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ARTICLE INFO ABSTRACT
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Immunochromatographic assay virus (FluA) antigens in the early stages of virus infection is the key to control the epidemic spread. Here, we

E?IZS'COVQ developed a two-channel fluorescent immunochromatographic assay (ICA) for ultrasensitive and simultaneous
1

qualification of the two viruses in biological samples. A high-performance quantum dot nanobead (QB) was
fabricated by adsorption of multilayers of dense quantum dots (QDs) onto the SiO5 surface and used as the highly
luminescent label of the ICA system to ensure the high-sensitivity and stability of the assay. The combination of
monodispersed SiOz core (~180 nm) and numerous carboxylated QDs formed a hierarchical shell, which ensured
that the QBs possessed excellent stability, superior fluorescence signal, and convenient surface functionalization.
The developed ICA biosensor achieved simultaneous detection of SARS-CoV-2 and FluA in one test within 15
min, with detection limits reaching 5 pg/mL for SARS-CoV-2 antigen and 50 pfu/mL for FluA HIN1. Moreover,
our method showed high accuracy and specificity in throat swab samples with two orders of magnitude
improvement in sensitivity compared with traditional AuNP-based ICA method. Hence, the proposed method is a

Simultaneous detection
Multilayer quantum dot

promising and convenient tool for detection of respiratory viruses.

1. Introduction

The ongoing coronavirus disease 2019 (COVID-19) pandemic, which
is caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has rapidly spread to over 214 countries since December 2019
and resulted in more than 104 million infected individuals and over 2.27
million deaths [1-3]. SARS-CoV-2 is spread through close
person-to-person contact and has high infectiousness rate. The early
symptoms (mainly cough and fever) of SARS-CoV-2 infection mimic
those of common respiratory viruses, such as influenza A virus (FluA),
influenza B virus (FluB), and respiratory syncytial virus (RSV) [4-6]; as
such, controlling the epidemic spread and guiding clinical treatment are
difficult. On another hand, FluA has received extensive attention for a
long time because its spread causes seasonal epidemics and raging
pandemic [7]. For example, the pandemic of 2009 (swine flu) was

caused by FluA HIN1 strain (A/2009/H1N1) and resulted in more than
201,200 deaths [8]. Notably, recent report indicated patients with
coinfecting FluA and SARS-CoV-2 have appeared [9,10]. Thus, methods
for accurate and rapid diagnosis of FluA/SARS-CoV-2 are urgently
needed.

To date, serological testing of virus specific immunoglobulins (e.g.,
IgM, IgG) in blood samples and direct detection of viral components (e.
g., RNA or protein) are the two main strategies for diagnosis of respi-
ratory virus infection [11-13]. Considering that the initial antibody
responses to viral antigens are usually detected in the late stage of
infection (7-14 days after virus exposure), serological antibody tests
cannot achieve accurate screening of asymptomatic populations or early
cases [14,15]. Current recommended methods for SARS-CoV-2 and FluA
detection is real-time reverse transcription-polymerase chain reaction
(RT-PCR) and immunoassays for antigens, such as enzyme-linked
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immunosorbent assay (ELISA) [16-19]. Although PCR and ELISA could
provide accurate results with high specificity for respiratory tract
specimens (nasal or throat swab) in the early stage of infection, the
disadvantages include long processing time (>2 h) and tedious pro-
cedures, which severely limit their application in point-of-care testing
(POCT) area.

Immunochromatographic assay (ICA) is a mature POCT technology
with the merits of rapidity, low cost, portability, and simple operation
and has been widely used in the field of food safety control, human
health monitoring, and clinical diagnosis [20-24]. Developing an
ICA-based method for respiratory virus is an ideal approach to improve
the detection capability of SARS-CoV-2/FluA infections owing to the
following advantages. First, this assay can be used directly to respiratory
tract specimens without sample pretreatment steps and provide results
quickly (generally 10—20 min). Second, the ICA strip is ready-to-use by
ordinary people and can be applied to any public places, such as hos-
pitals, communities, and schools, and is thus suitable for rapid screening
virus of infected persons. Third, simultaneous detection of
SARS-CoV-2/FluA in the ICA platform can be easily realized by setting
two test (T) lines on the strip, thereby improving the detection effi-
ciency. However, traditional ICA method has two inherent defects
including limited sensitivity and poor quantitative ability due to the use
of colloidal gold (AuNP)-based colorimetric analysis [25,26]. These
defects hinder the large-scale implementation of ICA for respiratory
virus diagnosis. In recent years, a new class of luminescent materials
named quantum dot (QD) has been introduced into ICA systems to
replace colorimetric labels [27-30]. These materials have advantages of
high photostability, narrow fluorescence emission spectra, and strong
luminescence. As such, QD nanoprobes can provide intense and quan-
tifiable fluorescence signal for ICA. Moreover, QD beads (QBs) can be
fabricated by encapsulating many QDs into a polymer or silica micelles,
which can provide high luminescence and stability [31-35]. Thus,
integrating high-performance QBs into an ICA system is likely to over-
come the deficiencies of traditional ICA method and achieve sensitive
detection of respiratory viruses.

