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Abstract. Biological detection technology plays an important role in the fields of disease diagnosis, environ-
mental monitoring and food safety. Among them, detection technology based on optical principle has the
advantages of high sensitivity, fast response and non-destructive, which has led to its rapid development. In
this review, we systematically review the principles, progress and applications of fluorescence detection, which
achieves ultrasensitive detection and dynamic monitoring of biomolecules through the strategies of fluorescence
labeling, fluorescence lifetime imaging, fluorescence polarization immunoassay and fluorescence resonance
energy transfer. In the future, the combination of multiple technologies, intelligent data analysis, and portable
device development will become important directions for the development of optical detection technology,
further promoting its application in precision medicine and environmental monitoring.

Keywords: Fluorescence detection, Fluorescent labeling, Fluorescence lifetime imaging microscopy, Fluores-
cence polarization immunoassay, Fluorescence resonance energy transfer.

1 Introduction

With the deepening of life science research and the enhance-
ment of health needs, bioassay technology has demon-
strated significant application value in key areas such as
disease diagnosis, drug discovery and development, environ-
mental monitoring and food safety. Although the capability
of biological detection technology has been greatly
improved with the development of various technologies,
researchers still need to face several key scientific issues
and technological challenges: (1) The intrinsic complexity
of biological samples (e.g., blood, tissue) introduces signifi-
cant background noise, non-specific adsorption and matrix
effects in samples seriously affect the accuracy and repro-
ducibility of analysis results. Developing efficient matrix
management strategies has become the key to improving
detection sensitivity [1]; (2) The insufficient ability of multi
detection makes it difficult for existing technologies to
synchronously achieve multi index analysis, which seriously
limits its application in systems biology research [2, 3];
(3) The gap between on-site testing needs and laboratory
performance, as well as the lack of a standardization

system, constrains the clinical translation and industrial
promotion of the technology [4].

With its unique advantages (high sensitivity, fast
response, non-destructive and real-time monitoring capabil-
ity) [5–8], optical detection technology has become a core
driving force for the development of bio-detection technol-
ogy. The development of fluorescent tools, particularly
the emergence of various fluorescent sensors, has brought
revolutionary breakthroughs in our ability to deeply explore
biological dynamic processes at the cellular level. By inte-
grating probes such as small-molecule dyes and fluorescent
proteins, these sensors have successfully enabled real-time
monitoring and quantitative analysis of cellular characteris-
tics, including proteins, RNA, DNA, small molecules, as
well as pH and membrane potential [9]. In the field of
medical diagnosis, the breakthrough progress of optical
detection technology has provided a revolutionary tool for
early screening and accurate diagnosis and treatment of
major diseases. Liquid biopsy technology represented by
circulating tumor DNA detection, for example, has realized
a major leap from theory to clinical application of early
cancer diagnosis through ultra-high sensitivity optical
detection method [10–12]. In food safety monitoring, optical
biosensing technology provides innovative solutions to key
quality control issues such as pesticide residues. Rapid test-
ing platforms based on optical principles not only meet the
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needs of consumer health protection, but also provide tech-
nical support for the sustainable development of agriculture
and the assessment of compliance with international trade
standards [13]. In the field of environmental monitoring,
the new optical biosensor has successfully realized high-
throughput and real-time monitoring of water pollutants
(such as organophosphorus pesticides), and its detection
performance is significantly better than the traditional
enzyme inhibition method [14, 15].

As a cornerstone method in the field of optical biosens-
ing, fluorescence detection technology occupies an irreplace-
able position in life science research and clinical diagnosis
due to its excellent sensitivity, excellent molecular speci-
ficity and diverse signal transduction mechanisms [16]
Through the coordinated development of multi-dimensional
detection strategies such as fluorescence labeling technol-
ogy, fluorescence lifetime imaging (FLIM), fluorescence
polarization immunoassay (FPIA) and fluorescence reso-
nance energy transfer (FRET), the technology system has
built biological detection, environmental detection and
other platforms. Among them, the development of new
fluorescent markers such as near-infrared fluorophores and
ratiometric probes has significantly improved the selectivity
and signal-to-noise ratio of detection [17, 18]; Fluorescence
lifetime imaging technology effectively overcomes autofluo-
rescence interference in complex biological samples by
resolving nanosecond fluorescence lifetime differences
[19, 20]; Fluorescence polarization technology uses the
dynamic changes of molecular rotational relaxation time
to provide a unique analytical perspective for the study of
molecular interactions [21]; Owing to its exceptional sensi-
tivity to nanoscale proximity (1–10 nm), fluorescence reso-
nance energy transfer serves as a powerful “molecular ruler”.
This capability makes it an indispensable technique for
revealing protein-protein interactions and monitoring
nucleic acid conformational changes in real time [22], and
is in great demand in emerging fields such as genomics
and proteomics [23]. These technical advantages enable
fluorescence detection methods to achieve rapid, high-
throughput, ultra-high sensitivity and specific detection,
which perfectly fits the urgent needs of modern genomics
and proteomics research for precise analytical tools [24].
Multi-color fluorescence detection enables the simultaneous
detection of multiple biomarkers for a more comprehensive
understanding of the condition, leading to more accurate
medical diagnosis [25]. This multiple detection ability pro-
vides more comprehensive biological information for disease
diagnosis. For example, through the simultaneous detection
of multiple tumor markers, the accuracy and reliability of
cancer diagnosis can be significantly improved [26].
However, fluorescence technology is still limited by prob-
lems such as photobleaching and autofluorescence interfer-
ence, driving the exploration of novel probes and detection
modes.

