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Abstract

Carbon dots (CDs) have attracted much attention as new types of luminescent carbon
nanomaterials in recent years because of their tunable fluorescence, good biocompatibility,
high stability, and low cost. In this review, the classification of CDs is overviewed based
on their differences in structure. Subsequently, the latest research progress of CDs in
fluorescence sensing is systematically summarized and various sensing principles are
elucidated in detail, including fluorescence resonance energy transfer, aggregation-induced
emission, aggregation-caused quenching, electron transfer, and the inner filter effect. Finally,
the challenges and future direction of CD fluorescent probes are discussed in detail. The
purpose of this review is to stimulate the design of advanced CD fluorescent probes and
achieve the accurate and reliable measurement of analytes in complex samples.

Keywords: carbon dots; structural classification; fluorescence sensing; detection mechanism;
a review

1. Introduction

Carbon dots (CDs) have garnered widespread attention as a novel class of zero-
dimensional carbon nanomaterials, owing to their tunable emission properties, superior
chemical stability, excellent biocompatibility, and cost-effectiveness [1-5]. Owing to these
distinctive advantages, CDs have been extensively applied in diverse fields including
chemicals and biosensing, in vivo imaging, photothermal/photodynamic therapy, and
photocatalysis. Currently, the formation of CDs can be achieved through the chemical or
physical fragmentation of bulk carbon materials (termed “top-down” approaches) [6-8], as
well as the thermal polymerization of organic molecular or biomass precursors (termed
“bottom-up” strategies) [9-11]. However, the diversity of precursors and synthesis con-
ditions, coupled with the ambiguous formation mechanisms, result in CDs with intricate
structures that are challenging to characterize unambiguously. In current research, CDs are
broadly classified into distinct categories based on structural disparities: fully disordered
carbon nanoclusters (CNCs), highly carbonized carbon nanodots (CNDs), partially crys-
talline carbonized polymer dots (CPDs), highly crystalline carbon quantum dots (CQDs),
and graphene quantum dots (GQDs) [12,13].

Fluorescence is a ubiquitous photoluminescence phenomenon. When fluorescent
materials are irradiated by excitation light of specific wavelengths, they absorb incident
photon energy, promoting electrons to an excited state. Subsequent radiative relaxation of
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these excited electrons back to the ground state instantaneously generates emitted light
with a longer wavelength than the incident light, a process defined as fluorescence [14].
Traditional fluorescent materials primarily include inorganic fluorescent materials (e.g.,
semiconductor quantum dots (QDs) and lanthanide compounds) and organic fluorescent
materials (e.g., dye molecules and polymer dots). While inorganic QDs exhibit intrinsic
toxicity due to the presence of heavy metal ions, organic dyes are often limited by poor
aqueous solubility and high production costs. In contrast, CDs, as novel luminescent
carbon-based nanoprobes, demonstrate distinct advantages in fluorescence sensing appli-
cations [15]: (i) Excellent aqueous solubility. CDs are enriched with hydrophilic functional
groups (e.g., hydroxyl and carboxyl groups) on their surfaces, enabling their effective
utilization in solution-phase sensing. (ii) High quantum yields (QYs). CDs exhibit QYs
approaching 100%, satisfying the requirements of diverse fluorescence sensing systems.
(iii) Superior biocompatibility. Owing to their metal-free composition, CDs demonstrate
low cytotoxicity, making them ideal for cellular or in vivo imaging applications. (iv) Excep-
tional photostability. The fluorescence intensity of CDs remains stable under prolonged UV
irradiation, facilitating long-term optical tracking. Consequently, compared to conventional
semiconductor QDs and fluorescent dyes, CDs exhibit enhanced biocompatibility, lower
production costs, superior aqueous solubility, and robust anti-photobleaching properties,
which collectively drive their widespread exploration in fluorescence sensing technologies.

In this review, the fundamental properties of CDs including their composition, struc-
tural configurations, and classification are summarized. Subsequently, recent advancements
in CDs-based fluorescence sensing are systematically reviewed, with further elaboration
on their fluorescence sensing mechanisms including fluorescence resonance energy trans-
fer (FRET), aggregation-induced emission (AIE), aggregation-caused quenching (ACQ),
electron transfer (ET), and the inner filter effect (IFE). Finally, future research directions
and critical challenges for CDs in fluorescence sensing are comprehensively discussed. The
purpose of this review is not only to consolidate the latest progress in CDs-enabled fluores-
cence sensing but, more importantly, to inspire the rational design of advanced CDs-based
fluorescent probes. Such innovations aim to achieve reliable and precise quantification of
analytes in complex matrices, thereby bridging the gap between laboratory research and
real-world applications.

