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Fluorescence molecular imaging (FMI) is a powerful imaging technique used primarily in biomedical

research and clinical applications to visualize molecular and cellular processes of tumors and other

diseases. FMI involves the use of fluorescent molecules (fluorophores) that absorb light at one

wavelength and emit it at a longer wavelength. These fluorophores can be attached to specific

molecules and markers (such as proteins, nucleic acids, or small molecules) in a biological sample. FMI

typically offers non-radioactive and safe, real-time and higher spatial resolution compared to positron

emission tomography (PET) for superficial tumors. Additionally, sensitivity and specificity of FMI for

superficial tumors in better than PET is some cases. However, FMI and the materials used in molecular

imaging (MI) have revolutionized biomedical research, diagnostics, and therapeutic monitoring. In

contrast, despite their significant contributions, several challenges remain to be solved to improve the

effective application of fluorescence-based techniques. These challenges are related to poor tissue

penetration depth, background autofluorescence, photobleaching of fluorophores, low signal-to-noise

ratio in deep tissues and the necessity for biocompatible and photostable probes. Hence, ongoing

improvements in probe development, imaging technologies and analytical methods are required to

overcome current challenges. Future advancements in fluorescence materials and imaging techniques

hold promise for making MI more accurate, efficient and applicable for clinical and research scenarios.

This review gives an overview of recent advances in the materials used in MI and findings of FMI. Finally,

limitations of FMI are highlighted and recommendations for future research directions are proposed.
1. Introduction

Molecular imaging (MI) is a state-of-the-art eld of science that
can be used for cancer diagnosis and treatment monitoring,
cardiovascular research, neurological studies, drug develop-
ment and gene therapy and cell tracking.1,2 Various kinds of MI
techniques, including positron emission tomography (PET),
single-photon emission computed tomography (SPECT),
magnetic resonance imaging (MRI), functional MRI (fMRI) and
uorescence imaging (FI) are oen combined with PET (PET/
CT, PET/MRI) to provide both anatomical and functional
information. MI utilizes radioisotopes and uorescent probes
to detect cancer cells, disease and specic cells or molecules
and can be applied in vitro, in vivo and at the clinical level.3,4

Fluorescence in MI is a powerful technique used to visualize
and study biological processes at the molecular level. This
method relies on the emission of light by a substance that has
absorbed light or other electromagnetic radiation. Principles of
uorescence are utilized in MI based on excitation and
nces, Doornfontein Campus, University of

frica. E-mail: habrahamse@uj.ac.za

the Royal Society of Chemistry
emission; when a uorophore (a uorescent molecule) absorbs
photons, it becomes excited and subsequently emits light at
a longer wavelength as it returns to its ground state. These
principles are based on Shimomura's purication of green
uorescent protein (GFP) from Aequorea victoria jelly, which
gained him recognition.5 The engineering of GTP for mamma-
lian expression in biochemistry and cell biology applications
has revolutionised the eld of live-cell imaging and studies have
advanced uorescence resonance energy transfer (FRET) to
prominence as the primary foundation for molecular interac-
tion studies.5–7

The light emission of the photoexcited uorophore inMI can
be detected and used for imaging.8,9 Thereare the various types
of natural (like GFP) or synthesized molecules and dyes that can
be used in uorescence imaging. The choice of uorophore
depends on factors like brightness, stability, and the specic
wavelength required for the application. Moreover, some
materials work based on the Stokes shi phenomenon, which is
the difference in wavelength between the absorbed light and
emitted light. It allows for the separation of excitation and
emission signals, which is crucial for clear imaging.10,11
RSC Adv., 2025, 15, 22267–22284 | 22267
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MI can be employed for cellular imaging, quantitative anal-
ysis (measuring the concentration of specic molecules),
multimodal imaging (such as magnetic resonance imaging
(MRI) or positron emission tomography (PET)) and FRET; this
technique allows for the study of interactions between
biomolecules. Even though some advantages of FI include high
sensitivity, real-time imaging and specicity that specic
proteins or structures can be visualized. But there are still some
challenges to be addressed, such as background noise, depth
penetration and photobleaching, where uorophores can lose
their ability to uoresce over time when exposed to light.12,13

Molecular imaging is a rapidly evolving eld that bridges the
gap between molecular biology and imaging technologies. It
holds great promise for advancing our understanding of bio-
logical processes, improving disease diagnosis, and guiding
therapeutic interventions. As technology continues to advance,
molecular imaging is expected to play an increasingly critical
role in personalized medicine and translational research.
However, in this review, the latest ndings and challenges of
uorescence imaging and materials in FI are highlighted.
2. Various kinds of radioisotopes,
materials and antibodies in molecular
imaging (MI)

In FMI, various materials and antibodies are utilized to visu-
alize and quantify biological processes at the molecular level.
These materials and antibodies can be broadly categorized
based on their function, specicity and application in imaging
techniques.14,15 Various types of common materials and anti-
bodies for MI applications are overviewed in Table 1. The choice
of materials depends on the specic application, desired
sensitivity, resolution and the biological targets involved.16,17

The rst class of materials are uorescent dyes and probes that
Table 1 Some key materials and antibodies commonly used in various F

Category Types of materials Function

1 Fluorescent dyes and probes:
uorescein isothiocyanate
(FITC), rhodamine, Cy3 and
Cy5, Alexa Fluor dyes,
indocyanine green (ICG)

Emitting uore
excitation by sp
wavelengths of

2 Antibodies: Trastuzumab
(Herceptin), polyclonal
antibodies, Fab fragments,
nanobodies

Antibodies deri
a single clone o
providing high
a single epitope
recognize mult

3 Contrast agents for OCT:
ICG, exogenous dyes
(methyleneblue, evans blue)
uorescein sodium, avidin-
biotin complexes and
nanoparticles (AuNPs and
silica)

Designed for 
imaging, oen
both a targetin
a uorescent d

a FI, uorescence imaging; OCT, optical coherence tomography; Cy5, cyan

22268 | RSC Adv., 2025, 15, 22267–22284
can be employed in FI via emitting uorescence upon excitation
by specic wavelengths of light. The common agents and
probes include uorescein isothiocyanate (FITC), rhodamine,
cyanine 3 (CY3) and 5 (Cy5), Alexa Fluor dyes, indocyanine green
(ICG), ion indicator probes and pH indicators that are used in
pathology and cancerous tissues for real-time imaging under
microscope.1,18,19 The second class of materials that are used for
FI are antibodies such as trastuzumab (Herceptin), polyclonal
antibodies, Fab fragments and nanobodies for visualizing
specic proteins or antigens in biological samples. Antibodies
derived from a single clone of B cells, providing high specicity
for a single epitope (receptor) or recognizing multiple
epitopes.20 For instance, trastuzumab can be conjugated to
uorescent dyes (e.g., FITC, Alexa Fluor) to visualize human
epidermal growth factor receptor-positive 2 (HER2) tumors in
vivo or ex vivo.21,22 Moreover, polyclonal antibodies are derived
from multiple B-cell lineages and can recognize multiple
epitopes on a single antigen.23 Another example is Fab frag-
ments, which are the antigen-binding portions of antibodies,
produced by enzymatic cleavage of whole antibodies. They
retain the ability to bind to their specic antigens but lack the
Fc region.24 The third class of materials based on light and
uorescence imaging (FI) consists of contrast agents or uo-
rescent dyes that can be used alongside optical coherence
tomography (OCT) to enhance the visualization of specic
supercial tissues, microvascular structures, angiography,
tumors, or inammation. Examples of this category include
ICG, exogenous dyes such as methylene blue and Evans blue,
uorescein sodium, avidin-biotin complexes, and nanoparticles
like gold nanoparticles (AuNPs) and silica.25–28

