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ARTICLE INFO ABSTRACT

Keywords: The highly sensitive detection and imaging of biomarkers are critical for early diagnosis, treatment, and prog-
Biomarker nosis monitoring. The unique size and structure of fluorescent nanomaterials provide key benefits such as
Fluorescence excellent photostability, high fluorescence quantum yield, and tunable excitation and emission wavelengths.
Nanomaterials . . L S . .
Imaci These properties have led to the widespread application of nanomaterials in fluorescent biomarkers detection
maging

and imaging. In this review, we began by introducing the composition of fluorescent probes and discussing the
underlying sensing mechanisms. We then summarized recent advances in the use of fluorescent nanomaterials
such as quantum dots (QDs), metal nanoclusters (MNCs), carbon dots (CDs), and metal-organic frameworks
(MOFs) for biomarker detection and imaging. Additionally, we highlighted the applications of fluorescent
nanomaterials in the detection and imaging of small molecules, biomacromolecules, and various biomarkers,
including metal ions, bacteria, and circulating tumor cells (CTCs). The challenges and future prospects of fluo-
rescent nanomaterials in biomarker detection and imaging were also discussed. We anticipate that fluorescent
nanomaterials will have profound implications for clinical biomarker detection and imaging, with considerable
application in both academic research and industrial applications.

1. Introduction spectrometry imaging (MSI) still face various of challenges, including

complex processes, high cost, cumbersome procedures, and insufficient

During the course of disease progression, disturbances in biological
systems can lead to the abnormal expression of active substances within
the organism. Biomarkers are biological molecules that undergo specific
biochemical changes during disease development [1]. They are typically
classified into small molecules, large molecules (e.g., proteins, nucleic
acids), and other markers based on their composition [2,3]. Given that
biomarkers reflect the interactions between biological systems and un-
derlying pathological states, it is crucial to establish accurate, sensitive,
and convenient biomarker detection technologies for early disease
diagnosis and health monitoring [4,5]. However, current methods for
detecting biomarkers such as computed tomography (CT), and mass

sensitivity, which limit their ability to accurately analyze trace bio-
markers. Therefore, developing high-sensitivity and high-accuracy
detection strategies to enable efficient analysis of trace biomarkers is
an urgent task.

Biosensing technologies have been widely used for the highly sen-
sitive detection of biomarkers due to their good selectivity, high sensi-
tivity, rapid response, low cost, and ability to perform continuous online
monitoring [6-8]. Notably, fluorescence detection technology has
emerged as one of the most promising techniques in biomarker detec-
tion, offering advantages such as high sensitivity, high spatial resolu-
tion, and dynamic biomarker monitoring [9-11]. Fluorescent probes can
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specifically bind to biomarkers and be detected by the excitation and
emission of fluorescent signals. This process provides not only quanti-
tative information but also enables real-time monitoring of the distri-
bution and dynamic changes of biomarkers within cells or tissues [12,
13]. When integrated with super-resolution microscopy techniques such
as stimulated emission depletion microscopy (STED), structured illu-
mination microscopy (SIM), and single-molecule localization micro-
scopy (SMLM), fluorescence detection technology enables imaging at
the nanoscale, offering significant potential for tracking dynamic
cellular events, visualizing biomolecular interactions, and detecting
biomarkers at the molecular level [14]. As the range of available fluo-
rescent probes continues to expand, fluorescence detection technology is
evolving from single-molecule detection to complex multiplexed
biomarker detection, thereby enhancing its applicability in early disease
screening, prognosis assessment, and drug development. However,
existing fluorescent probes still encounter technical challenges, such as
poor photostability, inadequate specificity, and limited detection depth.
Therefore, the development of new, higher-performance fluorescent
probes is critical to advancing biomarkers detection and imaging.
Nanomaterial probes have become an essential component of fluo-
rescence detection technology due to their unique optical properties and
favorable biocompatibility in recent years [15,16]. By manipulating
parameters such as morphology, size, and surface modification, nano-
materials can be optimized to enhance their fluorescence properties,
improving their performance in biomarker detection [17,18]. The uti-
lization of nanomaterials, including quantum dots (QDs) [19], metal
nanoclusters (MNCs) [20], carbon dots (CDs) [21], and metal-organic
frameworks (MOFs) [22], has been demonstrated to exhibit superior
photostability and fluorescence intensity. Moreover, surface modifica-
tion or functionalization enables highly selective recognition of specific
biomarkers. [23]. The incorporation of nanomaterials in fluorescence
imaging improves detection sensitivity and expands the range of in vivo
imaging applications, showcasing substantial potential for early diag-
nosis and clinical treatment monitoring. Compared with the previous
reviews, this work provided a comprehensive overview of
nanomaterial-based probes, covering detection mechanisms, types of
nanomaterials, and practical applications, as shown in Scheme 1. In
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Scheme 1. Scheme of fluorescent nanomaterials designed for biomarker
detection and imaging, including sensing mechanism, types of fluorescent
nanomaterials and the application in biomarker detection.
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addition, the potential applications of machine learning in this field
were discussed, providing a broader perspective on the future devel-
opment of fluorescent nanomaterials for biomarker detection and
imaging.

In conclusion, the continued development of nanotechnology and
fluorescent probe technology holds great promise for the application of
biomarker detection and imaging. This review first introduced the
composition and mechanisms of fluorescent probes, followed by a
summary of the use of fluorescent nanomaterials, including QDs, MNCs,
CDs, and MOFs, in biomarker detection and imaging. It then highlighted
recent advances in the use of fluorescent nanomaterials for the detection
and imaging of small molecules, biomolecules, and other biomarkers
(such as metal ions, bacteria, and circulating tumor cells). Finally, the
challenges and future prospects of fluorescent nanomaterials in
biomarker detection and imaging were discussed. We hope this review
will contribute to the design of novel, highly sensitive fluorescent
nanomaterials and promote their application in clinical biomarker
detection and imaging.

2. Fluorescence detection background and theory
2.1. Composition of fluorescent probes

Fluorescence is a distinct photoluminescence phenomenon in which
fluorescent molecules absorb excitation light and transition from the
ground state to an excited state. The inherent instability of the excited
state results in a rapid return to the ground state, releasing energy in the
form of light and heat [15]. In fluorescence-based biomarker detection
and imaging, fluorescent probes play a pivotal role by simultaneously
recognizing target analytes and generating fluorescent signals [24,25].
The design and material composition of these probes significantly in-
fluence key detection attributes such as signal sensitivity, stability, and
overall performance.

Fluorescent probes typically consist of three key components: the
recognition unit (receptor), the fluorescence unit (fluorophore), and the
connector/linker (spacer) [26]. The recognition unit is specifically
designed to bind to the target analyte, enabling selective interaction
with the substance of interest. This selective binding is critical for the
probe’s ability to detect and quantify the target analyte, necessitating
the use of tailored recognition units and methods for different test
substances. The connector, which acts as a molecular recognition hub,
links the recognition unit and the fluorophore. The fluorophore emits
the fluorescent signal that serves as the readout of the detection system.
The sensitivity of fluorescent probes is predominantly determined by the
fluorophore, whose structural design and material selection play a
critical role in influencing the detection performance. The early fluo-
rescent materials used for biomarker detection and imaging were mainly
organic small molecules (OFMs), while inorganic fluorescent nano-
materials have unique optical and chemical properties, such as bright
photoluminescence, good photostability, and good biocompatibility,
and have been widely used in the structural design of fluorescent probes.