Herein, we developed a two-channel fluorescent ICA method for
ultrasensitive and simultaneous detection of SARS-CoV-2/FluA in real
biological samples by using a novel silica-QD nanocomposite with triple-
QD shell (SiTQD) as the advance signal probe. The innovations of the
proposed SiTQD-ICA could be summarized in three points: (i) a novel QB
label was fabricated for the first time by adsorption of three layers
(thousands) of carboxylated QDs onto monodispersed 180 nm SiO,
surface, which greatly enhanced the fluorescence signal of ICA; (ii) high-
performance SiTQD QBs confer the ICA system with high stability and
sensitivity for clinical sample testing; and (iii) a two-channel platform
was established to simultaneously detect SARS-CoV-2 and FluA. The
fluorescence signals of SiTQD labels on the two T lines could be easily
observed using a UV light source for qualitative detection and quickly
measured by a commercial fluorescent reader for quantitative analysis
of SARS-CoV-2 and FluA. Under the optimal conditions, the sensitivity of
SiTQD-ICA for detection of SARS-CoV-2 and FluA H1N1 reached 5 pg/
mL and 50 pfu/mlL, respectively. Moreover, the practical detection
capability of the method was evaluated by testing inactivated SARS-
CoV-2 samples. The specificity, accuracy, and stability of the proposed
method were fully demonstrated, indicating the strong potential of
SiTQD-ICA for POCT use.

2. Experimental section
2.1. Reagents and materials

Branched polyethyleneimine (PEI, MW ~25 kDa), tetraethyl ortho-
silicate (TEOS), N-hydroxy-sulfosuccinimide (sulfo-NHS), 2-(N-mor-
pholino)  ethanesulfonic (MES), N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), bovine serum albumin (BSA),
and goat anti-mouse IgG antibody (Catalog#AP124) were purchased
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from Sigma-Aldrich (USA). CdSe/ZnS-COOH QDs (excitation/emission
maxima ~365/625 nm) were supplied by Mesolight Inc. (Suzhou,
China). Nitrocellulose (NC) membranes including CN95 and CN140
were purchased from Sartorius (Spain). Other ICA materials including
sample pad, conjugate pad, polyvinyl chloride bottom plate, and ab-
sorption pad were supplied by Jieyi Biotechnology Co. (Shanghai,
China).

The immunoreagents used for SARS-CoV-2 and FluA detection were
commercial monoclonal antibodies (mAbs). The SARS-CoV-2 NP anti-
gen (Catalog # 40588-V08B) and its capture mAb (Catalog#40143-
R040) and detection mAb (Catalog#40143-MMO08) were purchased
from Sino Biological Inc. (China). FluA monoclonal capture mAb (Cat-
alog#FluA-001) and detection mAb (Catalog# FluA-002) were obtained
from Xinxin Bio, Ltd. (Jiangsu, China). Commercially available SARS-
CoV-2 nucleocapsid detection ELISA Kit (Catalog #KIT40588) and
Influenza HIN1 Hemagglutinin ELISA Kit (Catalog #KIT11055) were
purchased from Sino Biological Inc. (Beijing, China). Influenza A (HIN1
2009/A) was supplied by our laboratory, which was cultured in chick
embryo at 35 °C for 2 days, then quantified by plaque assay, and frozen
at -70 °C until use [36]. Inactivated SARS-CoV-2 virions (~108 pfu/mL)
were provided by courtesy of Prof. Chengfeng Qin’s laboratory in the
Beijing Institute of Microbiology and Epidemiology (Beijing, China)
[37-39]. Human throat swab specimens were obtained from healthy
volunteers from Beijing Institute of Radiation Medicine (Beijing, China),
with the approval of Ethics Committee of the Institute.