Various contrast agents and uorescent dyes enhance the
imaging capabilities in different kinds of imaging techniques
by increasing tissue contrast, highlighting specic structures
and providing more detailed visualization, especially in areas
like ophthalmology, oncology, and cardiovascular diagnostics.
Ia

Types of techniques of MI References

scence upon
ecic
light

FI 20–22

ved from
f B cells,
specicity for
(receptor) or

iple epitopes

FI 23 and 24

uorescence
incorporating
g ligand and
ye

OCT (FI) 25–28

ine 5; ICG, indocyanine green; AuNPs, gold nanoparticles.
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3. Principle of fluorescence
molecular imaging (FMI)

FMI relies on the principles of uorescence, where certain
molecules (uorophores) absorb light at specic wavelengths
and emit light at longer wavelengths. However, as can be seen in
Fig. 1, the photophysical process involves the absorption and re-
emission of light. A uorophore absorbs a photon of light
(usually ultraviolet or blue light) and excites the uorophore's
electrons to a higher energy state (excited state). Consequently,
the excited electron quickly relaxes to a lower energy level
(within the excited state), releasing some energy as heat. This is
called non-irradiative relaxation. Aer the relaxation step, the
uorophore returns to its ground state by emitting a photon at
a longer wavelength than the excitation wavelength, resulting in
this emitted light being detected in FI. Additionally, emitted
light for uorescent agents has some properties, such as the
Stokes shi (the difference between the excitation and emission
wavelengths), uorescence lifetime and quantum yield that
could affect the imaging process. Therefore, besides the source
of emission light and uorescence material features, biological
properties of the cells and tissue and imaging facilities (reso-
lution and real-time) are important during FI.29–31

To achieve high-quality uorescence imaging, certain
essential facilities and equipment are required, including
a uorescence microscope or confocal microscope, a uores-
cence light source (e.g., laser), uorophores (e.g., dyes or
probes), detectors, optical lters and dichroic mirrors, and
image processing and analysis soware (e.g., ImageJ,
MATLAB).14,32,33
Fig. 1 Principal of FI using luminescence agent such as green fluorescen
of FMI, (B), fluorescence confocal microscopy and various stages of FI a

© 2025 The Author(s). Published by the Royal Society of Chemistry
4. Specific fluorescence dyes and
materials in fluorescence molecular
imaging

The choice of uorescent dyes and materials in molecular
imaging depends on the specic application, including the type
of biological sample, the desired resolution, sensitivity, and the
nature of the targets being studied. Despite traditional dyes
such as FITC and Cy-series being widely used, BODIPY (boron-
dipyrromethene) dyes have shown great promise as versatile
uorescent probes in cellular imaging and therapeutic appli-
cations due to their exceptional chemical properties, such as
remarkable uorescence quantum yields (>0.8), strong extinc-
tion coefficients, exceptional photostability and tunable emis-
sion (500–700 nm) via structural adjustments.34 Recent studies
have focused on developing novel BODIPYs modied with tar-
geting moieties such as folic acid (folate-conjugated BODIPY)
for targeted cancer imaging to promote tumour-specic uptake,
organelle imaging (mitochondrial/lysosomal tracking), and NIR
imaging (>1000 nm) for improved tissue penetration depth. In
addition, BODIPYs allow for dual imaging and photodynamic
therapy, demonstrating their multifunctional applications35–39.

Studies by Jurgutis et al. investigate the ability to detect the
microviscosity of biological objects using the BODIPY-based
molecular BDP-H, a water-compatible probe ideal for live-cell
imaging of intracellular microviscosity in human breast
cancer cells. Jurgutis and colleagues noted that BDP-H perme-
ated through the plasma membrane and localised primarily in
lipid droplets (LDs), which allowed for viscosity measurements
ce probe (GFP) and confocal microscopy. (A), a schematic of principles
nd recording image from sample.

RSC Adv., 2025, 15, 22267–22284 | 22269
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Fig. 2 Fluorescence microscopic images of BODIPY-based viscosity probe (BTV) in HeLa cells with stained with MitoTracker. DeepRed. Images
were taken with a 40× objective. Scale bar represents 20 mm. (a) Phase contrast; (b) MitoTracker DeepRed; (c) BTV; (d) merged of MitoTracker
DeepRed and BTV. Adapted from ref. 65 (under the terms of the Creative Commons CC BY 4.0 license (e) chemical structure of BODIPY dye.
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using uorescence lifetime imaging microscopy (FLIM). Jurgu-
tis and colleagues noted that BDP-H permeated through the
plasma membrane and localised primarily in lipid droplets
(LDs), which allowed for viscosity measurements using uo-
rescence lifetime imaging microscopy (FLIM). On further anal-
ysis, FLIM results reported that microviscosity in LDs of
aggressive breast cancer cells (MDA-MB-231 cells) was signi-
cantly higher than in MCF-7, indicating that LD microviscosity
could be used as a biomarker for cancer cell malignancy.
However, BDP-NO2 agglomerated in aqueous conditions,
showing inadequacy for live cell applications.40 The capability of
BODIPY-based probes to visualize intracellular viscosity if
further demonstrated in live-cell imaging studies, shown in
Fig. 2.

NIR dyes such as indocyanine green (ICG) have been widely
used in biomedical research such as sentinel lymph node (the
rst station of lymph node for malignant tumour drainage)
biopsy, tumour locating, imaging-guided surgery procedures,
determination of resection margins, lymph node uorescence
harvesting, and anastomotic perfusion assessment; however,
they lack target specicity.41,42 This has led to the development
of novel NIR dyes such as IR-780 and MHI-148, which have
shown remarkable target selectivity and negligible off-target
toxicity.43 Recent studies by Luo et al. developed an NIR uo-
rescent probe, 4-(2-(4-(dicyanomethylene)-4H-chromen-2-yl)
vinyl)phenyl 2,3,4,5,6-pentauorobenzenesulfonate (DCM-
H2O2) probe, to detect hydrogen peroxide (H2O2) in living cells
and scald and incision wound mice models.44 Research indi-
cates that H2O2 activates various biological pathways which
promote wounding healing. Lou and colleagues reported that
DCM-H2O2 demonstrated a low detection limit and high spec-
icity with low cytotoxicity for H2O2, making it suitable for in
vivo application. The probe effectively monitored variations of
endogenous H2O2 during proliferation process of human
immortalized epidermal (HACAT) cells, suggesting that H2O2

plays a key in cellular proliferation through a growth factor
22270 | RSC Adv., 2025, 15, 22267–22284
signaling pathway. In vivo uorescence signals were successfully
detected in the scald and incision wound mice models,
enabling the measurement of H2O2 concentration variations at
different pathological stages during the wound healing process.
Furthermore, the probe also monitored H2O2 concentrations in
different stages of human diabetic foot tissues. Luo and
colleagues concluded that their novel NIR probe conrmed that
H2O2 could be a reliable biomarker for monitoring the wound
healing process.

