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Fluorescence-based point-of-care (POC) technologies are rapidly evolving through advances in
materials chemistry. This review provides a comprehensive overview of fluorescent molecular probes,
proteins, hybrid nanostructures, metal—organic frameworks, silica platforms, carbon dots, and upconverting
nanoparticles engineered for portable diagnostics. We highlight fundamental photophysical mechanisms,
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design strategies for improving brightness, stability, and multiplexing, and the integration of fluorescent
materials with microfluidics, wearable interfaces, and smartphone readouts. Current limitations, translational
DOI: 10.1039/d5tc04199f challenges, and emerging trends, including Al-enabled data analysis and next-generation NIR and AIE

fluorophores, are discussed. Together, these insights outline how material innovation is driving the next
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1. Introduction

The rapid advancement of medical technologies in recent decades
has caused a significant change in the field of healthcare. Among
these innovations, POC technologies have emerged as valuable
tools for improving diagnostic efficiency, accessibility, and patient
outcomes. Traditionally, medical testing required the collection of
specimens and their transport to laboratories for processing, often
resulting in significant delays between testing and diagnosis." POC
technologies address this limitation by decentralising testing,
allowing clinicians, and in many cases patients themselves, to
obtain results rapidly in clinical settings, or even at home.”

This shift has transformed medical diagnostics by delivering
rapid results in a matter of minutes, which is critical for time-
sensitive conditions and immediate clinical decision-making.>*
Early POC devices included simple tools such as glucometers
and urine pregnancy dipsticks. Over time, advances in micro-
fluidics and Lab-on-Chip (LoC) technologies have expanded the
capabilities of POC devices to detect a wide array of biomarkers,
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generation of high-performance POC sensing systems.

pathogens, and physiological parameters. Among available detec-
tion strategies, fluorescence-based methods offer distinct advan-
tages that make them well-suited for a wide range of diagnostic
applications.” One of the key strengths of fluorescence-based
detection lies in its high sensitivity and specificity, enabling
accurate quantification of diverse analytes in complex biological
samples. These methods are based on the exploitation of fluo-
rescent molecules, or fluorophores, which are capable of emitting
light upon excitation, allowing for the detection and quantifica-
tion of target analytes with a high degree of precision. Addi-
tionally, fluorescence detection boasts a robust signal-to-noise
ratio, rapid response time, and compatibility with miniaturized
devices, further enhancing its appeal for POC applications.® The
improvements in fluorophore design and molecular biology
techniques have facilitated the creation of an array of
fluorescence-based POC assays, encompassing a diverse range
of techniques such as fluorescence resonance energy transfer
(FRET), time-resolved fluorescence (TRF), quantum dot-based
detection, and single-molecule fluorescence.”® Each of these
techniques offers unique advantages; for example, FRET-based
assays excel in detecting protein-protein interactions and monitor-
ing enzymatic activities,'* while quantum dot-based techniques
provide exceptional sensitivity and multiplexing capabilities, allow-
ing for the simultaneous detection of multiple targets."
Integrating fluorescence detection with microfluidic and
LoC systems has significantly expanded the potential of POC
diagnostics."> These miniaturized platforms facilitate the analysis
of multiple samples while minimizing the volume of reagents and
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samples required for testing. Moreover, the development of novel
fluorescent probes, such as upconverting nanoparticles (UCNPs)
and aggregation-induced emission (AIE) fluorophores, has opened
new avenues for enhancing the performance of fluorescence-
based POC assays in terms of sensitivity, specificity, and
stability.”>'* Combining fluorescence detection with other
emerging technologies, such as smartphone-based imaging
and artificial intelligence (Al), has resulted in the development
of user-friendly, cost-effective, and highly accurate POC devices.
Smartphone-based imaging systems can capture and analyse
fluorescence signals, while artificial intelligence algorithms can
interpret the data and provide diagnostic results, enabling
healthcare professionals to make well-informed decisions
regarding patient care.">'® These developments also facilitate
remote monitoring and telemedicine, broadening access to
diagnostic services for underserved and rural populations.

The primary objective of this review is to provide a compre-
hensive and critical overview of fluorescence-based POC tech-
nologies. We discuss the fundamental detection principles,
major technological advances, and broad landscape of current
applications. Particular emphasis is placed on the integration
of fluorescence readout with microfluidic and LoC architec-
tures, which enables rapid, automated, and multiplexed analy-
sis. We then examine the evolution of advanced fluorescent
probes, including quantum dots (QDs), UCNPs, and AIE fluor-
ophores, and their impact on assay sensitivity, specificity, and
operational robustness. Current limitations and practical con-
straints, spanning probe stability, matrix interference, standar-
dization, and device miniaturization, are critically assessed.
Finally, we outline emerging opportunities and future direc-
tions that may drive the next generation of fluorescence-
enabled POC platforms, ultimately aiming to enhance diagnos-
tic performance, patient care, and accessibility across clinical,
environmental, and resource-limited settings.

2. Fluorescence detection techniques

This section provides an overview of fluorescence-based detec-
tion techniques, focusing on the fundamental principles most
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relevant to sensing strategies, material innovation, and integra-
tion into point-of-care (POC) diagnostic platforms.

2.1. Fluorescence spectroscopy

Fluorescence spectroscopy is a powerful analytical technique
that exploits the photophysical properties of fluorescent mole-
cules to detect and quantify target analytes in biological
samples.'””'® Upon optical excitation, fluorophores emit light
at longer wavelengths, enabling efficient separation of excitation
and emission signals and highly sensitive optical readout
(Fig. 1)."°2° The fluorescence response depends on several phy-
sicochemical parameters, including temperature, pH, fluoro-
phore concentration, and interactions with the surrounding
microenvironment.*" These dependencies make fluorescence
spectroscopy particularly attractive for chemical and biological
sensing. Measurements can be performed using steady-state or
time-resolved approaches;”**> however, steady-state fluorescence
is most widely adopted due to its simpler implementation and
suitability for miniaturized and portable POC devices.>™*
Beyond small-molecule fluorophores, fluorescence spectroscopy
increasingly relies on nano- and microparticle-based systems,
fluorescent proteins, and hybrid constructs. In nanoparticle-
based sensors, fluorescent dyes can be incorporated or coupled
to the nanostructure, enabling enhanced brightness, improved
photostability, and resistance to photobleaching.***” Moreover,
the intrinsic optical properties of certain nanomaterials allow
spatially resolved detection using microscopy-based readouts,
which is advantageous for device-integrated sensing applications.

2.1.1. Fluorescence quenching as a sensing mechanism.
Fluorescence quenching is widely exploited for analyte detec-
tion and microenvironmental sensing, as the presence of a
quencher reduces fluorophore emission through well-defined
photophysical mechanisms (Fig. 2).>%*° A representative exam-
ple is the optical sensing of dissolved oxygen using ruthenium-
based organometallic complexes, whose fluorescence is dyna-
mically quenched by molecular oxygen.*** These complexes
can be incorporated into polymeric or sol-gel matrices,
enabling real-time monitoring of oxygen concentration in bio-

logical environments.**"**
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Fig. 1 Jablonski diagram showing excitation, emission and other kinds of transitions of a fluorophore with their associated time scales.
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Fig. 2 Jablonski diagram showing static and dynamic quenching of a
fluorophore. Static quenching as shown is independent of quencher
concentration and occurs due to strong coupling between the fluoro-
phore and quencher before excitation. While in dynamic or collisional
quenching the excited fluorophore weakly interacts with it and makes it
non-fluorescent by non-radiative emission. In dynamic quenching, the
degree of quenching is directly proportional to quencher concentration.

Quenching mechanisms are commonly classified as static or
dynamic. Static quenching occurs when the fluorophore and
quencher form a non-fluorescent complex before the excitation
takes place. In this case, the fluorescence quenching is inde-
pendent of the fluorophore concentration and is described by
the Stern-Volmer equation:*’

Mok ®

where F, and F are the fluorescence intensities in the absence
and presence of the quencher, respectively, [Q] is the quencher
concentration, and Ky, is the Stern-Volmer constant.

Dynamic quenching occurs when the fluorophore and
quencher interact with each other in a collisional encounter.
In this case, the fluorescence quenching is dependent on the
fluorophore concentration and is described by the modified
Stern-Volmer equation:

Fo [Q]
F — 1 + st@ (2)
where [Fy] is the initial fluorophore concentration.

The distinction between static and dynamic quenching is
therefore essential for sensor design, calibration, and interpre-
tation of fluorescence responses in material-integrated sensing
platforms.*¢

2.1.2. Fluorescence nanomaterials and quantum dots. Com-
pared to molecular fluorophores, fluorescent NPs display a differ-
ent behaviour. If the NP fluorescence is due to the presence of
small molecular fluorophores, their binding mode and position on
the nanoparticle could also significantly affect the overall sensitiv-
ity of the resultant nanoparticle sensors towards the analyte that
the molecular fluorophore can detect.’” In the case of semicon-
ducting fluorescent quantum dots (QDs), carbon dots (CDs) and
gold nanoclusters (AuNCs), where the photoluminescence is an

This journal is © The Royal Society of Chemistry 2026

View Article Online

Review

Increasing particle size

s QO

Conduction F—

Band - -
>
g
9] Band gap I I
[
S e

Band —

Non- Red Blue
fluorescent emission emission

Increasing band gap

Fig. 3 Size-dependent change in fluorescence emission for semicon-
ducting QDs. The plot illustrates the relationship between QD size and
emission wavelength, highlighting the inverse correlation between size
and band gap energy. Smaller QDs exhibit a wider band gap, resulting in
higher energy emissions (blue light), while larger QDs show a reduced
band gap and emit lower energy photons (red light). In bulk materials, the
overlapping valence and conduction bands lead to a zero band-gap, and
consequently, no emission.

intrinsic effect due to the quantum confinement effect or surface
defects, the emission can be tailored by optimizing size and
composition.*® A well-established example is the size-dependent
emission shift of CdSe QDs, which allows the generation of
spectrally distinct probes without chemical modification
(Fig. 3).>® These features make fluorescent nanomaterials parti-
cularly attractive for multiplexed sensing and device-integrated
optical detection.

