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Influenza A virus (IAV) possesses a high infectivity and pathogenicity, and can lead to severe respiratory
infection with similar symptoms caused by some other common respiratory viruses. Lateral flow assay (LFA) has
been widely deployed in remote settings as a rapid and reliable approach for point-of-care detection of infectious
pathogens. However, it still remains challenging to detect IAV virions using LFA from clinical samples such as
nasopharyngeal or throat swabs, because their various components and high viscosity can decrease flow velocity
and lead to the nonspecific adsorption of nanoparticle labels on the sensing membrane. Herein, we demonstrated
a magnetic quantum dot nanobeads (MQBs) based LFA for magnetic enrichment and fluorescent detection of IAV
virions in clinical specimens. In this study, MQBs were synthesized and then conjugated with IAV-specific
antibody to efficiently enrich IAV virions from complex biological matrix, but also serve as highly bright fluo-
rescent probes in lateral flow strips. This assay can achieve quantitative detection of IAV virions with a low limit
of detection down to 22 pfu mL™! within 35 minutes, and show good specificity between influenza B virus and
two adenovirus strains. Furthermore, the presented platform was able to directly detect IAV virions spiked in
nasopharyngeal swab dilution, indicating its stability and feasibility in clinical applications. Thus, this point-of-
care detection platform holds great promise as a broadly applicable approach for the rapid diagnosis of influenza
A.

000 to 56,000 deaths annually in the U.S. alone over the six seasons from
2010-2011 through 2015-2016 [4].

1. Introduction

Influenza is the most significant cause of human respiratory infec-
tion, and posses a serious threat to human health [1]. Influenza A,
instead of influenza B and parainfluenza, is likely to cause severe
worldwide pandemics. Since 1700, there have been several serious
outbreaks of influenza A, taking the life-threatening problem to people
around the world. Especially in 1918, the pandemic vulnerated about 50
million all-aged people death [2]. Recently, the influenza A HIN1 2009
virus strain (A/2009/H1N1), a drift from human HIN1 subtype to a
swine HIN1 subtype, caused a raging pandemic among all mankind
which took more than 18000 death [3]. The U.S. CDC estimates that
influenza has induced 9.2 million to 35.6 million illnesses, including 12,
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Rapid and accurate diagnosis of influenza is critical for timely
medical intervention and appropriate prescription such as oseltamivir to
improve therapeutic effect and prevent possible epidemics breakout. It
can also reduce the observation time of suspected patients and avoid
abuse of antibiotics [5]. The recommended time to take antiviral
treatment is within two days from illness onset [6]. However, the cur-
rent “gold standard” diagnostic method in hospital, namely virus cul-
ture, unfortunately requires several days [7,8]. Moreover, influenza
shares similar clinical symptoms caused by other respiratory tract in-
fections, which sets obstacles for accurate diagnosis [9]. Influenza A
virus (IAV) has two surface glycoproteins including hemagglutinin (HA)
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and neuraminidase (NA), by which the IAVs can be subtyped. There are
18 different HA subtypes and 11 different NA subtypes by far. A test
assay that is able to differentiate between influenza A and other common
respiratory infections can facilitate the implement of timely and rational
treatment options, which are conducive to the sanitation safety of in-
dividuals and the public. Thus, development of diagnostic platform with
short assay time and superior accuracy is still essential for prevent of
possible epidemics breakout.

In recent decades, point-of-care testing (POCT) has attracted much
attention because of its easy workflow, short assay time, and low cost.
Application of POCT in the diagnosis of patients with symptoms of
respiratory tract infection can effectively reduce diagnostic time, treat-
ment cycle and the corresponding treatment costs [10]. A variety of
immunosensors, such as lateral flow assays (LFAs) [11,12], and micro-
fluidic devices [7,13-16], have been used in the rapid diagnosis of
influenza A and shown their advantages of convenience and rapidity.
These strategies can raise the diagnosis chronergy, but the high
false-negative results are not conducive to the individual treatment (e.g.,
the delayed antiviral drugs, or overuse of antibiotics) and the safety of
public health (e.g., inadequate pandemic control, or virus resistance) [9,
17]. Sensitivity and accuracy of POCT are the key issues that should be
dramatically taken concern on.