2.2. Sensing mechanism of fluorescent probes

The mechanism of fluorescent probe interaction with target bio-
markers is fundamental to constructing efficient probes and achieving
sensitive detection. Current design and detection mechanisms for fluo-
rescent probes include fluorescence resonance energy transfer (FRET),
photoinduced electron transfer (PET), intramolecular charge transfer
(ICT), and aggregation-induced luminescence (AIE) (Fig. 1).

2.2.1. Fluorescence resonance energy transfer (FRET)

FRET involves the distance-dependent transfer of energy between
two light-sensitive molecules (donor and acceptor) (Fig. 1A). Upon
excitation by light at a specific wavelength, one fluorophore acts as an
energy donor, transferring excitation energy to a nearby acceptor via
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Fig. 1. Scheme of four common fluorescence biosensing mechanisms. (A) Schematic illustration of fluorescence resonance energy transfer (FRET), (B) Schematic
illustration of photoinduced electron transfer (PET), (C) Schematic illustration of intramolecular charge transfer (ICT), and (D) Schematic illustration of aggregation-

induced luminescence (AIE).

dipole-dipole interactions [27]. This process requires spectral overlap
between the donor’s fluorescence emission and the acceptor’s excitation
wavelength. The efficiency of energy transfer is highly dependent on the
donor-acceptor distance, governed by an inverse sixth-power relation-
ship, with optimal spacing generally under 10 nm [28].

FRET-based fluorescent probes are widely used in fluorescent
sensing, enhancing detection sensitivity and efficiency [28,29]. In
designing FRET-based probes, various strategies are employed: (i) the
target analyte reacts with the acceptor, quenching its fluorescence and
altering donor-acceptor energy transfer, thereby modifying the system’s
luminescence; (ii) target binding to the acceptor induces spatial
site-blocking, increasing donor-acceptor distance, which diminishes
FRET efficiency and alters fluorescence; (iii) strong target binding to the
acceptor disrupts the donor-acceptor connection, restoring donor fluo-
rescence; and (iv) the target acts as the energy acceptor, directly inter-
acting with the donor to construct a FRET system, leading to reduced
donor fluorescence intensity. Consequently, FRET-based fluorescent
probes necessitate precise design and characterization of optical prop-
erties and structural parameters of the fluorescent materials.

2.2.2. Photoinduced electron transfer (PET)

PET is a widely utilized mechanism in fluorescent chemical sensors
(Fig. 1B). PET-based systems typically also consist of three key compo-
nents: the florescent probes (donor), the analyte (acceptor), and a con-
necting structure [20]. PET can occur in two distinct forms: reducing
PET and oxidative PET. In reducing PET, fluorescent nanomaterials
function as electron acceptors, with electrons transferring from the
recognizer’s highest occupied molecular orbital (HOMO) to the accep-
tor’s HOMO. In contrast, in oxidative PET, fluorescent nanomaterials act
as electron donors, with electrons transferring from the donor’s lowest
unoccupied molecular orbital (LUMO) to the acceptor’s LUMO [23].
This mechanism allows for sensitive and dynamic control of fluores-
cence intensity in response to environmental changes or the presence of
target analytes.

In PET-based probes, fluorescence is restored upon target binding,
which restricts electron transfer between the luminescent material and
the acceptor. These probes are particularly suited for detecting metal

ions, leveraging elements with lone electron pairs (e.g., oxygen and
nitrogen) for strong coordination interactions with metal ions.

2.2.3. Intramolecular charge transfer (ICT)

ICT plays a crucial role in numerous physical and biological systems
and is extensively used in signal modulation for fluorescent probes
(Fig. 1C). ICT-based probes typically include an electron donor and an
electron acceptor to form a donor-n-acceptor system characterized by a
"push-pull" electronic effect [23,30]. The molecular structure or spatial
arrangement of the donor and acceptor can be adjusted to modulate the
electronic properties of the conjugated system, thereby influencing the
fluorescent behavior [31].

Enhancing the electron-donating ability of donor or the electron-
withdrawing ability of acceptor decreases the energy gap between the
HOMO and LUMO, resulting in a redshift in absorption and emission
wavelengths. Conversely, weakening these properties causes a blueshift.
ICT-based fluorescent probes are highly sensitive to environmental
changes, and their simplicity and well-defined mechanisms make them
highly attractive for diverse applications, such as tuning emission colors
and optimizing nonlinear optical properties.

2.2.4. Aggregation-induced luminescence (AIE)

Aggregation-induced luminescence (AIE), first described by Ben-
Zhong Tang in 2001, contrasts with traditional aggregation-caused
quenching (Fig. 1D) [32,33]. AIE materials exhibit negligible fluores-
cence in dilute solutions but significantly enhanced luminescence in
aggregated states. Several theories have been proposed to explain AIE
mechanisms, including excited-state intramolecular proton transfer
(ESIPT), twisted intramolecular charge transfer (TICT), molecular
charge transfer (MCT), and restriction of intramolecular motion (RIM).
Among these, RIM is the most widely accepted, encompassing restricted
intramolecular rotation (RIR) and restriction of intramolecular vibration
(RIV) [34].

The degree of aggregation directly correlates with fluorescence in-
tensity due to reduced non-radiative decay pathways. AlEgens are often
applied in dense encapsulation forms, such as nanoparticles, amorphous
polymers, or crystalline matrices. These forms minimize solvent effects
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and optimize fluorescence performance, making AIE materials highly
suitable for various applications including biomarker detection and
imaging.

2.3. Fluorescent probe response modes

Fluorescent probes employ three primary sensing strategies for
detection and analysis based on changes in fluorescence states:
"Enhanced" (Turn-on) [35], "Quenched" (Turn-off) [36], and "Ratio-
metric" [37]. “Turn-on” fluorescent probes are initially non-fluorescent
or exhibit very weak fluorescence, which becomes significantly
enhanced in response to the target analyte. “Turn-off” fluorescent probes
possess strong initial fluorescence that diminishes or disappears upon
interaction with the target analyte. Ratiometric fluorescent probes
usually utilize two fluorescent materials with distinct emission wave-
lengths, enabling dual-emission detection and ratio-based fluorescence
analysis.

Among these strategies, “Turn-on” fluorescent probes offer several
advantages, most notably their ability to establish a direct, linear rela-
tionship between fluorescence intensity changes and analyte concen-
tration [38]. This characteristic enables highly sensitive and
quantitative detection, where higher concentrations of the target ana-
lyte result in more significant fluorescence recovery within a specific
range. However, “Turn-on” probes are often more susceptible to inter-
ference from environmental factors, such as temperature and pH fluc-
tuations, as well as structurally similar substances in complex biological
samples. These factors can lead to false-positive signals and compromise
the reliability of the probes in detecting target analytes in complex or
low-concentration environments. In contrast, “Turn-off’ fluorescent
probes are characterized by their simplicity in design, rapid detection
capabilities, and cost efficiency. They typically exhibit lower suscepti-
bility to environmental interference because they emit fluorescence in
the absence of the target, which helps minimize background noise in
certain contexts [39]. However, these probes may suffer from limita-
tions in signal sensitivity, as their fluorescence intensity diminishes
upon binding with the analyte, leading to less pronounced signal
changes. This can hinder their performance, particularly in trace anal-
ysis, where the reduction in fluorescence may be difficult to detect
accurately. Ratiometric fluorescent probes provide further enhance-
ments by enabling self-calibration through the simultaneous measure-
ment of fluorescence intensities at multiple wavelengths [40]. This
dual-emission strategy significantly reduces the impact of environ-
mental interferences, thereby improving both detection sensitivity and
accuracy. Additionally, changes in fluorescence at different wavelengths
often manifest as shifts in fluorescence color. Compared to variations in
fluorescence intensity alone, these color changes are more visually
discernible, simplifying the process of information reading and
enhancing user-friendliness.