2.2. Fluorescence microscopy

Fluorescence microscopy is an imaging technique widely used to
visualize the spatial distribution and dynamics of biomolecules
in cells and tissues.**™* Its application in diagnostics has
expanded alongside the development of advanced probes and
imaging strategies compatible with live and minimally invasive
measurements.'>**~** Despite its high sensitivity and specificity,
fluorescence microscopy is limited by photobleaching, phototoxi-
city, and diffraction-limited spatial resolution.*® Considerable
efforts have therefore been directed toward improving image
resolution, leading to the development of super-resolution
techniques capable of achieving lateral resolutions in the 20—
50 nm range.

2.2.1. Principles, probes, and optical configurations. Fluores-
cence microscopy relies on selective excitation of fluorescent
probes and spectral separation of emitted light using dichroic
mirrors and optical filters.*******° A wide range of fluorophores,
including synthetic dyes and genetically encoded fluorescent
proteins, can be introduced into samples through direct labelling,
immunofluorescence, or genetic expression.*®° Different optical
configurations are employed”” depending on the application,
including widefield epifluorescence, confocal, multiphoton,
and super-resolution microscopy.>'~>* These platforms support
both qualitative imaging and quantitative, imaging-based sen-
sing approaches relevant to diagnostic and device-integrated
applications.
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2.3. Fluorescence lifetime imaging (FLIM)

Fluorescence lifetime imaging (FLIM) is an advanced optical
technique that combines spatial resolution with time-resolved
detection to probe molecular interactions and microenviron-
mental changes beyond intensity-based imaging.”**> By mea-
suring fluorescence decay times, FLIM provides concentration-
independent contrast that is particularly valuable for sensing
applications involving parameters such as pH, viscosity, ion
concentration, and protein-protein interactions.>®>®

In its simplest formulation, the temporal decay of fluores-
cence intensity following pulsed excitation can be described by
a mono-exponential function:

1t) = ae™"

where o is the amplitude of the exponential function and 7 is
the fluorescence lifetime, which is the time the intensity
decreases to o/e.>’

The fluorescence lifetime reflects the average time a fluoro-
phore remains in the excited state and is highly sensitive to its
local molecular environment. As a result, lifetime-based measure-
ments are less affected by variations in fluorophore concentration,
excitation intensity, photobleaching, or uneven illumination com-
pared to intensity-based fluorescence imaging.>”

Fluorescence lifetime can be measured using time-domain
or frequency-domain approaches. In time-domain FLIM, the
samples are excited with short light pulses and the fluorescence
decay is directly recorded, whereas in frequency-domain FLIM,
the excitation light is intensity-modulated and lifetime infor-
mation is extracted from phase shifts in the emitted signal.”®

FLIM implementations range from widefield to scanning
configurations and are compatible with both imaging and non-
imaging modalities, including endoscopic and fiber-based
systems.>”®*®* Owing to its robustness and sensitivity to
biochemical changes, FLIM has found increasing application
in tissue diagnostics and fluorescence-guided procedures,
where lifetime contrast enables non-invasive or minimally
invasive characterization of biological tissues.®!

3. Fluorescent probes and labels

Fluorescent probes have been extensively employed not only for
sensing, as optical imaging tools, but also for therapy as optical
contrast agents or phototherapy agents. Fluorescent molecular
probes and labels are made up of two components: a reporter
and a recognition unit. The fluorophore, which works as a
reporter, emits light upon excitation, while the recognition unit
selectively recognizes the given molecular process or targets of
interest, translating the recognition event in a well-defined
manner into changes of the fluorescence properties of the
reporter.®® Thus, fluorophore reporters are the centerpiece of
each fluorescence molecular probe/label that in turn, repre-
sents the key components underlying the fluorescence-based
POC technologies.

A wide range of probes and labels are available, and the
choice depends on the desired application, detection modality,
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and sample properties (Fig. 4). Fluorescent compounds can be
generally classified into four categories considering their molecular
complexity and synthetic methods: small fluorophores made up of
molecules of 20-100 atoms,*® such as organic compounds,®” and
larger fluorophores that include proteins and peptides,®®*”° syn-
thetic oligomers and polymers such as polyfluorenes,”* and poly-
phenylene vinylenes,”” and multi-component systems such as
QDs”*”* and UCNPs.”>”® These fluorescence probes work by
adopting different sensing mechanisms that include FRET,
photo-induced electron transfer (PET), intramolecular charge trans-
fer (ICT) and excited state intramolecular proton transfer (ESIPT).””

The fluorescence intensity change that occurs when the
emission spectrum of a donor overlaps with the adsorption
spectrum of an acceptor and the distance between the donor
and the acceptor is suitable (<100 A) is called fluorescence
resonance energy transfer and it results in the fluorescence
quenching of the donor and fluorescence enhancing of the
acceptor.””””® Bioluminescence resonance energy transfer (BRET)
is a type of FRET where the donor luminophore is represented by
a bioluminescent molecule and its electrons are excited by a
bioluminescent chemical reaction.”” The introduction of an
analyte can inhibit the energy transfer by changing the dipole,
molecular orientation and so on, causing the fluorescence
quenching of the acceptor and fluorescence enhancement of the
donor.?*®!

The electron transfer from a receptor (donor) to a fluoro-
phore (acceptor) by intermolecular transfer, called the PET
mechanism, leads to fluorescence quenching of the fluoro-
phore. Like FRET, the PET process can be partially or comple-
tely inhibited when the receptor binds to the target, causing the
restoration of the fluorophore fluorescence.*

The electron transfer from a receptor (donor) to a fluoro-
phore (acceptor) by intramolecular transfer, called the ICT
mechanism, represents a PET process where the donor and
the acceptor are connected by a conjugate linker to form a
conjugate system. The electronegativity of the receptor unit
changes once the ICT probe interacts with the target and causes
a change in the donor-acceptor system. As a consequence, the
excitation of the target bound to the ICT probe produces a
larger dipole and a change in the excited state due to the
change in electron distribution.®® Hence, ICT probes possess
changes in fluorescence intensity and shifts in emission wave-
lengths as well when they detect analytes.®*

The four-level photocycle process of the photoinduced tauto-
merization of a specific enol-ketone is usually referred to as the
ESIPT mechanism.*> The ground state of the ESIPT molecule
usually exists in the form of an enol (E) and its photoexcitation
leads to intramolecular charge rearrangement. In turn, the intra-
molecular charge rearrangement causes a simultaneous enhance-
ment of the acidity of the proton donor and the alkalinity of the
proton acceptor that rapidly converts the excited enol form (E*)
into the excited ketol form (K*).%® Lastly, the excited ketol K*
returns to the original E form after the radiative decay back to the
electronic ground state, by reverse proton transfer (RPT).*®

Recently, POC technologies based on fluorescence imaging
have been developed employing the different classes of

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Diagram showing the main features of fluorescent probes and labels for POC testing.

fluorophores and the different mechanisms of fluorescence.
Fluorescence in fact appeared as one of the most promising
approaches among the different bioimaging and biosensing
techniques, such as magnetic resonance imaging (MRI), ultra-
sound (US), positron emission tomography/computed tomogra-
phy (PET/CT), single-photon emission computed tomography
(SPECT) and computed tomography (CT). Fluorescence allows
extreme customization, and selective®®®” and sensitive®®%°
target analyte detection in complex biological samples, it
provides abundant information regarding biomolecules, and
it results in a more holistic approach for the imaging of targets
in living organisms.*"*°

3.1. Organic fluorophores

Fluorescent organic fluorophores have been extensively used
as raw materials in various biomedical, food industry’® and
textile®” applications, thanks to their high versatility and their
simple operation.”?

Organic fluorophores include a diverse class of synthetic
organic compounds characterized by their ability to absorb
light at specific wavelengths and emit fluorescence upon
returning to their ground state.”* Their chemical structure is

This journal is © The Royal Society of Chemistry 2026

distinguished by the presence of several combined aromatic
groups, or planar or cyclic molecules with different n bonds
that generate rigid structures.”® According to the Woodward-
Fieser rules, conjugated systems with fewer than eight double
bonds absorb only in the ultraviolet region and appear color-
less. Adding more double bonds causes a redshift in absorp-
tion, lowering the energy and shifting the color from yellow to
red. Fluorogens are dyes that are colorless and non-fluorescent
in solution but become fluorescent upon binding to a target,
and can also serve as selective fluorescent probes.’® The Wood-
ward-Fieser rules and other empirically derived guidelines help
predict the absorption maximum wavelength in the UV-visible
spectrum of a compound, allowing for flexible and customiz-
able design of organic fluorophores.’® Hence, the photophysi-
cal properties of the organic fluorophores can be tuned to
obtain specific wavelengths in their absorption and emission
spectra,”” to increase their Stokes shift,”® to improve fluoro-
phore photostability®® and to ensure high quantum yields."*
Additionally, organic fluorophores can be easily designed with
functional groups that facilitate their conjugation to scaffolds
or target biomolecules, allowing selective labelling, detection
and their successful administration into cells.’®*™*°> Moreover,
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organic fluorophores exhibit an inherent high sensitivity
and strong specificity with low interference from sample
matrices.®>'% Lastly, organic fluorophores are dyes that can
be employed as inks.’®” Thus, they can be printed on absorbent
materials to assemble cheap POC devices.