2.2. Synthesis of SiO2 NPs

SiO5 NPs (~180 nm) were synthesized by a typical Stober method
with slight modification [40]. In brief, 1.6 mL of ammonia aqueous
solution (28 wt%) and 2.4 mL of deionized water were mixed together in
40 mL of ethanol. The mixture was stirred with a magnetic stirrer at 600
r/min. After 2 min of stirring, 1.6 mL of TEOS was rapidly injected, and
the mixture was continuously reacted for 3 h at 25 °C. The resulting SiO»
NPs were collected by centrifugation (6000 rpm, 6 min), rinsed with
ethanol twice, and dried at 70 °C in a vacuum oven.

2.3. Synthesis of SiO2-QD nanocomposite with triple QD-shell

The SiTQD nanocomposite with a triple QD-shell was prepared via
PEI-mediated LBL self-assembly. First, 1 mL of 180 nm SiO, NPs (1 mg/
mL) was mixed with 40 mL of aqueous PEI solution (0.2 mg/mL) under
vigorous sonication. After reaction for 50 min, PEI-coated SiO, NPs
(SiOo/PEI) were collected by centrifugation (6000 rpm, 6 min) and
washed with deionized water twice. The formed SiOy/PEI NPs were
resuspended in 1 mL of deionized water and then mixed with 40 mL of
CdSe/ZnS-MPA QDs (1 nM). The mixture was vigorously sonicated for
50 min at room temperature. During this process, the numerous CdSe/
ZnS-MPA QDs were rapidly adsorbed on the SiOy/PEI surface via elec-
trostatic interaction. The formed SiO2-QD core-shell nanocomposites
(SiQD) were collected by centrifugation (5400 rpm, 6 min) and resus-
pended in 1 mL of deionized water. The PEI self-assembly and QD-
adsorption processes were repeated. The SiDQD nanocomposite with
dual QD shell and SiTQD nanocomposite with triple QD shell were
sequentially fabricated. After coating of the third layer of QD, SiTQD
nanocomposites were separated by centrifugation (4500 rpm, 6 min),
washed once with deionized water, and resuspended in 10 mL of ethanol
for future use.

2.4. Preparation of immuno-SiTQD labels

The SARS-CoV-2 NP antigen detecting antibody and FluA detecting
antibody were conjugated with SiTQD NPs through carbodiimide
chemistry. Briefly, 1 mL of prepared SiTQD NPs were separated from
ethanol and activated via immersion in 0.5 mL of MES solution (0.1 M)
containing 1 mM EDC and 2 mM sulfo-NHS under sonication. After 15
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Scheme 1. Fabrication of SiTQD probes and their application to ICA-based biosensor for simultaneous detection of SARS-CoV-2 and FluA. (a) Synthesis of SiTQD
nanocomposite, (b) preparation of immuno-SiTQD probes, and (c) operating principle of SiTQD-ICA strip for detecting two target respiratory viruses.

min, the activated SiTQD NPs were collected by centrifugation (4,500
rpm, 6 min) and redispersed in 0.2 mL of PBS solution (0.1 mM, pH7.4).
The mixture was reacted with 15 pg of detecting antibodies for 2 h,
followed by surface blocking with 100 pL of 10 % BSA for another 1 h.
Finally, immuno-SiTQD labels were collected by centrifugation (4200
rpm, 6 min), washed once with PBS, redispersed in 1 mL of PBS solution
containing 0.5 % sucrose (w/v), 0.5 % BSA (w/v), 0.02 % NaNs (w/v),
and 0.05 % Tween 20 (v/v), and stored at 4 °C.

2.5. Preparation of the two-channel ICA strip

The two-channel ICA strip was consisted of a sample pad, a conjugate
pad containing two specific immuno-SiTQD labels, a NC membrane with
two test lines (T lines) and one control line (C line), and an absorbent
pad. The conjugate pad was first impregnated with 0.1 M PBS containing
0.05 % Tween 20 and completely dried at 37 °C for 12 h. In brief, 100 pL
of anti-SARS-CoV-2 NP mAb-modified SiTQD and 100 pL of anti-FluA
mAb-modified SiTQD were mixed in a 1:1 ratio and then evenly
sprayed onto the conjugate pad. The two T lines and the C line were
constructed on the NC membrane by spraying the SARS-CoV-2 NP
capturing antibody (1.6 mg/mL), FluA capturing antibody (0.8 mg/mL),
and goat-anti-mouse IgG antibody (1 mg/mL) with a constant dispense
of 0.1 uL/mm by the XYZ spraying platform (Biodot, USA). All the ICA
components were placed into a drying oven at 37 °C for 4 h and then
attached onto the plastic backing card in sequence. The assembled ICA
card was cut into 3 mm-wide strips and preserved in desiccator until use.

