 

high efficiency, strong selectivity, cost-effectiveness, and 

environmental friendliness.

Figure 9. Quenching mechanisms of CDs used for detecting analytes. 

Reproduced from ref. 192 with permission from Springer Nature, 

copyright© 2017.

6.1 Hg2+ Determination

Traditional mercury ion detection methods, such as atomic 

absorption and electrochemical methods, although effective, are 

often limited by the requirement for expensive equipment and 

complex operation procedures. In contrast, because of their optical 

properties, CDs have become an ideal choice for detecting Hg2+. In 

2012, a study reported for the first time the use of CDs as fluorescent 

sensors for the detection of Hg2+ 194. These CDs, prepared by pyrolysis 

of EDTA, exhibited strong fluorescence due to radiative exciton 

recombination. In the presence of Hg²⁺, fluorescence was quenched 

via non-radiative electron–hole recombination facilitated by charge 

transfer between Hg²⁺ and surface functional groups. Upon addition 

of biothiols such as cysteine, which bind Hg²⁺ through strong Hg–S 

interactions, the metal ions were displaced from the CD surface, 

leading to fluorescence recovery. This reversible “off–on” response 

enabled label-free and selective detection of both Hg²⁺ and biothiols 

in aqueous solution. Fluorescent CDs, which can detect Hg2+ with a 

linear range of 10−50 μM and a LOD of 3 nM, have been synthesized 

from strawberry juice 195. An economical hydrothermal synthesis of 

nitrogen-doped, 4.5 nm-diameter CQDs from folic acid has been 

reported 196. Excited at 470 nm, they emit at 390 nm and have a 

strong response to Hg2+ ions. They can be used as a fluorescent 

sensing platform for label-free and sensitive detection of mercury, 

even in the presence of other ions, with a detection limit of 0.23 μM. 

‘On-off’ type fluorescent sensors have been developed in other 

studies. Hg2+ ions can quench the fluorescence of N-doped CDs (N-

CDs) in selective metal-ion detection experiments 197 (Figure 10a), 

and the addition of glutathione (GSH) to the mixture of Hg2+ and N-

CDs gradually restores the blue fluorescence, based on which a ‘turn-

off-on’ fluorescence Hg2+ ion sensor was constructed. Hg2+ can 

quench the fluorescence of blue fluorescent CDs 198, while iodide ions 

can restore it, leading to a ‘turn-off-on’ detector for mercury and 

iodide ions at the same time, with good selectivity and recovery. This 

Hg2+ ion sensor was applied to tap water and real lake-water 

samples. Li et al. prepared blue-emitting, 711 nm-diameter GQDs 

with a QY of 15% from citric acid (200 °C, pH 8)  199 (Figure 10b). These 

were capable of detecting Hg2+ in water by charge adsorption-

induced fluorescence quenching (92% quenching efficiency) with a 

LOD of 0.44 nM and a linear range of 150 nM. Fluorescence 

recoveries of 9195% from lake-water samples were achieved. N-

doped, 1.03.5 nm-diameter CDs, prepared by a one-step 

electrochemical method from sodium citrate and urea, had a LOD of 

3.3 nM for Hg2+ in water and could detect Hg2+ in spring, tap and lake-

water 200. The excellent sensitivity and selectivity of this stable, 

inexpensive carbon material make it suitable for monitoring Hg2+ in 

environmental applications.
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Figure 10. (a) Formation of N-CDs, the binding of N-CDs with Hg2+ and 

GSH, and quenching off-on N-CDs by Hg2+ and GSH. Reproduced from 

ref. 197 with permission from Elsevier B.V., copyright© 2017. (b) 

Analytical pathway for Hg2+ and cysteine by fluorescence switching 

of GQDs. Reproduced from ref.  199 with permission from Elsevier 

B.V., copyright© 2014.