3.1.1. Types and properties. Non-protein organic fluoro-
phores belong to several major chemical families, each with
distinct photophysical and chemical properties that make them
valuable for a wide range of applications. Acridine derivatives
(e.g., acridine orange, acridine yellow, and riboflavin) are char-
acterized by long fluorescence lifetimes and are widely used for
labeling biological molecules.'*'% Anthracene derivatives (e.g.,
anthraquinones) exhibit excellent cell membrane permeability
and good photobleaching resistance in living cells."***** Aryl-
methine derivatives (e.g., auramine, crystal violet, and malachite
green) are known for their high quantum yields, while coumarin
derivatives provide large Stokes shifts, making them ideal for
imaging applications."’*'** Cyanine derivatives feature narrow
absorption bands and exceptionally high extinction coefficients,
contributing to their sensitivity. Dipyrromethene derivatives (e.g,
BODIPY) are highly sensitive and selective toward metal ions."**
Naphthalene derivatives display high quantum yields, excellent
photostability, and strong ion sensing capabilities for both
anions and cations.""*™'® Oxadiazole derivatives (e.g., pyridylox-
azole, nitrobenzoxadiazole, and benzoxadiazole) are valued for
their high thermal stability and fluorescence efficiency.""” Oxa-
zine derivatives (e.g., cresyl violet, brilliant cresyl blue, Nile red,
Nile blue, and Oxazine 170) are notable for their chemical
stability and lipophilic nature."*® Pyrene derivatives (e.g, cas-
cade blue and HPTS) are distinguished by their strong fluores-
cence emission in live cells, low cytotoxicity, high quantum
yield, and excellent cell permeability."'*'*® Squaraine deriva-
tives are efficient two-photon absorbers, characterized by
intense and narrow absorption and emission in the visible
and near-infrared regions, combined with high photostability
and low biotoxicity.'*! Xanthene derivatives (e.g., fluorescein,
rhodamine, Oregon green, eosin, and Texas red) possess excel-
lent photochemical properties in aqueous environments, high
fluorescence quantum yields, and suitable absorption/emission
maxima for deep tissue imaging and both in vitro and in vivo
dynamic imaging.'*>™** Lastly, tetrapyrrole derivatives (e.g.,
porphin, phthalocyanine, and bilirubin) exhibit high excitation
coefficients, strong emission efficiency, and exceptional photo-
stability and quantum yields across various solvents, allowing
for versatile use in multiple detection scenarios without solvent
limitations."*®

3.1.2. Applications. Organic fluorophores are successfully
integrated in POC technological (POCT) devices for immunoas-
says, nucleic acid detection, cell imaging, and biosensing serving
as direct labels, FRET donors or acceptors, or components of
fluorescence-based probes, such as molecular beacons or aptamer-
based sensors, enabling the sensitive and specific detection of
target analytes. We report some recent POCT devices made up of
LoCs,*® mobile phones,"*” or paper-based platforms that integrate
fluorescent dyes for the portable, field deployable, accurate, rapid
and affordable detection of analytes of interest."*®
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Cai et al. developed a reliable lateral flow immunoassay
(LFIA) by a facile one-step synthesis of red fluorescent micro-
spheres containing Nile Red, enhancing stability and reducing
background noise (Fig. 5A)."*° By combining this with immuno-
chromatography, they established a new POC testing platform for
the rapid and early detection of cardiac troponin I (cTnI), a
cardiac-specific biomarker for acute myocardial infarction (AMI).

Sekine et al. developed a wearable PDMS microfluidic device
with fluorescent probes for real-time sweat analysis (Fig. 5B)."*°
Paired with a smartphone, it detects chloride, sodium, and zinc,
demonstrating portable, continuous biomarker monitoring.

Ghassemi et al. explored contrast-enhanced near-infrared
(NIR) fluorescence imaging using a mobile phone-based POC
testing platform, employing indocyanine green (ICG) to visua-
lize tissue perfusion and vasculature. Imaging on tissue phan-
toms and an ex vivo model confirmed the feasibility of mobile
NIR imaging and highlighted performance variations based on
wavelength, pixel color, and image processing."*!

Lei He et al. developed a compact, integrated device for
rapid and accurate screening of bovine mastitis via somatic cell
counting (SCC). The system combines a custom cell-counting
chamber pre-loaded with acridine orange dye and a miniature
fluorescent microscope, providing a simple and practical POC
diagnostic solution.">

Pharmacogenetic (PGx) testing and theranostics are essen-
tial components of personalized medicine, leveraging genetic
variations such as single nucleotide polymorphisms (SNPs) to
explain individual differences in drug response.”** For
instance, the Spartan RX CYP2C19 system enables POC geno-
typing to guide antiplatelet therapy. Buccal swabs are collected
in individual kits containing swabs and reagent tubes specific
for the CYP2C19 *2, *3, and *17 alleles. The platform automates
DNA extraction, PCR amplification, allele detection, and geno-
typing, using fluorescent-labeled probes and optical detec-
tion channels to identify each variant, with a sensitivity of
0.1 ng pL~ 1.1

Continuous monitoring of body fluids plays a vital role in
modern healthcare by enabling early detection of health
changes, improving treatment outcomes, and reducing the risk
of complications. Tears, for example, known to closely reflect
blood biomarker levels, are a valuable, non-invasive source for
assessing eye health."?’

Yetisen et al. developed a fluorescent wearable scleral lens
sensor for POC diagnosis of ocular diseases through quantita-
tive tear analysis. The device measures pH and five key ions
(Na*, K", Ca**, Mg**, and Zn") at physiological levels using
specialized fluorescent probes embedded in an engraved scleral
lens. The system includes a portable readout device with LEDs
and optical filters, coupled with smartphone-based data pro-
cessing and user interface. This integrated approach enables
assessment of dry eye severity stages and differentiation of
disease subtypes."*®"'?”

Finally, the AFIAS IFX is an automated fluorescence lateral
flow immunoassay for rapid POC monitoring of infliximab
levels in patients with intestinal bowel disease (IBD). Unlike
traditional ELISA testing that takes days, this system delivers

This journal is © The Royal Society of Chemistry 2026
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Fig.5 (A).

PS microspheres functionalized with carboxyl groups via copolymerization of styrene and acrylic acid, labeled with Nile Red, and

bioconjugated with anti-cTnl antibodies. (i) Schematic of the preparation. (i) Structure of Nile Red. (iii) TEM images showing uniform morphology.
(iv) Sandwich-type LFIA for cTnl detection: the sample migrates, binds fluorescent probe-McAbl, and is captured by immobilized McAb2 on the test line;
the control line captures excess probes; fluorescence quantified under UV. Reproduced with permission*?® copyright 2018 MDPI. (B) Skin-interfaced
microfluidic device for sweat analysis of Cl~, Na*, and Zn?*. (i) Stable fluorescent reference dye in ionic liquid with excitation/emission spectra.
(ii) Schematic of the multilayer microfluidic platform for sweat collection and in situ assays. (iii) Fluorescence images of the embedded chemical probes.

(iv) Peeling the detachable black shield reveals sweat indicator channels. Reproduced with permission

130 copyright 2018 Royal Society of Chemistry.

C. Fluorescent compound array for portable chemical classification. (i) Kaleidolizine (Klz) structure and HOMO/LUMO orbital illustration. (i) Array of 75 Klz
derivatives on wax-printed cellulose under ambient and UV light; inset shows size comparison. (iii) 3D cradle device for smartphone-based detection.
(iv) Photograph of the device in operation. (v) Automated fluorescence pattern analysis using machine learning for VOC classification. Reproduced with

permission’*® copyright 2021 Elsevier.

quantitative results in 20 minutes using an all-in-one cartridge
(comprising sample dilution buffer, antibody conjugators, and
a strip). This enables clinicians to check infliximab levels
immediately before infusion and make real-time dosage deci-
sions, improving therapeutic drug monitoring and patient
outcomes."’

Beyond clinical diagnostics, fluorescence-based POCT devices
have recently expanded into the environmental and food safety
sectors. In the field of water quality monitoring, Leonard et al.
introduced a smartphone-enabled POC platform for the rapid
quantification of microplastics in water using Nile Red fluores-
cence staining. A 3D-printed attachment and custom app enable
semi-automated analysis of particles as small as 20 pm within
10 minutes. The portable, cost-effective system showed strong
agreement with lab microscopy and works on synthetic and
environmental samples, making it suitable for field monitoring
and community-led research.'*®

Fluorescence-based sensing platforms are increasingly
being adapted for POC chemical detection in air, proving their
high sensitivity and rapid response. Kim et al. developed a
fluorescent sensor array combined with machine learning to
enable portable, low-cost, and multiplex detection of VOCs
(Fig. 5C)."*° Environment-sensitive dyes printed on a substrate
generate unique fluorescence “fingerprints” upon analyte expo-
sure, captured by a smartphone or portable imager. Convolu-
tional neural networks (CNNs) analyze the patterns, accurately
identifying VOCs such as toluene, acetone, and ethanol within

This journal is © The Royal Society of Chemistry 2026

<5 minutes, demonstrating a smart, field-ready platform for
air quality monitoring.