3. Different types of fluorescent nanomaterials

The fluorescence unit is pivotal in determining the sensitivity of a
fluorescent probe, as its structural design and material composition
directly influence the probe’s detection performance. An ideal fluores-
cent probe should exhibit strong affinity toward the target biomarker
while minimizing interference from external environmental factors.
Traditional fluorescent probes for biomarker detection and imaging
predominantly used OFMs, such as coumarin, rhodamine, and cyanine
[41-43]. These fluorophores are abundant and have fluorescence
emission wavelengths spanning the visible spectrum (400-800 nm).
However, the signals exhibited by these fluorophores are frequently
vulnerable to interference from extraneous factors within the environ-
ment (such as pH and temperature) and instrumental errors (such as
minor variations in excitation or emission intensities). The utilization of
OFMs is also encumbered by several disadvantages, including their high
photobleaching, low water solubility, narrow excitation spectra and
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broad emission spectra. These limitations hinder their application in
high-sensitivity and high-accuracy rapid detection of biomarkers.
Nanomaterials possess unique properties owing to their nanoscale size
and structure, including quantum confinement effects, high specific
surface area, and ease of interaction with other substances, providing
new directions for fluorescent probe design for biomarkers detection
and imaging. Therefore, fluorescent probes based on nanomaterials such
as QDs, MNCs, CDs, and MOFs have attracted considerable significant
attention in biomarker detection and imaging due to their high fluo-
rescence quantum yield, superior photostability, and excellent
biocompatibility (Table 1) [13,16,44].

3.1. Quantum dots (QDs)

QDs are small semiconductor nanoparticles ranging from 1 to 10 nm
in size, typically composed of group II-VI, II-V, or IV-VI elements, such as
ZnS QDs, CdS QDs, and InAs QDs [45,46]. Compared to OFMs, QDs
exhibit several advantageous properties, including broad excitation
spectra, narrow and symmetric emission peaks, excellent photostability,
and long fluorescence lifetimes [47-49]. The reduced overlap of emis-
sion peaks in QDs with distinct fluorescence characteristics allows for
interference-free coexistence in multi-fluorescence signal detection
systems. These properties enable fluorescence detection even in
low-signal-intensity environments by reducing the overlap between
excitation and emission spectra, facilitating easier differentiation and
identification of fluorescence signals. At the same time, the surface
modification of QDs (Fig. 2A) and green synthesis can improve their
photobleaching resistance and reduce toxicity to improve biomarker
detection and imaging [50,51]. For instance, biomimetically synthe-
sized RPL14B-based CdSe QDs demonstrated remarkable resistance to
photobleaching, maintaining stable fluorescence intensity and consis-
tent emission peaks even after repeated excitation cycles [52]. Mean-
while, a metal-enhanced fluorescence of CdSe@ZnS modification with
SiO9 biosensing platform has been developed for the detection of C-re-
action protein (CRP) with good photobleaching resistance, low toxicity,
and good biocompatibility [53]. The quantum yield of the
CdSe@ZnS@SiO, core/shell QDs was found to be up to ~ 80 %, with
type-I band alignment being employed to confine the carrier wave
functions. The fluorescence intensity of the core-shell mechanism QDs
was found to be further amplified by the localized surface plasmon
resonance (LSPR) effect of the gold nanoparticles, which were able to
detect CRP in the range of 0.5-100 ng/mL with a detection limit of
0.076 ng/mL. The development of QDs with core/shell structures
through surface coating or modification has also proved effective in
minimizing surface defects and increasing fluorescence quantum yield.

Although QDs with the core-shell structure have a higher quantum
yield, the ligand molecules on the outer shell, which play a protective
role, are usually susceptible to detachment or degradation under the
influence of external factors or chemical reactions. As a result, their
tolerance to environmental factors such as water, oxygen and heat is
relatively low. Additionally, QDs are prone to agglomeration during use,
which increases their size and adversely affects luminescence stability,
potentially leading to structural degradation. Moreover, intrinsic
toxicity and the complexity of surface functionalization remain signifi-
cant obstacles to the broader application of QDs in biological and clin-
ical applications.

3.2. Metal nanoclusters (MNCs)

MNCs are ultra-small nanoparticles with sizes typically less than 3
nm and well-defined molecular structures, positioning them between
individual metal atoms and plasmonic metal nanoparticles [54,55].
Their size, which is close to the Fermi wavelength of electrons, results in
discrete energy levels, a high specific surface area, and strong fluores-
cence [56,57]. The physicochemical properties of MNCs are determined
by their metal cores and shell protection ligands (Fig. 2B) [58].
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Table 1
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Advantages and limitations of various fluorescence nanomaterials used in biomarkers detection and bioimaging applications. Adapted from Refs. [13,16].

Name Quantum dots (QDs) Carbon dots (CDs) Metal nanoclusters (MNCs) Metal-organic frameworks (MOFs)
Size <10 nm <10 nm typically 1-3 nm >50 nm
Advantages e Tunable emission e Biocompatible e Large specific surface area e High surface area

e Narrow and symmetric emission peak e Tunable emission e High conductivity e High porosity

e Photostable e Small particle size e Good biological affinity e Structural adjustability

e High quantum yield, long lifetime e Low photobleaching e Photostable e Tunable compositions

e Photostable e Low toxicity e Multifunctional

Disadvantages e High toxicity e Low yield e Difficult large-scale synthesis e Poor reproducibility

e Large hydrodynamic size e Poor size control e Poor stability e Complex synthesis process
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Fig. 2. Schematic diagram of functionalization or physicochemical properties of the nanomaterials for enhanced biomarkers detection and imaging. (A) Surface
functionalization modification methods to make QDs colloidally stable in aqueous solution. (Reprinted with permission from Ref. [50]. Copyright 2016 American
Chemical Society). (B) Schematic illustration of physicochemical properties of the “metal core-ligand shell” structure of MNCs. (Reprinted with permission from
Ref. [58]. Copyright 2023 American Chemical Society). (C) Modification methods of CDs including element doping, surface modification and materials composited.
(Reprinted with permission from Ref. [23]. Copyright 2023 American Chemical Society). (D) Four classifications of MOFs fluorescence mechanisms. (Reprinted with

permission from Ref. [22]. Copyright 2023 Elsevier).

Specifically, the atomic structure of the metal core plays a critical role in
their stability, with high-symmetry structures exhibiting greater binding
energies and enhanced stability. MNCs are predominantly synthesized
through template methods, where specific template molecules or
stabilizers-such as thiols, DNA oligonucleotides, peptides, or
proteins-are employed to improve their optical properties and stability
[59]. The ligand shell structure on the surface of MNCs is vital for pro-
tecting the metal core, and fluorescence emission properties can vary
significantly based on the protective ligands used, even when the same
metal core is selected [60,61]. Common protective ligands for MNCs
include sulfhydryl compounds, polymers, proteins, and DNA. Despite
significant advancements, aqueous-phase MNCs often suffer from
insufficient anti-aggregation stability and low resistance to ambient
oxygen, while the application of organic-phase MNCs in biomedical
fields remains limited. To enhance their performance, MNCs can be
hybridized with other materials, such as graphene, biomolecules, or
inorganic materials. Liu et al. developed the ratiometric fluorescent

probes by integrating gold nanoclusters with photonic crystals to detect
acetylcholinesterase and its inhibitor paraoxon [62]. The fluorescence
intensity was further enhanced by leveraging the selectivity of photonic
crystals.

Despite the potential of MNCs for clinical biomarkers detection and
imaging, challenges persist in the broader application of these technol-
ogies. These challenges encompass biocompatibility, environmental
sensitivity, and surface chemical stability, which collectively impede
progress and widespread adoption in practical biomedical applications.