6.2 Cu2+ Determination

Copper is one of the essential trace elements and plays a key role in 

regulating physiological activities. However, excessive intake may 

cause serious neurological disorders such as the hair-twisting 

syndrome and hepatomegaly 201. According to the standards of the 

US Environmental Protection Agency, human intake of copper ions 

should not exceed 1.3 mg L−1 202. Therefore, the development of 

fluorescent CD probes for the detection of copper ions in the 

environment and in living organisms has become extremely 

important. A fluorescent probe for intracellular Cu2+ detection has 

been developed by integrating an organic molecule, N-(2-

aminoethyl)-N,N,N’-tris(pyridin-2-ylmethyl)ethane-1,2-diamine, 

which has a specific response to Cu2+, into a composite system 

consisting of carbon and CdSe/ZnS quantum dots 203. This probe not 

only showed high sensitivity (LOD, 1 µM), but also excellent 

photostability. In a more recent study, red dual-emissive CDs 204 were 

synthesized solvothermally from l-glutamic acid, o-

phenylenediamine and urea as precursors. These CDs were used for 

ultrasensitive ratiometric detection of Cu²⁺ by monitoring the 

intensity ratio of fluorescence emission peaks at 605 and 650 nm 

(F₆₀₅/F₆₅₀), achieving a LOD of 0.59 nM in vitro. The system showed 

good stability, low cytotoxicity, and allowed real-time monitoring of 

Cu²⁺ dynamics in living cells and tissues. CD-modified silver 

nanoparticles (CDs-AgNPs) were prepared by reducing AgNO3 in the 

presence of CDs obtained by microwave heating of citric acid and 

ethylenediamine 205 (Figure 11a). Based on the strong interaction 

between the functional groups of the CDs and Cu2+, a simple, 

sensitive (LOD, 0.04 µM) and highly selective Cu2+ sensor was 

developed. In a more advanced application, spherical P-doped CQDs 

(P-CQDs) were prepared from trisodium citrate and phosphoric acid 

with H2O2 as an auxiliary reactant 206 (Figure 11b). P-CQDs acted as a 

solid-state sensing platform for the detection of Cu2+, with a LOD of 

0.27 nM. CDs, prepared from polyethylenimine (PEI) by microwave 

radiation, were used as fluorescent probes for Cu²⁺ detection in 

animal cells 207. Their fluorescence intensity varied linearly with the 

Cu²⁺ concentration in the 0.01–2 μM range, with a LOD of 6.7 nM and 

good selectivity. This study, along with the work of Wei et al., who 

prepared CDs from hexadecylamine 208, suggests that Cu²⁺ binds to 

ammonium groups on the surface of CDs, leading to the splitting of 

their d-orbitals. This binding creates an electron transfer pathway 

from the excited state of CDs to the d-orbitals of Cu²⁺, facilitating 

non-radiative recombination of electron-hole pairs. Consequently, 

the radiative transition process is inhibited, resulting in fluorescence 

quenching.

Although these studies provide efficient solutions, the sensitivity of 

certain CDs for detecting Cu2+ still needs improvement, and the 

response time needs to be shortened. Some CDs require complex 

post-processing for purification. Only a very few CDs are currently 

available as thin films for real-time Cu2+ monitoring 209,210. 

Figure 11. (a) Cu2+ recognition mechanism by the colorimetric sensor. 
Reproduced from ref. 205 with permission from Elsevier B.V., 

copyright© 2017. (b) Schematic representation of ECL signals 

generation by P-CQDs-H2O2 system and effect of Cu2+ ion. 

Reproduced from ref. 206 with permission from Elsevier Ltd, 

copyright© 2019.

Page 14 of 29Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/3

/2
02

6 
1:

36
:2

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TB00190D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6tb00190d


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 15

Please do not adjust margins

Please do not adjust margins

6.3 Fe3+ Determination

Iron is an essential trace element that plays a key role in oxygen 

metabolism and electron transfer in all organisms. Both deficiency 

and excess of Fe3+ will disturb the in vivo homeostasis of cells. Lack 

of iron will lead to iron-deficiency anaemia, bronchiectasis and other 

diseases, while excess Fe3+ will cause methemoglobinemia, cirrhosis, 

osteoporosis, toxic effects and even epilepsy 211. For the detection of 

iron ions, CDs serve as fluorescent sensors and offer several 

advantages: rapid and efficient performance, eco-friendliness, and 

straightforward operation. When Fe³⁺ ions interact with surface 

functional groups of CDs, such as carboxyl and hydroxyl, they can 

affect the electron transfer process, leading to fluorescence 

quenching, upon which Fe3+ detection methods are based. For 

example, phenol-containing CDs have high sensitivity and selectivity 

for Fe3+. The surface phenolic hydroxyl coordinates with Fe3+, which 

facilitates electron transfer and fluorescence quenching 212. 

Fluorescent CDs prepared from bergamot by a hydrothermal method  

213 show a low LOD (0.075 nM) for Fe3+. CDs synthesized from three 

types of amino acids recognize mixtures of Fe3+, Hg2+ and Cu2+, 

broadening the range of CD sensor application 214 (Figure 12a). CDs 

terminated with carboxylates, obtained by pyrolysis of citric acid, 

show high selectivity and response to Fe3+ in different buffer systems 

215. CDs, prepared from o-phenylenediamine and gallic acid (GN-

CDs), with dual emission peaks and quenching at 570 nm allowed 

proportional Fe3+ detection with a LOD of 16 nM 216. Moreover, the 

quenching induced by Fe3+ can be reversed by pyrophosphate. By 

means of masking agents, differential detection of Fe3+, Cu2+ and Ag+ 

was achieved with high-QY CDs synthesized by a ultrasonic method 

using 1,3,6-trinitropyrene and thiourea 217 (Figure 12b). This method 

not only showed high selectivity but also provided a means of 

accurately identifying mixed metal ions.

Figure 12. (a) Three kinds of CDs with various surface states 

synthesized with different amino acids. Reproduced from ref. 214 

with permission from Elsevier B.V., copyright© 2016. (b) Preparation 

of N,S-GQDs and detection of Fe3+, Cu2+ and Ag+ ions. Reproduced 

from ref. 217 with permission from Royal Society of Chemistry, 

copyright© 2017.