2.6. Analytical procedure for simultaneous detection of SARS-CoV-2/
FluA

The testing processes for inactivated SARS-CoV-2 virion and active
FluA HIN1 viruses were carried out inside a Class II biological safety
cabinet. First, the concentration of FluA H1N1 sample was determined
via the classical plaque assays, and the results were displayed in Fig. S1.
Then, the concentration-determined HIN1 virion (1 x 108 pfu/mL)
were prepared according to the results of plaque assays. After that, a
series of throat swab samples containing different concentrations of
FluA H1IN1 was prepared to assess the analytical performance of the
proposed ICA strip for real samples. Briefly, 40 pL of the prepared
samples were mixed with 40 pL of running buffer. The mixture was
vortexed and pipetted onto the sample pad of ICA strip. After 15 min of
chromatography, the fluorescence signal on the two T zones and C line
was observed using a UV light. The quantitative analysis of two target
respiratory viruses was realized by recording the fluorescence intensities
of the two T lines. After the use of SiTQD-ICA strip, the tested strips were
collected and treated with a steam pressure of 120 °C for 30 min, and
then disposed of as potentially biohazardous waste.

3. Results and discussion
3.1. Fabrication and characterization of SiTQD QBs

Scheme 1a illustrates the preparation of multilayer SiTQD QBs based
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Fig. 1. Characterization of the fabricated SiTQD nanocomposite. TEM images of (a) single SiO, core, (b) SiQD, (c¢) SiDQD, and (d) SiTQD nanocomposite. TEM
images of multiple (e) SiO5 NPs and (f) SiTQD NPs, and their corresponding SEM images (g) and (h), respectively. (i) EDS elemental (Si, Cd, Se, Zn) mapping images
of a SiTQD NP. Zeta potentials (j) and fluorescence emission spectra (k) of the synthesized NPs from each stage. The inset in (k) displays the photographs of these NPs
solution under visible (upper) and UV light (lower). (e) Fluorescence images and intensities of SiTQD at different pH values. (1) Photograph of SiTQD NPs at various
pH values under UV light (upper) and their corresponding fluorescence intensities at maximum emission wavelength (lower).

on a layer-by-layer (LbL) assembly strategy via PEI-mediated electro-
static adsorption of three layers of QDs onto the surface of SiO, sphere.
The high-performance SiTQD QBs were introduced into the two-channel
ICA instead of the common QD with the following characteristics: (i) a
~180 nm SiO; core as the monodispersed supporter to provide hydro-
philicity and colloidal stability; (ii) a triple-layer QD shell containing
thousands of QDs to generate high luminescence; and (iii) abundant
surface carboxyl groups for convenient surface functionalization.

The fabricated SiTQD QBs were characterized by transmission elec-
tron microscopy (TEM) and scanning electron microscopy (SEM).
Fig. 1a—d display the high-resolution TEM images of SiO,, SiQD, SiDQD
with dual QD shell, and SiTQD with triple QD shell, respectively. The
prepared SiO, sphere (~180 nm) exhibited a spherical morphology with
a smooth surface (Fig. 1a). Our previous works indicated the cationic PEI
could directly coat onto the SiOy surface through ultrasonic driving
[41]. As observed in Fig. S2, the transparent PEI layer with thickness of
about 2.4 nm was successfully wrapped around the SiO, core under 50
min sonication. The positively charged SiO>@PEI NPs were immersed in
QDs solution with excess carboxylated CdSe/ZnS QDs and quickly
absorbed many QDs onto their surface by electrostatic interaction. As
shown in Fig. 1b, dense QDs (~12 nm) spread uniformly on the surface
of SiO,@PEI after the first round of QDs adsorption. The formed SiQD as
the template was repeatedly reacted with positive polymer PEI and
negatively charged QDs to build multiple-layer QD-coated silica
nanocomposite.

With the successive adsorption of dual and triple layers of QD, the
resulting SiDQD with dual QD shell (Fig. 1¢) and SiTQD with triple QD

shell (Fig. 1d) were successfully fabricated. The TEM images indicated
that the number of QDs loaded onto the SiO5 surface increased obviously
with the number of PEI-driven assembly, and numerous QDs densely
covered the SiTQD surface to form a hierarchical structure. The average
diameter of SiTQD QB increased to approximately 240 nm after triple-
QD shell formation (Fig. S3). The maximum loading amount of QDs
for SiQD, SiDQD, and SiTQD were calculated to be approximately 923,
2050, and 3400, respectively (Supporting information S1/Fig. S4).
Importantly, the SiO,, PEIL, and carboxylated QDs were hydrophilic
materials, thereby ensuring the excellent dispersity of SiTQD nano-
composites. Fig. le-f reveal that the SiTQD NPs possess high mono-
dispersity as well as SiOy spheres. The SEM images in Fig. 1g and h
showed the surface morphology of SiTQD before and after QDs
adsorption. The SiTQD surface became rough, which provided large
surface site and benefitted antibody conjugation.