3.3. Carbon dots (CDs)

CDs are typically quasi-spherical nanoparticles with dimensions
smaller than 10 nm. They generally consist of a carbon core (sp? carbon)
surrounded by surface groups and post-modified functional groups [63].
One of the most remarkable properties of CDs is their fluorescence,
characterized by broad emission peaks, large Stokes shifts, and an
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abundance of functional groups, such as -OH, -CHO, -NH; and -SH on
their surfaces and edges [64]. CDs offer significant advantages over
conventional fluorescent materials, including excellent photostability
and low toxicity [65-67]. The fluorescence characteristics of CDs are
influenced by their internal microstructures and the chemical states of
their surfaces, making modification a critical strategy for optimizing
their optical properties. These modification strategies can be broadly
categorized into heteroatom doping, surface functionalization, surface
passivation, and materials composited (Fig. 2C) [23]. Heteroatom
doping, the most widely used approach, involves replacing carbon atoms
in the sp?/sp° lattice with dopant elements such as nitrogen (N), boron
(B), phosphorus (P), sulfur (S), or halogens [68,69]. This method not
only introduces additional active sites on the CDs’ surfaces but also al-
ters their fluorescence emission wavelengths and quantum yields. For
instance, doping with high-electronegativity elements (e.g., N, S) typi-
cally induces a blue shift in emission, whereas low-electronegativity
elements (e.g., P, B) result in a red shift. Shao et al. synthesized
nitrogen-sulfur co-doped CDs (NS-CDs) via a hydrothermal method,
successfully employing them for fluorescence imaging of glutathione in
living cells and zebrafish [70]. Surface functionalization further modu-
lates the physical and optical properties of CDs by introducing new
chemical groups, which enhance the electron cloud density, while
potentially reducing original functional groups. Surface passivation, on
the other hand, involves encapsulating CDs with passivators to stabilize
the surface states and reduce the energy dissipation of photosensitive
carriers, thereby improving fluorescence efficiency. Passivated CDs
exhibit higher optical activity and improved enhanced fluorescence
properties compared to their unmodified counterparts.

Due to their low toxicity, excellent biocompatibility, tunable emis-
sion properties, simple synthesis processes, and good water solubility,
CDs have emerged as a promising class of fluorescent nanomaterials for
biosensing applications. However, their clinical translation is still hin-
dered by challenges such as limited reproducibility, consistency, and
selectivity.

3.4. Metal-organic framework materials (MOFs)

MOFs are novel porous materials characterized by periodic network
structures formed through the self-assembly of metal ions and organic
ligands [71,72]. Compared to traditional porous materials, MOFs exhibit
a large specific surface area, high porosity, structural tunability, and
unique photofunctionality [73-75]. The luminescence mechanisms of
MOFs are primarily attributed to metal ion luminescence, organic ligand
luminescence, and electron-transfer luminescence processes, such as (a)
metal-centered emission (MC); (b) ligand-centered emission (LC); (c)
charge transfer (CT); (d) guest-induced luminescence change (GI)
(Fig. 2D) [22]. Leveraging the ligand-to-metal CT (LMCT) fluorescence
mechanism, Wang et al. synthesized "lab-on-MOFs" by adjusting the
ratios of Eu®*, Tb®*, and Dy®>" metal ions and employing 5-boronoisoph-
thalic acid (5-bop) as an organic ligand [76]. The MOFs exhibited
distinct color changes upon interaction with various targets, including
metal ions, anions, small molecules, and biomolecules, enabling
multi-target substance detection. For non-fluorescent MOFs, fluorescent
MOF materials can be prepared by encapsulating luminescent guests,
such as quantum dots, metal complexes, or organic fluorophores. This
method is straightforward and offers diverse tunable properties. The
combination of MOFs with other fluorescent materials has been
demonstrated to enhance electron-transfer processes, thereby increasing
fluorescence intensity. For example, BZA-BOD@ZIF-90 has been devel-
oped for the detection of protamine and heparin by integrating MOF
materials with AIE fluorescent molecules [77]. MOFs with intrinsic
fluorescent sensing capabilities can also serve as ratiometric fluorescent
probes when encapsulated with molecular fluorophores. Notably, when
two fluorescent substances are encapsulated simultaneously within
MOFs, the resulting dual-emission ratiometric fluorescent probes
enhance detection accuracy. Wang et al. synthesized lanthanide-based
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Lu- and Y-MOFs and introduced Eu®>* and Tb*' into Lu-MOFs to
create dual-emission ratiometric fluorescent probes for the detection of
antibiotics such as ornidazole and rotenazole [78]. The Y-MOF fluo-
rescent probes were then successfully utilized to detect the antibiotic
olanzapine and rotenazole, as well as autoantibodies against CRP.

MOFs offer significant advantages in the design of fluorescent probes
due to their structural versatility and tunable pore sizes. However, their
application in clinical detection remains constrained by challenges such
as poor dispersion in aqueous solutions and difficulties in achieving
precise structural control.

The biocompatibility of fluorescent nanomaterials is critical for their
in vivo application in biomarker detection. Prior to clinical translation,
it is essential to evaluate their metabolic pathways, immune responses,
and potential for organ accumulation. Most inorganic fluorescent
nanomaterials, such as gold nanoparticles (AuNPs), QDs and silica, are
resistant to degradation and metabolism in vivo and can be stabilized in
vivo for long periods of time [79,80]. But at the same time some inor-
ganic nanoparticles degrade and release metal ions in the acidic envi-
ronment of lysosomes, which then react with different biomolecules by
oxidation, reduction and binding. For instance, silver nanoparticles
(AgNPs) may undergo metabolism via two primary routes: dissolution to
release Ag' ions or transformation into silver sulfide (Ag,S) [81].
Meanwhile, larger nanoparticles (>200 nm) tend to accumulate in the
liver and spleen via the mononuclear phagocyte system, and
medium-sized nanoparticles (10-200 nm) are able to be distributed
more readily in various tissues, whereas smaller particles (<10 nm) are
more readily eliminated via renal excretion [82]. For example, a
multicolored fluorescent silicon-containing nanodots (SiNDs) with a size
below 5 nm exhibited a renal clearance efficiency of up to 86 % within
12 h [83]. The immunogenicity of nanomaterials can be influenced by
factors such as surface charge, morphology, and surface modifications.
Notably, PEGylation of the nanoparticle surface has been shown to
significantly reduce immune activation and improve biocompatibility
[84]. In summary, the metabolic fate, immune response, and organ
accumulation of nanomaterials are closely related to their physico-
chemical properties, including surface chemistry, size, and composition.
Several comprehensive reviews have addressed these aspects in detail
and may be referred to for further reading [80,82,85-87]. Nonetheless, a
thorough assessment of biocompatibility remains imperative before
these fluorescent nanomaterials can be applied in clinical biomarker
detection.

4. Application of fluorescent nanomaterials probes

Biomarkers are a diverse group of entities, including small molecules
such as amino acids and metabolites, biomacromolecules such as pro-
teins, DNA, and RNA, as well as other categories such as metal ions,
bacteria, and circulating tumors cells (CTCs). The following concise
overview provides the application of fluorescent nanomaterials probes
in the detection and imaging of disease-associated biomarkers (Table 2).

