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The pandemic of highly contagious diseases has put forward urgent requirements for high sensitivity and
adaptive capacity of point-of-care testing (POCT). Herein, for the first time, we report an aggregation-induced
emission (AIE) dye-energized light-initiated afterglow nanoprobes (named LiAGNPs), implemented onto a

ﬁﬁfrglow lateral flow immunoassay (LFIA) test strip, for diagnosis of two highly contagious diseases, human immunode-
SARS-CoV-2 ficiency virus (HIV) and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) as model validation. The

primary working mechanism relies on the cyclically generated singlet oxygen (0y)-triggered time-resolved
luminescent signals of LIAGNPs in which AIE dyes (TTMN) and chemiluminescent substrates (SO) are loaded.
The designed LiAGNPs were found 2-fold and 32-fold sensitive than the currently used Eu(Ill)-based time-
resolved fluorescent nanoparticles and gold nanoparticles in lateral flow immunoassay (LFIA), respectively. In
addition, the extra optical behaviors of nude color and fluorescence of LIAGNPs enable the LFIA platform with
the capability of the naked eye and fluorescent detection to satisfy the applications under varying scenarios. In
short, the versatile LIAGNPs have great potential as a novel time-resolved reporter in enhancing detection
sensitivity and application flexibility with LFIA platform for rapid but sensitive infectious disease diagnostics.

1. Introduction

The outbreak of highly contagious diseases, such as Ebola hemor-
rhagic fever (EBHF), dengue, coronavirus disease 2019 (COVID-19),
high pathogenic avian influenza (HPAI), malaria, acquired immune
deficiency syndrome (AIDS), and Middle East respiratory syndrome
(MERS), has seriously threatened human health, causing global public
health crises (Baker et al., 2021; Karim et al., 2020; Kirtane et al., 2021).
Early and sensitive diagnosis, especially in underdeveloped areas, is one
of the effective strategies to prevent the spread of pandemic infectious
diseases (Ackerman et al., 2020; Miller et al., 2020; Oeschger et al.,
2021; Wang et al., 2021a). The current primary diagnostic tools for in-
fectious diseases are based on enzyme-linked immunosorbent assay
(ELISA) (Grzelak et al., 2020; Li et al, 2021), reverse
transcription-polymerase chain reaction (RT-PCR) (Ganguli et al., 2020;
Santiago et al., 2018; Woo et al., 2020), and chemiluminescence
immunoassay (CLIA) (Kyme et al, 2019; Liu et al., 2020a).
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Unfortunately, these approaches are generally plagued by expensive
instruments and equipment, special reagents and professional operators,
and exceptionally long analysis time (Elledge et al., 2021; Ferreira et al.,
2021; Yao et al., 2021; Yousefi et al., 2021). As a result, these re-
quirements are increasingly being recognized hard to meet in barren and
remote epidemic areas, even in cities when epidemics peak. Therefore,
there is an urgent need to develop fast, easy operation, low-budget and
portable point-of-care testing (POCT) facilities that enable patients to be
conveniently and timely monitored with infectious diseases in a com-
munity or home setting (Brendish et al., 2020; Qi et al., 2021; Sebba
et al., 2018).

Lateral flow immunoassay (LFIA) is currently the most commonly
used POCT tool worldwide (Liu et al., 2021; Miller et al., 2020; Parolo
et al., 2020; Wang et al., 2021b), of which USD 8.2 billion market size
was reached in 2020. Nowadays, LFIA based on colorimetry and fluo-
rescence as signal readout dominates the market (Hu et al., 2017a; Wang
etal., 2021b; Zhang et al., 2019). Among them, colorimetric (CM)-based

Received 10 April 2022; Received in revised form 17 May 2022; Accepted 18 May 2022

Available online 20 May 2022
0956-5663/© 2022 Elsevier B.V. All rights reserved.


mailto:bingbozhang@tongji.edu.cn
www.sciencedirect.com/science/journal/09565663
https://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2022.114411
https://doi.org/10.1016/j.bios.2022.114411
https://doi.org/10.1016/j.bios.2022.114411
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2022.114411&domain=pdf

L. Hao et al.

LFIA, represented by gold nanoparticles (AuNPs), can quickly provide
results with naked eyes. Still, it confronts a fatal shortcoming of low
detection sensitivity and poor accuracy (Chen et al., 2020; Huang et al.,
2019; Qin et al., 2012). In comparison, fluorescence (FL)-based LFIA is
superior to CM-based LFIA in sensitivity and accuracy (Huang et al.,
2020; Wang et al., 2020). However, it is being criticized for background
interference. Background autofluorescence from nitrocellulose sub-
strates, glass fibers, and biological samples are frequently found to result
in incorrect readings and mislead epidemic prevention decisions (Ji
et al., 2020; Liu et al., 2020b; Miller et al., 2020; Shah and Yager, 2017).
Furthermore, FL-based LFIA lose the ability of visual detection by naked
eyes. In resource-limited scenarios, visual detection plays an irreplace-
able role. Therefore, realizing compatibility between visualization and
sensitivity and promoting the versatile use of LFIA are of great practical
significance.

Time-resolved fluorescence immunoassay (TRFIA) can effectively
avoid the background FL by collecting the long-lived luminescence
signals of the used reporters (Guo et al., 2019; Lee et al., 2020; Ma et al.,
2019; Sun et al., 2021). Thanks to the low/zero background signal
interference, TRFIA has a greater advantage in sensitivity than tradi-
tional FL-based LFIA. The critical component of TRFIA is the unique
reporter, nowadays mainly reported from lanthanide (e.g., Eu(III))
nanoparticles. Unfortunately, the luminescence signals of lanthanide
nanoparticles usually have ps ~ ms level of a lifetime (Hu et al., 2017b),
and obviously, they decay too fast, thus hard to improve the detection
sensitivity. Developing reporters with applicable time-resolved fluores-
cence emission is challenging and few materials have been reported so
far.