Nasopharyngeal swabs, throat swabs, nasopharyngeal wash and
saliva, which all have a high virus titer, can be used as the effective
specimen formats collected from clinically suspected cases [18,19].
However, these collected specimens with a complex internal matrix
would interfere with test results due to their various components and
high viscosity that can decrease flow velocity and lead to the nonspecific
adsorption of nanoparticle labels on the sensing substrates. To overcome
this drawback, these specimens should be diluted by wash buffer and
only a small aliquot of processed sample would be used for subsequent
testing [20,21]. This pretreatment can directly worsen the analytical
performance because of the loss of target analytes.

Immunomagnetic nanobeads can recognize and enrich target ana-
lytes in complex matrix with an external magnetic field [15]. Recently,
magnetic quantum dot nanobeads (MQBs) have been prepared and
deployed in LFA to enable immune enrichment, fluorescent labeling,
and rapid detection of cancer markers, toxins, and bacteria [22-25].
These approaches extremely extend the application of LFA in the anal-
ysis of targets in real samples such as clinical serum and food samples.
However, it remains challenging to detect trace amount of disease
biomarker targets, such as antigens and viruses, in human respiratory
tract specimens due to the low viral load and high viscosity. Given the
current outbreak of the 2019 coronavirus disease, it’s urgent to establish
novel analysis techniques for the enrichment and detection of respira-
tory viruses in human specimens. Herein, we present the MQBs-based
fluorescent LFA for rapid enrichment and ultrasensitive detection of
IAV virions in human specimen. Superparamagnetic MnFe;O4 nanobead
cores were synthesized via a solvothermal method and coated with
positively-charged polyethyleneimine (PEI) layer to electrostatically
adsorb hundreds of quantum dots (QDs). The as-synthesized MQBs with
strong magnetic property and bright fluorescence were further conju-
gated with IAV-specific antibody to enrich IAV virions in nasopharyn-
geal swab dilution, and act as the fluorescent labels in lateral flow strips.
This magnetic immunoseparation and enrichment process can serve as a
simple and reliable pretreatment method to improve the quality of
clinical samples for POCT applications. Additionally, the fluorescence
signal can be captured by the smartphone-based device and processed
through the in-house algorithm to achieve quantitative analysis. The
signal acquisition, analysis and processing device can further improve
the sensitivity and anti-interference ability of the MQBs-based LFA. The
detection system, including virus enrichment, lateral flow detection, and
signal processing, can achieve a low limit of detection down to 22 pfu
mL~! TAV virions within 35 minutes, and show good specificity between
influenza B virus and two adenovirus strains. This simple and ultra-
sensitive approach can enable emergent and accurate diagnosis of
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influenza A from various patients with respiratory tract infection, and
facilitate the medical treatment of individual and the control of
epidemic.

2. Experimental section
2.1. Materials

N-(3-(dimethylamino) propyl)-N’-ethylcarbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), Polyetherimide (PEI), bovine
serum albumin (BSA), fetal calf serum (FBS), 2-(N-morpholino) etha-
nesulfonic (MES) monohydrate were purchased from Sigma-Aldrich
(USA). Carboxyl-functionalized CdSe/ZnS QDs (CdSe-MPA-625) were
provided by Mesolight Technology (Suzhou, China). Nitrocellulose (NC)
membranes were obtained from Sartorius (CN140 and CN95, Spain) and
Millipore (HFC135 and HFC90, USA). Goat anti-mouse IgG antibody was
purchased from Sangon Biotech Co., Ltd. (Shanghai, China). IAV and
HAdV monoclonal antibodies were purchased from Xinxin Bio, Ltd.
(Jiangsu, China). Two IAV strains (HIN1 FM1/A, and HIN1 2009/A),
influenza B virus (IBV) and two human adenovirus strains (HAdV5 and
HAdV55) were cultured in chick embryos in our lab.