2 Fluorescence detection

Fluorophores are a class of chromophores that can specifi-
cally respond to photoexcitation and emit fluorescence,
and their luminescence mechanism is shown in Figure 1 [27],

where electrons jump to the singlet excited state
(S1 or higher energy level) when the ground state molecule
(singlet state S0) absorbs photons of a specific wavelength.
Due to the instability of the excited state, the molecule
rapidly relaxes to the lowest vibrational energy level of S1
through nonradiative relaxation (such as internal transi-
tions), and then returns to the ground state through radia-
tive leaps and releases photons with energies lower than
that of the excitation light, resulting in a redshift of the
emission wavelength, a phenomenon known as the Stokes
shift. As photosensitive compounds, fluorescent dyes have
characteristic absorption (excitation spectrum) and emis-
sion spectra determined by their electronic structure. Due
to their ability to efficiently convert short-wavelength light
energy into long-wavelength fluorescence, fluorescent dyes
have been widely used as highly sensitive optical probes
in the fields of biomarking, cellular imaging and tissue
detection. Building on this foundation, this technology
enables the quantitative, real-time observation of biomole-
cules with exceptional sensitivity, utilizing a suite of tech-
niques such as fluorescent labeling, FLIM, FPIA, and
FRET.

2.1 Fluorescent labeling technique

Fluorescent labeling technique is a method for qualitative
and quantitative analysis of the measured components
through physical adsorption or chemical coupling of fluores-
cent substances with the target molecules specifically
combined to form a fluorescent labeling complex. The core
component of biofluorescent probes is a class of compounds
that can absorb light at specific wavelengths and emit fluo-
rescence at longer wavelengths. This technique can be
traced back to the antibody fluorescence labeling studies
in the 1940s [28, 29], and has now developed into an impor-
tant analytical tool with significant advantages such as fast
detection speed [30], high sensitivity [31], low sample con-
sumption and non-radioactivity [32], and has been widely
used in the fields of protein localization and activity detec-
tion, biomolecular interaction studies, and in vivo dynamic
process monitoring. To address the poor selectivity of
natural fluorescent dyes, researchers have significantly

Fig. 1. Energy levels and radiative transition from the excited
state (S1/S2) to the ground state (S0).
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improved the selective recognition ability of probes by
coupling fluorophores with biological targeting molecules
such as antibodies [33], nucleic acid aptamers [34], and
developing fluorescein derivatives [35, 36], which not only
provides a powerful tool for studying biomolecular dynam-
ics and photophysical properties, but also shows important
application value in biomedical fields (such as anticancer
drug research) [37].

A long-standing challenge in the O-GlcNAc field has
been the lack of tools for specific, non-antibody-based detec-
tion. Traditional immunoassays, while widely used, often
suffer from cross-reactivity and limited ability to distinguish
O-GlcNAcylation from other post-translational modifica-
tions in complex samples. To address this specificity gap,
the breakthrough work by Wu et al. [38] introduced a
tandem glycan labeling strategy. This method converts
the O-GlcNAc moiety into a fluorescently tagged epitope
through sequential enzymatic steps, thereby enabling highly
specific and sensitive detection independent of conventional
antibodies, as shown in Figure 2a. This method achieves
two-step labeling by galactosylating O-GlcNAc by B4GalT1
and then connecting the fluorescent moiety by ST6Gal1-
mediated sialylation. The experimental validation showed
that the method could efficiently detect O-GlcNAc modifi-
cation in HEK293 nuclear extract and recombinant proteins
(such as CK2, HIF1 a), and the signal was specific after
pre-treatment with OGA/OGT. Compared with the tradi-
tional antibody method, this method avoids the side reac-
tions of click chemistry, has a sensitivity of femtomolar
level, and supports direct imaging by SDS-PAGE. This
technology provides a new tool for the visualization and
functional study of low abundance O-GlcNAc protein,
reveals the potential O-GlcNAc regulatory mechanism of
HIF1 a and other targets, and opens up a new way for
glycobiology research.