Zhang et al. developed a wearable fluorescent POC sensor
based on a newly synthesized hydroxynaphthalene benzophe-
none Schiff base (HNPBS)."*® The fluorophore exhibits strong
and selective emission responses to airborne VOCs such as
acetone, acetonitrile, ethanol, and formaldehyde. Integrated
into a flexible polymeric film, it functions as a low-cost, portable
platform for real-time on-body detection. The sensor operates
via fluorescence shifts from blue to green upon VOC exposure,
arising from specific interactions between analytes and amine
groups in the matrix. It provides distinct optical signatures for
various VOCs, fast response (< 30 s), good reversibility, and high
selectivity under ambient conditions, making it highly suitable
for personal exposure and indoor air quality monitoring within
decentralized POC diagnostics.

Fluorescence based POC technologies have shown excep-
tional effectiveness for food safety monitoring, enabling the
sensitive detection of pathogens, toxins, heavy metals, and
5L Cheng et al.
developed a dual-target lateral flow immunoassay (LFIA)
enhanced with peroxidase-mimicking Pd@Pt core-shell nano-
zymes for the simultaneous detection of Salmonella Enteritidis
and Escherichia coli 0157:H7 in food samples.'*® Acting as
catalytic antibody labels, the nanozymes replaced conventional

antibiotic residues even at trace levels.

enzymes such as horseradish peroxidase and generated a
strong colorimetric signal upon reaction with TMB/H,0,. This
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amplification strategy enabled ultrasensitive detection limits of
20 CFU mL " for Salmonella and 34 CFU mL™" for E. coli. The
portable assay was fully compatible with a 3D-printed smartphone-
based reader, demonstrating high recovery and accuracy in real
food matrices.

Further expanding the application scope to toxic metal
detection, Shan et al. developed a portable fluorescence bio-
sensor for selective and sensitive detection of Hg>" ions in food,
based on thymine-Hg**-thymine (T-Hg**-T) coordination
chemistry."** The sensor uses a fluorescent DNA probe that
changes intensity upon binding mercury, ensuring high selec-
tivity over other metals. Integrated with a miniaturized
smartphone-based fluorescence microscope, the system excites
samples with LED light and captures emission via the phone
camera for real-time quantification. With a low detection limit
of 0.33 nM, the compact and user-friendly platform enables on-
site mercury monitoring in food without lab equipment, ideal
for resource-limited settings.

3.2. Fluorescent proteins

Fluorescent proteins (FPs) have revolutionized the field of
molecular and cellular biology by providing researchers with
a unique and powerful colour palette to visualize and monitor a
wide range of biological processes with unprecedented preci-
sion. The first FP, green fluorescent protein or GFP, was
discovered in 1962 by the Japanese biochemist Osamu Shimo-
mura, from the bioluminescent jellyfish Aequorea Victoria.'*®
Thanks to the discovery of such a powerful tool, he was
awarded with the Nobel prize in chemistry in 2008, along with
Roger Y. Tsien and Martin Chalfie. The wild type GFP is a 238
amino acid long protein, with a molecular weight of 27 kDa. It
displays a B-barrel tertiary structure composed of 11 B-strands
and 2 small a-alpha helices, one on the top of the barrel and
one on the bottom. The chromophore portion of the protein is
located between these a-helix segments. The chromophore of
the GFPs derives from the subsequent cyclization and oxidation
of a tripeptide (Ser65, Tyr66 and Gly67) that leads to the
formation of an imidazoline moiety with conjugated double
bonds. A similar structure is also present in the red fluorescent
protein or DsRed, first isolated from the red coral of the
Discosoma genus.'*

3.2.1. Types and properties. All the fluorescent proteins
available are derived from the mutagenesis of GFP and DsRed.
The engineering of these two proteins gave researchers a
plethora of fluorescent proteins that cover the full spectrum
of visible light. However, the excitation wavelength and emis-
sion wavelength are not the only parameters that have been
optimized for FPs. There are a multitude of variants with
improved quantum yield, improved resistance to photobleach-
ing, shorter maturation times (the maturation time of DsRed is
24 hours), low cytotoxicity and better expression.'*®'*” For the
expression of chimeric proteins, there are also optimized
variants to prevent the oligomerization of FPs. Engineered
FPs are creatively named after the colour of fruits and their
quaternary structure, e.g. mCherry is a monomer with cherry
colour, while tdTomato is a tandem dimer with tomato

J. Mater. Chem. C
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colour.'*®

Other parameters that can influence the performance
of FPs are pH (some FPs are pH sensitive), oxygen (oxygen is a
substrate for the chromophore formation), ion concentration
(vellow fluorescent proteins (YFPs) are sensitive to Cl~ concen-
tration), maturation temperature (FPs have different performance
on different temperature) and optimization of heterologous
expression. This latter parameter can be solved by using species-
specific codon-optimized FPs.

3.2.2. Applications. Over the years, scientists have har-
nessed the power of FPs to investigate cellular and molecular
phenomena in living organisms. By genetically engineering
cells to express FPs fused to specific target proteins or orga-
nelles, researchers can visualize the dynamics of cellular struc-
tures with unprecedented clarity. FPs can also be used as
genetically encoded biosensors, which are designed to detect
and respond to specific target molecules or events within a cell or
biological system. A genetically encoded biosensor (GEB) is
composed of two parts: a molecular recognition element (MRE)
and an optical reporter.'* The MRE can derive from the
sequence of a membrane receptor, a protein binding domain
or an antibody, while the optical reporter is an FP that undergoes
a conformational rearrangement that can quench or enhance its
fluorescence emission. FPs have been successfully employed for
Ca®" sensing by imaging in neural networks (Fig. 6A).">*'*" GEBs
are not the only types of biosensors that were obtained with FPs;
different assays were developed to detect and quantify proteins
and specific antibodies in human blood serum (Fig. 6B).">*">?
Among fluorescent protein platforms, flavin-binding fluorescent
proteins (FbFPs) based on engineered light, oxygen, and voltage
(LOV) domains represent a promising alternative to traditional
GFP-like proteins. Recently, a directed molecular evolution
approach was applied to develop two miniaturized FbFPs, termed
miniGFP1 and miniGFP2, with excitation/emission maxima at
450/499 nm and a compact molecular size of approximately
13 kDa (Fig. 6C).">* Systematic benchmarking in E. coli and
mammalian cells revealed that miniGFPs exhibit enhanced
photochemical stability and superior performance compared
to previously available FbFPs, enabling long-term live-cell imag-
ing under both aerobic and anaerobic conditions. Importantly,
miniGFPs demonstrated nanomolar sensitivity to Cu(u) ions
(K4 ~ 67-68 nM) and fluorescence quenching by Cu(1), indicat-
ing their potential use as optical indicators for copper redox
states. Additionally, their selective binding to flavin mononu-
cleotide suggests applications as specific fluorescent flavin
sensors. Altogether, these miniGFPs represent a multisensing
and oxygen-independent fluorescent platform for in vitro and in-
cell biosensing applications.

3.3. Fluorescent nanomaterials

Besides QDs or UCNPs, fluorescence POC technologies can be
based on other nanomaterials, such as metal nanoparticles
(MNPs),"® metal-organic frameworks (MOFs),"*® silica nano-
particles (SiNPs), or carbon-based nanomaterials (Fig. 7)."*”
These systems combine structural tunability, high surface-to-
volume ratios, and unique optical behaviours, properties that
make them adaptable for sensing and diagnostic applications.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (A). YC-Nano Ca2* indicators. Top-left: peptide linker design connecting CaM and M13; YC3.60 and Nano140 contain CaM(E104Q), M13 binds
Ca®*-loaded CaM, ECFPACLL is truncated CFP, cpl73Venus is circularly permuted Venus. Top-right: Ca?* titration curves (AR/Rg vs. [Ca®*]; n = 3).
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Reproduced with permission'® copyright 2010 Nature Publishing Group. (B) Nanoparticle (NP) sensor mechanisms. Schematic of protein interactions
with quenched GFP-NP complexes versus protein aggregation, yielding fluorescence enhancement or additional quenching. NP1: cationic; NP2/NP4:

hydrophobic; NP3: hydrogen bonding; NP5: aromatic n—n recognition. Reproduced with permission

153 copyright 2009 Nature Publishing Group. (C)

Engineering small GFPs. Left: Directed evolution strategy of flavin-binding miniGFPs in E. coli using FACS. Center: absorbance, excitation/emission
spectra, and biochemical profiling relative to phiLOV3, CreiLOV, and BR1. Right: Representative fluorescence images of CHO cells expressing miniGFPs in
the green/red channels. Scale bar, 20 um. Reproduced with permission™>* copyright 2022 Frontiers Media S.A.
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Fig. 7 Types of nanoparticles employed in fluorescence-based POC technologies.