6.4 Pb2+ Determination

Lead is a highly toxic heavy metal that can accumulate in the body 

and pose a serious threat to human health. According to the World 

Health Organization, the maximum tolerable contamination level of 

Pb2+ in drinking water is 10 mg L−1. Excessive levels of lead in the 

blood can lead to kidney dysfunction and impair brain development, 

especially in children 218. Therefore, it is important to trace Pb2+ in 

environmental and water samples. In 2007, Ying et al. reported a 

method to detect Pb2+ using glutathione-modified CdTe and ZnCdSe 

QDs, with a LOD of 20 nM. Glutathione binds to Pb2+ in solution and 

removes it from the QD surface, causing defects and fluorescence 

quenching. However, Ag+ and Cu2+ ions also cause similar quenching, 

interfering with Pb2+ detection 219. Unmodified CDs (from kerosene 

soot, refluxed with 240 mL HNO3  at 125 °C for 72 h) have been 

developed as novel, eco-friendly fluorescent probes for detecting 

Pb2+ in water 220. About 50 nm in diameter, they display pH-sensitive 

yellowish-green fluorescence under UV light. The detection method 

involves a ‘turn-off’ fluorescence response when exposed to Pb2+, 

with good linearity at concentrations from 0.5 to 11 μM and a LOD 

of 2 nM; the method is highly selective in the presence of 18 different 

ions. A similar study was conducted on CDs derived from Ocimum 

sanctum leaves 221. They showed excellent selectivity towards Pb2+ 

ions, with a LOD of 0.59 nM and a linear detection range of 0.01–1.0 

μM. This can be attributed to the high binding affinity between the –

NH2 group on the surface of these CDs and the empty d-orbital of 

Pb2+. Pb²⁺ captures the electron pair from the amine nitrogen atom, 

quenching the fluorescent signal through non-radiative electron 

transfer. The practical application of these CDs for detecting Pb2+ ions 

was demonstrated in both triple-negative breast cancer cells and real 

water samples. To enhance the sensitivity and reduce interference in 

detecting Pb2+, a novel approach using citric acid-based CDs, 

modified with ethylenediamine and amino acids such as cysteine, 

histidine, lysine, or arginine, has been developed 222. The 

derivatization of CDs by various amino acids modulates their 

electronic properties, leading to tunable selectivity for detecting 

metal cations by fluorescence quenching in aqueous solutions 

around pH 7. Excited at 345 nm, these CDs fluoresce at 450 nm, with 

the intensity decreasing in inverse proportion to the metal cation 

concentration (LOD, 8.8 μg L-1 for Pb2+). 

6.5 Cr6+ Determination

Due to its serious carcinogenic and mutagenic properties, the prompt 

identification of Cr⁶⁺ is considered essential. CDs have been prepared 
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from diverse carbon sources by various methods for Cr6+ detection 
223–225. CDs prepared hydrothermally from animal hair have 

remarkable water solubility and fluorescence stability, and were 

used as a probe for the detection of Cr6+ in aqueous solution 226. 

Fluorescence intensity correlated with the Cr6+ concentration of 

0.05100 μM, but with poor selectivity. To reduce the interference 

caused by other cations, potassium thiocyanide was used to chelate 

Ag+, and ethylenediaminetetra-acetic acid for Fe3+ and Hg2+. Cr6+ 

interacts with oxygen-containing functional groups on the CD 

surface, resulting in electron transfer: Cr6+ is reduced to Cr3+, which 

leads to non-radiative recombination of electrons and holes, 

quenching the CD fluorescence. Ruiz et al. used a CD-nylon 

membrane to detect Cr6+ in water with a broad detection range and 

a LOD of 190 nM 227. The membrane can be reused after a 

straightforward water wash. N-doped CDs, synthesized from ground 

nuts by the hydrothermal method, show a significantly higher QY 

(18%) than undoped CDs (8%), and are exceptionally selective for 

detecting Cr6+. The fluorescence quenching caused by Cr6+ is reversed 

by the addition of humic acid and glutathione, allowing an ‘off-on’ 

type sensing mechanism. Moreover, the N-CDs were less cytotoxic at 

higher concentrations, making them suitable for bio-imaging 

applications in MCF-7 cells 228. While many CDs are able to detect Cr6+ 

in water, their selectivity for this particular ion is often compromised 

by the abundance of functional groups on their surface. To address 

this limitation and enhance the selectivity of CDs towards Cr6+, the 

incorporation of masking agents and N-doping have been explored 

229. Nevertheless, the excessive use of masking agents raises 

concerns regarding their potential toxicity and carcinogenicity, while 

doping necessitates intricate post-processing steps that can 

significantly diminish the sensitivity of CDs to Cr6+.

Table 2. Summary of optical sensors for various heavy metal ions 

using carbon dots. 
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231

Cr3+
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0.1
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0.99
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2
0
2
0
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Co2+
N-
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Ds

0-
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0

0.75
0.99
5

2
0
2
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Mn2

+
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0.99
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2
0
2
2
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Al3+ Y-
CDs

0-
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0.09
5 

0.99
5

2
0
2
3

235

Zn2+ CDs
0.0
2-5

0.00
6

0.99
3

2
0
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2
3

Sn2+ N,S-
RCDs

0-
90

0.01
7

0.99
7

2
0
2
1

237

*Where: KBN-CDs: Kentucky bluegrass N-doped CDs; Y-CDs: yellow 

emissive CDs; N,S-RCDs: N,S-co-doped red CDs; L-GCDs: L-lysine and 

L-glutathione CDs; CDs@GQDs: CDs mixed GQDs; PC-CD:  pyrene 

carboxaldehyde-CQDs; MoS2 QDs: molybdenum disulfide QDs. 