Another recent study conducted by Luo synthesised an NIR
two-photon uorescent probe (HDM-Cl-HClO to detect varia-
tions in hypochlorous acid (HClO), an essential biomolecule in
living organisms which facilitate various physiological or
pathological mechanisms. Elevated levels of HClO promote
inammation and malignancies. Thus, Lou and colleagues
design the HDM-Cl-HClO probe to assess variations in HClO
levels in inammatory and tumor-bearing mice. The probe
showed a prompt response to HClO within 5 seconds and eli-
cited a strong red uorescence at 660 nm indicative of high
specicity and sensitivity for HClO. The excellent spectral
capability of the probe not only allowed for the detection of
HClO levels in cells and zebrash but also detected HClO in
inammatory and tumor mice. This study not only introduced
a novel approach for imaging HClO in living systems, but also
holds great promise for the diagnosis of inammatory diseases
and cancers.45

Xia et al. investigated the cytotoxic, in vivo imaging of MHI-
148 in lung-cancer nude mice model. Ex vivo imaging was
also been measured by testing the major tissue uorescence
intensity. And, the small molecular compound MHI-148
exhibited insignicant cytotoxicity which could be visualized
at 1 h post-injection in tumor. From ex vivo uorescence
imaging, the tumor demonstrated the maximum uptake of
MHI-148 among all the selected organs expect for the time point
of 2 h. MHI-148 could be used for effective imaging in lung
cancer tissue with good stability and specicity, which
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Fluorescence microscopy image of neuronal cells (ND7/23) incubated with Rhodamine B. Adapted from ref. 109, under the terms of the
Creative Commons CC BY 4.0 license.
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suggested that MHI-148 has a potential to be an effective tumor
clinical imaging agent.46 Upconversion of light has gained
popularity in biomedical research due to its ability to analysed
deep-seated tissue, owing to the longer wavelength of incident
light compared to downconversion uorescent materials.

Upconversion materials based on triplet–triplet annihilation
(TTA) exhibit low excitation power (e.g., ambient sunlight) and
ease of tunable excitation and emission wavelengths. TTA-based
delayed uorescence probes yield background-free imaging.
These systems rely on sensitiser-acceptor pairs to convert low-
energy excitation light into higher-energy emission. This
process not only allows for deep tissue imaging (beyond 5 mm)
but also minimises autouorescence interference with negli-
gible photodamage.47–51

Advances in dye chemistry and nanotechnology continue to
enhance the capabilities of molecular imaging, enabling more
precise and informative studies in biology and medicine. Mai
et al. (2022) developed lactose-functionalised BODIPY nano-
particles (NPs) which showed remarkable uorescence imaging
and phototoxicity against various cancer cell lines (HeLa and
Huh-7 cells). The nanoconjugate exhibited high 1O2 generation
capability and FF to pave new avenues for useful imaging-
guided PDT agents for tumour cells.52 Vepris et al. investi-
gated biodegradable poly (lactic-co-glycollic acid) (PLGA) nano-
particles as a nanocarrier system for triplet–triplet annihilation
© 2025 The Author(s). Published by the Royal Society of Chemistry
upconversion (TTA-UC) based on the heavy metal porphyrin
platinum(II) octaethylporphyrin (PtOEP) and the polycyclic
aromatic hydrocarbon 9,10-diphenylanthracene (DPA) as
a photosensitiser/emitter pair. TTA-UC-PLGA-NPs were
successfully synthesised using an oil-in-water emulsion and
solvent evaporation method. These TTA-UC-PLGA-NPs demon-
strated a remarkable upconversion under low-power excitation,
ideal for clinical applications. Physicochemical studies
conrmed successful synthesis, and UC efficiency was investi-
gated in vitro and ex vivo. More importantly, in vivo studies
emitted TTA-UC signals in tumours 96 hours post-
administration, demonstrating the NPs' stability and biocom-
patibility as an in vivo nanocarrier system. This study suggests
that the synergistic effects of PLGA and TTA-AUC optical prop-
erties allow for simultaneous imaging and drug delivery.53

Quantum dots (QDs) offer essential advantages required in
imaging due to their enhanced brightness, photostability and
narrow emission spectra in comparison with organic dyes.
These characteristics are very important for various applica-
tions such as bioimaging, diagnosis and delivery of therapeu-
tics. Furthermore, QDs can also be modied with various
targeting moieties and are suitable for multifunctional
purposes, allowing for simultaneous detection of multiple
targets.54–56
RSC Adv., 2025, 15, 22267–22284 | 22271
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Various types of specic uorescence dyes and materials in
FI have been summarized in Table 2. All these uorescent dyes
andmaterials would be excited at specic wavelengths and then
emit at specic wavelengths of light or different colours,
consequently. Moreover, each uorescent dye and material has
its own characteristics and applications to visualize cells, DNA
and proteins. In relation to emissions summarised in Table 2,
the NIR window of 650–980 nm is the most feasible range for
imaging diseases tissues. NIR is has shown low light scattering
and tissue autouorescence, which enhances the signal-to-
noise ratio and the resolution of imaging.57,58 NIR uorescent
dyes such as ICG and IR-780 iodide have garnered considerable
interest imaging animal and human tissues due to their
improved tissue penetration depth.59,60 The best solvents for
dissolving the aforementioned uorophores are dimethyl sulf-
oxide (DMSO), ethanol, and phosphate-buffered saline (PBS)
due to their ability to ensure stability and dissolve hydrophobic
compounds. Thus, selecting an appropriate solvent takes
precedence as it affects the photostability, cellular uptake and
biocompatibility of uorophores, all of which are indispensable
to imaging success.61–64
5. FMI in vitro, in vivo and clinical
studies

FMI is a powerful technique used to detect and quantify bio-
logical processes for various diseases at the molecular and
cellular levels in vitro, in vivo and in clinical contexts (Table 3).
Fluorescent markers can be labelled to specic proteins,
organelles or cellular structures, allowing the visualization of
cellular processes like apoptosis, proliferation or migration.
Moreover, uorescent assays are employed to evaluate the effi-
cacy of drugs on cultured cells, protein–protein interactions,
biodistribution of nanoparticles, gene expression studies and
monitoring changes in uorescence intensity or localization. A
recent study by Luo et al. developed a dual-channel uorescent
probe for precise identication of senescent cells via simulta-
neous detection of b-galactosidase (b-gal) and a-L-fucosidase
(AFU), two biomarker markers that are elevated in senescent
cells. Luo and co-workers successfully designed a uorescent
probe HDQ-NA-AFUGal for precise imaging of cellular senes-
cence associated with b-gal and AFU enzymes. The presence of
b-gal and AFU was conrmed by this dual-response uorescent,
which emitted strong uorescence signals at 740 nm (red) and
550 nm (green), respectively, enabling denite identication of
b-gal and AFU without overlapping detection of both enzymes.
This dual-channel probe exclusively differentiated between
normal and senescent cells based on the high expression of b-
gal or AFU, as demonstrated by human hepatoma cells
(HepG2 cells), Ovcar-3 cells, andmouse breast 4T1 tumour cells.
Moreover, the probe can be used as an effective alternative for
tracing b-gal and AFU during tumour senescence in mice,
making it a promising tool in biomedical research and clinical
medicine.110 Another recent study by Williams et al. shows that
they used a two-colour diffuse in vivo ow cytometry (DiFC)
system to detect circulating cells that express two distinct
© 2025 The Author(s). Published by the Royal Society of Chemistry
uorescent proteins of the tumor. They found that GFP or
tdTomato as two-colour DiFC can detect two populations of
circulating tumor cells (CTCs) and CTC clusters (CTCCs)
concurrently. Additionally, this instrument could allow study of
tumor development and response to therapies for different sub-
populations in the same animal.111 Furthermore, Hama and
colleagues developed a novel activatable uorophore to improve
MI in peritoneal ovarian metastases and discovered that self-
quenching avidin-rhodamine X (Av-ROX), which binds to lec-
tin on cancer cells, is triggered aer endocytosis and destruc-
tion in the lysosomes. Using this strategy in a mouse model of
peritoneal ovarian metastases provides a generalizable and
extremely sensitive means of detecting cancer microfoci in vivo
for surgical and endoscopic treatments. Hence, they conrmed
that the sensitivity and specicity of Av-3ROX for detecting
ovarian cancer are less than 0.8 mm and 98%, respectively.112