2.2. Preparation and antibody conjugation of MQBs

First, the 200-nm-diameter superparamagnetic MnFe;O4 magnetic
nanobeads (MBs) were synthesized by using a solvothermal method
[26]. Subsequently, the as-prepared MBs were deposited with a thin
layer of electropositive PEI, followed by mixing with CdSe/ZnS QDs
(625 nm) to form MQBs. The obtained MQBs will be washed with water
three times before resuspension in ethanol for long-term storage. The
fluorescent intensity can remain stable for 3 months in ethanol.

Then, 1 mL of MQBs (~1 mg/mL) underwent buffer exchange into
0.5mL of MES (0.1 M, PH 6.0) using a rubidium magnet, and were
activated by NHS/EDC coupling reagents (1 mM/0.5 mM) for 15 min.
After that, the particles were separated by magnet and then incubated
with 10 pg of IAV capture antibody for 2h under gentle shaking at
800 rpm in 0.2 mL of 10 mM PBS, 0.05% Tween-20. Excessed binding
sites were blocked by 20 pL of 10 wt% BSA for 30 min. The resultant
antibody-conjugated MQBs were magnetically washed twice with PBST
and stored in 0.2 mL of PBST with 1 wt% BSA stock buffer. The obtained
conjugates could be lyophilized and stored for at least 2 months without
obvious impact on analytical performance, which indicates the long-
term stable affinity of lyophilized antibody.

2.3. Preparation of test strips

IAV detection antibody (0.6mgmL™) and polyclonal goat anti-
mouse IgG (0.7 mg mL™) were sprayed on NC membranes as test and
control lines at a jetting rate of 1 pL cm™! by using Biodot XYZ3050
plotter. The NC membranes were then dried at 37 °C for 1.5 h. Then, NC
membranes, sample pad and absorbent membranes were assembled on a
plastic backing plate, and split into 3 mm-width strips for further use.

2.4. Detection of influenza A virus

IAV virions were cultured in chick embryo and evaluated by using
plaque assays as shown in Fig. S1. Then, quantified IAV virions were
diluted in buffer solution (10 mM PBS, pH 7.4, 0.05% tween-20) to
prepare standard solutions ranging from 10 to 1 x 10° pfu mL L. Then,
500 pL of prepared IAV virion dilutions were incubated with 2 pL of
antibody-conjugated MQBs (~5mg/mL) in a tube for 25min under
gentle shaking. After incubation, the immune complexes were separated
and enriched with a rubidium magnet and then suspended in sample
solution (65 pL PBS, 2% Tween-20, 2% FBS, 1% BSA), which were
further added to the sample pads of lateral flow strips to allow for an
incubation of 10 min. To simulate clinical specimens, nasopharyngeal
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swabs collected from healthy people were soaked in 0.5 mL of buffer
solution and then spiked with IAV virions ranging from 100 to 2000 pfu
mL™. The samples were tested by the MQBs-based LFA following the
above described procedure. The resultant strips were read out by our in-
house developed smartphone-based fluorescent lateral flow strip reader.

2.5. Analysis of fluorescence signal

A smartphone-based fluorescence measurement and analysis device
was developed based on our previous work (Fig. S2) [22]. Two sym-
metrical ultraviolet LEDs (365nm, 1 W) were filtered by a 365 nm
bandpass filter and used to excite the captured MQBs on the test and
control lines of the test strip in a dark cavity. The 625 nm fluorescence
emission passed through a bandpass filter to remove background noise,
and was collected by the smartphone CMOS image sensor after being
focused by an external optical lens. An in-house designed Android APP
was used to process images and analyze data. As shown in Fig. $3, some
basic sample information can be logged in the APP, and then be recorded
with the analysis result in a txt file, which can be transmitted to other
terminals through Bluetooth or Wireless LAN.