7. CD composites

CDs have been identified as a viable option for the analysis of heavy-

metal ions in aqueous environments. Nevertheless, their high 

solubility in water limits their applicability in remediation processes. 

At present, fluorescent CDs are predominantly employed for 

detection and assay, rather than for the elimination of harmful metal 

ions. Consequently, it remains imperative to establish CD-based 

composites that encompass both analytical and removal capabilities. 

The development of such advanced materials would significantly 

contribute to the preservation of the environment 238,239. 

7.1. CD-inorganic nanomaterial composites

7.1.1 Metal Oxides

Integrating CDs into metal oxide matrices or attaching them to the 

surfaces of metal oxide nanoparticles yields CD-metal oxide 

composites which have improved photocatalytic activity and sensing 

capabilities. These composites involve zinc oxide (ZnO) 240, copper 

oxide (CuO) 241, titanium dioxide (TiO2) 242, and iron oxide (Fe3O4) 

243,244, amongst others. This integration modifies the properties of 

the individual components, making such nanocomposites 

particularly useful in environmental remediation activities like 

photocatalytic pollutant destruction and chemical sensing. TiO2 is 

notable among these for its effectiveness in photocatalytic 

applications, including air purification and water pollutant 

degradation, due to its high activity, stable properties, low cost, and 

lack of toxicity. CD-TiO2 composites synthesized by hydrothermal-

calcination and sol-gel methods are substantially better for 

photocatalytic water purification than pristine TiO2, degrading 

various pollutants like gemfibrozil and levofloxacin under sunlight, 

due to increased formation of reactive oxygen species and improved 

charge carrier separation. The uniform distribution of CDs within the 

TiO2 matrix enhances the optical and structural properties of the 

photocatalysts, facilitates pollutant degradation and reduces the 

formation of toxic by-products 245,246. In another study, a new 

adsorbent, magnetic CD-MnFe2O4, for removing UO22+ from water 

was prepared by hydrothermal treatment of citric acid. It combines 

fluorescence, good adsorption capacity (194 mg g−1), magnetic 

separation ability, and excellent recyclability while allowing real-time 

monitoring of the process 247.  A new fluorescent probe, combining 

amine-modified CDs, obtained by a two-step hydrothermal process 

from trisodium citrate and ammonia, with a mesoporous 

superparamagnetic nanoparticle (NCD-Fe₃O₄@mSiO₂), can release 

bound metal ions and recover its fluorescence, enabling the 

detection of environmental fluoride. This probe accurately measures 

fluoride (LOD, 65 nM), has a broad response range, and can be 

reused up to six times for ion detection and removal 248. Periodic 

mesoporous organosilicate composites, embedded with CDs 

prepared by pyrolysis of citric acid, have a two-dimensional 

hexagonal structure, high specific surface area, and outstanding 

ability to adsorb 2,4-dichlorophenol and metal ions, including Hg2+, 

Cu2+, and Pb2+ 249. They have long-range ordered pore channels and 

tuneable pore sizes. The surface is covered by one to two layers of 

CDs, which enhance the maximum adsorption capacity, that for 2,4-

dichlorophenol reaching 100 mg g−1, and the partition coefficients for 

metal ions ranging from 2.6 to 7.4 in the order: Hg2+ > Cu2+ > Pb2+.

7.1.2 Zeolitic Imidazolate and Other Metal-Organic Frameworks

Zeolitic Imidazolate Frameworks (ZIFs), a specific subgroup of MOFs, 

have attracted considerable attention due to their high surface area 

and porosity. Studies on CD-MOFs provide valuable insights into their 

potential applications.  He et al. synthesized CD-ZIF-8 composite 

materials by a two-step method controlling their fluorescence 

intensity and size by changing the CDs, obtained by microwave 

synthesis from citric acid and urea, and starting material 

concentrations 250. A CDs@MOF composite was synthesized  by 

introducing high-QY CDs, obtained by pyrolysis of N-(β-aminoethyl)-

γ-aminopropylmethyldimethoxy-silane and citric acid, into a ZIF-8 

growth medium, which permitted the incorporation of CDs directly 

into the framework 251. Manganese dioxide was incorporated into a 

CD-ZIF-8 composite, based on citric acid and 

ethylenediamine, allowing the detection of ascorbic acid by 

quenched fluorescence recovery  252. A novel ratiometric fluorescent 

sensor was synthesized by a facile one-pot route by encapsulating 

QDs and CDs from citric acid and diethylenetriamine, with good 
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fluorescence properties, into ZIF-8. The composite showed good 

stability and dispersibility in aqueous solution and exhibited 

excellent sensitivity and selectivity toward Cu2+. The linear range was 

5–100 nM and the LOD was 1.53 nM 253. A hybrid multifunctional 

adsorbent, combining a magnetic Fe3O4 core, 

carboxymethylcellulose-based CDs and a ZIF-8 shell, enabled 

uranium detection, separation, and recycling from aqueous solutions 

254. Its maximum uranium adsorption capacity at pH 4 and 298 K was 

606 mg g−1, slightly greater than that of the same adsorbent without 

CDs (565 mg g−1). The photocatalytic reaction rate for methylene blue 

removal by a novel glucose-based CD-decorated ZIF-8 composite, 

prepared by a simple impregnation method, is six-fold higher than by 

ZIF-8 alone. This can be attributed to three factors: effective charge 

separation, an increase in the number of reactive sites, and an 

improvement in visible light response 255. N-doped CDs (N-CDs) 