Unlike molecular dyes or proteins, particle-based probes offer
enhanced photostability, opportunities for surface functionali-
zation, and strong signal amplification mechanisms that
improve sensitivity in POC biosensors."®® Their fluorescence
properties can originate from intrinsic photoluminescence, dye
encapsulation, plasmonic effects, or hybrid organic-inorganic

This journal is © The Royal Society of Chemistry 2026

interactions, providing a wide range of detection strategies. In
the next section, we will show an overview regarding these
nanomaterials.

3.3.1. Types and properties

3.3.1.1. Metal nanoparticles (MNPs). MNPs, particularly gold
(AuNPs) and silver nanoparticles (AgNPs), are among the most
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widely explored fluorescent platforms for POC applications due to
their unique plasmonic properties."® These particles exhibit
strong localized surface plasmon resonance (LSPR), which gener-
ates intense electromagnetic fields in their immediate vicinity.
When placed near fluorescent molecules, these fields can signifi-
cantly enhance excitation and emission rates, a phenomenon
known as metal-enhanced fluorescence (MEF). The enhancement
depends critically on particle parameters such as size, shape,
composition, and architecture, including core-shell structures,
alloys, or surface-decorated designs, allowing precise tuning of
optical responses.

The interaction between metallic NPs and fluorophores creates
hybrid systems, where the emission of photons from the fluoro-
phore can excite plasmonic oscillations in the metal, producing
new radiative decay pathways.'®® In this configuration, both
excitation and radiative decay rates increase, leading to stronger
emission signals. As a result, fluorescence detection achieves
higher sensitivity, allowing the observation of weakly emitting
species that would remain undetectable in other cases. Moreover,
photostability is improved because the reduced fluorescence life-
time decreases the time of probes in the excited state. In addition,
MNPs can also act as scattering centers or energy donors,
enabling sensitive detection even at the single-molecule level."*"

In POC diagnostics, MNPs have been widely incorporated
into lateral flow assays, microfluidic devices, and chip-based
sensors.'®® Their strong plasmonic properties not only provide
rapid and ultrasensitive detection of biomolecules such as
proteins, nucleic acids, and pathogens, but also enable multi-
plexed readouts, improved signal-to-noise ratios, and lower
detection limits compared to conventional fluorescence-based
assays. Furthermore, their tunable optical responses, ease of
surface functionalization, and compatibility with portable
detection systems make them highly attractive for the develop-
ment of cost-effective, miniaturized, and field-deployable diag-
nostic platforms.*®

Beyond biosensing, MNPs are also applied in forensics, food
safety, drug testing, and environmental monitoring, highlighting
their versatility as fluorescent nanoprobes. The combination of
tunable optical properties, biocompatibility, and facile surface
functionalization makes MNPs indispensable tools in the devel-
opment of next-generation POC technologies."®*

3.3.1.2. Metal-organic frameworks (MOFs). MOFs
distinctive class of crystalline hybrid nanomaterials formed by
the coordination of metal ions or clusters with multidentate
organic ligands, giving rise to highly ordered, porous architec-
tures.'®®® Their modularity allows enormous structural and
chemical diversity, enabling precise control over pore size, surface
area, and chemical functionality. Importantly, many MOFs exhibit
intrinsic photoluminescence due to their organic linkers or metal
centers, while others can be engineered as hybrid fluorescent
platforms by incorporating dyes, QDs or rare-earth elements into
their frameworks.'® This tunability provides MOFs with a high
degree of flexibility for optical sensing and POC applications.

The luminescence mechanisms in MOFs may arise from
several processes, including ligand-centered emission, metal-

are a
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ligand charge transfer, or guest-host interactions within their
porous cavities."®” These properties can be further modulated
by tailoring the organic linker chemistry or by selecting specific
metals (e.g., Zn, Zr, and lanthanides) to introduce new electro-
nic transitions. Moreover, the porous structure of MOFs not
only improves their fluorescence stability by shielding encap-
sulated fluorophores from quenching, but also provides selec-
tive recognition sites for analytes, creating turn-on, turn-off, or
ratiometric fluorescent responses.'®’

In the POC landscape, fluorescent MOFs are gaining atten-
tion for biomarker detection, environmental monitoring, and
multiplexed sensing, as they can combine signal generation
with selective analyte capture.'®® Thanks to their porous struc-
ture and tunable optical properties, MOFs can combine signal
generation with selective analyte capture. Their large surface
area allows efficient loading of biomolecules or fluorescent
reporters, while their modular composition makes it possible
to adjust emission characteristics and recognition sites. These
features contribute to improving sensitivity and specificity in
complex samples. In addition, the ability to design MOFs with
tailored luminescence responses supports their integration
into portable and multiplexed POC devices.'®®

3.3.1.3. Silica nanoparticles (SiNPs). SiNPs represent one of
the most established classes of nanomaterials in fluorescence-
based sensing due to their particular features, such as their
tunable structures, optical transparency, high biocompatibility
and ease of surface functionalization.'”®"”" Their popularity
arises from their role as carriers that can encapsulate fluores-
cent dyes or QDs within a protective silica matrix, shielding
them from photobleaching, solvent effects, and environmental
degradation. This strategy not only enhances the photostability
and brightness of the fluorophores but also ensures reprodu-
cible emission over long-term measurements, which is crucial
for POC applications.'”?

What makes SiNPs fascinating from a nanotechnology point
of view is their well-defined and tunable structures (i.e. size,
morphology, and porosity) and surface chemistry. By introdu-
cing new functional groups via well-established siloxane chem-
istry, the silica surface can be modified to impart new
properties to the particles, such as diagnostic and therapeutic
capabilities. SiNPs are effectively ‘“transparent” in the sense
that they do not absorb light in the NIR, visible, and ultraviolet
regions or interfere with magnetic fields. In addition, SiNPs are
economic, easy to prepare, relatively chemically inert, biocom-
patible, and water dispersible.

Fluorescent SiNPs are generally prepared either by dye-
doping during synthesis (e.g:, via sol-gel or Stober methods) or
by surface conjugation with organic fluorophores or bio-
molecules. Both approaches allow fine control over size, porosity,
and surface charge, making SiNPs adaptable to a wide variety of
detection strategies."”*"”® In addition, their surfaces can be
easily modified with silane chemistry, polymers, or biomolecular
ligands, enabling specific recognition of nucleic acids, proteins,
or pathogens. The use of mesoporous SiNPs (MSNs) further
expands their potential, as the porous architecture offers high

This journal is © The Royal Society of Chemistry 2026
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loading capacity for dyes, drugs, or enzymes, while also facilitat-
ing efficient diffusion of analytes.

In the POC setting, dye-doped SiNPs have been successfully
integrated into lateral flow assays,'”® microfluidic devices,'””
and multiplex immunoassays,'’® where they serve as bright,
stable, and cost-effective probes.’”® Their strong fluorescence
signals improve sensitivity compared to conventional organic
dyes, while their robustness ensures compatibility with porta-
ble devices and long-term storage. Moreover, SiNP-based
probes are being explored for ratiometric sensing,'®*'%* real-
time monitoring, and combined therapeutic-diagnostic (ther-
anostic) applications, underscoring their versatility."®?

3.3.1.4. Quantum dots (QDs). Quantum dots are nanosized
semiconductor particles with exceptional optical and electronic
properties that arise from quantum confinement effects, which
occur when charge carriers are confined within dimensions
smaller than the exciton Bohr radius."®"'®* This confinement
produces discrete energy levels, allowing precise control of the
absorption and emission spectra based on particle size and
composition.

One of the most distinctive features of QDs is their size-tunable
fluorescence: smaller QDs emit light at shorter wavelengths (blue
region), while larger ones emit at longer wavelengths (red
region)."®>'®® This tunability, combined with their broad absorp-
tion bands and narrow, symmetric emission peaks, enables
simultaneous excitation of multiple QDs and highly multiplexed
detection in fluorescence-based assays. Additionally, QDs exhibit
exceptional photostability, high quantum yield, and resistance to
photobleaching, outperforming conventional organic dyes and
many other fluorophores.

From a materials standpoint, QDs are generally composed of
group II-VI semiconductors (e.g., ZnS, CdS, CdSe, CdTe, and
ZnO0), group III-V compounds (e.g., InP, GaN, and GaAs), or
group IV-VI materials (e.g., Si, Ge, and carbon-based QDs)."8%'
The selection of the semiconductor core determines the emis-
sion range, while core-shell architectures are often employed to
improve quantum yield, chemical stability, and biocompatibil-
ity. In these systems, a semiconductor core is encapsulated by
another material with a wider band gap (e.g., CdSe/ZnS or InP/
ZnS), which passivates surface defects and minimizes non-
radiative recombination.

QDs can be synthesized using top-down methods (such as
lithography or etching) or bottom-up techniques, including
wet-chemical and vapor-phase routes.'®*® Surface modification
plays a crucial role in determining colloidal stability, solubility,
and biological compatibility. Functionalization with polymers,
ligands, peptides, or antibodies allows target-specific recogni-
tion and facilitates integration into biosensors or microfluidic
systems.

In the context of POC diagnostics, QDs serve as robust and
bright fluorescent probes,'®® enabling sensitive detection of
nucleic acids, proteins, and pathogens.'®* Their narrow emis-
sion bandwidths make them ideal for multiplexed assays, while
their photostability ensures reliable signal retention over pro-
longed analyses. Despite these advantages, challenges such as

This journal is © The Royal Society of Chemistry 2026
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potential cytotoxicity (particularly for cadmium-based QDs) and
fluorescence intermittence (blinking) remain areas of ongoing
research.