Herein, we developed a next-generation time-resolved optical re-
porter, namely LiAGNPs, with a unique light-initiated afterglow phe-
nomenon, which can sustain self-luminescence process for 20 min after
removing the excitation light source due to the mild decay in lumines-
cence (Fig. 1a). The LIAGNPs were synthesized by co-embedding two
chemicals, 2-((5-(4-(diphenylamino)phenyl)thiophen-2-yl)methylene)
malononitrile (TTMN), a photosensitive dye with aggregation-induced
emission (AIE) characteristics (Wang et al., 2017), and N, N-dime-
thyl-4-(6-phenyl-2,3-dihydro-1,4-oxathiin-5-yl)aniline (SO), a chemilu-
minescent substrate (Jiang et al., 2019), into carboxylate-modified
polystyrene nanoparticles (PSs) through a swelling method. The
long-lived afterglow depends on the cascaded chemical events caused by
the cyclic generation of light-triggered singlet oxygen (10,). Leveraging
this particular property of LiIAGNPs as a signal transducer, we demon-
strate high detection sensitivity of type 1 capsid p24 antigens (marked as
p24 antigen) against Human immunodeficiency virus (HIV) and
immunoglobulin M (IgM) and immunoglobulin G (IgG) against severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) on LFIA plat-
form. In addition, the nude color (pink) and fluorescence of LiAGNPs
provide two extra detection modalities for the LIFA platform, preserving
naked-eye readability and enhancing its potential for use in different
scenarios.

2. Experimental sections
2.1. Materials

2-((5-(4-(diphenylamino)phenyl)thiophen-2-yl)methylene)malono-
nitrile (TTMN) dye with AIE character was synthesized according to the
previous protocol of our laboratory without any change (Wang et al.,
2017). (N, N-dimethyl-4-(6-phenyl-2,3-dihydro-1,4-oxathiin-5-yl)ani-
line) (SO) was purchased from Shanghai Yaxing Biomedical Technology
Co., LTD (Shanghai, China). Carboxylate-modified polystyrene nano-
particles (PSs) were purchased from So-Fe Biomedicine (Shanghai,
China). N-(3-(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochlo-
ride (EDC), 1-methoxy-2-propanol, sucrose, Tween-20, Bovine serum
albumin (BSA), H20,, sodium molybdate, sodium chloride, chloroauric
acid, trisodium citrate, and sodium borate were purchased from Aladdin
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Industrial Inc. Singlet oxygen sensor green (SOSG) were purchased from
Beyotime Biotechnology. The carboxylic Eu(Ill)-based time-resolved
fluorescent nanoparticles (Eu-TRFN) with size of 190 nm were pur-
chased from taoyugroup.com (Shanghai, China). Sample pads, conju-
gate pads, absorbent pads, NC membrane, PVC backing pad, and plastic
shell were purchased from Shanghai Kinbio Biotechnology Co., Ltd
(Shanghai, China). Anti-p24 antigen detection monoclonal antibodies
(mAb1), anti-p24 antigen capture monoclonal antibodies (mAb2), and
p24 antigens were purchased from Cnpair Biotechnology Co., Ltd
(Hangzhou, China). Goat anti-mouse IgG, goat anti-chicken IgY, influ-
enza A protein (IFA), influenza B protein (IFB), C-reactive protein (CRP),
procalcitonin (PCT), and human chorionic gonadotropin (HCG) were
purchased from Nanjing Santa Scott Biotechnology Co., Ltd (Nanjing,
China). SARS-CoV-2 IgG, IgM, S-antigen, mouse anti-human IgM, and
mouse anti-human IgG were purchased from Fapon Biotechnology Co.,
Ltd (Guangzhou, China). The ELISA kit for p24 antigen detection was
purchased from Abmart Biomedicine (Shanghai) Co., LTD (Shanghai,
China). Deionized water was provided by a Milli-Q purification system.
All serum samples were collected from healthy volunteers with signed
informed consent. All experiments involved the use of healthy human
serum samples were approved by the Drug Trial Ethics Committee of
Shanghai Skin Disease Hospital.

2.2. Instrument and characterization

Hitachi HT7700 Exalens transmission electron microscope (Hitachi
Co., Ltd., Japan) was employed to provide TEM images at 200 kV. Hy-
drodynamic diameter distribution and zeta-potential were acquired on a
dynamic light scattering analyzer (Malvern Zetasizer Nano ZS). The
UV-vis absorption spectra were recorded by Genesys 10s UV-vis spec-
trophotometer (Thermo Scientific, Waltham, MA). Fluorescence spectra
were obtained using a Hitachi F-7000 fluorescence spectrophotometer.
Afterglow images and intensity were collected by a darkroom CCD
camera. Time-resolved strip analyzer, fluorescent strip analyzer, and
colloidal gold strip analyzer were purchased from Hangzhou Autokun
Tech (Hangzhou, China).

2.3. Synthesis of LIAGNPs

LiAGNPs were synthesized via the means of the swelling method. In
brief, 5 mg of TTMN and 3 mg of SO were mixed and dissolved in 3 ml of
1-methoxy-2-propanol (PGME) solution, and preheated to 70 °C. Sub-
sequently, 1 mL of PSs (100 mg mL™!) were added and reacted for 30
min. Then immediately stop heating and cool the solution to room
temperature. The synthesized LiAGNPs were washed three times with
deionized water, centrifuged at 13500 rpm for 15 min, and the residue
was re-dispersed in 4 mL of deionized water. The as-prepared LiAGNPs
solution was stored in the dark at 4 °C for future use. The TNPs (only
doped 5 mg of TTMN) and SNPs (only doped 5 mg of SO) were syn-
thesized using the same swelling protocols.

2.4. Afterglow emission measurement

Afterglow images were collected using a darkroom CCD camera. In
brief, 20 pL of LIAGNPs (20 mg mL™1) was added to Eppendorf (EP)
tubes containing 180 pL of deionized water, and then pre-illuminated
with a white LED flashlight (2000 Im) for 1 min. The afterglow images
were acquired employing an open filter (full-wave reception), and the
afterglow emission decay process was obtained continuously by the CCD
camera without any traveling of the sample. The Andor SOLIS software
was employed to analyze the afterglow images. For investigating
whether the afterglow emission involved 10, or not, 20 pL LiAGNPs (20
mg mL 1) were incubated with 90 pL NasMoO4 (10 mM) and 90 pL HoOo
(4 mM) for 5 s, before afterglow images were collected.
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Fig. 1. Synthesis and characterizations of LIAGNPs. (a) Schematic diagram of the synthesis of LIAGNPs using the swelling method. (b) TEM image of LiAGNPs. Scale
bars, 0.5 pm. (c) HD distribution and of LiIAGNPs in water. (d—f) Zeta potential (d), UV-vis absorption spectrum (e), and fluorescence spectra (f) of LIAGNPs against
long-term storage for 30 days. (g) The digital photo of LIAGNPs under room light (left) and UV light (right). (h) The fluorescence lifetime of LiAGNPs. (i-j) The
quantitative decay intensity (i) and dynamic afterglow decay images (j) of PSs, TNPs, SNPs, and LIAGNPs (2 mg mL ') were acquired after 1 min exposure to a white
LED lamp (2000 Im) using a dark room CCD camera. No white LED lamp irradiation as a control. (k-1) The afterglow emission images (k) and their quantitative
intensity values (1) of LIAGNPs were re-excited with the same LED lamp for 1 min. The error bars were obtained from three parallel experiments.
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2.5. Evaluation of 10, generation

SOSG (50 pM) with a volume of 100 pL was placed in LIAGNPs so-
lution (0.1 mg mL ™}, 2 mL), and exposed to a white LED flashlight (2000
Im) lasts 1 min. Then, a Hitachi F-7000 fluorescence spectrophotometer
was employed to recorded the fluorescence spectrum of SOSG solution
(504 nm for excitation, 525 nm for emission).