We employed energy-dispersive X-ray spectroscopy (EDS) mapping
for analysis of the elemental distributions in SiTQD. As revealed in
Fig. 1i, dense Cd, Se, and Zn were well distributed outside of the Si core,
which clearly exhibited the layered shell structure of SiTQD. Moreover,
the variations in the zeta potentials of nanocomposites revealed the
synthetic principle of SiTQD. As shown in Fig. 1j, the zeta potential of
SiOy-based nanocomposites increased sharply after PEI coating and
decreased obviously after carboxylated QDs adsorption. The LbL as-
sembly of the three layers of PEI and QDs resulted in the zeta potential
values of -48.8, 37.9, 24.6, 39.3, 22.5, 41.2, and 22.8 mV for SiO,/PEI,
SiQD, SiQD/PEI, SiDQD, SiDQD/PEI, and SiTQD, respectively. Such
regular changes in zeta potential confirmed that the fabrication of
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Fig. 2. (a) Photograph, (b) corresponding scanning waveforms of fluorescence, (c) fluorescence intensity of SiTQD-based ICA with different concentration of SARS-
CoV-2 NP antigen and FluA H1N1: (i) 10 ng/mL, 10* pfu/mL; (ii) 10 ng/mL, O pfu/mL; (iii) 0 ng/mL, 10* pfu/mL; and (iv) 0 ng/mL, O pfu/mL. (d) Typical SEM
images of the test zone for SARS-CoV-2 NP antigen concentrations of 10 ng/mL (*) and 0 ng/mL (**). Optimization of (e¢) SARS-CoV-2 NP capture antibody and (f)
FluA capture antibody concentration on the T line. The error bars showed standard deviations calculated from three tests.

SiTQD was driven by PEl-mediated electrostatic adsorption [42].

The practical sensing capability of SiTQD NCs was assessed by sys-
tematically studying their optical property and colloidal stability. The
photographs and fluorescence spectra of the SiOs-based NCs are dis-
played in Fig. 1k. The SiO, and SiO2@PEI exhibited no obvious fluo-
rescence signal, whereas NCs with one to triple QD shells all showed
bright red fluorescence. By measuring signal intensity of the major
emission peak at ~618 nm, the luminescence of SiTQD was 3.58 and
1.76 times higher than those of SiQD and SiDQD, respectively, due to the
larger amount of loaded QDs of the triple QD shell. The SiTQD exhibited
excellent stability due to the highly stable SiO, core. As revealed in
Fig. S5, the fluorescence intensity of SiTQD was unaffected by the high-
salt environment and long-term preservation. Moreover, the SiTQD
showed stable fluorescence intensity in aqueous samples over a wide
range of pH values of 4-12 (Fig. 11). The superior fluorescence properties
and stability of SiTQD ensured its wide applications in complex samples.

3.2. Construction of SiTQD-based ICA

Two kinds of immuno-SiTQD labels for two target respiratory viruses
and an ICA strip with two test lines were prepared for simultaneous
detection of SARS-CoV-2 and FluA, as illustrated in Scheme 1b and c,
respectively. The triple layers of carboxylated QDs formed shell of
SiTQD, providing not only sufficient carboxyl groups for antibody
conjugation but also larger external surface area than the common QD
with smooth shell, thereby increasing the efficiency of antibody
coupling. Using the carbodiimide cross-linking method [43], the
SARS-CoV-2 NP monoclonal antibody and FluA monoclonal antibody
were directly immobilized on the surface of SiTQD, respectively. As
indicated in Fig. S6, the zeta potential values of immuno-SiTQD signif-
icantly declined after the antibody coupling and remained stable at -13.2
and -18.6 mV by reacting with 15 pg of the SARS-CoV-2 NP and FluA
detection antibody, respectively. These results verified that the amount