derived from coconut shells were integrated by a solvothermal 

method into MOF-5 256, resulting in a 3D N-CD/MOF-5 photocatalyst, 

which notably enhanced photoreduction and reduced Cr6+ 2.5 times 

faster than pure MOF-5. This innovative photocatalyst is not only 

structurally stable and reusable after multiple tests, but also has 

enhanced visible-light absorption compared to pure MOF-5, and 

promotes better electron-hole separation. The N-CDs, functioning as 

both electron acceptors and photosensitizers, significantly 

contribute to these improved properties. A Zr-MOF adsorbent, UiO-

67, with a 3D flower-on-sheet structure, enhanced by N,S-co-doped 

CDs from trithiocyanuric acid and ethanediamine (UiO-67/NSC), 

selectively removes tetracycline from water (adsorption capacity 427 

mg g−1) 257. As a sensor it has a wide range (0.08–20 mg L−1), a low 

LOD (0.06 mg L−1), and no significant toxic effects on human cells.

The high stability and solubility of 4-nitrophenol makes its removal 

from industrial and domestic water sources a significant challenge. A 

heterogeneous ternary nanocomposite, glucose-based  CDs/MIL-

88B(Fe)/Bi2S3 (MIL-88 is an iron-based MOF), is an efficient 

photocatalyst for the reduction of 4-nitrophenol to 4-aminophenol 

and for the decomposition of dyes under visible light 258. 

7.1.3 Layered Double Hydroxides

Layered Double Hydroxides (LDHs) are a class of bimetallic 

hydroxides with two-dimensional, charged, hydromagnesite-like 

layer structures with the general formula [M2+1-x M3+x (OH)2]x+[An-x/n]x- 

mH2O 259 where M2+ is usually Fe2+, Ni2+, Mg2+, Co2+, Zn2+ or Cu2+, and 

M3+ is Fe3+, Al3+, etc. LDHs have notable chemical and physical 

properties, including high stability, excellent catalytic ability, large 

specific surface areas, low toxicity, and anion exchange capacity 

260.  A simple calcination method was used to synthesize layered 

double oxides (LDO) and layered double oxides/CD nanocomposites 

(LDO-C) with enhanced adsorption properties. In this process, the 

LDH is transformed into an LDO, while sodium dodecylbenzene 

sulfonate (SDBS) carbonizes on the surface, forming CDs in situ. UO22+ 

adsorption on LDO and LDO-C was pH-dependent above pH 6 and 

independent below  261. The maximum adsorption capacity of LDO-C 

was 354 mg g−1 at pH 5 and 298 K, somewhat higher than for LDO, 

238 mg g−1. Analysis by BET, FTIR, XPS, and EXAFS indicated that the 

better performance of LDO-C was primarily due to a higher surface 

area and abundant oxygen-containing groups. Furthermore, the 

direct assembly of N,S-co-doped CDs  from sodium citrate and L-

cysteine, with abundant oxygen-containing groups on the surface of 

the positively charged LDHs (N,S-CDs-LDHs) led to highly selective 

and efficient removal of Ag+ and Hg2+, with adsorption capacities of 

714 mg g−1 and 625 mg g−1, respectively 262. An environmentally 

friendly LDH/CDs composite had a high adsorption capacity 

(maximum uptake, 185 mg g−1) for the anionic methyl blue dye 263. 

This is attributed to the synergy of LDH and CDs, involving 

cooperative contributions of electrostatic attraction and hydrogen 

bonding. Another multicomponent, recyclable nanocatalyst, 

CDs/Ag@Mg-Al-Ce-LDH, was assembled by integrating CDs, 

synthesized from 1,10-phenanthroline and citric acid, and silver 

nanoparticles (AgNPs) into a cerium-doped magnesium-aluminium 

layered double hydroxide (Mg-Al-Ce-LDH) matrix 264. The exceptional 

catalytic performance of this material in the reduction of 4-

nitrophenol and the discoloration of organic water pollutants under 

ambient conditions is attributed to the synergy between CDs and 

AgNPs. The Mg-Al-Ce-LDH carrier acts as a co-catalyst, with the 

cerium ions enhancing charge separation.

7.2. CD-organic nanomaterial composites

7.2.1 Nanocellulose

Nanocellulose (NC), a nanoscale form of cellulose, is extracted from 

renewable resources and features a three-dimensional dynamic 

cross-linked network. There are three types: cellulose nanocrystals 

(CNC), cellulose nanofibers (CNF), and bacterial nanocellulose (BNC) 

265. The nanocellulose chains are rich in hydroxyl groups, enabling 

modification by esterification, etherification, graft copolymerization, 
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and cross-linking. By means of specific physical or chemical cross-

linking methods CDs can be uniformly dispersed within the 

nanocellulose matrix, not only enhancing their fluorescence but also 

improving their stability 266.  The covalent attachment of luminescent 

CDs, prepared by microwave-assisted pyrolysis of 

glycerol and 4,7,10-trioxa-1,13-tridecanediamine, to 

carboxymethylated CNF by the 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide 

