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these limitations, they integrated the WINPs into an
LFA platform for the specific detection of AIV nucleo-
capsid protein. Remarkably, the WINP-LFA demon-
strated excellent performance even under a very low-
power irradiation level (100 mW cm−2). When tested
against 65 opaque clinical samples, the assay achieved
100% sensitivity and specificity, with a detection limit
about 10-fold lower than a comparable UCNP-based
LFA tested under the same low-power conditions
(Fig. 1d). Moreover, unlike conventional UCNPs systems
that often require high excitation power leading to heat
generation, WINPs provide stable, high-contrast signals
without thermal drawback. This characteristic prevents
heat-induced antibody denaturation and safeguards the
overall reliability of the LFA.
This work addresses the challenge of water-induced

luminescence quenching in NIR nanoprobes. By ration-
ally designing an efficient NIR-I-to-NIR-I down-shifting
system, the authors have created an interesting platform
that functions at low power in aqueous environments.
The WINP-LFA demonstrated their alternatives to
conventional phosphors for developing cost-effective
and sensitive biosensors. While the current NIR-I con-
figuration demonstrates promising ex vivo sensing
capabilities, its tissue penetration depth remains con-
strained by the fundamental optical properties of this

spectral region9. Developing next-generation nanoprobes
with excitation/emission dual NIR-II (1000–1700 nm)
operation, resistance to water absorption, and high
brightness is crucial for enabling non-invasive in vivo
biosensing10,11.
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Fig. 1 Schematics illustrating the advantage of WINPs compared to conventional UCNPs in aqueous environments. a Conventional UCNPs
excited at 980 nm suffer significant water absorption leading to signal quenching. b WINPs excited at 800 nm show minimal water absorption,
enabling stable 865 nm emission. c Water absorption curve, excitation and emission position of UCNPs and WINPs. d Application of WINPs in a low-
power lateral flow assay (LFA) for sensitive detection of biomarkers like Avian Influenza Virus (AIV) in opaque avian swabs
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Abstract
Conventional optical probes suffer from signal degradation in aqueous media, hindering sensitive biodetection. To
overcome this, newly developed water-insensitive down-shifting nanoparticles (WINPs) possess superior photophysical
properties in the NIR-I window, including high quantum yield and negligible thermal effects, permitting stable, high-
contrast signal generation under low excitation power. This advantage facilitated a low-power lateral flow assay
capable of highly sensitive avian influenza virus (AIV) detection in the opaque biological matrices (such as avian
swabs), mitigating interference issues relying on visible-range signals.

Detecting biomarkers with high sensitivity and stability
in complex biological fluids remains a significant chal-
lenge in diagnostics and biomedical imaging1,2. Near-
infrared (NIR) light offers advantages like deep tissue
penetration and low autofluorescence, but the perfor-
mance of lanthanide-doped upconversion nanoparticles
(UCNPs), which convert NIR photons into higher-energy
emissions through sequential absorption, is often ham-
pered in aqueous environments3,4. UCNPs typically rely
on 980 nm laser excitation, which unfortunately coincides
with strong water absorption, leading to detrimental sig-
nal quenching and localized heating effects that can
damage sensitive biological targets and compromise assay
reliability (Fig. 1a)5.
Overcoming these limitations requires novel nanop-

robe designs that are inherently resilient to water-
induced quenching and can operate efficiently at low,
biologically safe power density levels. Down-shifting
nanoparticles, which emit lower-energy photons upon
absorbing higher-energy ones, present a promising
alternative pathway for the NIR biological windows6.
Recently, Kang et al. have developed and demonstrated
Water-Insensitive Down-shifting Nanoparticles (WINPs)
specifically for robust performance in water-rich

environments7. Core-shell nanoparticles (NaYF4:5%
Nd@NaYF4) exhibit efficient absorption of 800 nm light
and emit at 865 nm through an NIR-I-to-NIR-I down-
shifting process (Fig. 1b).
Crucially, the researchers characterized the WINPs in

the single-particle level. Their results confirmed their
water-insensitivity: the photoluminescence lifetime pro-
files and the operational detection limit power density (a
low 5W cm−2) remained virtually identical whether the
particles were measured in dry conditions or fully
immersed in water. This starkly contrasts with conven-
tional UCNPs, which showed lifetime reduction and
required ~15 times higher power density to achieve a
comparable signal in water due to energy transfer or
absorption to water molecules. The WINPs achieved an
impressive quantum yield of 22.1 ± 0.9%. Furthermore,
excitation at 800 nm generated negligible thermal effects
in water compared to the significant heating observed
with 980 nm excitation under similar power densities
(Fig. 1c).
Rapid and reliable detection of avian influenza virus