of antibody conjugated onto the SiTQD surface was saturated. The
two-channel ICA for SARS-CoV-2/FluA detection was constructed by
integrating five parts into a strip, including a sample pad, an absorbent
pad, a conjugate pad containing two immuno-SiTQD labels, two sepa-
rate test lines (T1 and T2) to coat the SARS-CoV-2 NP mAb and FluA
mADb, and a control zone to coat goat anti-mouse IgG. As illustrated in
Scheme 1c, the detection process of SiTQD-ICA was carried out via one
step. When the test sample was added dropwise onto the sample pad, the
solution migrated toward the absorbent pad via capillary action and
rehydrated the immuno-SiTQD labels on the conjugate pad. During this
process, the SARS-CoV-2 NP or FluA bind tightly to the SiTQD labels by
antibody-antigen reaction. Upon reaching the T zones (T1/T2), the
formed SiTQD/virus immunocomplexes were immobilized by the cor-
responding T lines that coated SARS-CoV-2 and FluA capture mAbs,
resulting in detectable fluorescence signal on the T lines. In theory,
higher concentration of target virus results in higher fluorescence in-
tensity of corresponding T line. The excess immuno-SiTQD will reach the
C line and caught by goat anti-mouse IgG, which can determine the
validity of the assay.

The designed ICA biosensor for target virus detection was based on
the formation of specific sandwich immunocomplexes via anti-
gen-antibody interaction on the test line. Therefore, suitable antibodies
with affinity and specificity are the key to construct the two-channel
ICA. Our previous work screened a pair of efficient mAbs for FluA
detection [44]. The SARS-CoV-2 NP mAbs used in this study were
selected as shown in Fig. S7. In addition, some important parameters of
paper chromatography strip with big nanotags (~200 nm) were well
studied in our previous works [45-47]. From these experiences, the NC
membrane type and running buffer ingredient needed to be first opti-
mized because they are closely related to the transport of SiTQD/virus
complexes on the strip. As revealed in Fig. S8a, using the CN140
membrane with 8 pm pore size achieved the highest signal-to-noise ratio
(SNR) for detection of both target viruses. NP-40 was added into the
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Fig. 3. (a) Fluorescence pictures (i) and corresponding test line intensities (ii) of SiTQD-based ICA strip for SARS-CoV-2 NP antigen and HIN1 detection. Corre-
sponding calibration curves for (b) SARS-CoV-2 NP antigen and (c) HIN1. The error bars represented standard deviations calculated from three experiments. (d)
Photographs of colloidal gold-based ICA strips for different concentrations of (i) HIN1 and (ii) SARS-CoV-2 NP antigen detection. (e-f) ELISA analysis for SARS-CoV-2
NP antigen (e) and HIN1 detection (f). The insets are colorimetric results of ELISA plates for different concentrations of target virus antigens.

running buffer to effectively lyse the SARS-CoV-2 virion and fully
release the NP antigen [48]. Fig. S8b shows that the PBS buffer (10 mM,
pH 7.4)-based running buffer containing 1% Tween 20, 0.5 % NP-40,
and 1% BSA reduced the non-specific adsorption of SiTQD labels and
maximized SNR on the test line.

The capture mAbs (0.8 mg/mL) for SARS-CoV-2 NP antigen and FluA
was sprayed on CN140 membrane to set the two T lines (T1 for SARS-
CoV-2 and T2 for FluA) to evaluate the multiplex detection ability of
SiTQD-ICA. The prepared two-channel ICA was used to detect samples
containing different concentrations of SARS-CoV-2 NP antigen and FluA
H1N1. As shown in Fig. 2a, the fluorescence image of the ICA strip for
the sample containing SARS-CoV-2/H1N1 exhibited two bright fluo-
rescence T lines, whereas only one fluorescence band appeared in the T
zone for SARS-CoV-2 or HIN1. No visible fluorescence T line was found
in the strip for blank control group, and no cross reaction occurred be-
tween the two T lines in all tested strips, suggesting the good selectivity
of the two-channel ICA biosensor. The corresponding fluorescence
spectra and detailed intensity values of the tested strips were easily
measured by utilizing a commercial fluorescent instrument, as displayed
in Fig. 2b and c, respectively. The intensities of the obtained fluor-
escence signal of T lines were consistent with the naked eye observation
and more beneficial for quantitative determination. The SEM images
taken from ICA strips verified that many SiTQD labels were caught on
the T line for positive sample, while no observable SiTQD attached on
the same zone for negative control (Fig. 2d). All these results confirmed
that the proposed SiTQD-ICA could be a feasible method for simulta-
neous and quantitative detection of SARS-CoV-2/FluA by measuring the
fluorescence signals of two T lines. The concentration of capture mAbs

loaded on the T lines was optimized to further improve the sensitivity of
SiTQD-ICA. As shown in Fig. 2e-f, 1.6 mg/mL mAb for SARS-CoV-2 and
0.8 mg/mL of mAD for FluA loaded on the T1 and T2 lines, respectively,
achieved the highest SNR of the fluorescence intensity. In addition, the
optimal reaction time of ICA was investigated by analysis the SNR value
of T lines during the chromatography process. As revealed in Fig. S9, 15
min of chromatography time was enough for quantitative detection of
two target viruses via SiTQD-ICA.