2.6. Synthesis of LIAGNPs-mAb1

The LIAGNPs-mAb1conjugates were prepared via the EDC-mediated
covalent attachment of LIAGNPs and mAb1. In short, the as-synthesized
LiAGNPs (20 mg mL’l) with a volume of 5 pL, mAb1 (10 pg), and EDC
(5 pg) were mixed in 200 pL PBS solution (0.01 M, pH 7.0), and the
mixed solution was gently stirred 30 min (room temperature). Then,
BSA solution (100 pL, 10% w/v) and EDC (10 pg) were placed for 1 h
under continuous gently stirring. Finally, the reaction-completed solu-
tion was centrifuged at 15000 rpm for 15 min and the precipitate was
redispersed in PBS solution (0.01 M, pH 7.4) with a volume of 50 pL,
containing 25% sucrose (w/v), 1% BSA (w/v), 1% Tween-20 (v/v), and
0.1% sodium nitride (NaN3, w/v). The prepared LIAGNPs-mAb1 con-
jugates were placed at 4.0 °C for use. The synthetic process of Eu-
TRFNs-mADb]1 is the same as LIAGNPs-mAbl1.

2.7. Synthesis of AuNPs—mAbl

The AuNPs with size of 20 nm were synthesized according to the
previous report without any change (Li et al., 2016). The AuNPs-mAb1l
immunoprobes were synthesized via electrostatic adsorption. Typically,
10 pg of mAbl was added to 1.0 mL of AuNPs solution. The mixed so-
lution was gently stirred for 30 min of incubation at room temperature.
Then, 10% BSA (w/v) with a volume of 100 pL was added another for 1 h
of incubation under continuous gently stirring. Finally, the
reaction-completed mixed solution was purified through centrifugation
at 15000 rpm for 15 min and redispersed in PBS solution (0.01 M, pH
7.4) with a volume of 200 pL, involving 25% sucrose (w/v), 1% BSA
(w/v), 1% Tween-20 (v/v), and 0.1% sodium nitride (NaNs, w/v). The
prepared AuNPs-mAb1 conjugates were placed at 4.0 °C for future use.

2.8. Fabrication of LIAGNPs-LFIA test strip for p24 antigen assay

The LiAGNPs-LFIA strip for p24 antigen detection was fabricated
referring to the previous literature (Hao et al., 2020). Firstly, mAb2 (2.0
mg mL™Y) and goat anti-mouse IgG (2.0 mg mL™?) pre-dispersed in PBS
solution (pH 6.0, containing 5% w/v sucrose, 0.2% w/v BSA, and 1%
v/v NaCl) were deployed to the NC membrane as the T- and C-line,
respectively. Subsequently, the spraying finished NC membrane was
dried overnight in a 37 °C incubator. The prepared LIAGNPs-mAb1 were
dried on the conjugate pad overnight at 37 °C with a dose of 3.0 pL in
each strip. The sample pads were pretreated with sodium borate buffer
(20 mM, pH 8.0, containing 1.0% w/v BSA, 0.25% v/v Tween-20, and
0.1% w/v NaNs), and the placed in a 37 °C incubator to dry overnight.
Finally, the processed NC membrane, conjugate pads, and sample pads
were fitted into a PVC backing pad, and the back pad was cut into 3.8
mm wide and mounted in a plastic shell for standby. TRFN-LFIA and
AuNPs-LFIA test strips are prepared in the same way as LiAGNPs-LFIA
strip.

2.9. Assay procedure of LIAGNPs—LFIA test strip for p24 antigen in
human serum

In a typical detection process, 70 pL of the sample was injected into
the sample sink. After a 15 min incubation, the signal answers (con-
taining CM, FL, and afterglow) of the T- and C-line were collected by the
naked eye, handheld UV flashlight, or corresponding strip analyzer. The
detection process of Eu-LFIA and AuNPs-LFIA test strips are the same as
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LiAGNPs-LFIA strip.
2.10. Synthesis of LIAGNPs-S-antigen and LiAGNPs—Chicken IgY

The synthetic process of LiAGNPs-S-antigen were similar to
LiAGNPs-mAb1 with some modifications. In short, the as-synthesized
LiAGNPs (20 mg mL™) with a volume of 5 pL, S-antigen (5 pg), and
EDC (5 pg) were mixed in 200 pL PBS solution (0.01 M, pH 8.0), and
followed by gently stirred for 30 min incubation (room temperature).
Subsequently, 10% BSA (w/v) solution with a volume of 100 puL and EDC
(10 pg) were injected for 1 h under continuous gently stirring. The
following synthetic process is the same as LIAGNPs-mAb1.

The preparation process of LIAGNPs—Chicken IgY is the same as that
of LIAGNPs-S-antigen, and it is only necessary to replace S-antigen with
Chicken IgY.

2.11. Fabrication of LIAGNPs-LFIA strip for SARS-CoV-2 IgM and IgG
assay

The fabrication procedure of LiAGNPs-LFIA strip for SARS-CoV-2
IgM and IgG assay was similar to p24 antigen test strip with some
modifications. Briefly, 3.0 mg mL ™ of anti-human IgM, 3.0 mg mL ™" of
anti-human IgG, and 1.0 mg mL™! of goat anti-chicken IgY were pre-
dispersed in PBS solution (0.01 M, pH 6.0, including 5% sucrose (w/
v), 0.2% BSA (w/v), and 1% NaCl (v/v) were deployed to the NC
membrane as the M-line, G-line, and C-line, respectively. Afterward, the
spraying finished NC membrane was placed in a 37 °C incubator to dry
overnight, immediately. The prepared LiAGNPs-S-antigen and
LiAGNPs-chicken IgY immunoprobes were dried on the conjugate pad
overnight at 37 °C with a dose of 4.0 pL in each strip. The following
process is the same as LIAGNPs-LFIA test strip for p24 antigen assay.