In the field of extracellular vesicles (EVs), fluorescent
labeling technology also plays an important role. Mousseau
et al. [39] developed a universal fluorescent labeling
technology based on the fat soluble carbocyanine dye

PKH67 for the tracking study of prefabricated liposomes
and surfactant vesicles, as shown in Figure 2b. This method
avoids fluorescence quenching caused by dye aggregation by
optimizing the molar ratio of dye to lipid, and does not
require complex purification steps. The experimental verifi-
cation showed that this technology could efficiently label
neutral phospholipids (DPPC), negatively charged
pulmonary surfactant (Curosurf) and positively charged
double chain surfactant (TEQ) vesicles, and the size and
surface potential of the vesicles remained stable after
labeling. Through fluorescence microscopy and confocal
imaging, the research team successfully tracked the interac-
tion between nanoparticles and vesicles and their separation
process in cells, visualized the adsorption behavior of
cationic surfactants on cotton fibers, and revealed the char-
acteristics of their deposition in the form of bilayers or
vesicles. This technology provides a simple and efficient
solution for vesicle tracking in biomedical and industrial
applications.

However, conventional methods are often inefficient
during labeling due to the low water solubility of the dyes,
and the use of high concentrations of dyes is prone to prob-
lems such as nonspecific labeling and changes in vesicle size.
To address these challenges, Cha et al. [40] proposed a vesi-
cle fluorescence labeling technique based on salt concentra-
tion modulation, the Salt-Change Method, as shown in
Figure 2c. The labeling efficiency of the lipophilic dye DiI
was significantly enhanced by dynamically adjusting the
NaCl concentration (low-salt condition promotes dye
dispersion, and high-salt condition induces free dye aggrega-
tion) combined with filter membrane purification. Experi-
mental validation showed that the method is applicable
to cell-derived vesicles (CDVs), natural EVs, and synthetic
liposomes, and that the size distribution and membrane
protein function (such as antibody binding to CD63/
PD-1) of the labeled vesicles remain intact. In addition,
the method is compatible with a wide range of dyes (DiD,
PKH67), is easy to perform, and reduces nonspecific label-
ing by lowering the dye concentration. This technique

Fig. 2. (a) Fluorescent detection of O‑GlcNAc via Tandem Glycan Labeling. (b) Fluorescent labeling technique for lipid and
surfactant preformed vesicles. (c) Efficient labeling of vesicles with lipophilic fluorescent dyes via the Salt-Change method.
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provides a highly sensitive and specific solution for
the study of EVs at the single-particle level and has signif-
icant potential for application in liquid biopsy and
nanomedicine.

Fluorescent labeling technology has become an impor-
tant tool in biomedical research. From the specific detection
of glycosylation modification to the optimization of vesicle
tracing technology, these innovative achievements not only
expand the application scope of fluorescent labeling tech-
nology, but also provide a powerful tool for in-depth
research in related fields. With the emergence of new
fluorescent probes and labeling strategies, fluorescent label-
ing technology will continue to provide more accurate and
efficient solutions for life science research and promote the
in-depth development of related fields.