4.1. Small molecules detection and imaging

Hydrogen sulfide (H»S) is a toxic gas with a characteristic rotten-egg
odor that plays a crucial role in numerous physiological and patholog-
ical processes of organisms, including vasodilation, angiogenesis,
inflammation and apoptosis. Dysregulated levels of HyS have been
implicated in various diseases such as diabetes, Down’s syndrome, and
cirrhosis. Xiang et al. developed a ratiometric fluorescent probe, RBDA,
based on gold nanoclusters (AuNCs) for detecting H,S in living organ-
isms [88]. The probe leveraged the modulation of the surface structure
of AuNCs by H»S, inducing fluorescence emission via a two-stage kinetic
reaction process to achieve highly sensitive detection. In Stage I, HyS
facilitated surface Au(I)-ligand reduction and Au(0) core growth,
resulting in rapid fluorescence quenching; stage II involved the opti-
mization and reconstruction of the surface structure, accompanied by
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Table 2
Selected examples of fluorescent nanomaterials for biomarker detection and imaging.
Biomarker Nanomaterial Size Quantum Bioimaging application Ref.
yield
Superoxide anion (037) Activatable polymeric nanoprobe (APNgo)  ~160 nm 1.8% Real-time imaging of living mice with [12]
hepatic ischaemia-reperfusion injury.
Peroxynitrite (ONOO ™) CD-N-I - 26 % Imaging of exogenous and endogenous [107]
ONOO™ in live cells.
Hydrogen sulfide (H,S) DCNP-Cu,0@PDA ~40 nm - In vivo NIR-II imaging of H2S in colon [108]
cancer of mice.
Dopamine CDs 1-5nm 21 % NCFM image of dopamine in MDA-MB 468 [91]
cells.
Ascorbic acid (AA) g-C3N4/BSA@MnO2 ~86.27 nm - Imaging of exogenous AA in raw [93]
macrophage cells.
Carcinoembryonic CEA(Ab)-MSNs-ICG-Pt ~300 nm - In vivo NIR imaging of RKO xenografts. [109]
antigen (CEA)
Flap endonuclease 1 Biomineralized ZIF-8 NPs ~92 nm - Direct imaging of FEN1 in living cells [110]
Carboxylesterase 1 LysFP@ZIF-8 - 0.76 Visual monitoring of CES1 activity in living ~ [111]
(CES1) cells.
HER2 GQNP-Herceptin 43-51 nm - Imaging of SK-BR3 cell [97]
RNA Red-emissive carbon dots 1.6 nm 22.83 % RNA labeling and SG dynamics imaging in [112]
live cells.
miRNA-221 and caspase- COF-H1/H2-Peptide ~160 nm - Confocal laser scanning microscopy images [113]
3 of Hela cells.
Fe** ZIF-90 122 + 35.47 nm - Imaging of Fe>* in HepG2 cells. [102]
Bacteria NaYF4:Nd,Yb@NaYF, (csNd,Yb) and 21.45 + 0.95 nm (csNd,Yb), — Imaging and identification of bacterial [114]
NaYF4:Yb,Er,Ce@NaYF, (csYb,Er,Ce) 33.99 + 1.03 nm (csYb,Er,Ce) infection.
Candida albicans Sulfur-doped CDs (S-CDs) ~1.6 nm ~78 % Confocal fluorescence images of live and [103]
dead C. albicans cells.
Exosomes Semiconductor polymer dots 12 nm - In vivo imaging of exosomes in liver-injured ~ [115]
mice.
Circulating tumor cells CD@NM 3-5nm - In vivo fluorescence images of mice and ex [106]

(CTCs)

vivo fluorescence images of tissues.

slower fluorescence quenching. The RBDA probe utilized FRET between
AuNCs and rhodamine B, achieving a proportional fluorescence
response with high sensitivity, selectivity, and biocompatibility. The
probe was successfully applied to monitor HsS levels in living cells and
zebrafish, demonstrating excellent biostability and low cytotoxicity
(Fig. 3A). Additionally, a green-orange dual-color emission sulfur
co-doped fluorescent carbon dots (DE-CDs) system was synthesized
using a simple hydrothermal method for pH and H,S sensing, as well as
bioimaging [89]. The fluorescence intensity of DE-CDs increased with
rising pH values due to deprotonation. Furthermore, HaS acted as an
enhancer for fluorescence emission, achieving a linear detection range
of 25-500 pM and a limit of detection (LOD) of 9.7 uM. The DE-CDs
demonstrated excellent photostability, low toxicity, and biocompati-
bility, making them effective for HsS imaging in HeLa cells and
zebrafish.

Reactive oxygen species (ROS) are a class of oxidative molecules (e.
g., Cl0~, Hy02, ONOO™) produced during cellular metabolism. At low
concentrations, these molecules function as signaling mediators; how-
ever, excessive accumulation of ROS can lead to cellular damage and
even cell death. Abnormal ROS levels are intricately linked to various
pathophysiological processes, including oxidative stress, inflammatory
responses, and apoptosis. Jiang et al. developed innovative multicolored
fluorescent silicon-containing nanodots (SiNDs) using a one-step hy-
drothermal method [83]. These SiNDs exhibited tunable fluorescence
(blue (bSiNDs), green (gSiNDs), and red (rSiNDs)) achieved by varying
the type of silane reagent or dye molecule. The gSiNDs demonstrated a
high quantum yield of up to 72 %. To monitor HyO4 levels in vivo,
gSiNDs@MnO5 core-shell nanoprobes were fabricated. These nanop-
robes exhibited fluorescence enhancement in the presence of HoO5 and
were successfully employed for real-time imaging of HyO, levels in
HepG2-xenograft tumor models. Compared to near-infrared region I
(NIR-I, tissue penetration depth typically <1 cm), near-infrared region II
(NIR-II) offers significantly greater tissue imaging depth, making NIR-II
nanomaterial-based fluorescent probes highly attractive for biomarker
detection and imaging. Recently, NIR-II nanoparticles (PSMA@IR1048
NPs) were synthesized by encapsulating the NIR-II fluorescent molecule

IR1048 in poly(styrene-co-maleic anhydride) (PSMA) [90]. Using a
charge modulation strategy, NIR-II ratiometric fluorescent nanomaterial
probes (RNPs, including RNP1, RNP2, and RNP3) were constructed by
loading cyanine fluorophores onto the surface of PSMA@IR1048 NPs.
Among these, RNP2 demonstrated a strong NIR-II fluorescence ratio-
metric signal (FL2/FL1) in the presence of HCIO, enabling its sensitive
detection. The nanoprobes were effectively applied to NIR-II fluores-
cence imaging of diabetes-induced liver injury and lower limb
ischaemia-reperfusion (I/R) injury in live mouse models (Fig. 3B),
showcasing significant potential for disease diagnosis and monitoring.

Dopamine (DA) is a vital neurotransmitter in mammals, playing an
essential role in the nervous and cardiovascular systems. Abnormal DA
secretion is strongly associated with numerous diseases, including Par-
kinson’s disease, Huntington’s chorea, Alzheimer’s disease, and pheo-
chromocytoma. Kumar et al. synthesized fluorescent CDs from porcine
pancreatic lipase for DA detection via FRET and live cell imaging [91].
These CDs exhibited a quantum yield of 21 % in aqueous solution and an
LOD for DA of 20 nM. The CDs also enabled successful imaging of DA in
MDA-MB 468 cells with low cytotoxicity (Fig. 3C). Recently, a novel
fluorescent nanomaterial based on Cr3+—d0ped zinc gallate (ZnGagO4:
cr®t, ZGC) luminescent nanoparticles, modified with mesoporous
zeolite imidazole frameworks (ZIF-8-NH,), was proposed for
non-invasive fluorescence detection of DA [92]. This ZGC/ZIF-8-NH,
probe achieved an LOD of 0.075 pM for DA in urine, with a detection
range of 0-4 pM. Furthermore, the probe was incorporated into a
chitosan-based hydrogel patch for sensitive and accurate detection of
DA in sweat through a smart sensing platform. This approach eliminated
the need for complex sample pre-treatment and achieved recovery rates
ranging from 95.3 % to 108.7 %.