3. Results and discussion
3.1. Assay principle

We developed an LFA-based detection and analysis system that can
efficiently enrich and ultrasensitively detect IAV virions. As shown in
Fig. 1, the sample on the swab was dissolved into 0.5 mL diluent, and
then IAV antibody-conjugated MQBs were dispersed in the diluent to
fully mix with various components in the dissolved sample. During the
incubation process, the MQBs probes in solution would specifically
recognize and capture free virions hidden in the secretion. A rubidium
magnet with strong permanent magnetic property was applied to enrich
the MQB-IAVs conjugates formed in solution and to remove the impu-
rities in the sample (e.g. blood, food debris, et al.) that may interfere
with the analysis result. Meanwhile, the magnetic enrichment method
could capture virions in the entire sample diluent. As a comparison,
current commercial LFA detection kits can utilize only 10 to 25 percent
of the sample diluent. As such, target IAV virions in this assay were
enriched by 4 to 10 times that of commercial method. Then, the
magnetically-separated immune complexes were suspended in loading

IAV antibody-
conjugated MQB
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buffer and dropped onto the sample pad to allow for the capillary-driven
immigration towards the NC membrane. IAV-captured MQBs were
coupled with IAV detection antibody sprayed on the test line and the
excessed MQBs were bound by goat anti-mouse IgG sprayed on the
control line. After the capillarity, the bright 625 nm fluorescence signals
were emitted from the MQBs immobilized on test and control lines under
the excitation of 365nm ultraviolet light. The fluorescence signals
would be imaged by using the smartphone-based detection device.
Subsequently, fluorescence intensity (FI) value was read out and back-
ground signal baseline was recognized and removed. The processed FI
value was regressively fitted to determine concentration by the in-house
algorithm. Overall, IAV virions in complex biological samples can be
directly enriched and captured in this assay. This platform possesses
several distinct features as follows: (i) simple and rapid detection
operation principle based on lateral flow strip; (ii) high applicability in
complex biological matrixes without obvious interference after mag-
netic separation and buffer exchange; and (iii) improved sensitivity due
to magnetic enrichment ability and high luminescent signal of MQBs.

3.2. Characterization of MQBs

In this study, the MnFe,O4@PEI@QDs MQBs, which had strong
magnetic response capability and highly bright fluorescent signal on
each particle, were assembled to be applied in LFA for magnetic
enrichment and fluorescent detection of IAV virions. The 200-nm-diam-
eter MnFe,04 cores were synthesized by a modified solvothermal reac-
tion [27], by which the magnetic cores had a superior performance
based on homogenization control. The positively-charged PEI was
wrapped on the surface of the magnetic core as an “adhesive”, and the
surface electrical property was converted to positively charged status,
which provided suitable conditions for electrostatic adsorption of
negatively-charged QDs. As shown in Fig. S4A-C, the zeta potentials of
MnFe;04, MnFe,O4@PEL and MnFe,O4@PEI@QDs were —37.1, 43.6,
and —37.1 mV, respectively, which confirms the successful preparation
of MQBs. As shown in Fig. 2A, the QDs are almost fully absorbed on the
surface of magnetic cores with free of gaps. It can be estimated that
approximately 645 QDs can be absorbed on the surface of each magnetic
core. The calculation equation was represented by n = (4x(R +r)?) /a2,
where n, R and r represented the QDs quantity, the radius of magnetic
core and the radius of QD, respectively. The fluorescence intensity of
MOQBs was estimated approximately 114 times stronger than that of QDs

Fig. 1. Schematic illustration of IAV virion detection using MQBs-based LFA. Nasopharyngeal swab specimen was collected, diluted, and mixed with antibody-
conjugated MQBs. After incubation, immunocomplexes were magnetically enriched and loaded onto the sample pad for lateral flow, forming sandwich com-

plexes on T line.
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Fig. 2. Characterization of MQBs. (A) TEM image. (B) Elemental mapping images. (C) Magnetic hysteresis curves. (D) Magnetic separation performance in the

solution. (E) Fluorescence spectra of nanomaterials under ultraviolet light.