2.2 Fluorescence lifetime imaging microscopy

With the aid of appropriate biomarkers and transfection
strategies, fluorescence imaging technology provides access
to multidimensional information – such as three-
dimensional spatial localization, spectral signatures, and
polarization states. However, traditional fluorescence
intensity imaging is susceptible to interference from many
factors, including fluctuation of excitation light source,
probe concentration difference, photobleaching effect, and
changes in instrument parameters (such as focal length
and detector gain) [41, 42]. Fluorescence lifetime imaging
microscope (FLIM) significantly improves the accuracy
and information dimension of biological sample analysis by
detecting the spatio-temporal characteristics of the decay
of excited states of fluorophores. It is important to note that
while the fluorescence lifetime in FLIM is not absolutely
invariant, its dependence on factors like probe concentration
and excitation light intensity is orders of magnitude weaker
than that of fluorescence intensity. Furthermore, it exhibits
superior stability against photobleaching. This robustness
establishes lifetime as a highly reliable parameter for quanti-
tatively sensing changes in the local microenvironment [43].
In living cell research, FLIM can quantitatively resolve pH
gradient (range 6.0–8.0), calcium ion concentration
(detection limit up to nm level) and intermolecular distance
(calculated by Förster resonance energy transfer efficiency),
and its time resolution can reach picosecond level [44]. This
technology shows unique value in dynamic monitoring of
protein interactions, metabolic state transition and other
key physiological processes [45]. A prime application of
FLIM is the quantification of metabolic heterogeneity in cell
populations. This is achieved by monitoring the fluorescence
lifetime decay of endogenous metabolic co-factors, such as
NADH and FAD. Unlike intensity-based measurements,
the lifetime signal is independent of fluorophore concentra-
tion, allowing FLIM to eliminate concentration-dependent
bias and provide a more accurate readout of cellular meta-
bolic states [46, 47]. This non-invasive single-cell metabolic
analysis capability provides a new technological paradigm
for precisionmedicine and drug screening. At present, FLIM
technology has been combined with multiphoton micro-
scopy and super-resolution imaging, further expanding its
application boundaries in the dynamic monitoring of

subcellular organelles and the study of nanoscale molecular
interactions [48].

FLIM technology provides a breakthrough tool for the
study of the dynamics of G-quadruplex DNA (G4) in living
cells by detecting the spatial and temporal distribution of
fluorophore excited state lifetimes. Summers et al. [49]
developed a FLIM-based dynamic detection of G4 in living
cells, as shown in Figure 3a, using a DAOTA-M2 probe to
achieve specific recognition through fluorescence lifetime
differences (9–12 ns in the G4-bound state vs. 5–7 ns in
the double-stranded DNA-bound state). This technique
breaks through the limitations of traditional antibody
labelling and quantitatively assesses the interaction of G4
with small molecules and metal-salphen complexes
(Ni > VO > Cu) using fluorescence lifetime displacement
analysis (FLIDA), with a high degree of intracellular core-
binding potency in line with in vitro data. It was confirmed
that reduced expression of the deconjugating enzyme
FancJ/RTEL1 prolongs DAOTA-M2 lifespan, suggesting
increased G4 stability. This technique provides a new
approach for the study of nucleic acid structure in living
cells and G4-targeted drug development.

The quantitative analysis of intracellular pH benefits
uniquely from FLIM. Because the fluorescence lifetime of
specific probes is directly modulated by proton concentra-
tion, and crucially, is independent of probe concentration,
FLIM provides a robust and artifact-free method for map-
ping pH with high precision across cells and organelles.
Pacheco-Liñán et al. [50] developed three functionalized
CdSe/ZnS quantum dot (QD) probes (CdSe/ZnS-p,
CdSe/ZnS-pE, and CdSe/ZnS-pK), and it was found that
the fluorescence lifetimes of these nanoprobes exhibited a
significant response to pH variations by steady-state and
time-resolved fluorescence spectroscopy, as shown in
Figure 3b. Theoretical calculations indicate that the
intramolecular interaction of the protonated amine group
with the sulfur atoms of the ZnS shell layer is the key mech-
anism for pH sensitivity: this interaction leads to fluores-
cence bursting under acidic conditions, whereas the ligand
deprotonation under alkaline conditions leads to fluores-
cence enhancement. Cellular experiments confirm that
these QD probes are efficiently internalised and distributed
in the cytoplasm with low cytotoxicity. Using FLIM
technology, researchers have achieved for the first time
QD-based absolute measurement of pH in living cells. These
probes are able to distinguish different cell types by
fluorescence lifetime differences in co-culture experiments,
demonstrating their unique advantages in cellular microen-
vironmental studies. This study provides an important ref-
erence for the development of novel FLIM biosensors and
promotes the application of fluorescence lifetime imaging
technology in the biomedical field.

Based on the previous development of D-penicillamine-
functionalized CdSe/ZnS QD probe [50], Pacheco-Liñán
et al. further optimized and designed a novel D-penicilla-
mine-histidine peptide-functionalized QD (CdSe/ZnS-pH)
probe [51], as shown in Figure 3c. Compared with its prede-
cessor, the new probe demonstrated significant advantages:
(1) extended fluorescence lifetime and improved signal-to-
noise ratio; (2) extended pH response range to 3–7 and
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Fig. 3. (a) Visualising G-quadruplex DNA dynamics in live cells by fluorescence lifetime imaging microscopy. (b) Functionalized
CdSe/ZnS quantum dots for intracellular pH measurements by fluorescence lifetime imaging microscopy. (c) A novel quantum dot-
based pH probe for long-term fluorescence lifetime imaging microscopy experiments in living cells. (d) High-throughput fluorescence
lifetime imaging flow cytometry.
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improved sensitivity to 2.42 ns/pH; (3) maintained linear
response in a simulated intracellular environment, which
overcame signal fluctuations of its predecessor in complex
environments; and (4) cellular experiments confirmed its
excellent 24-hour stability, whereas the previous generation
probe suffered from signal attenuation in long-term
experiments. Mechanistic analyses showed that histidine
residues facilitated the escape of the probe into the cyto-
plasm to avoid lysosomal degradation through enhanced
pH sensitivity and the “proton sponge hypothesis”. This
improvement makes the CdSe/ZnS-pH probe a more reli-
able tool for long-term pH monitoring in living cells, and
provides a new method for cell metabolism research and
drug screening.