2.12. Assay procedure of SARS-CoV-2 IgM and IgG in FBS using
LiAGNPs-LFIA test strip

In a typical detection process, 70 pL of mixed FBS samples containing
a series of IgG and IgM was injected into the sample sink. After incu-
bation for 15 min, the signal answers (including CM, FL, and afterglow)
of the M-, G-, and C-line were collected by the naked eye, handheld UV
flashlight or corresponding strip analyzer.

3. Results and discussion
3.1. Synthesis and characterization of LiIAGNPs

TTMN dye and SO molecules, which are two core elements, were
used as functional building blocks to synthesize LiAGNPs with afterglow
property, as demonstrated in Fig. 1a. In a typical process, TTMN and SO
were co-encapsulated into carboxylate-modified PSs in 1-methoxy-2-
propanol (PGME) utilizing the swelling method. The large-area trans-
mission electron microscope (TEM) image in Fig. 1b displays good
spherical morphology and dispersion of the resulting LIAGNPs, which is
similar to the untreated PSs (Fig. S1). The hydrodynamic diameter (HD)
of LiAGNPs (170.0 nm, Fig. 1c) was found pretty similar to that of the
original PSs (Figs. S1 and S2). Zeta potential analysis exhibited that the
surface charge of LIAGNPs was negative (—36.9 mV, Fig. 1d), facilitating
the monodisperse of LIAGNPs in solution. UV-Vis and fluorescence
spectra of the synthesized LIAGNPs in Fig. 1e and f show that the ab-
sorption maximum and the emission maximum of the LIAGNPs are 482
nm and 640 nm, respectively. The photographs in Fig. 1g exhibit that the
solution color of LiAGNPs is pink, which is easy for human eyes to
recognize. Meanwhile, it can be found to emit red FL under the excita-
tion of ultraviolet (UV) light. The average FL lifetime of LIAGNPs was
found at the nanosecond level, showing the characteristics of instanta-
neous luminescence (Fig. 1h). We speculated that this FL property is
derived from the TTMN dye inside LiIAGNPs. Moreover, by measuring
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the UV absorption spectrum, the actual contents of TTMN and SO were
determined to be 4.0 pg mg~! and 0.36 pg mg~! of PSs, respectively
(Fig. S3). These findings indicate that the prepared LiAGNPs not only
could serve as a CM label to achieve the signal output strategy by naked
eye acquisition, but also be used as a FL label under external light
excitation.

Besides the above optical performance and, more importantly, the
engineered LiIAGNPs were found to have long-live light-initiated after-
glow luminescence. To better describe this property, two control
nanospheres of similar particle sizes to LIAGNPs, including TNPs (only
using TTMN as active molecules) and SNPs (only using SO as active
molecules), were prepared via the same swelling protocols and further
confirmed by TEM and DLS analysis (Fig. S4). As shown in Fig. 1i and j,
the dynamic afterglow intensity and images of LiIAGNPs display persis-
tent luminescence for 20 min post 1 min of irradiation by a white LED
lamp (2000 1m). By contrast, none of the PSs, TNPs, and SNPs exhibit
signals after ceasing irradiation. This excellent time-gated luminescence
property is very beneficial improving detection sensitivity for the LFIA
platform. Interestingly, the re-excited afterglow signals of LIAGNPs were
found to still maintained more than half of the initial intensity even after
five rounds of irradiation, demonstrating their repeatable acquisition
ability if necessary (Fig. 1k and 1). We further investigated the effects of
light initiation time and the afterglow signal collection time on after-
glow intensity. As shown in Fig. S5, when the afterglow signal collection
time (100 s, Fig. S5a) or light initiation time (60 s, Fig. S5b) was fixed,
we found that the afterglow intensity of LIAGNPs was positively related
to the initiation time and the signal collection time. It is worth pointing
out that when the light initiation time exceeds 60 s, the intensity of
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afterglow collected was found decreased (Fig. S5a). This could be
attributed to the synchronous engergy release of LIAGNPs while irra-
diated by LED light. Other further characterizations including Zeta po-
tential (Fig. 1d), UV-vis absorption spectrum (Fig. le), fluorescence
spectrum (Fig. 1f), afterglow intensity (Fig. S6), and HD (Fig. S7) of
LiAGNPs show that no significant changes were observed after 30-day
storage, indicating the superb colloid stability and no leakage or dete-
rioration phenomenon in long-term storage. These high colloidal and
optical stability are attributed to the polystyrene matrix which
completely isolates the internal dyes from the external environment.

3.2. Light-initiated afterglow mechanism study of LIAGNPs

AIE dye TTMN used in this work has been proved to be a powerful
photosensitizer with high 05 production (Wang et al., 2017; Zhang
et al., 2021b). Specifically, the electron of photosensitizers transition
from the ground state to the triplet excited state under the irradiation of
the external light source through itersystem crossing (ISC). The energy
of the triplet excited photosensitizers are then transferred to molecular
oxygen to form 10y (Lucky et al., 2015; Shi et al., 2020). In this study, we
designed LiAGNPs by simultaneously embedding photosensitive AIE dye
TTMN and chemiluminescent molecule SO, aiming to produce afterglow
luminescence via !0, as an energy transfer channel. First, singlet oxygen
sensor green (SOSG), a 102 indicator, was applied to verify the 102
generation of LiAGNPs and it demonstrates increasing 10, generation
with a white LED light irradiation (Fig. 2a and b). At the same time,
there was no remarkable 'O, generation in the sample of SNPs or PSs.
These results clearly reveal that TTMN can produce 10, efficiently under
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for 1min. (d) Schematic illustration of afterglow mechanism of LiAGNPs. (e) The absorption spectrum of TTMN dyes and the fluorescent emission spectrum of SO
molecule after normalization. (f-g) Afterglow luminescence images (f) and intensity (g) of PSs, TNPs, SNPs, and LiAGNPs (2 mg mL ™}, final concentration) incubated
with H,0, NaoMoOy, Ho0,, or Na;MoO4 + H,0, for 5 s, respectively. The error bars were obtained from three parallel experiments.
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light, and SO molecule cannot have the ability to produce '0,. Of in-
terest, we noticed that TNPs provide more 102 than LiAGNPs (Fig. 2b).
This is most likely due to 'O, consumption by the SO molecule in the
LiAGNPs sample. Because 10, produced by TTMN can react with SO to
form an intermediate, the determined amount of 'O, in LiAGNPs
decreases.