2. Overview of CDs
2.1. Fundamental Composition

CDs, recognized as a novel class of luminescent carbon nanoparticles, are predom-
inantly composed of carbon. Those consisting solely of carbon and oxygen are termed
“bare” CDs, representing the simplest structural configuration. These “bare” CDs can be
synthesized via the chemical oxidation of large-sized carbon materials, typically exhibiting
surfaces functionalized exclusively with oxygen-containing groups such as hydroxyl, car-
bonyl, or carboxyl moieties. However, the carboxyl groups on the surface of “bare” CDs
induce non-radiative recombination of electron-hole pairs [16], significantly diminishing
their QYs and thereby severely limiting practical applicability. Moreover, the homogene-
ity of surface chemical groups restricts their functional versatility. Consequently, these
early-developed “bare” CDs face substantial challenges in achieving widespread utilization.

Surface passivation strategies have proven effective in enhancing the luminescence ef-
ficiency of CDs by stabilizing emissions originating from surface energy traps [17]. Inspired
by this approach, a series of functionalization strategies—including surface modification
and heteroatom doping—have been developed to improve both the optoelectronic per-
formance and structural integrity of CDs [18]. Heteroatom doping introduces non-metal
(e.g., nitrogen, phosphorus, silicon) or metal (e.g., magnesium, copper, lanthanides) ele-
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ments into the CDs’ framework, altering their compositional profile, redistributing electron
density, and tailoring optoelectronic properties. In addition, surface modification grafts
functional groups or bioactive molecules onto CDs’ surfaces, enriching their chemical
reactivity and creating analyte-specific binding sites. Together, these strategies not only
refine the structural and functional attributes of CDs but also endow them with unique
photophysical features.

2.2. Structure and Classification

The structural complexity of CDs arises from the carbonization or polymerization of
reaction precursors, forming core structures adorned with diverse surface chemical groups.
Typically, the carbon core comprises sp?/sp> hybridized carbon, while the surface is func-
tionalized with chemical moieties or polymer chains, forming a carbon shell. Extensive
studies reveal that the carbon core predominantly adopts either graphitic crystalline lattices
or amorphous carbon configurations [19-21]. The core structure critically influences both
the optical properties and photostability of CDs [22], with graphitic lattice-dominated CDs
generally exhibiting superior resistance to photobleaching compared to their amorphous
counterparts. However, surface chemical functionalization governs aqueous dispersibility
and modulates the optical bandgap. Based on structural distinctions, CDs can be classified
into five subtypes (Figure 1) [12]: (i) Highly disordered CNCs lacking defined carbon cores
or crystallinity; (ii) CPDs featuring polymer/carbon hybrid architectures with carbon cores
and extensive surface polymer chains/functional groups; (iii) highly carbonized CNDs
possessing discernible carbon cores but lacking crystallinity, with limited surface function-
alization; (iv) highly crystalline CQDs exhibiting well-defined lattice fringes and abundant
surface functional groups; and (v) single- or few-layer GQDs characterized by graphene-like
lattice structures with edge or interlayer defects incorporating chemical functionalities.

:&%‘%ﬁqﬁfﬁf{%w
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Figure 1. The classification of carbon dots (CDs). CNCs, carbon nanoclusters; CPDs, carbonized
polymer dots; CNDs, carbon nanodots; CQDs, carbon quantum dots; GQDs, graphene quantum
dots [12]. Reprinted with permission from Ref. [12]. Copyright 2023 Springer Nature.