Moreover, the surface of silica nanoparticles can be altered in
several ways by linking various functional groups and could be
utilized as a uorescent agent. For instance, based on the Wang
et al. study, silica particles exhibit enhanced uorescence when
they are bonded to aggregation-induced emission (AIE) dyes via
non-covalent interactions. Together with the AIE dyes, aptamer-
linked functionalized particles have a high degree of selectivity
in targeting MCF 7 cells, and uorescence is produced when
NPs aggregate in that area. This strategy can eliminate confu-
sion and false positive results.113 Another investigation showed
that QDs CdTe/CdS/ZnS highly functionalized with mPEG
(methoxy PEG) demonstrated a signicant reduction in ZnS
deposition, an improvement in colloidal stability appropriate
for curing solid tumors, and an enhanced binding affinity with
a little 3% drop in uorescence. Therefore, through confocal
imaging, cellular connections were readily visible as a result of
increased binding affinity.114 It is reported that porphyrin not
only can be employed in photodynamic therapy as a photosen-
sitizer but also could be used as a uorescent agent in FI.
However, Secret et al. demonstrated that NPs coupled to
photosensitizers such as porphyrin via covalent bonds can also
perform Two Photon Excitation (TPE) by transferring energy to
the porphyrin aer stimulating the silica particle. Conse-
quently, TPE enables deeper imaging, and silica particles con-
taining mannose moieties aid in locating the targeted cells.115

Zwitterion ligands attached to quantum dots are another
nanostructure that has been used by Tasso and colleagues in
cellular imaging. They found out that in both live and xed
cells, these QD nanobioconjugates exhibit a high selectivity for
internal and extracellular targets. Therefore, the dithiol/
zwitterion QD-protein A nanoconjugates have the latent
potential to develop into a commercially available tool that will
help answer unanswered biological issues.116 Studies by Ag et al.
developed a water-soluble thioglycolic acid TGA-capped CdTe/
CdS quantum dots (TGA-QDs) conjugated to anti-human
epidermal growth factor receptor 2 (HER2) antibodies to
target HER2-overexpressing cancer cells. Ag and colleagues re-
ported that antibody-conjugated to TGA-QDs showed increased
uorescence signals in cells overexpressing HER2 compared
cells not expressing this receptor, showing great potential for
targeted cellular imaging studies (see Fig. 4 and 5).117 Liang et al.
RSC Adv., 2025, 15, 22267–22284 | 22273
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Table 3 Some in vitro, in vivo and clinical studies are summarizeda

Fluorescence material or complex
Type of study
(in vitro, in vivo and clinical) Type of tumor or cell line References

Green FP (GFP) or tdTomato In vitro and in vivo MM.1S cells and 4T1 cells 111
Avidin-rhodamine X (Av-ROX) In vitro and in vivo Peritoneal ovarian metastases (SHIN3) 112
Aptamer and AIE linked slica NPs (Apt-AIE slica
NPs)

In vitro and in vivo MCF 7 cells 113

Methoxy PEG attached to quantum dots In vitro A549 cell lines 114
Porphyrin In vitro MCF-7 human breast cancer cells 115
Zwitter ion ligands attached to quantum dots In vitro and in vivo HeLa cells 116
N-CDots In vitro 3T3 and HepG2 cells 118
Multiple layers of tryphtophan is attached to
AuNPs

In vitro Escherichia coli cells 119

NOTA In vitro and in vivo Prostate and breast 120 and
121

CRANAD-164 In vitro and in vivo Liver and serum samples 122
P-Cy In vitro and in vivo A549 123
Probe ZHJ-X In vitro MCF-7 cells, HL60 cells and zebrash 124
ALA-PpIX and ICG In vivo Glioma 125
ICG Clinical Penile cancer lymph 126
Alexa Fluor 647 and Cy3B In vitro and in vivo LNCaP cell line 127
64Cu-BMV101/ABP BMV109 In vitro and in vivo Macrophages cells and cardiovascular

system
128

Cetuximab-800CW Clinical trial Oral cancer 129
EGFR-FITC-SiO2-NPs in vitro and in vivo Head and neck 130
MHI-148 in vitro and in vivo Lung cancer 46
B7-H3-ICG agent in vitro and in vivo Breast cancer 131
Cell immunoglobulin domain and mucin domain
3 – IRDye-800CW (TIM3-800CW)

In vivo Glioblastoma 132

CRANAD-102-AbOs In vitro and in vivo Alzheimers disease (AD)

a AIE, aggregation-induced emission; N-Cdots, N-doped carbon dots; ALA-PpIX 5-aminolevulinic acid-protoporphyrin (IX); MHI-148, near-infrared
heptamethine cyanine dye; EGFR, human epidermal growth factor receptor; SiO2, silica; ICG, indocyanine green; B7-H3, B7 homolog 3 protein.
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reported that nitrogen-rich carbon dots (N-CDots), besides
demonstrating low toxicity in 3T3 and HepG2 cells, also could
be used for imaging living cells because of their brilliant FI in
Fig. 4 Fluorescence microscopy imaging of A549 cells. Cells were trea
control nuclei staining with DAPI (blue). Cells were treated with TGA-QD
DAPI. Anti-HER2 TGA-QDs showed a high binding affinity for A549 cells,
with permission from Elsevier, copyright 2014.

22274 | RSC Adv., 2025, 15, 22267–22284
blue to red. These ndings showed that N-CDots, one type of
precise probe, can be employed in a number of contexts,
including environments and in vitro imaging.118 Multiple layers
ted with TGA-QDs (green) for 2 h at 37 °C, (A) overlap of two images,
s for 2 h at 4 °C, (B) overlap of two images, control nuclei staining with
which resulted in strong fluorescent signals. Reproduced from ref. 117