To further investigate the 10, channel in LIAGNPs, then, a process of
pre-treating LIAGNPs and TNPs samples with white LED light (2000 lm,
1 min) irradiation was operated, followed by the addition of SOSG 102
indicator. It can be seen that the FL intensity of SOSG in the LiAGNPs
sample is significantly enhanced compared with that without light pre-
irradiation (Fig. 2c). However, there is no enhancement in SOSG FL
intensity in the example of TNPs + light irradiation (Fig. S8). This
increased FL intensity in the example of LiAGNPs clearly shows
increased 10, production in LIAGNPs. It should be stated that the sur-
vival time of 'O, in aqueous is less than 10 ps, so the pre-irradi-
ation—induced 'O vanished before the followed measurement. Thus,
this increased 10, production is not directly due to the pre-irradiation by
LED but to the newly generated 10,. Based on the above evidence and
the results from the control experiments on TNPs, it can be concluded
that pre-irradiation produces !0, and 10, can be newly and circularly
generated in LIAGNPs after removing the LED light sources. The working
mechanism is proposed in Fig. 2d. This specific design, and the big
spectral crossover between the absorption spectrum (400 nm-600 nm)
of TTMN dye and the emission spectrum (450 nm-650 nm) of SO dye
(Fig. 2e), favor energy transfer between these two dyes to form
afterglow.

In addition to white LED light irradiation, we used the HyOo-
molybdic acid (e.g., Na;MoOy) system, a standard system that produces
10,, to test the afterglow performance of LIAGNPs. It should be noticed
that SO is a chemiluminescent substrate that can react with 102 to
produce chemiluminescence (Jiang et al., 2019). As shown in Fig. 2f and
g, LIAGNPs show a much higher luminescence, while PSs and TNPs
remain unlit after being treated with NaMoO4 + H20,. These results
confirm that LIAGNPs hold good afterglow performance, and can be
initiated by NagMoO4 + HO». Interestingly, the afterglow intensity of
LiAGNPs excited by NazMoO4 + H02 was found significantly higher
than that of SNPs (~5.0-fold). From the above results, it can be collec-
tively concluded that the afterglow property of LIAGNPs is mainly due to
a 10, cyclic generation mechanism (Fig. 2d). To be specific, TTMN dye,
as a photosensitizer in LIAGNPs, firstly generates sufficient 10, after
white LED light irradiation. Subsequently, the SO molecule, as the
chemiluminescence substrate in LIAGNPs, is attacked by 102 to form a
high-energy but unstable SO-dioxetane intermediate, fluently trans-
ferring energy to the TTMN dye to emit photons and further implement
the next round of 'O, and afterglow generation.

3.3. Principle of LIAGNPs based LFIA

A closed-loop of “photon-'0,-photon” afterglow emission was testi-
fied in our work that provides much longer afterglow emission (=20
min) even after the cessation of the excitation light which favors for
signal collection. Encouraged by this unique time-gated light-initiated
afterglow as well as the extra FL and nude color tri-optical behavior of
LiAGNPs, the practicable of employing LiAGNPs as a novel reporter was
studied on the LFIA platform (LiAGNPs-LFIA) for POCT of infectious
diseases. Although persistent luminescence nanoparticles in the LIFA
detection have been developed (Paterson et al., 2014; Zhang et al.,
2021a), they are generally prepared at very high temperature via a
sintering method which make them hard dispersed in aqueous phase.
Actually, in our group, we did synthesize such persistent luminescence
inorganic nanoparticles and it took us a lot of efforts to modify its surface
for bioimaging (Wang et al., 2018). By contrast, the LIAGNPs proposed
in this work exhibit good water dispersibility and ease of synthesis
which is conducive to coupling with antibodies and the following
bioassay.
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p24 antigen, the earliest protein biomarker in HIV-infected patients
(Gray et al., 2018; Pandori et al., 2009), was employed as examples to
demonstrate the detection performance of LiIAGNPs. The carboxylated
LiAGNPs were modified with anti-p24 detection monoclonal antibodies
(mAbl) through 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC)-introduced covalent attachment (Chen et al., 2022; Norman et al.,
2020) to constitute LiIAGNPs-mAb1l as detection probes (Fig. S9).
Increased HD and changed zeta-potential of LIAGNPs-mAb1 indicate
mAb1 was successfully modified onto the surface of LIAGNPs to form
LiAGNPs-mAb1 immunoprobes (Figs. S10a and S10b). The mechanism
of the designed LiAGNPs-LFIA test strip for point-of-care HIV p24 an-
tigen detection is presented in Fig. 3a. The LFIA test strip was established
by deploying anti-p24 capture monoclonal antibodies (mAb2) and goat
anti-mouse IgG on the nitrocellulose (NC) membrane as the T- and
C-line, respectively. For HIV-infected sample assay, the p24 antigen is
first captured by LIAGNPs-mAb1 detection probes (pre-deposited on the
conjugate pad) and then arrested by mAb2 fixed, forming a sandwich
immunocomplex on the T-line as a detection signal. The remaining
detection probes are combined with goat anti-mouse IgG appointed as a
quality control signal on the C-line. In contrast, in the case of a negative
test, no immunocomplex is formed, and thus, no LiAGNPs nano-
composites can be collected in the T-line.

Based on the tri-functions of LIAGNPs, the proposed LiAGNPs-LFIA
has triple signal output modalities (i.e., afterglow, FL, and CM). In
detail, the CM modality allows evident pink bands on the T-line and C-
line for rapid visual qualitative testing without specific equipment and
operation or quantitatively determined by a commercial colloidal gold
strip analyzer. The FL modality can be visual qualitatively under an
extra handheld ultraviolet (UV) lamp or quantitatively determined by a
fluorescent strip analyzer. More importantly, the afterglow modality
further enables higher signal-to-background ratio (SBR), sensitive and
accurate quantification of p24 antigen by using commercially available
time-resolved strip analyzer (white LED light irradiation for 100 ps,
pause for 50 ps, and afterglow signal collection for 400 ps) to avoid false
positive/negative results (Fig. 3b). The test results demonstrate for the
analysis of p24 antigen employing the LIAGNPs-LFIA is displayed in
Fig. 3b. Notably, if the band of the C-line is absent, the detection result is
invalid.

3.4. Parameter optimization of LiIAGNPs-LFIA

To obtain optimal sensitivity and appropriate signal intensity from
the T- and C-lines, several vital parameters (including the labeling
amount of mAb1, the mAb2 sprayed on the T line, the used volume of
LiAGNPs-mAb1 immunoprobes in each test strip, and the reaction time
for signal acquirement) in the development process of LiIAGNPs-LFIA
were systematically optimized. All parameter optimization processes
were conducted by detecting p24 antigen spiked HIV-free human serum
sample (3.0 ng mL™!), and the test was repeated three times for each
sample. The optimal parameters were confirmed relied on the acquired
highest T/C (the ratio of signal intensity on the T-line to that on the C-
line), including CMIt/CMlI, value (the ratio of colorimetric intensity),
FLI1/FLI¢ value (the ratio of fluorescent intensity), and AGIt/AGI value
(the ratio of afterglow intensity).