CDs typically support multiple allowed electronic transitions [23], including 0— 0%,
o—m*, n—0*, m—7*, and n—n* transitions, which are intrinsically linked to their structural
and optical characteristics. Aromatic sp> domains within the carbon core contribute to
7t states, while n states originate from surface functional groups containing lone electron
pairs.Notably, electronic transitions from n states in sp-hybridized surface functionalities
to 7* states in the aromatic carbon framework may occur. Consequently, electronic structure
and associated transitions profoundly impact optical properties; however, the inherent
complexity and variability in CDs composition and architecture pose significant challenges
to the definitive elucidation of their electronic structures.
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2.3. Optical Properties
2.3.1. Light Absorption Properties

CDs exhibit strong optical absorption spanning from the UV region into the visible
and even near-infrared (NIR) spectral ranges. Figure 2 illustrates the correlation between
electronic transitions and absorption spectra in CDs [24]. The carbon core represents the
sp?-conjugated domains within the CDs interior, while the carbon shell refers to the surface
chemical groups. Generally, short-wavelength absorption below 300 nm (Figure 2, Band
I) corresponds to t—7t* transitions (C=C bonds) in aromatic sp? carbon clusters, whereas
absorption between 300 and 400 nm (Figure 2, Band II) is attributed to n—7* transitions of
C=0 bonds in the carbon core [25-31]. Absorption bands above 400 nm (Figure 2, Bands
III-V) arise from surface state transitions involving lone electron pairs [27-29]. Notably, an
increased content of graphitic nitrogen or oxygen-containing functional groups induces
a redshift in CQD absorption. It is noteworthy that the broad surface state absorption
band and n—7* transitions typically overlap rather than exist in isolation, minimizing
interference with emission tunability and enabling smooth color gradients with varying
excitation wavelengths [28]. Additionally, the low-energy absorption band near 300 nm
originates from n—7* and m—7* charge transfer transitions or interlayer charge transfer
processes with dominant m—n* contributions [26].
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Figure 2. A schematic illustration of the relationship between the absorption spectrum and electron
transition of CDs [24]. Reprinted from Ref. [24].

2.3.2. Fluorescence Origin

A thorough understanding of the fluorescence mechanisms in CDs is crucial for guid-
ing their synthesis. Despite extensive research efforts, the luminescence origins of CDs
remain poorly elucidated due to the complex compositions and structures of CDs de-
rived from diverse precursors and synthetic methodologies. Reported optical mechanisms
can be broadly categorized into two classes: core-related emissions and surface-related
emissions [32-34]. Core-related emissions are further subdivided into quantum confine-
ment effects, conjugated structures, and free zigzag sites, while surface-related emissions
encompass crosslink-enhanced emission, surface/edge defects, and multiple emission
centers. Generally, interpretations of CD fluorescence mechanisms must be tailored to their
specific structural features, as the development of a universal conceptual framework to
comprehensively explain CD luminescence remains highly challenging.
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3. Fluorescence Sensing Applications
3.1. FRET

FRET occurs when the emission spectrum of an energy donor overlaps with the
absorption spectrum of an energy acceptor, and the donor—acceptor distance is less than
10 nm [15]. Specifically, upon absorbing incident light energy, electrons in the donor are
excited to a higher energy state. Before these excited electrons return to the ground state,
their energy is transferred to the adjacent acceptor via dipole-dipole interactions (i.e.,
resonance energy transfer). This intermolecular electric dipole interaction enables non-
radiative energy conversion, where the donor’s fluorescence intensity decreases as energy
is transferred to the acceptor. The efficiency of energy transfer is critically dependent on
the spectral overlap between the donor’s emission and acceptor’s absorption, the relative
orientation of donor-acceptor dipoles, and their distance.

In FRET-based sensing systems, electron-rich CDs often serve as energy donors [35-37]. For
instance, Cyriac et al. report a CD-based FRET sensor for selective ammonia gas detec-
tion [38], wherein CDs act as the signal transducer and sodium lipoate as the recognition
molecule. Ammonia exposure induced structural changes in sodium lipoate, activating
FRET from CDs to sodium lipoate and enabling specific ammonia detection (Figure 3). The
sensor exhibited a linear range of 0-200 ppm and a detection limit as low as 3 ppm. The
authors further demonstrated selective ammonia vapor detection using cotton fibers coated
with the sensor solution. Ratiometric fluorescent probes, which incorporate self-calibrating
capabilities, effectively mitigate false signals or instability caused by environmental fluctu-
ations, thereby enhancing detection reliability and sensitivity. Building on this principle,
Pina-Luis et al. developed a CD-based FRET system for riboflavin detection [39], employing
CD:s as the energy donor and riboflavin as the acceptor. The fluorescence ratio signal shows
a linear correlation with riboflavin concentrations (0-11 uM) and achieves a detection
limit of 0.025 uM. This riboflavin assay offers advantages of rapidity, cost-effectiveness,
high sensitivity, and selectivity, with potential applicability in biological and food samples.
Table 1 summarizes representative CDs-based FRET sensing systems for detecting analytes
such as metal ions, cysteine, and hyaluronic acid.
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Figure 3. Schematic illustration of the detection of ammonia [38]. Reproduced from Ref. [38] with
permission from Elsevier.