(AIV) is critical for effective disease surveillance and
outbreak control8. However, conventional lateral flow
immunoassay (LFA) using colorimetric or fluorescent
signals in the ultraviolet-to-visible spectrum often suf-
fers from strong scattering and absorption in opaque
and complex samples like avian swabs. Significant
background interferences leading to compromised signal
clarity and reduced detection reliability. To address
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these limitations, they integrated the WINPs into an
LFA platform for the specific detection of AIV nucleo-
capsid protein. Remarkably, the WINP-LFA demon-
strated excellent performance even under a very low-
power irradiation level (100 mW cm−2). When tested
against 65 opaque clinical samples, the assay achieved
100% sensitivity and specificity, with a detection limit
about 10-fold lower than a comparable UCNP-based
LFA tested under the same low-power conditions
(Fig. 1d). Moreover, unlike conventional UCNPs systems
that often require high excitation power leading to heat
generation, WINPs provide stable, high-contrast signals
without thermal drawback. This characteristic prevents
heat-induced antibody denaturation and safeguards the
overall reliability of the LFA.
This work addresses the challenge of water-induced

luminescence quenching in NIR nanoprobes. By ration-
ally designing an efficient NIR-I-to-NIR-I down-shifting
system, the authors have created an interesting platform
that functions at low power in aqueous environments.
The WINP-LFA demonstrated their alternatives to
conventional phosphors for developing cost-effective
and sensitive biosensors. While the current NIR-I con-
figuration demonstrates promising ex vivo sensing
capabilities, its tissue penetration depth remains con-
strained by the fundamental optical properties of this

spectral region9. Developing next-generation nanoprobes
with excitation/emission dual NIR-II (1000–1700 nm)
operation, resistance to water absorption, and high
brightness is crucial for enabling non-invasive in vivo
biosensing10,11.
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excited at 980 nm suffer significant water absorption leading to signal quenching. b WINPs excited at 800 nm show minimal water absorption,
enabling stable 865 nm emission. c Water absorption curve, excitation and emission position of UCNPs and WINPs. d Application of WINPs in a low-
power lateral flow assay (LFA) for sensitive detection of biomarkers like Avian Influenza Virus (AIV) in opaque avian swabs
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Abstract
Conventional optical probes suffer from signal degradation in aqueous media, hindering sensitive biodetection. To
overcome this, newly developed water-insensitive down-shifting nanoparticles (WINPs) possess superior photophysical
properties in the NIR-I window, including high quantum yield and negligible thermal effects, permitting stable, high-
contrast signal generation under low excitation power. This advantage facilitated a low-power lateral flow assay
capable of highly sensitive avian influenza virus (AIV) detection in the opaque biological matrices (such as avian
swabs), mitigating interference issues relying on visible-range signals.

Detecting biomarkers with high sensitivity and stability
in complex biological fluids remains a significant chal-
lenge in diagnostics and biomedical imaging1,2. Near-
infrared (NIR) light offers advantages like deep tissue
penetration and low autofluorescence, but the perfor-
mance of lanthanide-doped upconversion nanoparticles
(UCNPs), which convert NIR photons into higher-energy
emissions through sequential absorption, is often ham-
pered in aqueous environments3,4. UCNPs typically rely
on 980 nm laser excitation, which unfortunately coincides
with strong water absorption, leading to detrimental sig-
nal quenching and localized heating effects that can
damage sensitive biological targets and compromise assay
reliability (Fig. 1a)5.
Overcoming these limitations requires novel nanop-

robe designs that are inherently resilient to water-
induced quenching and can operate efficiently at low,
biologically safe power density levels. Down-shifting
nanoparticles, which emit lower-energy photons upon
absorbing higher-energy ones, present a promising
alternative pathway for the NIR biological windows6.
Recently, Kang et al. have developed and demonstrated
Water-Insensitive Down-shifting Nanoparticles (WINPs)
specifically for robust performance in water-rich