Fig. S11 display that insufficient amount of labeled mAb1 will affect
the antigen capture efficiency. At the same time, excessive antibodies
may produce spatial hindrance on the surface of LIAGNPs and shield its
active site, lowering the T-line signal intensity. Therefore, the optimal
labeling amount of the antibody was determined to be 100 pg mg™! of
LiAGNPs. As shown in Fig. S12, all T/C signal ratios of the
LiAGNPs-LFIA test strip gradually reach a plateau as the concentration
of mAb2 fixed on the T-line increases to 2.0 mg mL"!, demonstrating
that the optimal concentration of mAb2 is 2.0 mg mL ™. Varying volume
amounts of LiAGNPs-mAbl immunoprobes in each test strip were
further operated, the highest T/C value was found at a dosage of 3.0 pL
(Fig. S13). To determine the optimal reading time for LIAGNPs-LFIA test
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Fig. 3. Working mechanism schematic of LIAGNPs-LFIA test strip platform. (a) Schematic representation for p24 antigen detection using LiAGNPs-LFIA test strip
platform. (b) Detection modality and interpretation of different detection results. The presence of a signal band on both the T-line and C-line shows HIV positivity;
only the company of a signal band on C-line represents HIV negativity; none of the signal bands on the T-line and the C-line represent an invalid test result.

strip, the immunoreaction kinetics curve was plotted by measuring the
T/C values at different counter times. As shown in Fig. S14, most of the
T/C values achieve a balance after 15 min, which indicates that 15 min
for immunoreaction in the LIAGNPs-LFIA step is sufficient for credible
p24 antigen assay.

3.5. Analytical evaluation of LIAGNPs-LFIA for p24 antigen

For comparison, the commercial Eu(IlI)-based time-resolved fluo-
rescent nanoparticles (Eu-TRFNs) with similar size of 190 nm was
introduced on LFIA (named Eu-LFIA). Since both LiAGNPs and Eu-
TRFNs were based on PSs with similar particle size, the preparation
parameters of Eu-LFIA were consistent with those of LiAGNPs-LFIA.
Two commercially available time-resolved strip analyzers with slightly
different parameters (for LIAGNPs-LFIA: 470 nm white LED light irra-
diation 100 ps, pause 50 ps, and 640 nm afterglow emission signal
collection 400 ps; for Eu-LFIA: 365 nm UV light irradiation 100 ps,
pause 50 ps, and 615 nm fluorescent emission signal collection 400 ps)
were employed for quantitative assay of p24 antigen. The limit of
detection (LOD) was defined as the lowest p24 antigen concentration
corresponding to SBR >1. The SBR is the ratio of the T/C value of the
p24 antigen positive serum sample to the background values, which is
defined as the average of the T/C values from 20 p24 antigen-negative
serum samples plus a threefold standard deviation.

Under the optimized parameters, LIAGNPs-LFIA and Eu-LFIA were
employed to detect human serum sample solutions with different con-
centrations of p24 antigen in the range of 0-100 ng mL L. As shown in
Fig. 4a, the LOD for p24 antigen detection of the proposed
LiAGNPs-LFIA was 0.006 ng mL ™!, which is 2-fold lower than that by
Eu-LFIA (0.012ng mL’l). The lower LOD of the LiIAGNPs-LFIA test strip

may be due to the unique light-initiated afterglow characteristics of
LiAGNPs, in which luminescence mildly decays after ceasing light
excitation. It is worth noting that increasing emission signal collection
time of the strip analyzer theoretically can further increase the detection
sensitivity of LIAGNPs-LFIA. There are two main reasons. First, the
light-initiated luminescence of LiAGNPs can be maintained for 20 min
(Fig. 1i and j), while Eu chelates only last microseconds to milliseconds.
Second, the higher afterglow intensity can be obtained by appropriately
increasing the light initiation time and afterglow signal collection time
of the analyzer (Fig. S5), which may lead to the increased sensitivity of
LiAGNPs-LFIA. And importantly, we found that these LIAGNPs can be
successfully applied to high-contrast and time-resolved afterglow
detection without using a sophisticated time-shutter device. A good
correlation curve between the concentration of p24 antigen and T/C
ratio was obtained in LIAGNPs-LFIA and Eu-LFIA strips for p24 antigen
quantitation (Fig. 4b). The corresponding equation are as follows: y =
0.1505x%%713 (R2 = 0.9975) (LIAGNPs-LFIA) and y = 0.1131x%%15 (R?
= 0.9973) (Eu-LFIA).

It should be pointed out that the color of commercial Eu-TREN is
white, while the color of LiAGNPs proposed by this work is pink
(Fig. 1g). Therefore, LIAGNPs provide a complementary CM modality to
qualitative diagnosis for p24 antigen using naked-eye without in-
struments under some special scenarios. Meanwhile, LiIAGNPs also have
FL property provided by the internal TTMN dye, which enables visual-
ization under a handheld flashlight (365 nm UV light) and quantifica-
tion using a fluorescence strip analyzer. To evaluate the CM and FL
modality detection performance of LIAGNPs, 20 nm AuNPs based-LFIA
(AuNPs-LFIA), the most popular POCT device, was established as a
control demonstration. The detailed optimization process of AuNPs-L-
FIA are shown in Fig. S15. As shown in Fig. 4c, the LOD for p24 antigen
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Fig. 4. Analytical evaluation of LIAGNPs-LFIA test strip for p24 antigen detection. (a) The signal-to-blank ratio for p24 antigen quantitative detection based on

LiAGNPs-LFIA using afterglow signal and Eu-LFIA within the concentration range of 0-100 ng mL™'.