FLIM Flow Cytometry enables high-throughput, high-
resolution analysis of single cells by combining FLIM with
flow cytometry. While conventional flow cytometry relies
on fluorescence intensity, which is susceptible to interfer-
ence from concentration, scattering and other factors,
FLIM technology takes advantage of the stability of fluores-
cence lifetimes to dramatically improve detection accuracy.
The high-throughput FLIM system developed by Kanno
et al. [52] employs a dual-intensity-modulated, continu-
ous-wave beam array to acquire fluorescence lifetimes
images at a rate of more than 10,000 cells/second, as shown
in Figure 3d [53]. Crucially, this system maintains cell-level
resolution, associating each lifetime measurement with an
individual cellular event, unlike bulk measurements that
average signals across populations. The system successfully
distinguished subpopulations of rat glioma cells and
captured anticancer drug-induced changes in cell nuclear
dynamics, revealing heterogeneous features that are diffi-
cult to observe by conventional methods. In addition, the
sensitivity of FLIM technology to environmental factors
(such as pH, ion concentration) provides a new tool for drug
screening and tumour microenvironment studies. The
breakthrough of this technology opens up new avenues for
cell function analysis and clinical diagnosis.

These research fully demonstrate the broad application
prospect of FLIM technology in many biomedical research
fields. With probe optimization and system integration
(such as quantum dot probes, multimodal imaging, etc.),
FLIM has been widely used in live cell dynamic observation,
drug screening and clinical diagnosis. In the future, FLIM
will play an increasingly important role in precision medi-
cine, drug development and other fields.

2.3 Fluorescence polarization immunoassay

Fluorescence intensity is susceptible to external noise,
affecting the sensitivity and reliability of the analysis,
whereas rapid and specific diagnosis is essential for the
treatment and prevention of infectious diseases [54, 55].
Compared with traditional fluorescence detection, Fluores-
cence Polarization Immunoassay (FPIA) has significant
anti-interference advantages and is a highly sensitive
analytical technique based on the rotational kinetic proper-
ties of fluorescently labelled molecules. Figure 4 shows a
schematic diagram of the principle of Fluorescence Polariza-
tion [56]. The core principle of this technology lies in the

fact that when a fluorescently labelled molecule is excited
by linearly polarised light, the Polarization state of the
emitted light is closely related to the rotational state of
the molecule, and since the rate of rotational diffusion of
a molecule is inversely proportional to its molecular weight,
the change of the fluorescence Polarization signal directly
reflects the change in molecular weight of the molecule in
the process of binding or dissociation [57, 58]. Specifically,
when a small molecule fluorescent tracer binds to a large
molecule (such as antibody), its rotational speed decreases,
leading to an increase in the Polarization of the emitted
light; conversely, a decrease in molecular weight during
processes such as enzymatic cleavage will manifest itself
as a decrease in Polarization [59]. The system employs a
ratiometric measurement mode to eliminate common-mode
noise such as light source fluctuations by detecting the ratio
of fluorescence intensity in parallel and perpendicular direc-
tions (Ik/I\). Especially when coupled with quench-free
reporter probes, it not only reduces the cost of detection,
but also effectively suppresses the interference of ambient
light and electronic noise, and significantly improves
the stability and reliability of the detection [60]. This
quantitative relationship enables fluorescence Polarization
techniques to monitor the dynamics of biomolecular inter-
actions in real time, and the binding ratios can be extrapo-
lated from the changes in the Polarization values. Based on
the above advantages, fluorescence Polarization immunoas-
say has been widely used in various fields: in basic research
for protein-ligand interaction analysis and enzyme kinetic
studies [61–63]; in drug discovery and development for the
primary screening stage of high-throughput screening [64];
and in clinical diagnostics for rapid detection of infectious
disease markers [65]. In addition, the method has shown
unique value in biosafety monitoring (such as toxin detec-
tion) [66], as it is particularly suited for rapid detection in
the field due to the absence of a separation step. With
advances in polarised optical components and fluorescent
probe technology, the range of applications for this tech-
nique continues to expand.