(EDC/NHS) method produced transparent, smooth, and fluorescent 

CNF-CDs nanopaper 267, effectively combining the properties of both 

materials. Such composites can be transformed into hydrogels, 

aerogels, films, etc. for use in fields such as chemical sensing and 

water remediation. In one study, CDs from glutathione and citric acid 

were synthesized in situ and coated onto CNF in a one-step process, 

preserving the fiber structure 268. This process produced a CD-CNF 

composite with a rough, bumpy morphology, characterized by amide 

bonding that enhanced dimensional and thermal stability. An 

environmentally friendly aerogel has been developed from CNF 

grafted onto CDs from PEI  and citric acid, as the scaffold 269 (Figure 

13a). Filter paper was carboxyl-modified by 2,2,6,6-

tetramethylpiperidinyloxy radical (TEMPO)-mediated oxidation and 

freeze-dried to create a pure CNF aerogel. Amino-modified CDs were 

prepared hydrothermally. The two components were cross-linked by 

means of the EDC/NHS method, and then purified and dried to obtain 

a fluorescent aerogel. Under UV light, it fluoresces bright blue, shows 

high sensitivity in the detection of glutaraldehyde (1 mg kg−1) in 

water and can be employed for the detection of NOx and aldehydes.

7.2.2 Hydrogels

A hydrogel, a polymer with a three-dimensional network structure, 

is formed from hydrophilic macromolecular chains cross-linked by 

physical and chemical methods. This structure serves as an ideal 

carrier for CDs, maintaining their dispersion across various 

environments and preventing fluorescence quenching due to 

aggregation 270,271. Non-covalent and covalent interactions between 

the functional groups on the CDs and those of the hydrogel lead to a 

composite that combines the functionalities of both materials, 

thereby extending their application range 272. For instance, a 

fluorescent nanocellulose hydrogel has been developed for the 

detection and adsorption of Fe3+ and Pb2+ in water. The hydrogel, 

synthesized from carboxylated nanocellulose and CDs, based on 

ethylenediamine and citric acid, removed 69% of Fe3+ and 98% of 

Pb2+, with adsorption capacities of 98 mg g−1 and 442 mg g−1, 

respectively 273. This hybrid system significantly enhances the 

adsorption of organic compounds, heavy metals, and antibiotics. CD-

enhanced hydrogels (CDH) have better fluorescence stability than 

traditional hydrogels, integrating adsorption, detection, and 

photocatalytic degradation functionalities, thus minimizing 

secondary pollution and offering significant advantages in 

wastewater treatment applications 274. Citric acid/urea CDs were 

synthesized hydrothermally 275, and then combined with N-

isopropylacrylamide and hydroxymethyl cellulose, with potassium 

persulfate as the polymerization initiator, to form a gel composite. 

They absorb in the UV, functioning as a photothermal medium, 

where light is converted into heat, thereby increasing the 

temperature of the gel. The hydrogel thus produced can effectively 

adsorb water pollutants and be used in solar-mediated wastewater 

purification. N-doped carboxymethyl cellulose CDs (CMH–NCD) 

(norfloxacin, hydrothermal, 190 °C for 8 h) with dual functionalities 

were formulated for detecting and adsorbing UO22+ in nuclear 

wastewater 276. It was highly selective for UO₂²⁺, with an adsorption 

capacity of 194 mg g−1 and over 97% removal. Photothermal heating 

by the CDs within the hydrogel enhanced the convection and 

diffusion of UO₂²⁺, increasing contact with active sites and thereby 

improving adsorption performance. A multifunctional nanofibrillar 

cellulose/CD (citric acid  and ethylenediamine, hydrothermal, 200 °C 

for 5 h) hydrogel proved highly effective in adsorbing and 

photocatalytically degrading Cr6+ (maximum adsorption capacity 426 

mg g−1) 277. Cr6+ adsorption was enhanced by amino groups on the 

CDs, while the hydrogel structure improved its photocatalytic 

properties. Furthermore, electrostatic repulsion between the 

positively charged Cr3+ ions and the similarly charged surface of the 

material facilitated the desorption of Cr3+. For comprehensive 

wastewater treatment, including the removal of bacteria and 

microorganisms, a CDH was developed by cross-linking 

poly(vinylpyrrolidone) (PVP) with CDs prepared hydrothermally from 

cysteamine and citric acid (Figure 13b) 278. Under sunlight, the 

embedded CDs generate reactive oxygen species that degrade dyes 

and kill bacteria. Chitosan-based hydrogel beads loaded with GQDs 

obtainbed by pyrolysis of citric acid and iron oxide, were developed 

for chlorpyrifos removal from wastewater. They achieved virtually 

100% adsorption efficiency under ultrasonic assistance, were 

reusable over seven cycles, and showed strong potential for 

industrial-scale applications 279.
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Figure 13. (a) Preparation of CNF/CD-based fluorescent aerogels (SL: 

under sunlight, UV: under UV radiation). Reproduced from ref. 269 

with permission from American Chemical Society, copyright© 2019. 

(b) Creation of PVP-CD hybrid hydrogel from carboxylated-PVP and 

CDs for adsorption and photodegradation of dye along with bacterial 

elimination. Reproduced from ref. 278 with permission from Elsevier 

B.V., copyright© 2020.