LODs were 0.006 ng mL™' (afterglow modality of

LiAGNPs-LFIA) and 0.012 ng mL~! (Eu-LFIA), respectively. (b) The correlation curve for p24 antigen detection in human serum based on afterglow modality of
LiAGNPs-LFIA and Eu-LFIA. (c) The signal-to-blank ratio for p24 antigen quantitative detection based on LiAGNPs-LFIA using FL modality and CM modality and
AuNPs-LFIA within the concentration range of 0-100 ng mL™'. LODs were 0.098 ng mL~! (FL modality of LIAGNPs-LFIA), 0.39 ng mL™! (CM modality of
LiAGNPs-LFIA), and 0.195 ng mL~! (AuNPs-LFIA), respectively. (d) The correlation curve for p24 antigen detection in human serum based on FL modality and CM
modality of LIAGNPs-LFIA and AuNPs-LFIA. (e-g) The reacted test strip prototype photographs of LIAGNPs-LFIA (CM modality) (e) and AuNPs-LFIA (f) under room
light; and under the excitation of the additional handheld flashlight (365 nm UV light) (g) in the qualitative detection of various p24 antigen concentrations ranged
from 0 to 100 ng mL~'. (h) The dynamic ranges of LIAGNPs-LFIA, AuNPs-LFIA, and Eu-LFIA in the assay of p24 antigen in human serum. (i) The specificity
assessment of LIAGNPs-LFIA for p24 antigen in human serum by testing the signal answer intensity against other interfering proteins. (j) The results of the detected
concentrations of p24 antigen between LiAGNPs-LFIA strategy and a marketable ELISA kit in testing 30 p24 antigen spiked healthy human serum samples. The
inserted images are subjected to correlation analysis on the assay results gained by the two methods. The error bars were calculated from three parallel experiments.

quantitation of the proposed LiAGNPs-LFIA in FL modality and CM
modality and AuNPs-LFIA were 0.098 ng mL~}, 0.39 ng mL~}, and
0.195 ng mL~}, respectively. The excellent correlation curve between
the T/C values and the concentration of p24 antigen were obtained
(Fig. 4d), and the corresponding equation are as follows: y = 0.2988In
(x) + 0.2617 (R? = 0.9807) (FL modality of LIAGNPs-LFIA), y =
0.3543In(x) + 0.0985 (R? = 0.9834) (CM modality of LIAGNPs-LFIA),
and y = 0.2565In(x) + 0.292 (R? = 0.9603) (AuNPs-LFIA).

For qualitative analysis of HIV-infected, the visual limit of detection
(vLOD), the lowest p24 antigen concentration required to generate an
apparent band at the T-line, was determined on LiAGNPs-LFIA. As
revealed by the strip prototype photographs under room light, the
obvious bands of LIAGNPs-LFIA (CM modality, Fig. 4e) and AuNPs-L-
FIA (Fig. 4f) were readily visible to the naked eyes. The vLOD of the
proposed LiAGNPs-LFIA at CM modality was found to be 0.78 ng mL ™},
which is only 2.0-fold higher than that obtained by AuNPs-LFIA (0.39

ng mL™Y) by using naked eyes. These results show that LIAGNPs-LFIA
can be comparable to the mature AuNPs-LFIA using naked eyes without
any instruments. Notably, under an external handheld flashlight (365
nm UV light) excitation, a more distinct band was observable on the T-
and C-lines of LIAGNPs-LFIA at FL modality (Fig. 4g) with a vLOD of
0.195 ng mL™!, of 4.0-fold and 2.0-fold lower than that by using CM
modality and AuNPs-LFIA, respectively. The above results indicate that
the CM modality of LiAGNPs provides rapid and preliminary test and if
needed, the FL modality further improve the detection sensitivity, as
required by specific scenarios. Fig. 4h highlights a broad dynamic range
of LIAGNPs-LFIA (0.012 ng mL™! — 100 ng mL™%), which spans over
256-fold of AuNPs-LFIA (0.39 ng mL ™! — 12.5 ng mL 1) and 32-fold of
Eu-LFIA (0.024 ng mL™! - 6.25 ng mL™Y). This ultrabroad dynamic
range is mainly attributed to the triple detection regime, which is
enabled by the inherent coloration of the LiAGNPs (for detection of
0.78-100 ng mL™' p24 antigen) and their ability to generate a FL
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modality under light excitation to decorate the T-line, accessing a sec-
ond regime from 0.39 to 25.0 ng mL ™! for p24 antigen, and a particular
ability to generate afterglow post LED light irradiation, accessing the
third regime from 0.012 to 3.13 ng mL™! for p24 antigen (Fig. 4h). The
advantages of this broad triple dynamic range can be more responsive to
demand scenarios for HIV diagnosis.

To assess the selectivity of LIAGNPs-LFIA test strip for p24 antigen
recognition, several interfering proteins, involving influenza A protein
(IFA), influenza B protein (IFB), C-reactive protein (CRP), procalcitonin
(PCT), SARS-CoV-2 IgG, SARS-CoV-2 IgM, human chorionic gonado-
tropin (HCG), and their mixed sample were chosen as reference sub-
stances. Fig. 4i demonstrates that only a high signal answer was
presented in detecting p24 antigen (3.0 ng mL™Y). In contrast, inap-
preciable signal answers were observed in detecting other proteins (1.0
pg mL™Y), indicating the admirable specificity of the established
LiAGNPs-LFIA platform for p24 antigen assay. The accuracy and pre-
cision of LIAGNPs-LFIA were estimated by measuring the recoveries and
coefficient of variation (CV) of five p24 antigen-spiked human serum
samples with concentrations 3.1, 0.8, 0.2, 0.05, and 0.01 ng mL™? for
afterglow modality, 12.5, 6.3, 3.1, 1.6 and 0.8 ng mL~! for FL modality,
and 50, 25, 12.5, 6.3, and 3.1 ng mL~! for CM modality, respectively. As
shown in Table 1, the average recoveries of the triple signal of
LiAGNPs-LFIA range from 88.5% to 116.1% with a CV of less than
12.8%, indicating an acceptable accuracy and precision for quantitative
p24 antigen analysis.

Inspired by the outstanding analytical performance, the correlation
between results obtained with LiIAGNPs-LFIA test strips and ELISA kit
for 30 p24 antigen spiked healthy human serum samples were analyzed.
As shown in Fig. 4j, the results gained by the LIAGNPs-LFIA agree well
with those obtained by the ELISA kit with an excellent linear correlation
(y = 0.9058x + 0.122) and correlation coefficient (R2 = 0.9402),
illustrating the high reliability of LIAGNPs-LFIA for POCT of human
serum samples.

3.6. LiAGNPs-LFIA for detection of IgM and IgG against SARS-CoV-2

Encouraged by the successful p24 antigen detection through the
developed LIAGNPs-LFIA, the generality of this biosensor was proved by
testing other biomarkers. Rapid diagnostic tools for the SARS-CoV-2
virus and antiviral antibodies are urgently needed in the COVID-19
pandemic (Chen et al., 2021; Fozouni et al., 2021; Guo et al., 2021;
Lew et al., 2021). We further employed our developed LiAGNPs-LFIA
strategy to realize the combined assay of SARS-CoV-2 IgM and IgG
(Fig. 5a). In this immunoassay design, mouse anti-human IgM, mouse
anti-human IgG, and goat anti-chicken IgY were deployed to the NC

Table 1
Average recovery and CV for the assay of p24 antigen in human serum (n = 5)
using LIAGNPs-LFIA test strips.