In the field of environmental pollutant detection, FPIA
has become an ideal choice for rapid screening because of its
simple operation and no complex pre-treatment. Raysyan
et al. [67] successfully optimized the FPIA method and
detected diclofenac (DCF) in wastewater by designing
novel fluorescent markers (including homologous and
heterologous structures), as shown in Figure 5a. Research
has shown that the FPIA system using DCF-Ahx-AMF
markers exhibits excellent selectivity and sensitivity, with
detection performance highly consistent with LC-MS/MS
methods, and analysis time significantly shorter than tradi-
tional ELISA. This work further confirms the low cross
reactivity of FPIA to DCF metabolites, highlighting its reli-
ability in complex matrices such as wastewater, providing
an important technological paradigm for efficient monitor-
ing of small molecule pollutants in the environment, and
promoting the application and development of FPIA in
the field of environmental analysis.

FPIA also has significant advantages in the field of food
safety detection. A FPIA-based homogeneous assay was
developed by Duan et al. [68] for the rapid determination
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of erythromycin (ERY) residues in milk, as shown in
Figure 5b. The method was developed by synthesizing five
fluorescently labelled tracers (ERY-CMO-40-AMF, ERM-
FITC, ERM-DTAF, ERM-SRSC, ERM-AF647) and
pairing them with three monoclonal antibodies (5B2, 6C2,
and 6D9), and the optimal combination of monoclonal anti-
bodies, 5B2/ERM-FITC, was compared and screened. By
optimizing the reaction conditions (including tracer fluores-
cence intensity, pH value and antibody concentration, etc.),
the method can complete the detection within 5 min,

significantly improving the analysis efficiency. The experi-
mental results show that the method has high sensitivity
and accuracy for the detection of ERY in milk, and its
recovery and precision meet international standards, which
can meet the requirements of China and the European
Union for the detection of ERY residues. This study pro-
vides a fast and reliable solution for food safety monitoring.

In addition, FPIA has also made important progress in
multi-residue detection. Huang et al. [69] developed a
bispecific monoclonal antibody (BsMAb)-based FPIA

Fig. 4. Schematic diagram of fluorescence polarization principle.

Fig. 5. (a) Schematic diagram of fluorescence polarization immunoassay for determining diclofenac in wastewater. (b) Schematic
diagram of homogeneous fluorescence polarization immunoassay for rapid determination of erythromycin in milk. (c) Schematic
diagram of one-step FPIA detection of maduramycin and salinomycin based on bispecific monoclonal antibodies.
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method for the simultaneous detection of maduramicin
(MAD) and salinomycin (SAL) in chicken meat, as shown
in Figure 5c. In this study, BsMAb was obtained by hybri-
doma technique and combined with specific fluorescent
probe (MAD-FITC/SAL-EDF) to establish an efficient
detection system, which could be completed in only
10 min with high sensitivity and no cross-reaction. Molecu-
lar docking revealed the specific binding mechanism of
BsMAb, and the recoveries of the actual samples were
88.7–113.7%, which were in high agreement with the
LC-MS/MS results. This study provides an efficient solu-
tion for the detection of antibiotic multiresidues in food
and fully demonstrates the potential of FPIA technology.

FPIA has shown important application value in many
fields with its advantages of high sensitivity, strong anti-
interference ability and simple operation. In environmental
monitoring, FPIA can efficiently detect pollutants in
wastewater. In the field of food safety [70], this method
can quickly screen erythromycin in milk and a variety of
antibiotic residues in chicken. In addition, FPIA does not
need complex separation steps, and is suitable for on-site
rapid detection, providing a reliable tool for infectious
disease diagnosis, drug screening and other research. With
the progress of polarization optical elements and fluorescent
probe technology, the application scope of this technology is
still expanding.