8. Small Molecules of Biomedical Interest

The fluorescence properties of CDs can also be used to detect and 

assay a certain number of small molecules of biomedical interest. 

Excess or lack of any of these compounds in the human body leads 

to a variety of medical conditions, for which reason it is of the utmost 

importance to have rapid, cheap and portable means of monitoring 

them.

8.1 Glucose Determination

Glucose, as an indispensable biomolecule in human physiology, 

serves as a crucial energy source for living cells and is an intermediate 

product of metabolism 280. In the bloodstream, the concentration of 

glucose is typically 3.0−8.0 mM, supporting the normal functioning 

of bodily tissues. The transport of glucose within the human body has 

been related to conditions such as diabetes and certain cancers, 

emphasizing the importance of glucose monitoring for the 

prevention, diagnosis, and treatment of these diseases. Excessive 

levels of glucose can lead to the onset of diabetes, as well as other 

common metabolic disorders including hypertension, heart disease, 

vision impairment, and renal failure. Nowadays, diabetes mellitus 

has emerged as one of the greatest threats to public health 281,282. 

Hence, the early detection of glucose is of paramount significance. 

A novel nanosensor has been developed for glucose sensing, using 

boric acid-modified sulfur and nitrogen co-doped GQDs ((B)/S,N-

GQDs). Boric acid was selected for its easy availability and the 

feasibility of one-step surface modification of S,N-GQDs, with boric 

acid groups serving as recognition sites for glucose (Figure 14). The 

interaction between the cis-diol units of glucose and the boric acid 

groups on the surface of S,N-GQDs forms rigid (B)/S,N-GQDs-glucose 

structures, restricting intramolecular movement and resulting in 

increased photoluminescence intensity. The fluorescence response 

was utilized for glucose quantification, achieving a LOD of 5.5 µM 

(Figure 14a)  283. In a separate investigation, boron- and sulfur-doped 

CDs (B,S-CDs) were synthesized from 3-thiophenylboronic acid for 

glucose sensing in saliva due to its compatibility with the CD core. 

After functionalizing sulfur-doped CDs with boronic acid, new sites 

selective for glucose, through interaction with the glucose cis-diol 

groups, were created (Figure 14b). The fluorescence intensity was 

used to measure glucose concentrations from 1 to 250 μM, with a 

LOD of 0.57 mM 284.

Figure 14. (a) Mechanism of (B)/S,N-GQDs nanosensor and the 

fluorescence intensity change with different volumes (10–120 μL) of 

glucose solution (5.5 mM). Reproduced from ref. 283 with 

permission from Elsevier B.V., copyright© 2020. (b) Synthesis and 

principle for the application of B,S-CDs to glucose sensing. 
Reproduced from ref. 284 with permission from Elsevier B.V., 

copyright© 2021.

8.2 Dopamine (DA) Determination

Dopamine, 3,4-dihydroxyphenethylamine (DA), is a 

neurotransmitter derived from catecholamine, and plays critical 
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roles in the functioning of renal, cardiovascular, and central nervous 

systems, etc. in the body 285. In the human brain, the concentration 

of endogenous dopamine is typically 0.01−1 mM 286,287. Deficiencies 

in dopamine levels primarily contribute to neurological disorders, 

which can be manifested as neurological diseases such as dementia, 

Parkinson's disease, schizophrenia, epilepsy, depression, and 

attention deficit hyperactivity disorder 288. Therefore, the selective 

and sensitive detection of dopamine is crucial for the diagnosis and 

monitoring of these conditions.

Highly sensitive nitrogen- and boron-doped CDs were synthesized 

from melamine and 3-carboxyphenylboronic acid by a hydrothermal 

method. The resulting blue-fluorescent MPBCDs, stabilized by 

magnetic stirring with β-cyclodextrin (β-CD), showed excitation-

dependent emission, along with biocompatibility and non-toxicity. 

Furthermore, a β-MPB-CDs-PYL probe, obtained by the addition of 

pyridoxal (PYL), gave enhanced fluorescence towards DA 289 (Figure 

15a). Nitrogen-doped GQDs modified with β-cyclodextrin and 

vitamin B6 cofactor were prepared for the selective sensing of 

dopamine in human serum using a ‘turn-on’ fluorometric method 

(Figure 15b) 290. Kumar et al. synthesized nitrogen-doped CDs (N-CDs) 

for dopamine detection, cell imaging, and fluorescent ink 

applications 291. Boron and nitrogen co-doped silicon-CDs (B,N-Si-

CDs) were for dopamine sensing by colorimetry and fluorimetry 292. 

Phthalocyanine-nitrogen-doped GQD conjugates were developed for 

the detection of dopamine by electrochemical processes 293.

Figure 15. (a) Sensing of DA via PYL/β-CD/N@GQDs with 

corresponding color changes. Reproduced from ref. 289 with 

permission from Elsevier Ltd, copyright© 2023. (b) Synthesis of 

MPBCDs and their stabilization by β-cyclodextrin (β-MPBCDs) and (c) 

Plausible mechanism for the fluorescent turn-on detection of DA 

using β-MPBCDs-PYL probe. Reproduced from ref. 290 with 

permission from Elsevier B.V., copyright© 2020.