3.3. Analytical performance of the two-channel SiTQD-ICA

Under the optimal conditions, the detection performance of SiTQD-
ICA for clinical specimens was evaluated by detecting a series of
throat swab samples spiked with different conditions of SARS-CoV-2 NP
and HIN1. As shown in the fluorescence image of ICA strips in Fig. 3a(i),
the red fluorescence bands on the test lines became brighter with
increasing concentrations of the SARS-CoV-2 NP/H1IN1 in the wide
detection ranges of 0.01-100 ng/mL and 100-10° pfu/mL, respectively.
The fluorescence test lines for 0.01 ng/mL of SARS-CoV-2 and 100 pfu/
mL of HIN1 were clearly distinguished from those of negative control by
the naked eye. Notably, an obvious “hook effect” [49,50] was observed
at the T2 line for 10° pfu/mL of HIN1, but this phenomenon did not
affect the qualitative detection of HIN1. Quantitative analysis of target
viruses was conducted by reading the fluorescence intensity of T1/T2
lines. The corresponding fluorescence intensities of T1/T2 lines are
displayed in Fig. 3a(ii). Based on the fluorescent ICA values, the cali-
bration curves for SARS-CoV-2 NP and FluA H1N1 were plotted in
Fig. 3band c. The IUPAC protocol (LOD = ypjank + 3 SDplank) Was applied
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(c) Reproducibility of the SiTQD-ICA for HIN1 and SARS-CoV-2 NP.

to define the limits of detection (LODs) of the ICA, where ypiank and
SDplank are the average fluorescence intensity and standard deviation of
the blank groups, respectively [51-53]. Thus, the LOD values for
SARS-CoV-2 NP and HIN1 were estimated as 5 pg/mL and 50 pfu/mL in
this assay.

As a sensitive POCT tool for respiratory viruses, the performance of
SiTQD-ICA should be compared with the traditional AuNP-based ICA
strips, which used the same pairs of mAbs. The preparation of AuNP-
based ICA was provided in Supporting information S2. As displayed in
Fig. 3d, the visual sensitivity levels based on the naked eye of AuNP-
based ICA strips for HIN1 and SARS-CoV-2 NP were 5000 pfu/mL and
1 ng/mL. By comparison, the sensitivity of SiTQD-ICA for target virus
detection was at least 100 times higher than that of the AuNP-ICA based
method. We further compared the testing ability of our method and
commercially available ELISA kits. The ELISA analysis for SARS-CoV-2
NP and H1IN1 was carried out with the instructions of manufacturer,
and the detection results are displayed in Fig. 3e-f. By recording the
absorbance at 450 nm with a microplate reader, the LODs determined by
the ELISA kits for SARS-CoV-2 NP and HIN1 were 0.1 ng/mL and 5000
pfu/mlL, respectively. Thus, we can conclude that our SiTQD-ICA strip is
20 and 100 times more sensitive than ELISA methods for SARS-CoV-2 NP
and HIN1, respectively. In view of the long testing time (2-3 h) and
cumbersome operation of ELISA assays, our method could be completed
within 15 min and does not need large equipment and skilled personnel
and is thus more suitable for rapid and sensitive screening of clinical
samples.

The high sensitivity of the proposed method can be attributed to the
high performance of SiTQD labels used. Comparison between the pro-
posed SiTQD-ICA and two other kinds of Si-QD (SiQD and SiDQD)-based
ICA was performed to verify the advantage of SiTQD with triple layers of
QD shell for fluorescence signal amplification. Fig. 4a shows the fluo-
rescence images of SiQD-ICA, SiDQD-ICA, and SiTQD-ICA for testing
SARS-CoV-2 NP in different concentrations (10-0.1 ng/mL). The tested
strips of SiTQD-ICA showed higher distinguishable SARS-CoV-2 levels
by eye observation. Moreover, the fluorescence intensity values of both
T/C lines of SiTQD-ICA strips were much higher than those of SiQD-ICA
and SiDQD-ICA (Fig. 4b). The results confirmed that using SiTQD QBs
with superior performance can improve the detection sensitivity of ICA
biosensor. In addition, the SiTQD with a huge SiO, core ensured its
monodispersity and excellent stability in sample solution, which benefit
the reproducibility of the ICA. As revealed in Fig. 4c, the two-channel

Table 1
Recovery results for SARS-CoV-2 NP and H1N1 virions spiked in throat swab
samples.