2.4 Fluorescence resonance energy transfer

In 1948, Theodor Förster first proposed [71] the theory of
fluorescence resonance energy transfer (FRET), which
describes a non-radiative energy transfer phenomenon:
when the distance between the excited state molecule
(donor) and the ground state molecule (acceptor) is less
than 10 nm, the donor can transfer energy to the acceptor
through near-field coupling, which is often referred to as
“fluorescence resonance energy transfer” when both the
donor and the acceptor are fluorophores. In the process,
the donor molecule can return to the ground state through
two pathways: emitting fluorescent photons or transferring
the energy through FRET [72], as shown in Figure 6 [73].
The existence of FRET adds new pathways for energy dis-
sipation in the donor, leading to a shortening of its excited
state lifetime, a property that plays a key role in unravelling
the mechanism of interactions between biomolecules. In
1967, the FRET theory was experimentally validated for
the first time. Its unique distance dependence (1–10 nm)
makes it an ideal ‘optical ruler’ for molecular scale interac-
tions and provides a breakthrough method for quantitative
study of biomolecular interactions [74]. In the 1980s, FRET
technology was successfully applied to protein conformation
studies, and through the combination with other analytical
techniques, it has driven the innovation of molecular detec-
tion methods [75, 76]. With the development of technology,
FRET-based biosensors have gradually become a research
hotspot. Their design centers on coupling the donor and
acceptor fluorophores within a single, responsive molecular
scaffold. This is typically achieved by genetically fusing
fluorescent protein pairs (e.g., CFP/YFP) to a sensing
domain that undergoes a target-induced conformational
change, or by conjugating organic dyes to complementary

biomolecular recognition elements (e.g., antibodies, oligonu-
cleotides). When the target analyte binds or the enzymatic
reaction occurs, it alters the distance and/or orientation
between the donor and acceptor. This change modulates
the FRET efficiency, which is directly read out as a quan-
tifiable shift in the fluorescence emission ratio of the accep-
tor to the donor, enabling sensitive and spatiotemporally
resolved detection. This design not only achieves specific
detection of molecular interactions, but also dynamically
reflects changes in the microenvironment, providing an
important tool for molecular mechanism research and
biomedical applications.

FRET technology has made significant progress in the
application of in vivo imaging, especially in tumor metabo-
lism and drug delivery monitoring. Rudkouskaya et al. [77]
developed a FRET receptor technology based on the dark
bursting agent QC-1, combined with near-infrared Macro-
scopic Fluorescence Lifetime Förster Resonance Energy
Transfer (MFLI-FRET), enabling multiple non-invasive
imaging for simultaneous monitoring of tumour glucose
metabolism and receptor-ligand binding in living mice, as
shown in Figure 7a. This technique enables the simultane-
ous quantification of two independent biological processes
in the same tumor: 1) intracellular drug delivery efficiency,
measured by the FRET signal generated when transferrin
(Tf) donors and dark-quencher acceptors (e.g., Tf-QC-1)
bind in proximity to transferrin receptors (TfR) and
undergo internalization; and 2) tumor glycolytic activity,
assessed by the fluorescence intensity of a 2-deoxyglucose
(2-DG) probe that accumulates upon cellular uptake via
glucose transporters (GLUT1). It was found that drug
delivery efficiency was lower in highly metabolically active
tumour regions, revealing a potential correlation between
metabolic status and the efficacy of targeted therapies.
Multiscale validation (in vitro microscopy and in vivo
wide-field imaging) confirmed the stability of QC-1 as a
FRET acceptor. The study realized the synchronous moni-
toring of drug targeted delivery and metabolic response in
living animals for the first time, providing an important tool

Fig. 6. Schematic diagram of fluorescence resonance energy
transfer.
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for optimizing preclinical drug research and development,
and also opening up a new way to understand the relation-
ship between tumor microenvironment and therapeutic
response.

In the field of food safety, FRET technology provides an
efficient solution for rapid detection. Su et al. [78] developed
a Fluonanobody-based nanosensor (FN-Nanosens) for the
ultrasensitive detection of ochratoxin A (OTA) based on
the FRET technique, as shown in Figure 7b. The sensor
uses a fusion protein (SGFP-Nb) of a superfolded green flu-
orescent protein (SGFP) and a nanobody (Nb) as an energy
donor and OTA-labelled quantum dots (OTA-RQDs) as an
energy acceptor. The efficient FRET effect was achieved by
optimising the reaction conditions (e such as donor-
acceptor molar ratio, pH, etc.). Molecular docking analysis
showed that the binding of SGFP-Nb to OTA was
dependent on hydrogen bonding, hydrophobic interaction,
etc., ensuring high selectivity. Compared with the chro-
matographic method, this method is easy to operate, low
cost and suitable for the rapid detection of OTA in food.