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fluorescence microscopy images of NIH-3T3. (A) Cells were treated with TGA-QDs/anti-HER2 for 2 h at 37 °C, (B) overlap of two images,
control nuclei staining with DAPI. Anti-HER2 TGA-QDs showed poor binding affinity for NIH-3T3 cells, as demonstrated by low fluorescence
signals compared to those in A549 cells. Reproduced from ref. 117 with permission from Elsevier, copyright 2014.
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of tryptophan attached to AuNPs have been synthesised by
Pajovic et al., which showed that functionalizing AuNPs with
several layers of tryptophan showed different uorescence
characteristics in deep ultraviolet imaging due to tryptophan's
UV absorption and emission. However, the coupling of trypto-
phan amino acid with gold nanoparticles produced biocom-
patible hybrid entities with the ability to absorb and emit
light.119 Furthermore, in several studies dual PET and near-
infrared FI probes have been used as tools for imaging in
oncology. For instance, copper-64 (64Cu) is traditionally the
most popular isotope for systemic monoclonal antibodies
(mAb) imaging. A trastuzumab and an EpCAM application are
notable for imaging metastases of some cancers, such as pros-
tate and breast. The targeting of CD133-expressing U251 glio-
blastomas by use of separately labelled PET (64Cu-
triazacyclononanetriacetic acid (NOTA)) and uorescent (Alexa
Fluor 680, BODIPY) AC133 mAbs allows imaging in the brain
tumors.120,121 A recent study by Yang et al. designed a series of
half-curcumin-based chemiluminescence probes (CRANAD-
123, CRANAD-162, CRANAD-163 and CRANAD-164) for FI in
vitro and in vivo. Their ndings showed that CRANAD-164 could
be used to detect quasi-stable oxidised proteins (QSOP) in vivo
and in patient serum samples. Finally, they suggested that
CRANAD-164 can be used to monitor the increase of QSOP
during ageing.122 Another new uorescent probe was designed
and synthesized by Duan et al. called P-Cy via photo-induced
electron transfer technique to image the cysteine (Cy) level in
vivo. They found that P-Cy has low cytotoxicity, great selectivity,
and good sensitivity for FI of cysteine level in A549 cells in vitro
and in vivo.123 In a similar study, Zhou and co-workers used ZHJ-
X based on cyanobiphenyl (a new uorescent group) to detect
cysteine in live cells such as MCF-7 cells, HL60 cells and
zebrash. Their results illustrated that probe ZHJ-X has a faster
and more effective detection capability and can be utilised for
precise Cys recognition.124 Scorzo et al. used uorescence cry-
otomography to evaluate and compare the 3D spatial distribu-
tions of 5-aminolevulinic acid-protoporphyrin (IX) (ALA-PpIX)
© 2025 The Author(s). Published by the Royal Society of Chemistry
and second-window ICG in a pig brain that has gliomas. They
revealed that there are notable distinctions in spatial distribu-
tions between the two agents signicantly. While ALAPpIX was
more visible in the tumor edge, ICG accumulated inside the
tumor core. Both second-window ICG and ALA-PpIX demon-
strated increased contrast between the tumor and the back-
drop.125 A clinical study by Hora et al. shows that ICG has been
applied in men to identify the sentinel lymph node with penile
cancer, and they noted during video endoscopic inguinal lymph
node dissection (VEILND), the sentinel lymph node is more
visible when using a uorescence infrared picture with ICG dye.
Even though the ICG dose of 2.5 (5) mg diluted in 1 ml can be
administered preoperatively in the supercial area, 16.7% of
them have an inexplicable failure of ICG marking.126 Kwon et al.
synthesised a dual probe from Alexa Fluor 647 and Cy3B for FI
of prostate cancer (prostate-specic membrane antigen or
PSMA) margin assessment. This dual probe caused a signicant
contrast difference between the PSMA-positive tumors and their
surrounding normal tissues (muscle, adipose, and prostate),
which was revealed by the ratiometric dual probe difference
specimen imaging (DDSI) technique.127 In another study, dual-
modality activity-based probes (64Cu-BMV101 and ABP
BMV109) were used as MI agents for vascular inammation.
Mouse models of atherosclerosis showed that activity-based
probes (ABPs) that target cysteine cathepsins can be utilised
to noninvasively image active macrophage populations using
both optical and PET/CT techniques. Similar particular label-
ling of active macrophage populations can be seen when the
probes are applied topically to human carotid plaques. More-
over, uorescence molecular tomography (FMT) was used to
noninvasively examine the mice two weeks following surgery at
an excitation/emission wavelength of 680/700 nm.128 EGFR-
targeted FMI for assessment of cancer has been reported in
a few clinical trials. For example, Wit et al. employed cetuximab-
800CW in oral cancer for intraoperative margin assessment in
65 patients with 66 tumors. Data showed uorescent spots
identied in the surgical margin with 100% sensitivity, 85.9%
RSC Adv., 2025, 15, 22267–22284 | 22275
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Fig. 6 Intraoperative ICG fluorescence imaging of a hepatoblastoma nodule not visualised on preoperative CT scan. (A) Preoperative CT scan
showing no sign of the nodule (B) the same nodule clearly visualized under ICG/NIR fluorescence during surgery (C) gross pathological specimen
of the resected nodule, confirming hepatoblastoma adapted from 135 under the terms of the Creative Commons CC BY 4.0 license (D) chemical
structure of ICG.
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specicity, 58.3% positive predictive value and 100% negative
predictive value.129 Another study revealed that silica NPs
modied with the uorescence stain uorescein isocyanate
(FITC) can be used for particle detection and with EGFR tar-
geting antibodies (EGFR-FITC-SiO2-NPs) for enhanced tumor
specicity.130 It is reported that MHI-148 dye can penetrate the
cytoplasmic membrane of lung cancer cells and stain tumor
cells 1 h aer injection in vivo.46 Wilson et al. used anti-B7-H3-
antibody-ICG as a dual contrast agent in breast cancer. They
concluded that the B7-H3-ICG agent can assess the disease
status of tissues with high diagnostic accuracy, intraoperatively
with high resolution, sensitivity and specicity.131 Zhang et al.
used the TIM3-800CW probe for FI to detect checkpoint inhib-
itor protein in glioblastoma in C57BL/6 mice. They observed
that TIM3-800CW can emit a signal at 800 nm from the
checkpoint inhibitor protein (TIM3 expression).132 The most
recent study by Liu et al. shows that FI can be useful to diagnose
Alzheimer's disease (AD). They used the CRANAD-102-AbOs02-
AbOsobe to target amyloid-b oligomers (AbOs) protein, crucial
toxic proteins in early AD, and in vitro and in vivo imaging
depicted that the CRANAD-102-AbOs probe has a high affinity
for AbOs, emission in the near-infrared region, good biocom-
patibility and a valuable NIRF probe for early detection of AD
and a useful tool to follow up AD pathological mechanisms.133

A study performed by Feng and colleagues investigated the
safety and practicality of indocyanine green (ICG) uorescence
imaging during paediatric cancer surgeries. Their study
involved 7 patients (which entailed 4 cases of Wilms tumours, 1
malignant rhabdoid tumour and 2 renal cell carcinomas); they
noted that administering IGG intravenously (at doses ranging
from 2.5 to 5 mg) allowed tumour visualisation in 6 out of 7
cases. The tumours showed different uorescence patterns:
Wilms tumours and renal cell carcinomas were hypouor-
escent, while the malignant rhabdoid tumours were hyper-
uorescent. ICG was also found to be effective in 3 patients.
Importantly, it did not cause any unwanted complications.
22276 | RSC Adv., 2025, 15, 22267–22284
However, some limitations were noted, such as compromised
visualisation when tumours were adhered to surrounding
tissues or aer preoperative renal artery embolisation. Feng and
colleagues concluded that ICG guidance can enhance nephron-
sparing surgery and lymph node resections in children, but it
remains imperative to optimise the dosing and surgical
techniques.134

Another study conducted by Cho et al. demonstrated that
intraoperative ICG uorescence imaging (0.3 mg kg−1 IV, 24–48
hours prior to surgery) substantially improved the intra-
operative identication and excision of paediatric hepato-
blastoma. ICG identied tumours that were missed by CT scans
before surgery on 22 occasions in 17 patients (Fig. 6), achieved
a median safety margin of 6 mm, and allowed resection of lung
metastases and vascular reconstruction in liver transplants.
Major drawbacks were false positives in 8/22 lesions (e.g.,
benign nodules less than 10 mm) and inability to visualise
tumours larger than 10 mm deep.135
6. Comparison sensitivity and
specificity of FI with other modalities