Metabolites are the ultimate products of pathological and physio-
logical changes, regulating numerous cellular activities such as signaling
and energy transfer. Fluctuations in metabolite levels can accurately
reflect the state of biological systems. For instance, a deficiency in
ascorbic acid (AA) can lead to colds, scurvy, and even cancer, while
excessive levels of AA may result in urinary stones, diarrhea, and hy-
peracidity. Thus, the accurate detection of AA is of significant clinical
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Fig. 3. Small biomolecules detection and imaging based on the fluorescent nanomaterials. (A) Fluorescence imaging of exogenous and endogenous H,S in zebrafish
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with permission from Ref. [90]. Copyright 2023 Elsevier). (C) Fabrication of CDs from PPL and applied for the detection and in vitro cellular imaging of dopamine.
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importance. Sun et al. developed a nanomaterials-based probe (g-C3sN4/
BSA@MnO;) composed of graphite-phase carbon nitride (g-CsN4)
nanosheets and manganese dioxide (MnO5) nanocomposites coated with
bovine serum albumin (BSA) for the detection and imaging of AA in
living cells [93]. In this composite material, the fluorescence of g-C3Ny4
nanosheets was quenched by BSA@MnO; nanoparticles via FRET. Upon
the presence of AA, an oxidation-reduction reaction occured with MnOs,
leading to its degradation, which eliminated the FRET effect and restores
fluorescence.  This  "on-off' mechanism enabled sensitive
fluorescence-based detection of AA. The probe demonstrated a linear
response to AA within the range of 0-120 pM, with a detection limit of
133 nM. Furthermore, it was successfully applied for fluorescence im-
aging of exogenous AA in RAW cells, showcasing excellent selectivity
and stability. Additionally, a green synthesis approach was proposed to
fabricate carbon dots (CDs) for the selective and quantitative detection
of Fe®* and AA via a fluorescence "on-off-on" mechanism [94]. These
CDs were prepared using precursors such as polyvinylpyrrolidone, citric
acid, and methionine. The CDs exhibited high sensitivity for Fe3*
detection within the range of 0.001-0.8 mM and for AA detection within
the range of 0.01-50 mM, with detection limits of 0.26 nM and 17.6 pM,

respectively. Leveraging their remarkable water solubility and
biocompatibility, the CDs were effectively used for imaging and tracking
Fe3* and AA in live cells (Fig. 3D).

4.2. Biomacromolecules detection and imaging

Proteins are essential executors of human life activities, and their
proper functioning is vital for all biological processes. Abnormal protein
expression during various biological events can serve as an indicator of
disease onset, and its detection is critical for disease prevention, early
diagnosis, therapeutic evaluation, and ultimately, reduction of mortal-
ity. Carcinoembryonic antigen (CEA) is a glycoprotein-polysaccharide
complex associated with cell adhesion, commonly found in ovarian,
colon, gastric, breast, and lung cancers. A targeted biodegradable near-
infrared fluorescent silicon nanoparticle (FSN) system was developed for
the detection and imaging of colorectal cancer (CRC) [95]. Utilizing an
EDC-NHS coupling reaction, CEA antibodies were conjugated to PEGy-
lated FSNs, thereby forming CEA-functionalized FSNs (CEA-FSNs). The
valuation employing the F344-PICC rat model demonstrated that
following the identification of intestinal polyps via white light
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endoscopy, local application of CEA-FSNs enabled the detection of
near-infrared fluorescence signals in excised intestinal tissues. Immu-
nofluorescence imaging confirmed co-localization of CEA-FSNs with
CRC and CEA signals, emphasizing their potential as molecular imaging
markers for CRC detection and diagnosis. Similarly, alpha-fetoprotein
(AFP) is a glycoprotein synthesized by fetal liver cells and the yolk sac
and is widely used as a biomarker for diagnosing liver cancer. To
enhance the detection and imaging of CEA and AFP, a
biotin-streptavidin (Bio-SA) amplified QDs fluorescent immunosensor
was developed [96]. This platform leveraged the high affinity and
minimal steric hindrance of the Bio-SA system, enabling highly sensitive
detection of AFP and CEA with detection limits of 0.18 ng/mL and 0.08
ng/mlL, respectively. Additionally, the biosensor demonstrated excellent
performance in cellular imaging, yielding brighter fluorescence signals
while the modified QDs exhibited low toxicity, offering a robust tool for
imaging and tracking cancer cells such as RAW264.7, HCT116, or
SW480 cells (Fig. 4A). Moreover, the cost of the primary antibody used
in this platform has been reduced by 80-90 %, significantly lowering the
overall cost of biomarker detection. This innovation represents a
promising advancement in cancer diagnostics and imaging based on
fluorescent nanomaterials probes.
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Membrane proteins are key mediators of the biological functions of
cell membranes, playing critical roles in signal transduction, molecular
transport across membranes, and cell recognition and interaction. Dur-
ing cancer progression, the overexpression or dysregulated secretion of
certain membrane proteins by cancer cells or the tumor microenviron-
ment significantly influences tumor cell growth, survival, and migration.
Detection of membrane protein biomarkers is therefore crucial for early
disease diagnosis. For instance, HER2 (human epidermal growth factor
receptor 2) is overexpressed in approximately 25 % of breast cancer
cases, therefore monitoring HER2 expression is critical for the early
diagnosis and therapeutic management of breast cancer. A fluorescence
immunosensor based on graphene quantum dots (GQNPs) and magnetic
nanoparticles (MNPs) was been developed for the detection of HER2-
positive breast cancer cells [97]. This biosensor demonstrated high
sensitivity and specificity toward SK-BR3 cells (HER2-positive), with a
detection limit as low as 1 cell/mL and a rapid detection time of just 30
min. Vascular endothelial growth factor (VEGF) is a critical signaling
molecule involved in intercellular communication and tumor metas-
tasis, playing a pivotal role in tumor angiogenesis. Cong et al. developed
a microfluidic droplet-based fluorescence imaging platform for
analyzing VEGF secretion at the single-cell level [98]. The core of this
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Fig. 4. Biomacromolecules detection and imaging based on the fluorescent nanomaterials. (A) CLSM imaging of SW480 cells with the QDs-mAb probe (a),
RAW264.7 cells (c), and HCT116 cells (e), and QDs-SA-Bio-mAb probe in SW480 cells (b), RAW264.7 cells (d), and HCT116 cells (f). Scale bar = 50 pm. (Reprinted
with permission from Ref. [96]. Copyright 2024 Elsevier). (B) TP of endogenous miRNA-21 in intact MCF-7 cells used AuNCs@SiO2-BHQ2-GO (140.0 pg/mL, 4.0 h).
(a—c): blank MCF-7 cells. (d—f): inhibitor-treated MCF-7 cells. (g-i): untreated MCF-7 cells. (j-1): MCF-7 cells were treated with mimics of miRNA-21. FLIM of
endogenous miRNA-21 in intact MCF-7 cells based on AuNCs@SiO2-BHQ2-GO (140.0 pg/mL, 4.0 h). (m) Blank MCF-7 cells. (n) Untreated MCF-7 cells. (o)
miRNA-21 mimic treated cells. Scale bar = 25.0 pm. (p) Fitting values of fluorescence lifetimes of endogenous miRNA-21 in intact MCF-7 cells. (Reprinted with

permission from Ref. [99]. Copyright 2023 American Chemical Society).
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technology involved the use of two silica nanoparticle (SiOy)-based
immunoprobes: (1) dual-functional, non-fluorescent SiO; nanoparticles
(SiOy@Biotin-Ab/mAbyggr) designed to capture VEGF, and (2)
dye-doped fluorescent SiO nanoparticles with an anti-VEGF polyclonal
antibody (F-SiO2@pAbyggr) that emitted fluorescence signals. Through
the construction of an immunosandwich structure on the cell surface,
VEGF acted as a bridge connecting the capture and reporter probes,
enabling sensitive and specific VEGF detection. The results demon-
strated that cancer cells (MCF-7 and Hela cells) secreted significantly
higher levels of VEGF compared to normal cells (H8 cells). These find-
ings highlighted the platform’s capability for effective detection of VEGF
secretion at the single-cell level, providing valuable insights into cellular
heterogeneity and advancing cancer research.