Table 1. Summary of CD detection based on FRET mechanism.

Analytes Linearity Range Limit of Detection Reference
Ag* 0-115.2 uM 250 nM [40]
Cysteine 0-60 uM 100 nM [41]
2, 6-Dipyridinic acid 0.1-750 nM 0.1 nM [42]
Hyaluronidase 0.1-8 U/mL 0.05 U/mL [43]

Dichlorvos 0.05-100 nM 0.019 nM [44]
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3.2. AIE

The concept of AlE is first proposed by Tang et al. in 2001 during investigations of
the optical properties of 1-methyl-1,2,3,4,5-pentaphenylsilane [45]. AIE-active materials
exhibit restricted intramolecular motion upon aggregation, leading to a transition from
non-radiative to radiative decay pathways and thereby significantly enhancing optical
emission intensity. Sensors based on AIE materials generate “turn-on” optical output
signals, which minimize false-positive results and improve detection sensitivity.

In recent years, CDs with AIE properties have been developed, enabling the precise
quantification of trace analytes. For example, Guo et al. designed a CDs@[Ru(bpy)s]**
sensing platform for fluoride ion (F~) detection [46]. Specifically, aluminum ion (AI**)
triggered AlE-active CDs served as the responsive signal, while red-emitting [Ru(bpy)s]**
complexes acted as the reference signal (Figure 4). As F~ concentration increased, the
ratiometric probe exhibited a continuous fluorescence color transition from red to cyan.
The sensor demonstrated a linear detection range of 0-450 uM for F~ ions, with a detection
limit of 1.53 pM. The authors successfully applied this platform for rapid F~ quantifica-
tion in water and toothpaste samples, achieving satisfactory reproducibility and relative
standard deviations.
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Figure 4. Portable smartphone platform based on AIE CDs for ratiometric visual sensing [46].
Reprinted with permission from Ref. [46]. Copyright 2023 American Chemical Society.

This platform offers advantages of low cost, robust stability, excellent selectivity, and
reproducibility, serving as a powerful tool for smartphone-based microsensor platforms
enabling visual quantitative detection. Concurrently, Wu et al. synthesized AlE-active
CDs using tea saponin for human serum albumin (HSA) detection [47]. HSA introduction
induces fluorescence enhancement in the CDs, exhibiting a linear regression across the
0-180 pM concentration range. Furthermore, the CDs demonstrate mitochondrial targeting
capability in live cells for intracellular HSA detection, underscoring their potential in
biosensing applications.

3.3. ACQ

ACQ is a prevalent phenomenon in fluorescent materials, wherein the energy of
excited fluorophores is rapidly transferred to ground state counterparts without radiative
decay, resulting in reduced or quenched fluorescence emission [48,49]. CDs, particularly
GQDs, are highly susceptible to ACQ due to their atomically thin structures and significant
spectral overlap between emission and absorption bands [50].
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CD aggregation often induces fluorescence quenching, providing a foundation for
designing fluorescent sensing systems. For instance, Jelinek et al. develop an ascorbic acid-
based hydrogel sensor encapsulating fluorescent CDs for reactive oxygen species (ROS)
detection [51]. The sensing mechanism relies on ROS-induced oxidation of ascorbate units
within the hydrogel matrix, causing framework collapse, CD aggregation, and subsequent
luminescence quenching (Figure 5). The CD/hydrogel platform demonstrates high sensitiv-
ity for chemically generated ROS detection in both solution and live cellular environments,
with a linear range of 10-100 nM. Similarly, Wang et al. report a CD-based ACQ strategy
for highly sensitive and selective cobalt ion (Co?*) detection [52]. Co?* binding to nitrogen
donor atoms on CDs induces particle aggregation and fluorescence quenching. This sensor
exhibits a linear response from 10 nM to 5 pM and a detection limit of 2 nM. Notably, the
CDs display excellent biocompatibility and photostability, enabling specific Co?* detection
and real-time visualization of Co?*-induced physiological changes in A549 cells.