3.3.1.5. Carbon-based particles. Carbon-based NPs, including
CDs, graphene QDs (GQDs), and nanodiamonds, have emerged as
a versatile class of fluorescent nanomaterials, attracting attention
due to their low toxicity, biocompatibility, aqueous solubility, and
sustainable synthesis.'®® Unlike traditional semiconductor QDs,
which often contain toxic heavy metals, carbon-based nanostruc-
tures offer an environmentally friendly alternative without com-
promising photoluminescent performance."®" Their fluorescence
typically arises from a combination of quantum confinement
effects, surface defect states, and functional groups, which can
be modulated by heteroatom doping (e.g., N, S, and P) or by
chemical surface modifications.'*

Among them, CDs are the most studied, typically synthe-
sized through simple and scalable methods such as hydrother-
mal carbonization, microwave-assisted reactions, or pyrolysis
of organic precursors, including biomass.'®®> CDs exhibit
excitation-dependent emission, high photostability, and tun-
able fluorescence, making them promising candidates for
multiplexed detection strategies.'** Similarly, GQDs combine
the optical properties of QDs with the electronic and mechan-
ical advantages of graphene, while nanodiamonds offer stable
fluorescence from nitrogen-vacancy centers, suitable for bioi-
maging and sensing under demanding conditions.'®’

In the POC diagnostic landscape, carbon-based NPs have been
integrated into fluorescence biosensors, lateral flow assays, and
microfluidic devices for the detection of nucleic acids, proteins,
and microbial pathogens.'®'” Their strong quenching ability has
also been exploited in FRET-based assays, where target binding
induces measurable changes in emission. Furthermore, their
intrinsic biocompatibility allows safe use in intracellular imaging,
drug delivery tracking, and metabolite monitoring, expanding
their role beyond conventional biosensing. Taken together,
carbon-based nanomaterials combine eco-friendliness, low cost,
and tunable photophysics, positioning them as sustainable alter-
natives for next-generation POC fluorescence technologies.

3.3.1.6. Upconverting nanoparticles (UCNPs). UCNPs or
upconverting nanoparticles have emerged as a promising class
of nanomaterials, gaining significant interest in various scien-
tific disciplines due to their unique ability to convert low-energy
excitation into high-energy emission.'*®'*® UCNPs exhibit anti-
Stokes luminescence, wherein two or more low-energy photons
are sequentially absorbed, leading to the emission of a single
higher-energy photon. This property makes them particularly
attractive for fluorescence-based applications, as they exhibit
minimal background autofluorescence, high photostability and
deeper penetration in living tissues, which could make them
ideal for real-time in vivo imaging.

UCNPs are typically composed of inorganic NPs based on
NaYF,, doped with lanthanide cations in a core-shell manner
or in a host-matrix system."®® Lanthanide cations (Ln**) are
essential for the upconversion phenomenon and the most
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widely used are Ytterbium (Yb*"), Erbium (Er’*) and Thulium
(Tm*").2°° The photophysical properties of UCNPs are strictly
connected to their size, shape and surface functionalization;
these properties are related to the synthetic methods.

The synthesis of lanthanide-doped UCNPs can be performed
with different strategies; usually, thermal decomposition and
hydro(solvo)thermal synthesis allow monodisperse and regular
nanoparticles to be obtained.”®" However, they require high tem-
perature and pressure, and the use of highly hydrophobic solvents
(e.g, oleate), producing UCNPs with hydrophobic surfaces that can
be dispersed only in nonpolar solvents. Microwave-assisted synth-
esis offers milder reaction conditions and can be performed in the
liquid or solid phase. The easiest way to synthesize UCNPs is
coprecipitation, using EDTA as a capping agent, although this
method typically yields particles with a broad size distribution,
irregular morphology, and low quantum yield.

Despite being considered highly promising for bioimaging,
with several advantages compared to QDs, UCNP technology still
requires substantial improvement. Their quantum yield remains
significantly lower than that of organic fluorophores and QDs, and
they typically require excitation with a 980 nm laser and special-
ized, non-commercial instrumentation. Furthermore, their com-
position, often involving lanthanides, rare-earth elements, and
transition metals, raises concerns about potential toxicity, limiting
their suitability for diagnostic applications.

A. Silanized CDs " B.
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3.3.2. Applications. Particle-based fluorescent POC tech-
nologies enable the detection of diverse medical targets, such
as infectious and cardiac diseases, cancer biomarkers, and
blood glucose levels.

In viral diagnostics, Xu et al. introduced fluorescent carbon
dot-based silica (FCS) lateral flow strips for detecting the
dengue virus NS1 antigen (Fig. 8A).>°> These test strips, read
under UV light, demonstrated a detection limit 100 times lower
than conventional gold nanoparticle (AuNP)-based strips, with
excellent reproducibility and stability. Similarly, Guo et al. devel-
oped a fluorescent lateral flow immunoassay LFIA platform
using UCNPs encapsulated in mesoporous silica (UCNPs@
mSiO,) to simultaneously detect the spike (S) and nucleocapsid
(N) proteins of SARS-CoV-2.>* Coupled with a 5G-enabled
fluorescent reader, the system achieved detection limits of
1.6 ng mL™ " for the S protein and 2.2 ng mL ™" for the N protein.

Beyond single-mode sensing, multimodal POC strategies
have demonstrated superior performance by combining com-
plementary signal outputs (colorimetric, fluorescent, and mag-
netic) to improve sensitivity, robustness, and resistance to
interference. For example, Hu et al. reported a multimodal
LFIA integrating colorimetric, fluorescent, and magnetic NPs,
resulting in improved assay performance (Fig. 8B).”** They
demonstrated a dual-signal LFIA for Ebola virus detection using
RNs@Au (QDs + gold) nanospheres, achieving rapid and
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Fig. 8
FCS spheres. Schematic representation of Zika NS1 protein detection using the iFCS-based lateral flow immunoassay. Reproduced with permission
copyright 2021 Royal Society of Chemistry. (B) Schematic illustration of the preparation of RNs@Au and corresponding characterization: TEM image of
RNs@Au (blue and red arrows indicate QD and Au, respectively) and UV-vis absorption spectra of Au, RNs, and RNs@Au. Below: schematic illustration of
EBOV detection using an enhanced RNs@Au-based test strip: the target was labeled with Ab—RNs@Au—SA and captured by the test line of antibody to
glycoprotein via antigen—antibody reaction. In the second step, biotin—RNs@ Au solution was applied to the sample pad. Biotin—-RNs@Au were adhered
to the test line by Ab—RNs@Au—SA via biotin—SA affinity, and then a network of RNs@Au can form on the test line through multivalent interactions of
biotin—SA, in which a darker and brighter signal was obtained. Reproduced with permission®®* copyright 2017 American Chemical Society.
(C) Experimental process for the preparation of ZrMOF@CdTe-Ab conjugates and HTEM-mapping image. Corresponding schematic representation
of the LFA for cTnT and h-FABP detection. Reproduced with permission®°® copyright 2021 Royal Society of Chemistry.

(A). Schematic illustration of the synthetic procedures of CD embedded SiO, spheres and the TEM image of dendritic SiO, and HRTEM images of
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sensitive analysis of spiked samples within 20 minutes, detect-
able both visually and via fluorescence.

Fluorescent nanoparticle-based POC systems have also
shown promise for cancer diagnostics. Liang et al. used
aptamer-conjugated SiNPs coated with QDs on graphene oxide
surfaces.”® Fluorescence is quenched by FRET but restored in
the presence of target cancer cells. By changing aptamers and
quantum dot colours, different cancer cells can be detected
simultaneously with one light source. Likewise, Jimenez et al.
developed a biosensor using gold-coated superparamagnetic
nanomaghemite (AuMNPs) functionalized with DNA probes
targeting the HPV-16 E6 oncogene.”*® Detection relies on bind-
ing viral DNA and signalling via peptide-modified QDs. Tested
for specificity against other viruses, it was successfully applied
to patient samples and confirmed by PCR. This system offers a
low-cost, sensitive alternative to traditional PCR for HPV detec-
tion, offering a low-cost alternative for HPV-related cancer
diagnostics.

In the field of cardiovascular diseases (CVDs), Y. Fan Shi
et al. developed a magnetic multilayer lanthanide MOF-based
sensor (MagMOF) designed for the simultaneous detection of
acute myocardial infarction (AMI) biomarkers such as CK-MB,
troponin I (cTnl), and myoglobin (Mb), along with aspirin, a
common treatment.>’” Using a layer-by-layer assembly strategy,
this hybrid nanosensor integrates antibodies and mRNA probes
with MagMOF nanoballs, enabling highly sensitive detection
within clinically relevant ranges. The platform offers rapid,
stable, and multiplexed detection, showing strong potential
for POC AMI diagnosis and therapeutic monitoring. Similarly,
Jian Zou et al. studied a ZrMOF-based lateral flow assay using
fluorescent ZrMOF@CdTe nanoparticles that enables rapid
(8 min) and multiplexed detection of AMI biomarkers like h-
FABP and cTnT (Fig. 8C).>°® With a visual detection limit of
1 pg L~ for h-FABP, it is simple, low-cost, and effective for POC
use in serum samples.