Nucleic acids carry a wealth of biological information that can
directly reflect biological regulation and disease progression. Micro-
RNAs (miRNAs) are endogenous, non-coding, highly conserved, single-
stranded small RNAs whose dysregulated expression is closely associ-
ated with various human diseases, particularly cancer. For example,
miRNA-21 is released into the bloodstream during breast cancer devel-
opment, with its levels significantly upregulated in the early stages of
the tumor. Li et al. developed a dual-mode detection platform for
intracellular endogenous miRNA-21 based on silica-coated gold nano-
clusters (AuNCs@SiO3) coupled with nucleic acid probes [99]. This
platform integrates two-photon (TP) fluorescence imaging and fluores-
cence lifetime imaging (FLIM) for enhanced detection (Fig. 4B). The use
of BHQ2 and graphene oxide (GO) as dual fluorescent bursting agents
significantly improved the signal-to-noise ratio and anti-interference
capabilities, resulting in high sensitivity and selectivity for miRNA-21
detection in vitro, with a LOD of 0.91 nM. The dual-mode nanoprobes
successfully enabled TP fluorescence imaging and FLIM of endogenous
miRNA-21 in MCF-7 cells. TP fluorescence imaging outperformed
single-photon fluorescence imaging in terms of sensitivity, with deeper
tissue penetration (330.0 pm depth) and higher spatiotemporal resolu-
tion. Furthermore, FLIM effectively mitigated issues related to fluores-
cence intensity fluctuation and autofluorescence interference, providing
an average fluorescence lifetime of 50.0 ns. The CRISPR-Cas12a system,
known for its unique signal amplification properties, has been used for
miRNA detection in vitro. However, its application in cellular imaging
has been limited due to its complex composition and challenges asso-
ciated with intracellular delivery. Recently, a CoOOH nanoflake-based
CRISPR-Cas12a system was proposed for detecting and imaging
miRNA-21 in cells [100]. In the presence of AA, COOOH nanoflakes were
reduced to Co®", which activates the CRISPR-Casl2a system for
miRNA-21 detection. When the target miRNA-21 was recognized, the
trans-cleavage activity of Cas12a was triggered, resulting in the cleavage
of a reporter molecule and fluorescence emission. The CoOOH
nanoflake-based CRISPR-Casl12a (CCS) probe exhibited excellent line-
arity for miRNA-21 detection in the concentration range of 0.5-50 pM
and 100 pM-20 nM, with a detection limit of 0.32 pM. In HUVEC,
MCF-7, and HelLa cells, the CCS probe displayed low cytotoxicity and
remarkable cell imaging ability, effectively detecting intracellular
miRNA-21 expression. These advances in miRNA detection highlight the
potential of combining nanotechnology with CRISPR-based systems for
high-sensitivity, non-invasive biomarker detection and imaging in
cellular contexts.

4.3. Other biomarkers detection and imaging

Metal ions are omnipresent in the natural environment, and their
detection plays a critical role in both environmental and biomedical
applications. Alterations in the concentration of specific metal ions can
reflect pathological states in the human body, offering potential tools for
early diagnosis and disease monitoring. For instance, iron ions (Fe")
are essential for various physiological processes, including cellular
respiration, tissue metabolism, and hemoglobin production. An imbal-
ance in Fe®' levels can disrupt the body’s metabolic system, leading to
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conditions such as iron-deficiency anemia, cardiovascular diseases, and
renal injury. Chang et al. developed bright blue fluorescent carbon-
based CDs from the stem of Caulis polygoni multiflora using a one-
step hydrothermal method for Fe®* detection in vitro and in vivo
[101]. The resulting carbon dots exhibited excitation-dependent fluo-
rescence with a quantum yield of up to 42 %. The fluorescence of these
CDs was significantly quenched by the static burst effect of Fe>*, with a
linear detection range from O to 400 pM and a LOD of 0.025 pM. These
CDs were further applied to bioimaging of zebrafish larvae and nude
mice, enabling real-time detection of Fe>* concentration changes, while
demonstrating good biocompatibility and low toxicity. More recently, a
novel fluorescent nanoprobe, ZIF-90@FSS, and its paper-based nano-
fiber platform for Fe>* detection and imaging were proposed [102]. The
ZIF-90@FSS nanoprobe was synthesized by loading fluorescein sodium
(FSS) into the pores of the ZIF-90 framework. ZIF-90 acted as a carrier,
while FSS served as the fluorescent material, enabling fluorescence "off"
detection in the presence of Fe>*. The ZIF-90@FSS nanomaterials probes
showed a good linear response in the concentration range of 0-150
ng/mL, with a detection limit as low as 0.26 ng/mL, making it highly
sensitive for Fe> detection. Furthermore, the ZIF-90@FSS nanomaterial
probe was successfully employed for fluorescence imaging of Fe>* in
HepG2 cells, enabling real-time monitoring of Fe>" fluctuations within
the cells (Fig. 5A). This platform provided a promising tool for studying
the molecular transport mechanisms of intracellular Fe3*-related pro-
teins and held great potential for disease monitoring. These advance-
ments in Fe>" detection highlight the increasing utility of
nanomaterial-based probes in both diagnostic and therapeutic applica-
tions, offering novel insights into metal ion regulation in biological
systems.

Bacteria are intricately linked to human health, and the proliferation
of pathogenic bacteria poses a significant threat, particularly in cases of
sepsis, which can be caused by a variety of pathogens such as Strepto-
coccus pneumoniae, Hemophilus influenzae, and Neisseria meningitidis. Yu
et al. developed ultra-small (~1.6 nm), ultra-bright (~78 % quantum
yield), and excitation wavelength-independent sulfur-doped CDs (S-
CDs) for the rapid and accurate differentiation between living and dead
cells (Fig. 5B) the rapid and accurate differentiation between living and
dead cells) [103]. The S-CDs were synthesized using rose bengal as a
precursor and 1,4-dimercaptophenyl as a stabilizing agent. These
ultra-small S-CDs demonstrated excellent performance in distinguishing
live from dead bacterial cells. The S-CDs efficiently penetrated the sur-
face of dead cells, interacting with intracellular DNA/RNA and facili-
tating the staining of these cells. After a brief 5-min incubation, both
Gram-positive Staphylococcus aureus (S. aureus) and Gram-negative
Escherichia coli (E. coli) dead bacterial cells emitted strong fluorescent
signals, while live bacterial cells remained unstained. This rapid, se-
lective staining capability highlighted the potential of S-CDs for effective
live/dead differentiation in bacterial populations. A multifunctional
biomimetic  therapeutic nanoparticle, RBC-Oy/TQ@PB, with
aggregation-induced second near-infrared emission,
sarcoidosis-targeting, and self-oxygenation properties, was proposed for
combined phototherapy of tuberculosis [104]. Fluorescence imaging
revealed that, under laser irradiation, RBC-O2/TQ@PB significantly
inhibited the growth of Mycobacterium marinum and bacillus
Calmette-Guerin (BCG). Notably, the bacterial killing effect under light
irradiation was markedly enhanced compared to treatment with laser
irradiation or nanoparticles alone, suggesting a synergistic effect be-
tween the two modalities. In a tail granuloma mouse model,
RBC-O,/TQ@PB demonstrated optimal targeting ability at 24 h
post-administration, remaining localized in the granuloma after 48 h,
indicating its strong granuloma-targeting capability. Moreover, in the
mouse model of BCG-induced pulmonary tuberculosis, RBC-O5/TQ@PB
was predominantly distributed in the liver, kidneys, and lungs, with a
significant enhancement in its accumulation and targeting within lung
granulomas compared to unmodified nanoparticles. These results sug-
gested that RBC-Oy/TQ@PB nanoparticles possess promising
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Fig. 5. Other biomarkers detection and imaging based on the fluorescent nanomaterials. (A) (a). Fluorescence imaging of Fe>* in HepG2 cells based on the ZIF-
90@FSS nanoprobe, scale bar: 20 pm. (b). Relative pixel intensity of live cells (n = 6). (Reprinted with permission from Ref. [102]. Copyright 2024 Elsevier).
(B) Fluorescence images of live C. albicans cells and dead C. albicans cells stained with S-CD (20 pg/mL). (Reprinted with permission from Ref. [103]. Copyright 2022
American Chemical Society). (C) In vivo or ex vivo fluorescence images of mice based on CD@NMs at various time points or representative tissues at 12 h post-
injection. (Reprinted with permission from Ref. [106]. Copyright 2023 Elsevier).