O?R o .
ety R
o ~
o R Z 7 Ho
r‘:. ',.. HO, RO ? o ..
OR R_ -0 o
S5 O 5 e O
¢} o 0 \aCH-C—iI-'i:—COOH
@ o L ® W o
o

R N0
ROS
i
El -

Figure 5. Illustration of the ROS detection [51]. Reprinted with permission from Ref. [51]. Copyright
2017 American Chemical Society.

3.4. ET

ET refers to the process wherein excited electrons from a donor are transferred to an
acceptor under illumination. CDs, typically acting as electron donors, generate excited-state
electrons upon light irradiation, which are subsequently transferred to acceptors, resulting
in reduced or quenched CD fluorescence. Leveraging this principle, Wu et al. synthesize
CDs with unique hydrophilic functional groups and graphitic nitrogen via polymerization
and carbonization of a novel norfloxacin precursor bearing heterocyclic structures for ra-
dioactive uranyl (UO,2*) ion detection [53]. Strong coordination interactions between CDs
and UO,?* ions enable effective fluorescence quenching (Figure 6). Detailed experiments
confirm that the quenching mechanism arises from ET, with a linear range of 0-10 uM and
a detection limit of 20.38 nM. The authors further develop a solid-phase sensing technology
for rapid UO,?* detection in environmental samples.

Additionally, Li et al. report a terbium ion (Tb3*)-modified CDs ratiometric fluorescent
sensor sensitized by 2,6-pyridinedicarboxylic acid [54]. Upon 290 nm excitation, the sensor
exhibits dual emissions: CD emission at 436 nm (response signal) and pyridinedicarboxylic
acid/Tb%* complex emission at 543 nm (reference signal). Mercury ion (Hg2+) addition
induces significant quenching of the 436 nm emission, while the 543 nm emission remains
unaffected. Fluorescence quenching is attributed to ET between CDs and Hg?* ions. The
ratiometric fluorescence intensity ratio shows a linear correlation with Hg?* concentrations
(1-161.51 uM) and achieves a detection limit of approximately 37 nM. Table 2 summarizes



Inorganics 2025, 13, 256

8 of 13

representative CD-based sensing systems utilizing ET mechanisms for detecting analytes,
including various metal ions and small molecules (e.g., glutathione, hydrogen peroxide).

L Nanoscale Molecular level -

_________________________________________________________________

Figure 6. ET mechanism of UO,%* jon detection [53]. Reproduced from Ref. [53] with permission
from Elsevier.

Table 2. Summary of CD detection based on ET mechanism.

Analytes Linearity Range Limit of Detection Reference
Cu®* 0.01-2 uM 6.7 nM [55]
Ag* 0.1-265 uM 50 nM [56]
Fe3* 0-2 uM 70 nM [57]

ONOO™ 4-120 nM 29nM [58]
Hg?* 0.05-5 uM 0.02 uM [59]

N-acetylcysteine 5.56-277.8 uM 0.56 uM [60]
Glutathione 1-80 uM 83 nM [61]

Methanal 0-400 uM 0.9 uM [62]

Peroxide 02 uM 84 nM [63]

Prilocaine 2.3-400 nM 1.8 nM [64]

3.5. IFE

The IFE represents a significant non-radiative energy conversion mechanism in fluo-
rescence spectroscopy, arising from absorber-mediated attenuation of excitation and/or
emission light within the sensing system [65]. Efficient IFE requires spectral overlap be-
tween the absorber’s absorption band and the luminescent probe’s excitation/emission
bands [66], enabling broad applicability in chemical and biological sensing. Absorbers com-
petitively absorb excitation/emission photons without altering the intrinsic luminescence
properties of the fluorescent material.