The combination of FRET technology and new fluores-
cent materials further improves the detection performance.
Wang et al. [79] successfully constructed FRET modes by
encapsulating two aggregation induced emission (AIE)
fluorescent groups (TCBPEME and BAPF) with spectral
overlap in polymer microspheres, as shown in Figure 7c.
In this study, AIE doped polymer microspheres

(DAIEPMs) were synthesized by microemulsion method.
DAIEPMs exhibit significant large Stokes shift and fluores-
cence enhancement effects, while possessing high quantum
yield and excellent energy transfer efficiency. At the appli-
cation level, DAIEPMs have been successfully used as fluo-
rescent markers in lateral flow immunoassay (LFIA),
achieving ultra-high sensitivity detection of organochlorine
pesticide chlorothalonil (CTN), with a detection limit
significantly better than traditional quantum dot micro-
sphere and gold nanoparticle labeling methods. In addition,
DAIEPMs exhibit excellent anti-interference performance
and thermal stability in complex matrices, providing new
ideas for optimizing the performance of fluorescent materi-
als. This study not only highlights the potential of FRET
technology in improving detection sensitivity, but also lays
an important foundation for developing high-performance
optical detection platforms.

FRET technology also shows unique advantages in
allergen detection. Qi et al. [80] developed a ratiometric
fluorescent sensor based on multivalent aptamer-encoded
DNA flowers (Mul-DNFs) for the detection of the peanut
allergen Ara h1, as shown in Figure 7d. A large number
of aptamers were modified on the surface of the self-
assembled Mul-DNFs by rolling circle amplification
(RCA), which dramatically enhanced the binding ability.
The sensor utilises Cy3/Cy5-labelled complementary
DNA to construct a FRET platform, and the dissociation

Fig. 7. (a) Schematic illustration of non-invasive tumor imaging based on multi parameter glucose metabolism and receptor-ligand
engagement using dark quenched FRET acceptor. (b) Schematic illustration of Fluonanobody-based nanosensor via fluorescence
resonance energy transfer for ultrasensitive detection of ochratoxin A. (c) Schematic diagram of high-performance fluorescent
microspheres based on fluorescence resonance energy transfer mode for lateral flow immunoassay. (d) Schematic illustration of the
Principle of the Ratiometric Fluorescence Aptasensor Based on Multivalent Aptamer Encoded DNA Flowers.
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of Cy5-cDNA upon Ara h1 binding induces a change
in FRET signal for quantitative detection. The recoveries
of the actual sample assay reached 95.7-106.3%, providing
a new strategy for allergen analysis in complex matrices.

FRET technology has become an important tool for
studying molecular interactions due to its nanoscale
distance sensitivity and efficient energy transfer characteris-
tics. From in vivo tumor metabolism monitoring, food
safety detection, and allergen analysis, FRET technology
continues to expand its application boundaries through
innovative donor receptor design and multidisciplinary
integration. In recent years, with the development of new
fluorescent materials (such as AIE polymer microspheres)
and nanosensors, the detection sensitivity, anti-interference
ability and dynamic monitoring performance of FRET have
been significantly improved. In the future, further optimiz-
ing the specificity and stability of FRET probe and deepen-
ing its application in multimodal imaging and clinical
diagnosis will open up broader prospects for life science
and medical research.

3 Conclusions and outlook

Although the above technologies have made significant
progress, it is often difficult for a single technology to meet
the demand for high-throughput and high-precision
detection of complex samples. The future development of
optical detection technology will show a trend of multi-
dimensional innovation, mainly in the following aspects:
first, in terms of detection sensitivity, the application of
new nanomaterials (such as two-dimensional materials,
metal-organic frameworks) and quantum dots will break
through the existing detection limits. Secondly, the syner-
gistic integration of microfluidic chip and optical detection
will significantly enhance the system response speed and
achieve dynamic monitoring with millisecond time resolu-
tion. In terms of specificity enhancement, intelligent analy-
sis strategies based on machine learning algorithms, such as
deep neural network-assisted Raman spectral resolution,
will dramatically improve the recognition accuracy of
complex samples. In the future, cross technology integration
will become the key direction to improve the detection
performance. Fluorescence plasmon combination, such as
metal enhanced fluorescence technology, can significantly
improve the fluorescence signal intensity and stability by
combining the field enhancement effect of LSPR; Chemilu-
minescence – nanomaterial synergy and nanoenzyme
catalyzed chemiluminescence reaction can further reduce
the detection limit and expand the ability of multiple detec-
tion; AI assisted analysis and machine learning algorithm
can be used for rapid analysis of multimodal data and
improve the identification accuracy of complex samples.
With the cross innovation of technology, the development
of detection technology in the future will tend to be “highly
sensitive, multimodal, intelligent and portable”. Through
multi technology collaboration and engineering design, the
existing bottlenecks will be gradually solved, providing
stronger tools for life science, clinical diagnosis, public safety
and other fields.
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