Target Added Detected Recovery Ccv
concentration concentration (%) (%)
2000 2048.9 102.4 4.30
SARS-CoV-2 1000 1108.2 110.8 6.53
NP (ng/mL) 500 497.1 99.4 6.21
100 97.7 97.7 4.61
1 0.955 95.5 3.64
FluA H1N1 0.5 0.563 112.6 4.39
(pfu/mL) 0.1 0.091 91.6 9.39
0.05 0.057 114.4 4.25

SiTQD-ICA exhibited good fluorescence signal reproducibility on the T
lines for one virus testing or simultaneous detection of two target vi-
ruses. The coefficients of variation (CV) for the fluorescence signals of
T1 and T2 lines are below 4.3 % and 2.76 %, respectively, suggesting the
high reliability of our method. Different concentrations of HIN1 virions
(2000-100 pfu/mL) and SARS-CoV-2 NP (1-0.05 ng/mL) were spiked
into the throat swab samples and tested by SiTQD-ICA to further assess
the precision of our method. As demonstrated in Table 1, the average
recoveries of our ICA biosensor ranged from 91.6% to 114.4% for HIN1
samples and ranged from 97.7% to 110.8% for SARS-CoV-2 NP samples,
respectively, with a relative low CV ranging from 3.64 % to 9.39 %.
These results indicated the acceptable accuracy of SiTQD-ICA for
quantification of two target viruses.

The specificity of the SITQD-ICA was assessed against other respi-
ratory viruses including highly pathogenic coronaviruses (SARS-CoV
and MERS-CoV), common human coronavirus (HCoV-HKU1), FluB,
human adenovirus (HAdV), and RSV. In brief, 108 pfu/mL of inactivated
virus samples (FluB, HAdV, RSV) and 1000 ng/mL coronavirus NP
samples (SARS-CoV NP, MERS-CoV NP, HCoV-HKU1) were detected by
our proposed method (Fig. 5a). A weak fluorescence band on the T1 line
for the SARS-CoV NP group was observed, whereas other control sam-
ples exhibited no perceivable fluorescence signal on the T zones. As
predicted, the SARS-CoV-2 NP and HIN1 groups exhibited a distinct
signal band on their corresponding T lines. These results demonstrated
that the proposed assay has a weak cross reaction with SARS-CoV NP at
high concentrations and can specifically distinguish SARS-CoV-2/HIN1
from other common respiratory viruses.
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Fig. 5. (a) Specificity of SiTQD-based ICA. (b) Fluorescence pictures and (c) corresponding test line intensities of SiTQD-based ICA for inactivated SARS-CoV-2

samples. Error bars are calculated from three experiments.

To verify the actual testing capability of SARS-CoV-2, the inactivated
SARS-CoV-2 virion sample (~108 pfu/mL) was obtained from Prof.
Chengfeng Qin and tested via the SiTQD-ICA. As revealed in Fig. 5b-c,
the fluorescence intensities on the T1 line gradually decreased with
increasing dilution (10*-32 x 10° times) of inactivated samples. The red
fluorescence band on the T zone was visible at 1: 32 x 10° dilution of the
inactivated SARS-CoV-2 sample. These results verified the high sensi-
tivity of the SiTQD-ICA for detection of real SARS-CoV-2 virion. Further
considering the advantages of low cost, highly stable, easy operation,
multiplex detection capacity, and short testing time, the proposed
method is a promising POCT tool for the rapid and accurate diagnosis of
respiratory viruses in real specimens.

4. Conclusions

In this work, we proposed a novel fluorescent SiTQD-ICA for sensi-
tive and simultaneous diagnosis of SARS-CoV-2 and FluA antigens and
demonstrated its high performance (sensitivity, stability, specificity, and
reproducibility) in biological samples. Highly luminescent and mono-
dispersed SiTQD QB was fabricated by coating a three-layer QDs formed
shell onto the 180 nm SiO; core via our proposed PEI-mediated LbL
assembly method and introduced into ICA system as the advanced op-
tical nanoprobe. Under the optimal conditions, the SiTQD-ICA simul-
taneously detected SARS-CoV-2 NP and FluA HINI in throat swab
samples with LOD values of 5 pg/mL and 50 pfu/mL, respectively. The
compared test results verified that the sensitivity of SiTQD-ICA was
improved by about 100 times than that of traditional AuNP-based ICA
method and over 20 times than that of ELISA Kkits. To the best of our
knowledge, this work is the first to develop a two-channel ICA for
simultaneous detection of SARS-CoV-2 and FluA. We believe that the
proposed method could be an efficient POCT tool for direct, rapid, and
accurate detection of pathogenic respiratory viruses.
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