IFE-based sensing platforms offer simplicity and versatility, relying solely on spectral
matching between CDs and analytes. Zhou et al. report a CD-based sensor for the highly
selective and sensitive detection of 2,4,6-trinitrophenol (TNP) [67]. Upon TNP addition, the
CDs’ fluorescence gradually decreases due to IFE-mediated quenching (Figure 7). The sen-
sor achieved a detection limit of 5.37 ng/mL under optimal conditions and demonstrated
satisfactory recovery rates in TNP-spiked water samples, establishing it as a reliable tool
for environmental TNP monitoring. Furthermore, Wang et al. developed boron/nitrogen-
codoped dual-emission CDs for ratiometric fluorescence detection of hexavalent chromium
(Cr®*) ions [68]. Cr®* presence induces significant quenching of emissions centered at
(360, 465) nm via IFE, while emissions at (490, 535) nm remain unaffected. The ratiometric
response exhibits excellent linearity across 0-100 pM Cr®* concentrations, with a detection
limit of 0.41 uM. The multifunctional sensing capabilities of these CDs in real samples not
only provide a novel approach for rapid Cr®* determination but also highlight the potential
of multi-emissive carbon-based materials in developing ratiometric sensing platforms
for diverse analytes. Table 3 summarizes representative CD-based IFE sensing systems
targeting metal ions and biomolecules (e.g., alkaline phosphatase, hemin, antibiotics).
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Figure 7. Illustration of the synthesis of the fluorescent CDs and working principle of the sensor [67].
Reproduced from Ref. [67] with permission from Elsevier.

Table 3. Summary of CD detection based on the IFE mechanism.

Analytes Linearity Range Limit of Detection Reference
Hg?* 2-200 nM 0.32 nM [69]
CaZt 0.09-14 uM 5nM [70]
Cu® 10-1100 nM 6 nM [71]
MnO,4~ 0.05-60 uM 13 nM [72]
Melamine 0.1-20 uM / [73]
Alkaline phosphatase 0.01-25U/L 0.001 U/L [74]
«-Glucosidase 0.2-10 U/mL 0.01 U/mL [75]
Vitamin B12 0.25-100 uM 0.14 uM [76]
Hematin 0.5-10 uM 0.25 uM [77]
Tetracycline 0.5-200 uM 0.3 uM [30]
2,4,6-Trinitrophenol 0.1-100 uM 28 nM [66]

4. Conclusions and Outlook

CDs have demonstrated immense potential as next-generation fluorescent probes
in sensing applications due to their unique combination of tunable fluorescence, high
QYs, excellent water solubility, and outstanding biocompatibility. These zero-dimensional
carbon-based materials exhibit versatile sensing mechanisms including FRET, AIE, ACQ,
ET, and IFE, enabling highly sensitive and selective detection of diverse analytes ranging
from metal ions to biomolecules. Their superior photostability compared to conventional
fluorescent materials, coupled with low toxicity and cost-effective synthesis, makes them
particularly attractive for environmental monitoring, biomedical diagnostics, and food
safety applications.

Despite significant advancements, several challenges persist. First, while diverse
synthetic strategies have been developed, a reliable method for producing structurally
homogeneous, high-quality CDs remains elusive, with heterogeneities often compromising
sensing performance. Second, the complex structural composition of CDs obscures the
precise elucidation of their luminescence mechanisms, hindering predictive synthesis and
rational design of CD probes with tailored emission profiles. Furthermore, the prevalence
of short-wavelength (e.g., blue) emission in most CDs limits their utility in deep-tissue
imaging due to poor tissue penetration.

Looking forward, CD-based sensing systems must prioritize simplicity, miniaturiza-
tion, and practicality. A critical need exists to transition from in vitro aqueous assays
to real-time imaging analyses at cellular, tissue, and in vivo levels. The development of
ratiometric or dynamically reversible CD fluorescent probes will be pivotal for achieving
reliable, precise, and dynamic analyte detection. Additionally, leveraging CD probes for
point-of-care diagnostics and early disease detection represents a transformative fron-
tier. Addressing these challenges demands interdisciplinary efforts to refine synthetic
methodologies, decipher optical origins through advanced characterization techniques,
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and engineer CDs with tunable emission across the visible-to-NIR spectrum. While obsta-
cles remain, the unique advantages of CDs—including their facile surface functionalization,
low toxicity, and versatile photoluminescence—ensure a promising trajectory for their
integration into cutting-edge sensing and biomedical technologies.
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