Detection modality of ~ Added p24 Detected p24 Recovery (9%

LiAGNPs-LFIA antigen (ng antigen (ng (%) (%)
mL™Y) mL™Y)

Afterglow 3.1 3.1+04 101.8 12.2
0.8 0.7 £+ 0.06 112.4 7.9
0.2 0.2 +0.01 97.6 4.6
0.05 0.05 £ 0.004 108.0 9.0
0.01 0.01 £ 0.002 94.0 11.7

FL 12.5 11.8+1.1 106.4 9.4
6.3 6.8 +0.6 93.1 8.5
3.1 2.8+0.3 114.2 11.4
1.6 1.5+ 0.2 107.4 12.8
0.8 0.7 + 0.05 116.1 7.1

CM 50.0 57.0 £5.2 88.5 9.2
25.0 21.8+1.1 105.0 5.0
12.5 13.0 + 1.3 97.2 10.3
6.3 6.0 +0.3 106.6 5.8
3.1 3.0+0.2 105.1 7.0

Biosensors and Bioelectronics 212 (2022) 114411

membrane as the M-line, G-line, and C-line, respectively. In addition,
two immunoprobes, LiAGNPs-SARS-CoV-2 spike protein (LiAGNPs-S
antigen) and LiAGNPs—chicken IgY, were synthesized and fixed on the
conjugate pad. For the COVID-19 assay, the IgM and IgG were recog-
nized by LIAGNPs-S antigen and then settled at G-line and M-line by the
mouse anti-human IgM and mouse anti-human IgG, respectively. The
LiAGNPs—chicken IgY was specifically combined with goat anti-chicken
IgY plugged on line C and used as a quality control output, independent
of the IgM and IgG concentrations in the samples. The signal acquisition
mode for IgM and IgG are the same as that for p24 antigen detection. The
result explanation is shown in the Fig. 5a. The details for the charac-
terization and optimization of the IgM and IgG testing are displayed in
Figs. S16-520. All parameter optimization processes were conducted by
detecting IgM (100 ng mL ') and IgG (100 ng mL ') spiked fetal bovine
serum (FBS) sample. The optimum preparation conditions of
LiAGNPs-LFIA were determined by the detection signals of M-line and
G-line simultaneously. Under the developed conditions, Fig. 5 b and 5¢
demonstrate the vLOD of LiAGNPs-LFIA strip for the assay of IgM and
IgG in FBS are 31.3 and 7.8 ng mL~! using CM modality and 15.6 and
3.9 ng mL ! using FL modality, respectively. The quantitative LODs (the
lowest target concentration corresponding to SBR >1) for IgM and IgG in
FBS were found to be 0.98 and 0.24 ng mL ™" using afterglow signal, 15.6
and 3.9 ng mL ™! using FL modality, and 31.3 and 7.8 ng mL ™" using CM
modality, respectively (Fig. 5d and e). Calibration curves between M/C
or G/C value and target concentration were obtained using afterglow
modality (in the range of 1.95-250 ng mL™! for IgM and 0.49-31.3 ng
mL~! for IgG), FL modality (in the range of 31.3-500 ng mL ™! for IgM
and 7.8-125 ng mL~! for IgG), and CM modality (in the range of
62.5-1000 ng mL ! for IgM and 7.8-125 ng mL " for IgG), respectively
(Fig. S21, inset). These results illustrate that our proposed LiAGNPs can
serve as a promising immunolabel on the LFIA platform for reliable
POCT of infectious disease under different application scenarios.

4. Conclusion

In conclusion, we proposed a novel light-initiated afterglow nano-
reporter, that is, LIAGNPs, and demonstrate its application for infectious
disease detection on the LFIA platform. The synergy between the two
employed block elements in LIAGNPs promotes cyclic production of 10y,
resulting in an enhanced afterglow intensity and a prolonged afterglow
emission. Thanks to the cyclic triggering chemical events, the afterglow
emission of LiAGNPs decay mildly, favoring time-resolved signal
collection for sensitive detection. Experimental detection results show
higher sensitivity of LIAGNPs at afterglow modality compared to Eu-
chelate-based time-resolved LFIA in the p24 antigen detection. Impor-
tantly, the detection sensitivity of LiAGNPs-LFIA might be further
enhanced by prolonging the light initiation time and the afterglow signal
collection time of the analyzer. Besides, the intrinsic color and FL
properties of TTMN dye endow LiAGNPs with colorimetric and fluo-
rescent signal outputs, providing applications in different demanding
scenarios. The generality of LIAGNPs-LFIA was testified by detecting
SARS-CoV-2 specific IgM and IgG. Collectively, the tri-optical behavior
of LiAGNPs particularly with outstanding afterglow performance, not
only enhance the analytical sensitivity of LFIA, but also provide a ver-
satile LFIA platform for different requirements in disease diagnostics.
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Fig. 5. Analytical evaluation of LIAGNPs-LFIA test strip for SARS-Cov-2 IgM and IgG in fetal bovine serum. (a) Schematic representation and interpretation of
detection results for SARS-Cov-2 IgM and IgG using LIAGNPs-LFIA test strip platform. The rise of signal bands on M-, G-, and C-line were positive for SARS-Cov-2 IgM
and IgG; The presence of signal bands on M- and C-line indicate SARS-Cov-2 IgM positivity; The appearance of signal bands on G- and C-line reveal positive IgG; Only
the signal band appears on the C-line, indicating that COVID-19 is negative; The absence of signal bands on the M-, G-, and C-line indicate an invalid test result. (b—c)
The reacted test strip prototype photographs of LIAGNPs-LFIA using CM modality under room light (b) and using the FL modality under the excitation of the
additional handheld flashlight (365 nm UV light) (c) in the qualitative detection of various SARS-Cov-2 IgM and IgG concentrations over the range of 0-1000 ng
mL L. (d) The signal-to-blank ratio for quantitative detection of SARS-Cov-2 IgM by LiAGNPs-LFIA over the range of 0-1000 ng mL ™. LODs were 0.98 ng mL "
(afterglow modality), 15.6 ng mL ! (FL modality), and 31.3 ng mL~! (CM modality), respectively. (e) The signal-to-blank ratio for IgG quantitative detection based
on LIAGNPs-LFIA within the concentration range of 0-1000 ng mL~'. LODs were 0.24 ng mL ™! (afterglow modality), 3.9 ng mL ™! (FL modality), and 7.8 ng mL !
(CM modality), respectively. The error bars were calculated from three parallel experiments.
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