environments7. Core-shell nanoparticles (NaYF4:5%
Nd@NaYF4) exhibit efficient absorption of 800 nm light
and emit at 865 nm through an NIR-I-to-NIR-I down-
shifting process (Fig. 1b).
Crucially, the researchers characterized the WINPs in

the single-particle level. Their results confirmed their
water-insensitivity: the photoluminescence lifetime pro-
files and the operational detection limit power density (a
low 5W cm−2) remained virtually identical whether the
particles were measured in dry conditions or fully
immersed in water. This starkly contrasts with conven-
tional UCNPs, which showed lifetime reduction and
required ~15 times higher power density to achieve a
comparable signal in water due to energy transfer or
absorption to water molecules. The WINPs achieved an
impressive quantum yield of 22.1 ± 0.9%. Furthermore,
excitation at 800 nm generated negligible thermal effects
in water compared to the significant heating observed
with 980 nm excitation under similar power densities
(Fig. 1c).
Rapid and reliable detection of avian influenza virus

(AIV) is critical for effective disease surveillance and
outbreak control8. However, conventional lateral flow
immunoassay (LFA) using colorimetric or fluorescent
signals in the ultraviolet-to-visible spectrum often suf-
fers from strong scattering and absorption in opaque
and complex samples like avian swabs. Significant
background interferences leading to compromised signal
clarity and reduced detection reliability. To address
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Abstract
Ultralong organic afterglow materials are being actively explored as attractive candidates for a wide range of
applications such as data storage, security inks, emergency lighting, etc., due to their unique long-lived excited state
properties and inherent advantages of low cost, appreciable functionality and ease of preparation. In the last three
years, much effort has been devoted to achieving efficient ultralong afterglow from organic small molecules, which
possess controllable intermolecular interactions and defined energy levels, making them a good platform to suppress
the non-radiative decays, hence stabilizing the excitons for efficient afterglow emissions at room temperature.
Nevertheless, there has been a lack of reviews on how efficient ultralong organic afterglow can be systematically
achieved from small molecular host-guest materials, which is not conducive to the development of the field. In this
review, we have outlined and summarized small-molecule ultralong organic afterglow materials based on different
emission mechanisms. We have included emission mechanisms involving ultralong room-temperature phosphores-
cence (URTP), ultralong thermally activated delayed fluorescence (UTADF) and organic long persistent luminescence
(OLPL), where the latter two mechanisms have rarely been reported. In addition, challenges and future perspectives
are discussed to emphasize the future directions.

Introduction
Ultralong afterglow material is typically used to describe

a class of light-emitting materials that can continuously
emit light for several seconds to several hours, after the
removal of the photo-excitation source1–5. Based on its
fundamental composition, the ultralong afterglow mate-
rial can be classified into two categories: organic and
inorganic. Inorganic ultralong afterglow materials, lever-
aging their exceptional persistent luminescence proper-
ties, have been extensively implemented in numerous
applications ranging from information encryption6,7 to
display technologies8,9, with additional demonstrations in
bioimaging and optoelectronic devices10–13. However,
these inorganic materials have the inherent problems of
high production cost, poor processibility and high

toxicity. Such characteristics fundamentally restrict their
deployment in bio applications. Consequently, the
research and development of ultralong organic afterglow
materials represent a significant opportunity for advan-
cing societal development and progress.
The field of ultralong organic afterglow materials has

recently gained significant attention, deriving from their
unique advantages such as tunable emission profiles via
large Stokes shifts, exceptional operational lifetimes and
rich excited-state dynamics14–20. These materials are cost-
effective and readily accessible, exhibiting biocompat-
ibility, simple to synthesize, and straightforward to mod-
ify. Besides, they possess notable advantages in terms of
low toxicity. A number of common design strategies for
ultralong organic afterglow materials have been developed
nowadays. Among these, crystallization, H-aggregation,
and host-guest doping strategy have been identified as
promising approaches21–25. Notably, the host-guest dop-
ing strategy has attracted a significant interest in recent
years and has emerged as a prominent and efficient
approach for the development of highly efficient ultralong
organic afterglow materials.
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