FI, PET and SPECT are important techniques in molecular
imaging, each with its own advantages and limitations in terms
of image resolution, sensitivity and specicity. FI has been
under extensive investigation due to its high sensitivity, speci-
city (ability to selectively label molecules and structures of
interest) and simplicity, as well as its high spatial resolution,
which facilitates the intricate visualisation of cellular and
subcellular structures. Furthermore, FI allows for real-time
monitoring abilities whereby biological processes such as
cellular differentiation, migration and interaction with
surrounding tissue can be captured at the moment.136,137

FI has shown high sensitivity, particularly in detecting
supercial lesions depending on the application and dye
used.138–140 Therefore, it is only applicable for supercial
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 FI has been compared with PET and SPECT in MI

Aspect FI PET imaging SPECT Reference

Sensitivity High, especially for small-
scale or surface targets

Very high, especially for deep
tissue and low
concentrations

Moderate to high, sensitive
to large-scale processes

151–156

Specicity High, with selective probes
but prone to background
noise

Moderate to high,
depending on the
radiotracer. Off-target
binding possible

High, with appropriate
radiotracers

143, 144, 149 and 157

Resolution High spatial resolution,
limited by tissue depth

Lower spatial resolution
compared to uorescent
imaging

Lower (millimeter scale) 158–162

Depth of penetration Supercial target (limited by
tissue scattering and
absorption)

Excellent depth penetration,
suitable for full-body
imaging

Deep (penetrates through
tissues)

163, 164 and 165

Quantication Quantication of FI is very
difficult due to noise

Can provide quantitative
functional data

Can provide quantitative
functional data

150 and 166–169

Clinical use Primarily in preclinical
research

Widely used in clinical
settings (oncology,
cardiology, neurology)

Clinical (functional imaging,
diagnostics)

149,170 and 171

Limitations Limited tissue penetration,
autouorescence

Lower spatial resolution,
radiation exposure and
expensive

Lower spatial resolution,
radiation exposure

170,172 and 173
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imaging (up to 1 cm),141,142 which has propelled the investiga-
tion of probes that have a superior tissue penetration depth.
Emile and colleagues investigated the overall sensitivity and
specicity of indocyanine green (ICG) near-infrared (NIR) uo-
rescence in sentinel lymph node (SLN) detection in colorectal
cancer (CRC). The studies noted that the median sensitivity,
specicity, and accuracy rates were 73.7, 100, and 75.7. The
pooled sensitivity and specicity rates were 71% and 84.6%.
This suggests that ICG-NIR uorescence is a promising tech-
nique for detecting SLNs in CRC.143

PET is a nuclear medicine imaging technique that uses
radioactive tracers for early detection and treatment follow-up
of many diseases, including cancer.144 PET is highly sensitive
and is capable of detecting extremely low concentrations of
tracers (femtomolar range). However, its specicity hinges on
the type of tracer used. This technique allows for whole quan-
titative imaging, making it an indispensable tool in oncology,
cardiology and neurology. Risks associated with contrast
administration, such as potential anaphylaxis and contrast-
induced nephropathy, accompany PET. However, the radio-
tracers used generally have insignicant side effects.144–146

SPECT is another widely used nuclear imaging technique that
provides three-dimensional information about the functional
and molecular processes within the patient's body and is less
expensive and more readily available compared to PET.147,148 Its
sensitivity and specicity main depend on the application. For
example, SPECT has shown an 82% sensitivity and a 76%
specicity in myocardial perfusion testing for the diagnosis of
coronary artery disease. Furthermore, the annual risk of adverse
cardiac events is less than 1% for patients with normal
myocardial SPECT imaging. When it comes to brain imaging for
Alzheimer's disease diagnosis, SPECT has a 92% sensitivity,
100% specicity, 92% positive predictive value, and 57% nega-
tive predictive value.149 However, SPECT generally exhibits lower
© 2025 The Author(s). Published by the Royal Society of Chemistry
spatial resolution compared to FI and PET. Moreover, attenua-
tion and scatter corrections continue to pose signicant chal-
lenges in achieving precise quantitative outcomes with
SPECT.150 Here in Table 4, based on the reviewed data, a brief
comparison of FI with PET and SPECT has been performed.
7. Novel technologies and
interdisciplinary applications in FI

To improve sensitivity, specicity, resolution, penetration depth
and clinical practicality, researchers are diving into new tools
that could really enhance the overall efficiency of FMI.174,175

Recent advancements have led to the development of smart
nanoprobes, carbon dots (CDs) in particular. They have gained
a lot of attention lately due to their remarkable versatility and
impressive optical properties, such as adjustable emission
wavelengths, high quantum yield and excellent photostability.
CDs are ideal for various applications including biomedical
imaging due to many advantages ranging from biocompati-
bility, low toxicity and ease of surface modication.176,177

Furthermore, their tunable optical properties and exceptional
sensitivity allow them to serve as uorescent probes for
detecting pH, heavy metal ions and other analytes.176,178 Various
studies have used green uorescence CDs and a related probe
with uorescence activation to visualise and detect cancer.179,180

CDs were coated with folic acid to selectively capture images of
cancers. With turn-on uorescence, the probe distinguishes
cells that were positive for the folate receptor (FR). In another
study, folic acid-conjugated uorescent CDs were synthesised to
exclusively bind to FR. With FR, these CDs were able to differ-
entiate between healthy cells and A549 adenocarcinoma human
basal epithelial cancer cells and displayed notable biocompat-
ibility.181 Two-dimensional (2-D) materials such as graphene
RSC Adv., 2025, 15, 22267–22284 | 22277
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oxide or transition metal dichalcogenides are used to alter
uorescent quenching and recovery in biosensing, which is
attributed to their unique electronic properties. Organic uo-
rophores, such as BODIPY, are functionalised with these
materials to enhance sensitivity and photostability.182–185

In recent years, DNA origami-enabled optical biosensors
have gained popularity in biological applications, particularly in
sensing and imaging. This technology can offer a predictable,
programmable and addressable nanoscale scaffold for the
precise assembly of various kinds of molecules, such as uo-
rophores and targeting moieties, to actively identify and quan-
tify biomarkers and microenvironmental alterations at the
single-molecule level. DNA origami biosensors offer an
impressive single-molecule resolution and a high signal-to-
noise ratio, underscoring them as excellent alternatives to
conventional analytical methods.186–188 There has been signi-
cant progress in circumventing limitation posed by traditional
uorescence, primarily poor penetration depth and scattering.
TTA-UC is highly promising as far as this is concerned since
photon upconversion leverages high-energy excited states from
low-energy photons.189,190 Such photons, particularly in the red
and near-infrared wavelength ranges, can penetrate tissue more
deeply and experience less competitive absorption in coloured
reaction media, thereby enhancing the efficiency of large-scale
reactions and in vivo phototherapy.190 TTA-UC, in particular,
demonstrates high upconversion efficiencies, requiring low
excitation power densities and featuring tunable absorption
and emission wavelengths. Consequently, this facilitates high-
resolution imaging in deep-seated tissues without the need
for high-power pulsated lasers, thus minimising unwanted
phototoxic effects.190–192 In addition to this, time-gated (TGI)
techniques effectively attenuate short-lived autouorescence
and scattered light by exclusively detecting the long-lived
emission of specic lanthanide-based probes or phosphores-
cent molecules.193,194 This not only optimises the signal-to-
background ratio (SBR) at depth but also allows for visualiza-
tion of targets embedded within convectional continuous wave
imaging. The combination of these techniques could transform
non-invasive deep-tissue FMI.193,195–198 Articial intelligence (AI)
has shown signicant promise in biomedical research, partic-
ularly in imaging. The incorporation of AI, such as machine
learning algorithms helps to enhance uorescence imaging and
is poised to improve image quality by reducing noise in low-
light FMI data, maintaining the biological information.199–201