Fluorescent POC sensing has also advanced in continuous
glucose monitoring (CGM). To address limitations in traditional
electrochemical CGMs, including instability, interference, and
electrode degradation, a nanodiamond-boronic hydrogel system
has been developed for integration into porous microneedles.**
These highly photostable and biocompatible nanodiamonds emit
fluorescence in response to glucose levels. The hydrogel-based
sensor offers long-term signal stability in vivo, as shown in animal
models, and avoids common issues of electrochemical sensors.
This proof-of-concept marks a promising step toward reliable,
minimally invasive CGM using fluorescence technology.

Magnetic and fluorescent nanocomposites have further
expanded the capabilities of optical POC systems. Tombelli
et al. reported a compact fluorescence-based immunoassay
device using disposable plastic chips for multi-analyte detec-
tion of immunosuppressants.?'® The chip integrates ten paral-
lel microchannels, on-chip microfluidics, and photodiodes for
direct fluorescence readout. Submicron fluorescent magnetic
particles accelerate the reaction kinetics through magnetic
concentration while enhancing sensitivity through optical
labelling. Reusability and integration with microdialysis
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sampling allowed continuous therapeutic monitoring for up
to 48 hours, providing valuable pharmacokinetic insights.

Combined with MoS, and Eu®*", QDs were employed to
develop a ratiometric fluorescent probe for sensitive tetracy-
cline (TC) detection in biological samples. The method relies
on energy transfer between MoS, QDs and Eu-TC complexes,
enhancing luminescence at 620 nm while quenching at
470 nm, enabling ratiometric detection (Fe0/F470). It offers a
10 nM-60 uM linear range, 2 nM detection limit, high recovery
(94.4-108.4%), and precision (<5.36% RSD). A smartphone-
based platform enables visual, portable quantification with a
0.05 uM detection limit, providing a fast, low-cost solution for
antibiotic monitoring.”"

Beyond biomedical applications, nanoparticle-based POC
platforms are also showing remarkable potential in environ-
mental monitoring. Liang et al. developed a multicolor fluor-
escent probe for visual and smartphone-assisted detection of
common water additives.”’> The ratiometric system combines
blue-emitting CDs and red-emitting gold NCs, producing visi-
ble color changes under UV light upon exposure to analytes
such as ascorbic acid, sodium sulfite, and hydrogen peroxide.
The probe exhibited high selectivity, rapid response (<5 min),
and excellent performance in real water samples, demonstrat-
ing the versatility of fluorescent POC technologies for on-site
environmental assessment.

Jin et al. developed a multiplex paper-based aptasensor for
POC water quality monitoring, integrating UCNPs and specific
aptamers for the simultaneous detection of multiple contami-
nants, including pathogens (Salmonella), toxins (ochratoxin A,
microcystin-LR), and heavy metals (Hg>", Pb**).>** The system
achieves high sensitivity, with detection limits as low as
115 CFU mL™ ' for Salmonella, and 4 nM are read using a
compact, smartphone-based device, enabling portable, rapid
(<30 min), and instrument-free analysis. The platform showed
high specificity and minimal cross-reactivity, and has been
successfully tested in real water samples (tap and pond water),
making it a promising tool for decentralized and field-based
water quality assessment.

3.4. Comparative analysis

Table 1 summarizes the principal characteristics of the fluo-
rescent probe classes discussed in Sections 3.1-3.3, providing a
comparative overview of performance-related parameters rele-
vant to fluorescence-based POC applications, including sensi-
tivity, photostability, biocompatibility, and practical advantages
and limitations. Across the different probe categories, engi-
neered nanomaterials generally exhibit higher signal robustness
and photostability than organic fluorophores and fluorescent
proteins, which can be advantageous for applications requiring
high sensitivity or prolonged signal acquisition. However, super-
ior optical performance does not necessarily correlate with
biocompatibility, regulatory acceptance, or translational suit-
ability. For example, QDs represent the highest-performing class
in terms of optical properties, achieving detection limits down
to the aM range while maintaining exceptional photostability
and narrow, size-tunable emission spectra. These features
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Table 1 Overview of fluorescent probes used in POC technologies
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Probe type Sensitivity Photostability Biocompatibility =~ Key advantages Limitations Ref.
Organic Moderate (nM) Moderate Good Small size; well-known Photobleaching; narrow 81 and 214-216
fluorophores to low photophysics Stokes shift
Fluorescent Moderate (nM) Limited Excellent Genetic encoding; Photobleaching; narrow 48,217 and 218
proteins intracellular targeting spectral range
MNPs High (fM) Excellent Variable Plasmonic fluorescence Potential toxicity; less 162, 164 and 219
enhancement explored
MOFs Moderate-high Good Generally good High loading capacity; Stability issues in 156 and 220
(pM) multifunctionality biological media
SiNPs Moderate (nM) Good Good Biocompatible; easy Potential aggregation 120, 170, 173
surface modification and 183
QDs Very high (aM) Excellent Moderate Bright, narrow tunable Heavy metal toxicity; 191 and 192
(toxicity concerns) emission spectra regulatory issues
Carbon- Moderate-high Very good Excellent Low toxicity; versatile Lower brightness than QDs 157, 190 and 191
based NPs (pM) excitation/emission
UCNPs Moderate-high Excellent Good NIR excitation, low Lower quantum yield; 198, 199 and 221
(pM) autofluorescence complex synthesis

enable highly multiplexed detection and prolonged signal acquisi-
tion, making QDs attractive for ultra-trace and multi-analyte
analysis. Nevertheless, their heavy-metal composition raises cyto-
toxicity and regulatory concerns that currently limit widespread
clinical translation, highlighting the gap that can exist between
analytical performance and practical implementability.”*

MNPs offer an alternative route to high analytical sensitivity,
frequently reaching fM detection levels through plasmon-
enhanced fluorescence mechanisms. Their ability to amplify
emission signals and improve signal-to-noise ratios supports
their use in rapid immunoassays and lateral-flow-based POC
platforms. At the same time, performance strongly depends on
surface chemistry, particle architecture, and probe-particle
spacing, which can introduce variability and reproducibility
challenges when transitioning from laboratory prototypes to
standardized diagnostic formats."*>"'%*

MOFs, carbon-based NPs, and UCNPs represent platforms
that seek to balance optical performance with biocompatibility
and functional versatility. MOFs offer high loading capacity and
multifunctionality, enabling integrated analyte recognition and
signal transduction, although their stability in biological fluids
remains a critical limitation for long-term operation in complex
matrices."”®?*® Carbon-based NPs, including carbon dots and
graphene derivatives, address several limitations associated
with metal-containing probes by providing enhanced biocom-
patibility and chemical stability while maintaining sufficient
sensitivity for most clinically relevant POC assays, despite lower
brightness than QDs."*”**° UCNPs introduce a distinct optical
advantage by enabling near-infrared excitation, which reduces
background autofluorescence and improves tissue penetration.
However, their relatively low quantum yield and the require-
ment for specialized excitation sources complicate integration
into low-cost, miniaturized diagnostic platforms.*®

Organic fluorophores and fluorescent proteins remain highly
relevant for applications prioritizing simplicity, genetic encoding
capability, or intracellular monitoring.>** Organic fluorophores
benefit from well-characterized photophysics, straightforward
functionalization, and compatibility with disposable, low-cost
devices,**"*21® but their susceptibility to photobleaching and
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limited sensitivity constrain their use in long-term or ultra-low-
concentration detection. Fluorescent proteins provide unmatched
specificity for intracellular sensing and genetically encoded bio-
sensing strategies, yet their limited photostability and dependence
on biological expression systems restrict their applicability in cell-
free or disposable POC devices.***7'8

Beyond analytical metrics, practical considerations play a
decisive role in probe selection. Highly sensitive nanoparticle-
based POC systems often require complex synthesis protocols,
surface functionalization, and advanced instrumentation,
whereas molecular probes are generally easier to integrate into
portable and cost-effective devices. Overall, the discussion in
Sections 3.1-3.3 and the comparison in Table 1 underscore that
the selection of fluorescent probes for POC technologies is
inherently application-dependent and requires a careful bal-
ance between optical performance, biocompatibility, stability,
and implementation constraints.

4. Challenges and future perspectives

Fluorescence-based POC devices enable rapid, sensitive, and
portable analyses across diverse application domains, including
diagnostics, therapeutic monitoring, environmental analysis,
and wearable systems (Fig. 9). However, despite these advan-
tages, several challenges must still be addressed to unlock their
full translational potential. Critical issues include probe and
signal stability, reduced sensitivity in complex matrices, limited
standardization, and the need for more robust, user-friendly
readout systems. These aspects are discussed in detail below.

4.1. Limitations and challenges of fluorescence-based POC
technologies

Despite recent progress, several limitations hinder the wide-
spread adoption and long-term performance of fluorescence-
based POC systems.