8.3 Ascorbic Acid (AA) Determination

The assay of ascorbic acid (AA) and uric acid (UA) holds significant 

importance in biomedical sciences due to their crucial roles in various 

human metabolic processes 294,295. AA, also known as vitamin C, is a 

water-soluble vitamin found in many foods and dietary supplements. 

Within the body, it functions as a potent natural antioxidant, 

scavenging free radicals to safeguard cells from damage. However, 

excessive intake can result in adverse effects such as diarrhea, taste 

alteration, kidney stones, and other symptoms 296. It is believed to 

aid in the prevention and treatment of conditions such as colds, 

mental disorders, infertility, cancer, and certain HIV-related clinical 

symptoms 297–299.

To assay AA, Yang et al. developed a ratiometric fluorescence sensor 

using ZnCdS QDs embedded in a molecularly imprinted polymer 

(ZnCdS QDs@MIP) and silica-coated CdTeS QDs (CdTeS QDs@SiO2) 

(Figure 16a) 297. This sensor exhibited a linear fluorescence 

quenching response to AA in the 1–500 μM range, with a LOD of 0.78 

μM. Nitrogen and copper co-doped CDs (Cu,N-CDs) were synthesized 

by the solvothermal carbonization of folic acid and CuCl2. The Cu,N-

CDs showed a linear fluorescence quenching response to AA in the 

0.02−40 μM range, with a LOD of 17.8 nM 300. Zhu et al. synthesized 

V2O5 nanobelts which can quench the fluorescence of nitrogen-

doped CDs (N-CDs) through the IFE. In the presence of AA, the 

fluorescence of N-CDs can be restored via a redox reaction with the 

V2O5 nanobelts. Furthermore, in the presence of both alkaline 

phosphatase (ALP) and ascorbyl-2-phosphate (AAP), the 

fluorescence of N-CDs can also be restored, as AAP undergoes 

hydrolysis to AA by ALP (Figure 16b) 301. An ‘on-off-on’ fluorescent 

sensor was developed using sulfur and nitrogen co-doped CDs (S,N-

CDs) for the detection of both Cr6+ and AA, with excellent selectivity 

and anti-interference capabilities against over 30 interfering 

substances. In liquid-phase detection, the sensor had a linear 

detection range of 1–1000 μM and a LOD of 0.28 μM for AA. For solid-

phase detection, S,N-CDs were embedded into polyvinyl alcohol to 

give a visual fluorescent film sensor which, when irradiated at 365 

nm, allowed easy and accurate on-site assay of Cr6+ and AA. The 
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linear detection ranges were 0.1–50 μM and 10–500 μM, 

respectively, with LODs of 92.5 nM and 7.0 μM, respectively 302.

Figure 16. (a) Schematic illustrations of ZnCdS QDs@MIP/CdTeS 

QDs@SiO2 sensor for the recognition of AA. Reproduced from ref. 

297 with permission from Elsevier B.V., copyright© 2021. (b) 

Preparation of N-CDs and V2O5 nanobelts. Reproduced from ref. 301 

with permission from Elsevier B.V., copyright© 2019.

8.4 Glutathione (GSH) determination 

Glutathione (GSH), a thiol-containing tripeptide, is essential in 

biological systems, contributing to immune function maintenance 

and cellular redox balance. It safeguards against oxidative stress 

caused by free radicals and ROS, regulating intracellular redox 

equilibrium. The typical concentration of GSH in animal cells ranges 

from 0.5 to 10 mM, while in physiological fluids it varies from 2 to 12 

μM 303. Consequently, GSH serves as a crucial biomarker for human 

health, with abnormal levels associated with various diseases, 

including cancer, neurodegenerative disorders, impaired growth, 

liver damage, and cardiovascular ailments 304. By a solvothermal 

method in DMF, Liao et al. prepared multicolor N-CDs from 

naphthalenetetracarboxylic dianhydride, with different alkylamines 

as passivators. Yellow-emitting CDs were uniformly dispersed 

(average diameter about 2.4 nm), and could be used to assay GSH in 

the 1–70 μM range with a LOD of 0.07 mM 305.  

Conclusions and future perspectives

This paper reviews the synthesis, properties, modulation, and 

applications of the fluorescence properties of CDs to the 

analysis of heavy metals and some molecules of biological 

interest. The possible use of CD composites for treating polluted 

water by the extraction of heavy metals is discussed. CDs show 

great promise for detecting and removing heavy metals due to 

their unique optical properties, stability, low toxicity, and 

biocompatibility. Their size, shape, and surface features can be 

tailored by different synthesis methods to enhance 

performance in environmental and biomedical applications. 

However, despite these advantages, CDs still face certain 

challenges and limitations. Firstly, while there is a diversity of 

synthesis methods, they still need to be optimized to achieve 

higher yields, better reproducibility, and lower costs. Secondly, 

the long-term stability and ecological impacts of CDs in real-

world environments are not yet fully understood, and further 

studies are required to assess their potential dangers. Future 

research should also explore new functionalization strategies to 

enhance the selectivity and sensitivity of CDs for specific 

pollutants. With advancements in nanotechnology and 

materials science, it is expected that novel CD composites will 

be developed, expanding their applications in environmental 

remediation, energy conversion, and biomedicine. 

Strengthening industry collaboration to transition CDs from the 

laboratory to practical applications is a key direction for future 

development.
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