Furthermore, super-resolution imaging has the capability to
resolve objects below the classical diffraction limit of optical
resolution.202 Its integration of AI not only improves image
quality but also opens up new avenues for innovative imaging
techniques for advanced microscopy. This technique uses AI
algorithms, such as deep learning models like Convolutional
Neural Networks (CNNs) and Generative Adversarial Networks
(GANs), able to reconstruct and enhance image resolution in
uorescence microscopy.203–206 FMI is widely used in a variety of
scientic disciplines due to its versatility. FMI probes allow for
real-time imaging of neurotransmitter action with exceptional
resolution in neuroscience, as demonstrated by genetically
encoded dopamine sensors combined with enhanced GFP
22278 | RSC Adv., 2025, 15, 22267–22284
variants, which allow for the imaging of chemical signalling in
live neural circuits.207–209

With immunotherapy, the combination of organic small-
molecule uorescent probes with immune system-related
molecules (enzymes/small-molecules), it is possible to visu-
alize the activation status of relevant immune cells during
abnormal immune processes, thus allowing timely adjustments
to the immunotherapy regimen and improving the efficacy of
immunotherapy.210 Despite signicant progress in preoperative
workup and surgical planning, surgeons oen rely on their eyes
during surgical excision procedures. This can be arduous in
some patients, which calls for intraoperative guidance. NIR
uorescence has been highly recommended to guide surgeons
during surgery. Therefore, uorescent-guided surgery can allow
for real-time imaging during an operation.211,212 For instance,
ICG is a widely used uorophore owing to its good safety prole,
which has led to utility in executing dedicated intraoperative
imaging systems that allow blood ow measurements during
cardiac and transplantation surgery.213 Lastly, FI probes such as
quantum dots can be used in other elds such as agriculture
and environmental science, whereby they are conjugated to
targeting moieties to actively identify and detect pollutants and
certain microbes affecting crops.214,215

8. Conclusion and prospective view

This review examines recent advances in uorescent materials
for FMI, focusing primarily on innovative approaches in probe
modelling, clinical utility, and imaging technologies. We high-
lighted signicant progress in the development of cutting-edge
materials, such as BODIPY derivatives, to facilitate active-
targeted cancer imaging, NIR dyes (e.g., MHI-148) endowed
with tumour specicity, and TTA-UC nanoparticles for reaching
deep-seated tissues. Collectively, these innovations address
major limitations of traditional uorescent materials, speci-
cally relating to poor photostability, sensitivity, and biocom-
patibility. We further examined signicant efforts made to
enhance outcomes in clinical and preclinical studies, which
involved the application of ICG-guided sentinel lymph node
mapping and activatable probes like Av-ROX to track metas-
tasis, as well as combinatorial strategies of PET/NIR agents for
oncology. Furthermore, we mentioned new technologies such
as DNA origami biosensors, AI-driven imaging analysis, and
time-gated imaging, which will revolutionise imaging, in terms
of resolution, quantication, and noise reduction. In this
review, the comparison of FMI versus modalities like PET and
SPECT warrants the need to optimise multimodal integration
and clinical translation.

Fluorescence materials and uorescence imaging have
become pivotal in molecular imaging, offering high-resolution,
real-time and non-invasive insights into biological processes.
Key advantages of uorescence imaging include its sensitivity,
versatility and the ability to track dynamic processes in living
organisms with minimal tissue disruption. The development of
advanced uorescent materials such as quantum dots, organic
uorophores, and uorogenic probes has been signicantly
improved and led to promoting the specicity and sensitivity of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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uorescence imaging as a powerful tool for diagnosing and
monitoring diseases.

So far, the ndings show that the last challenges of FI can be
categorized into technical, biological and material-related
concerns. For instance, signal-to-noise ratio (SNR) is crucial for
obtaining high-quality images, but the uorescence signal can be
weak, especially when imaging deep tissues. This oen results in
low-resolution or noisy images. Another limitation is photo-
bleaching, where the uorophores lose their ability to emit light
aer prolonged exposure to excitation light, which is a major
issue in long-term imaging. Moreover, repeated cycles of uo-
rescence exposure can also degrade uorophores, limiting the
duration of imaging experiments. Fluorescence signals are oen
weakly detected from deep tissues due to scattering and absorp-
tion of light by the tissue. Consequently, this limits the imaging to
supercial regions or requires the use of advanced techniques
(like multiphoton microscopy), which may have limitations in
terms of resolution or complexity. Many tissues and biological
structures exhibit autouorescence when exposed to UV light,
which overlaps with the uorescence of the target uorophores.
This contamination can make it difficult to distinguish the signal
from the background, especially in tissues like the brain or liver.
Deep-tissue imaging requires highly sensitive detectors and
improved optical methods. Achieving high-resolution 3D imaging
at greater depths is challenging, especially with conventional
uorescence microscopy, which is typically limited to imaging at
surface or sub-surface levels. Despite the progress in uorescent
probe development, there is still a lack of ideal uorescence
materials for many specic imaging needs. Fluorophores with
desirable properties, like high brightness, long emission wave-
lengths (for deep tissue penetration), high photostability, and
minimal toxicity, are oen hard to design and produce, limiting
their practical use in molecular imaging. Developing uorescent
probes that can specically target desiredmolecules or cells (such
as cancer cells or specic receptors) without affecting
surrounding tissues is a major challenge. Non-specic binding or
the inability to precisely target biomarkers can lead to false
signals or misinterpretation of data. Many uorescent materials,
particularly those based on heavy metals (like quantum dots),
have concerns regarding their toxicity or potential long-term
effects on living systems. There is a constant need for the devel-
opment of biocompatible uorophores that can be safely used in
vivo over extended periods. FMI oen lacks quantitative accuracy
due to variations in tissue scattering, uorophore distribution
and background noise. Achieving reliable, reproducible
measurements of uorophore concentration in tissues remains
difficult. Real-time, longitudinal monitoring of disease progres-
sion or therapeutic response using uorescence imaging is
limited by the above challenges, including depth resolution,
tissue penetration, and uorophore stability. For example, it can
be difficult to track the exact distribution of a uorescent probe
over time in vivo without signicant interference from the body's
own uorescence or scattering.

In the future, more emphasis should be placed on devel-
oping highly reproducible functionalization procedures and
incorporating diverse nanoprobes to improve molecular
imaging, which can provide validated clinical applicability. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
functionalization of many molecules should be attempted in
a single process using a common ligand/attaching chemical
compound. Furthermore, the integration of nanotechnology
with uorescence materials promises more efficient, targeted
and biocompatible imaging agents. Nanoparticles like quantum
dots and metal nanoclusters are expected to become more
widely used due to their tunable optical properties and potential
for multimodal imaging. Additionally, the development of
activatable uorescent probes, which become uorescent only
in the presence of specic biological conditions, will enhance
the selectivity and reduce background interference. Moreover,
while uorescence imaging has traditionally been limited by
tissue depth due to scattering and absorption, innovations such
as enhanced uorescent probes and improved optical tech-
niques (e.g., tissue clearing and multi-photon microscopy) are
expected to extend its capabilities to deeper tissues, facilitating
non-invasive imaging of whole organisms and complex
anatomical regions. When dealing with lighting issues,
employing a visible light source that does not contain 840 nm or
longer wavelengths can be the ideal answer. One approach is to
use a short-wavelength pass lter, which removes long wave-
lengths from a typical headlight system. Surgical lighting
systems are increasingly switching from halogen lights to light-
emitting diodes (LEDs) due to their longer life, lower energy
usage, and lower heat emission. LEDs produce light with a very
limited range of wavelengths; thus, it is theoretically possible to
create a surgical illumination system utilising LEDs that does
not interfere with uorescence imaging. Finally, combining
uorescence imaging with other modalities (e.g., MRI, PET, CT)
to provide comprehensive information is still challenging.
Multimodal imaging techniques require advanced hardware
and soware that can accurately integrate the data from
multiple imaging systems, and issues such as registration
accuracy and data fusion still need to be improved. Moreover,
the combination of articial intelligence (AI) with uorescence
imaging will revolutionize data analysis, providing more accu-
rate interpretations of imaging results. Automated image
segmentation, quantication and pattern recognition will
accelerate the process of diagnostics, offering personalized
treatment strategies.
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Mater., 2018, 30, 1705913.