A key limitation of fluorescent probes is their susceptibility
to environmental conditions, as factors such as temperature,
PH, ionic strength, and solvent polarity can significantly affect

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 General applications of fluorescence-based POC devices.

both quantum yield and emission spectra. These factors cause
instability and impair measurement reproducibility, especially
in uncontrolled field circumstances, such as complex media
(human serum, whole blood, urine, saliva, etc.).”** Thus, while
fluorescence-enhancing systems have been widely explored to
improve biosensor sensitivity, their translation to clinical prac-
tice remains limited, with few systems tested in biologically
complex fluids or validated in real clinical conditions.?**?*¢
Moreover, the same labelling processes frequently require labor-
ious procedures for attaching fluorescent tags to biomolecules
like proteins. This step is mandatory for the detection of analytes
lacking intrinsic fluorescence; however, its performance may be
adversely affected by interfering substances within the sample
matrix, potentially compromising signal reliability and analytical
accuracy. To minimize procedural steps and their associated
challenges, several studies have focused on integrating micro-
fluidic systems capable of performing sequential operations,
including sample separation or filtration, reagent mixing, target
labelling, and washing, to streamline sample preparation and
improve assay efficiency.”*”>>°

Photobleaching remains another major limitation, resulting in
progressive signal decay during repeated or prolonged excitation.
Reactive oxygen species or radical intermediates commonly con-
tribute to photodegradation, limiting time-lapse detection and
reducing suitability for longterm monitoring. Furthermore,
matrix-related effects such as quenching by biomolecules (e.g,
proteins, lipids, and nucleic acids) and high background autofluor-
escence further complicate measurements. These interferences
lower signal-to-noise ratios and frequently demand complex sam-
ple pretreatment or filtration processes.

Beyond technical constraints, standardization of measure-
ment protocols, validation procedures, and quality assurance
measures remains critical for widespread adoption of these

This journal is © The Royal Society of Chemistry 2026
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technologies. The development of reference standards and
inter-laboratory comparison programs will support regulatory
acceptance and commercial deployment. The integration of
fluorescence-based sensors with emerging technologies, includ-
ing artificial intelligence, blockchain for data integrity, and
Internet of Things (IoT) platforms, promises to enhance the
capabilities and applications of these monitoring systems.>*%31
Advanced data analytics and machine learning algorithms will
improve the interpretation of complex fluorescence signatures
and enable predictive monitoring capabilities.

Finally, regulatory validation and clinical translation of
fluorescence-based POC devices require rigorous performance
benchmarking, repeatability investigations, and safety assess-
ments. These steps are extremely time-consuming and expen-
sive, especially when applied to multiplexed or nanomaterial-
based platforms, impeding their road to market and limiting
acceptance in resource-constrained environments.

Overcoming these constraints will necessitate collaborative
work in materials science, optical engineering, microfluidics,
and artificial intelligence to create next-generation POC sys-
tems that are robust, scalable, and comply with international
diagnostic standards.

The development and validation of emerging microfluidic
and POC fluorescence platforms critically depend on estab-
lished fluorescence-based reference techniques. Flow cytometry,
plate-reader fluorescence assays, and conventional fluorescence
microscopy serve as gold standards to benchmark sensitivity,
specificity, dynamic range, and reproducibility.>*>

Flow cytometry offers high-throughput multiparametric analy-
sis using well-established fluorescence signals, making it a reliable
reference technique for validating novel microfluidic devices.
Relying on such established methodologies helps ensure that
emerging platforms meet rigorous analytical standards and
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supports their translational development. Recent studies have
shown that high-throughput fluorescence lifetime imaging flow
cytometry can acquire detailed lifetime and intensity images at
rates that overcome conventional speed limitations, improving
the discrimination of cellular subpopulations in dynamic bio-
logical settings.>*® In parallel, work on the immunomagnetic
separation of B-type acute lymphoblastic leukemia blast cells
from bone marrow has used flow cytometry to validate capture
efficiency and benchmark microfluidic chip performance, high-
lighting how combining targeted separation strategies with
established cytometric readouts enables quantitative evaluation
of device performance.***

From this perspective, flow cytometry serves as an effective
bridge between traditional fluorescence-based methods and
emerging point-of-care technologies.

4.2. Emerging trends and novel POC technologies

Fluorescence-based POC technologies are rapidly evolving
through the development of novel materials, advanced detec-
tion strategies, and improved system integration.>**>3¢

One of the main drivers of innovation is the emergence of
next-generation fluorescent probes with improved brightness,
photostability, and selectivity compared to traditional organic
dyes. QDs with their size-tunable emission and exceptional
photostability, allow highly sensitive and multiplexed biomar-
ker detection with negligible spectral overlap. Their broad
absorption and narrow emission profiles make them ideal for
high-content, multi-analyte assays.

In parallel, AIE fluorophores have emerged as a complementary
class of probes. Unlike conventional dyes that suffer from fluores-
cence quenching upon aggregation, AIE molecules become highly
emissive upon aggregation, which significantly reduces back-
ground noise and enhances the signal-to-noise ratio. This property
is particularly beneficial for detecting low-abundance targets in
complex biological samples.>*”

Another key technological advancement is the incorporation
of smartphone-based fluorescence readers, leveraging the wide-
spread availability of mobile devices to create portable, cost-
effective, and user-friendly diagnostic platforms."®**” These
systems often combine compact optical components with
sophisticated image processing algorithms, facilitating real-
time quantification and data sharing, which is critical for
remote healthcare and telemedicine applications.

Moreover, microfluidics and LoC technologies are increas-
ingly integrated with fluorescent detection to automate sample
handling and reduce assay times, enhancing the practicality of
POC testing in diverse settings.**®

The use of Al and machine learning algorithms to analyse
fluorescence signals is also emerging as a powerful tool to improve
diagnostic accuracy and interpret complex data patterns.>*® Al
algorithms process diverse fluorescence data types including
intensity-based signals, spectral profiles, fluorescence lifetime
measurements, and imaging datasets.>*

Key Al roles encompass feature extraction, noise reduction,
classification, regression, and multiplexed target discrimination.”*"
For example, convolutional neural networks (CNNs) excel in
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analyzing fluorescence microscopy images for cell identification
and sorting, while machine learning classifiers enhance spectral
unmixing for complex multiplex assays.>**

These Al-driven approaches yield measurable gains such as
improved sensitivity, increased robustness against background
interference, reduced analysis time, and enhanced multiplex-
ing capacity. As AI methods evolve, they are expected to further
expand the capabilities and clinical utility of fluorescence-
based POC diagnostics.

On the other hand, the transition from proof-of-concept
prototypes to clinically deployable devices remains a consider-
able challenge.>** For example, lateral flow assays incorporating
fluorescent NPs have reached commercial availability, offering
improved sensitivity over traditional colorimetric tests.”** Con-
versely, novel microfluidic platforms integrating fluorescence
lifetime measurements often remain at early developmental
stages, requiring further validation in clinical matrices to con-
firm robustness.>*®

Technologies at more advanced stages often feature durable
materials, optimized probe chemistries, and fully integrated
microfluidic systems that have been validated under realistic
sample conditions, demonstrating scalability and adherence to
regulatory standards. In contrast, earlier-stage platforms mainly
focus on proof-of-principle demonstrations or novel sensing
modalities, lacking extensive validation in clinically relevant
matrices.”*® Recognizing these developmental distinctions is
essential to prioritize research directions, inform investment
strategies, and set realistic timelines for clinical adoption. Addi-
tionally, recent advances in Al-assisted fluorescence analysis have
shown considerable promise for improving diagnostic accuracy,
though they are still under evaluation for robustness and feasi-
bility in real-world deployment.>*” Clearly distinguishing between
these stages is critical to accelerating translation and ensuring
that fluorescence-based innovations fulfil the clinical and opera-
tional requirements of decentralized healthcare.

5. Conclusions

This review provides a comprehensive overview of fluorescence-
based technologies and their evolution into advanced applications
in POC diagnostic technologies. It analyses the fundamental
principles and instrumentation of key fluorescence techniques,
including spectroscopy, microscopy, time-resolved fluorescence,
and FLIM, highlighting their increasing sensitivity, spatial and
temporal resolution, and multiplexing capabilities. Moreover, this
review presents a detailed analysis of the main classes of fluo-
rescent probes, such as organic fluorophores, fluorescent proteins,
QDs, and UCNPs, discussing their unique photophysical features
and suitability for portable diagnostic formats. This review also
explores the broad range of POC applications enabled by these
systems, spanning clinical diagnostics, therapeutic drug monitor-
ing, environmental analysis and wearable biosensors. Collectively,
fluorescence-based POC devices stand out for their portability,
rapid detection capability, analytical sensitivity and suitability for
use in resource-limited environments.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc04199f

Open Access Article. Published on 14 February 2026. Downloaded on 4/6/2026 9:06:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

Looking ahead, the future of fluorescence-based technol-
ogies in POC diagnostics and monitoring appears highly promis-
ing. The integration of smart biosensors, artificial intelligence, and
microfluidic architectures is transforming how biomarkers are
detected and quantified, in real time and with high specificity.
There is a clear trend toward more portable, customizable, and
user-friendly devices that enable continuous, minimally invasive
monitoring and seamless connectivity to digital healthcare infra-
structures. Advances in miniaturization, alongside the development
of more stable, biocompatible, and near-infrared-emitting probes,
are expected to enhance their translational potential across clinical
and environmental settings.

However, key challenges remain. Regulatory approval, large-
scale clinical validation, and robust standardization are essen-
tial to ensure reliability and reproducibility. Overcoming these
barriers will require sustained collaboration between materials
scientists, optical engineers, clinicians, and policymakers. With
continued interdisciplinary progress, fluorescence-based POC
systems have the potential to redefine personalized and pre-
ventive healthcare, expanding diagnostic access and improving
outcomes on a global scale.
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