therapeutic and diagnostic potential for tuberculosis treatment and
targeted bacterial therapies. This research illustrated the utility of
nanomaterial-based platforms in distinguishing bacterial cell viability
and in enhancing the targeting and therapeutic efficacy of drug delivery
systems in infectious diseases.

CTCs are various types of tumor cells that are shed from primary
tumor lesions and invade the circulatory system. These cells are closely
associated with many types of cancers and serve as valuable biomarkers
for disease progression and prognosis in tumor patients. Zhao et al.
designed a combined strategy using octreotide-2,2,2",2"-(1,4,7,10-tet-
raazacyclodecane-1,4,7,10-tetrayl) tetraacetic acid-modified magnetic
Fe304 nanoparticles and signal-amplifying CDs@SiO2 nanospheres for
fluorescent cellular sensors aimed at capturing and detecting Pheo-
chromocytoma CTCs (PCC-CTCs) in peripheral blood [105]. In this
approach, target cells were isolated and enriched using a magnetic
capture probe (Fe304-DOTA). Subsequently, the signaling probe
(CDs@8Si02-DOTA) was specifically bound to the target cells, forming a
sandwich-like structure that allowed for fluorescent signal output. The
fluorescent cell sensor demonstrated good linearity and a low detection
limit of 2 cells/mL for PC12 cells, exhibiting high sensitivity and
selectivity for PCC-CTCs. Moreover, when varying numbers of PC12
cells were added to healthy human peripheral blood samples, the fluo-
rescence signal was progressively enhanced with the increasing number
of PC12 cells. This results indicated that the fluorescent biosensor has
good reliability and stability even in complex biological matrices. Given
the low abundance of CTCs in blood, Ren et al. also proposed a
nanomaterial-based platform, CD@NMs, to improve the separation ef-
ficiency of CTCs [106]. This material consisted of y-Fe;O3 nanorods as
the core, with folic acid (FA) and hyaluronic acid (HA)-modified CDs on
the outer surface, acting as targeting ligands. The capture efficiency of
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CD@NMs for CTCs was 87.50 + 3.88 % under the influence of a mag-
netic field. Moreover, the capture efficiency was significantly enhanced
to 97.50 + 2.38 % in the presence of 10 mM Hy0, and the magnetic
field. In vivo tumor imaging experiments in mice further demonstrated
the ability of CD@NMs to achieve specific imaging of tumor tissues, with
no significant fluorescent signals detected in other major organs
(Fig. 5C). This study underscored the potential of nanomaterial-based
platforms in the sensitive and selective detection of CTCs, offering a
promising tool for early cancer diagnosis and monitoring. The combi-
nation of magnetic capture and fluorescence signal amplification
enhanced the efficiency and reliability of CTC separation and imaging,
especially in complex biological environments.

5. Conclusion and future perspectives

In conclusion, fluorescent nanomaterials have become a powerful
tool for high-sensitivity detection and imaging of biomarkers due to
their unique physicochemical properties, such as high quantum yield,
tunable optical properties, excellent stability and good biocompatibility.
Recent advancements in nanomaterials have significantly improved the
performance of fluorescent probes, particularly in the selective detection
of small molecules, biomacromolecules, and various other biomarkers.
In this review, we discussed the underlying fluoresce mechanisms,
explored different types of fluorescent nanomaterials, and highlighted
their applications in biomarker detection and imaging.

Although significant progress has been made in fluorescent nano-
materials for biomarker detection and imaging, the following challenges
still need to be addressed: (1) Biocompatibility: Despite the promising
applications of nanomaterials in biomarkers detection and imaging,
their cytotoxicity and potential immune responses remain significant
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barriers to clinical use. The development of biodegradable or naturally
derived nanomaterials, along with comprehensive biocompatibility
studies, should be prioritized to meet the safety standards required for in
vivo applications. (2) Improved nanomaterials targeting: Precise tar-
geting of fluorescent nanomaterials remains challenging due to issues
such as off-target binding and rapid clearance. Future advancements
should focus on smart responsive nanomaterials that activate fluores-
cence upon target recognition, as well as multimodal targeting strategies
that integrate biological ligands with physicochemical approaches, such
as magnetism or pH responsiveness, to improve specificity and stability
in complex biological environments. (3) Enhanced signal stability:
Fluorescent nanomaterials often face challenges such as photobleaching,
quenching, or degradation in biological environments, which can limit
their effectiveness in prolonged or real-time applications. To address
these issues, further advancements in core-shell structures or surface
passivation are essential for enhancing signal durability and ensuring
the reliable performance of fluorescent nanomaterials over extended
periods and in complex biological conditions. (4) Improved spatial res-
olution: Achieving high spatial resolution for biomarker localization is
challenging due to light scattering and autofluorescence in biological
tissues. Future advancements should focus on integrating super-
resolution techniques such as STED and SMLM with photostable fluo-
rescent nanomaterials. Additionally, optimizing the signal-to-noise ratio
and minimizing background interference will improve imaging contrast
and resolution, enabling more accurate biomarker detection in complex
biological environments. (5) Scalable production and economic
viability: The translation of fluorescent nanomaterials into clinical ap-
plications is hindered by challenges in large-scale synthesis, including
maintaining consistency in size, morphology, and surface characteris-
tics. Establishing standardized manufacturing protocols and character-
ization methods is essential for reproducibility and regulatory approval.
Additionally, cost-effective synthesis strategies should be developed to
enhance economic feasibility and facilitate commercial adoption. (6)
Artificial intelligence-driven advancements: Machine Learning (ML) and
Deep Learning (DL) accelerate the application of fluorescent nano-
materials in biomarker detection by predicting optimal compositions,
refining synthesis conditions, enhancing imaging analysis, and enabling
intelligent biosensing. By optimizing fluorescent nanomaterial proper-
ties, improving reproducibility, and enabling real-time data processing,
ML/DL enhances detection accuracy, stability, and efficiency, driving
progress in biomarker detection. In conclusion, addressing these chal-
lenges through interdisciplinary approaches will unlock the full poten-
tial of fluorescent nanomaterials in biomarker detection and imaging,
paving the way for breakthroughs in life sciences, personalized medi-
cine, and disease diagnostics.
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