89 L. T. Rosenblum, N. Kosaka, M. Mitsunaga, P. L. Choyke
and H. Kobayashi, Contrast Media Mol. Imaging, 2011, 6,
148–152.

90 Z. Han, L. Ren, L. Chen, M. Luo, H. Pan, C. Li and J. Chen, J.
Alloys Compd., 2017, 699, 216–221.

91 S. Omelon, J. Georgiou and W. Habraken, Biochem. Soc.
Trans., 2016, 44, 46–49.

92 A. K. Estandarte, S. Botchway, C. Lynch, M. Yusuf and
I. Robinson, Sci. Rep., 2016, 6, 31417.

93 L. C. Crowley, A. P. Scott, B. J. Marfell, J. A. Boughaba,
G. Chojnowski and N. J. Waterhouse, Cold Spring Harb.
Protoc., 2016, 7, DOI: 10.1101/pdb.prot087163.

94 M. Nakamura, A. Awaad, K. Hayashi, K. Ochiai and
K. Ishimura, Chem. Mater., 2012, 24, 3772–3779.

95 H. H. Cui, J. G. Valdez, J. A. Steinkamp and H. A. Crissman,
Cytometry, Part A, 2003, 52A, 46–55.

96 A. Samanta, B. K. Paul and N. Guchhait, J. Photochem.
Photobiol., B, 2012, 109, 58–67.

97 H.Wang, S. Zhang, X. Tian, C. Liu, L. Zhang, W. Hu, Y. Shao
and L. Li, Sci. Rep., 2016, 6, 34367.

98 L. C. Estrada, M. J. Roberti, S. Simoncelli, V. Levi,
P. F. Aramend́ıa and O. E. Mart́ınez, J. Phys. Chem. B,
2012, 116, 2306–2313.

99 M. Zhou, C. Zeng, Q. Li, T. Higaki and R. Jin, Nanomaterials,
2019, 9, 933.

100 K. Nienhaus and G. Ulrich Nienhaus, RSC Chem. Biol., 2021,
2, 796–814.

101 C. L. Walker, K. A. Lukyanov, I. V. Yampolsky, A. S. Mishin,
A. S. Bommarius, A. M. Duraj-Thatte, B. Azizi, L. M. Tolbert
and K. M. Solntsev, Curr. Opin. Chem. Biol., 2015, 27, 64–74.

102 N. G. Bozhanova, M. S. Baranov, N. S. Baleeva,
A. S. Gavrikov and A. S. Mishin, Int. J. Mol. Sci., 2018, 19,
3778.

103 A. V. Mamontova, I. D. Solovyev, A. P. Savitsky,
A. N. Shakhov, K. A. Lukyanov and A. M. Bogdanov, Sci.
Rep., 2018, 8, 13224.

104 M. Ormö, A. B. Cubitt, K. Kallio, L. A. Gross, R. Y. Tsien and
S. J. Remington, Science, 1996, 273, 1392–1395.

105 K. Joron, J. O. Viegas, L. Haas-Neill, S. Bier, P. Drori, S. Dvir,
P. S. L. Lim, S. Rauscher, E. Meshorer and E. Lerner, Nat.
Commun., 2023, 14, 4885.

106 R. Feng, G. Li, C.-N. Ko, Z. Zhang, J.-B. Wan and
Q.-W. Zhang, Small Struct., 2023, 4, 2200131.

107 D. Shcherbo, E. Merzlyak, T. Chepurnykh, A. Fradkov,
G. Ermakova, E. Solovieva, K. Lukyanov, E. Bogdanova,
A. Zaraisky, S. Lukyanov and D. Chudakov, Nat. Methods,
2007, 4, 741–746.
22282 | RSC Adv., 2025, 15, 22267–22284
108 D. Shcherbo, I. I. Shemiakina, A. V. Ryabova, K. E. Luker,
B. T. Schmidt, E. A. Souslova, T. V. Gorodnicheva,
L. Strukova, K. M. Shidlovskiy, O. V. Britanova,
A. G. Zaraysky, K. A. Lukyanov, V. B. Loschenov,
G. D. Luker and D. M. Chudakov, Nat. Methods, 2010, 7,
827–829.

109 J. Wei, X. Guo, Y. Wang, Y. Zhang, W. Zhao, S. Han, C. Liu,
X. Yang and W. Liang, Front. Med., 2024, 11, 1461520.

110 X. Luo, E. Hu, F. Deng, C. Zhang and Y. Xian, Chem. Sci.,
2025, 16(15), 6507–6514.

111 A. L. Williams, A. V. Scorzo, R. R. Strawbridge, S. C. Davis
and M. Niedre, JBO, 2024, 29, 065003.

112 Y. Hama, Y. Urano, Y. Koyama, M. Kamiya, M. Bernardo,
R. S. Paik, I. S. Shin, C. H. Paik, P. L. Choyke and
H. Kobayashi, Cancer Res., 2007, 67, 2791–2799.

113 X. Wang, P. Song, L. Peng, A. Tong and Y. Xiang, ACS Appl.
Mater. Interfaces, 2016, 8, 609–616.

114 M. Ulusoy, R. Jonczyk, J.-G. Walter, S. Springer,
A. Lavrentieva, F. Stahl, M. Green and T. Scheper,
Bioconjugate Chem., 2016, 27, 414–426.

115 E. Secret, M. Maynadier, A. Gallud, A. Chaix, E. Bouffard,
M. Gary-Bobo, N. Marcotte, O. Mongin, K. El Cheikh,
V. Hugues, M. Auffan, C. Frochot, A. Morère, P. Maillard,
M. Blanchard-Desce, M. J. Sailor, M. Garcia, J.-O. Durand
and F. Cunin, Adv. Mater., 2014, 26, 7643–7648.

116 M. Tasso, M. K. Singh, E. Giovanelli, A. Fragola, V. Loriette,
M. Regairaz, F. Dautry, F. Treussart, Z. Lenkei, N. Lequeux
and T. Pons, ACS Appl. Mater. Interfaces, 2015, 7, 26904–
26913.

117 D. Ag, R. Bongartz, L. E. Dogan, M. Seleci, J.-G. Walter,
D. O. Demirkol, F. Stahl, S. Ozcelik, S. Timur and
T. Scheper, Colloids Surf., B, 2014, 114, 96–103.

118 Y. Liang, Y. Liu, S. Li, B. Lu, C. Liu, H. Yang, X. Ren and
Y. Hou, Opt. Mater., 2019, 89, 92–99.
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