at the same nanoparticle concentration (Fig. S5). The element mapping
was taken to further characterize the adsorption of QDs on the magnetic
core. As shown in Fig. 2B, a strong intensity of iron and oxygen elements
can be measured in the central area, and the cadmium element con-
tained in QD is dense in the periphery, which can indicate the efficient
adsorption of QDs. The magnetic response ability is directly associated
with the sample enrichment efficiency, which would be reduced after
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the assembly of the MnFe,O4@PEI@QDs nanobeads. The hysteresis
curves of these magnetic particles were measured (Fig. 2C) and showed
that the saturation magnetization decreased from 83.7 to 57.7 emu/g
after the assembly, which was still much higher than some other re-
ported magnetic nanospheres with virus-capturing function [28,29].
The synthesized MQBs can complete magnetic aggregation in 30 seconds
in the magnetic field provided by a rubidium magnet (Fig. 2D). To

—a— 5x10°pfu/ml
—e—  10°pfu/ml

Fluorescence intensity (a.u
g
(=3
8

._.///\/

T T T
5 10 15 20 25 30 35
Incubation time (min)

10-
i)
T 8-
S
@
.6 6_
<
-
T 4
S 4
2
® |
o_

0.5 1 2 4
Tween-20 content (%)

Fig. 3. Optimization of assay parameters. Effects of (A) MnFe,O4 core diameters, (B) incubation time, (C) detection antibody concentration, and (D) Tween-20
concentration. Error bars represent the standard deviation of three repetitive experiments.
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determine the fluorescence property of MQBs, the emission spectra were
measured by using a spectrometer (USB2000+, Ocean Optics). As shown
in Fig. 2E, both the QDs and MnFe,04@PEI@QDs emitted red fluores-
cence at 625 nm under the excitation of ultraviolet light, indicating that
MnFe;04@PEI did not affect the emission light. Moreover, the
antibody-conjugated MQBs can remain stable at least 30 days in stock
buffer and sample solution (Fig. S6A-B).

3.3. Optimization of MQBs-based LFA

Given the IAV virion diameter of about 80 to 100 nm, the magnetic
responsiveness of MnFeyO4 cores should be strong enough to capture
and enrich the IAV virions. Furthermore, the magnetic responsiveness is
positively correlated with the size, but the larger particles are, the
stronger steric hindrance is when the immune complexes immigrate
through the NC membrane. Accordingly, MQBs with two different MB
core sizes of 120 and 200 nm were tested and compared in this assay. On
the basis of signal-noise ratio (SNR), analytical performances of this
assay were evaluated to determine the optimal assay parameters to
improve the sensitivity of specific immune binding and inhibit non-
specific adsorption. Fig. 3A showed SNR curves for detection of IAV
virions ranged from 10 to 1 x 10° pfu mL™ using two different sized
MQBs. The SNR was calculated by F/Fy x 100%, where F and F are FI
values of test lines for IAV virion-spiked and IAV virion-free solutions,
respectively. The results indicated that the SNRs of both groups
increased with increasing virus concentration, but the 200-nm-diameter
MB cores resulted in significantly improved SNRs, which can be attrib-
uted to the stronger immune binding and IAV virion capturing ability of
larger MBs. As a result, MQBs with 200-nm-diameter MnFe;O4 cores
were applied in this assay.

According to the immunoreaction kinetics analysis, the performance
of MQBs on virion capture is closely related to the incubation time, but
there existed a contradiction between signal intensity and rapidity to
compromise. Two different concentrations of IAV virions (1 x 10% and
5 x 10° pfu mL™!) were analyzed to set optimal incubation time. These
two sets of TAV virions (1 x 10° and 5 x 10° pfu mL ) were incubated
with the same amount of MQBs from 5 min to 35 min with an interval
time of 5min. Then, the magnetically-separated immunocomplexes
were further added to the sample pads of lateral flow strips to allow for
an assay time of 10 min before signal capture and analysis. The results in
Fig. 3B showed that the FI gradually increased with the extension of
incubation time and reached saturation after 25min for these two
concentrations of IAV virions. Thus, an incubation time of 25 min was
utilized in this assay. It should be noted that the resulting MQB-IAVs
immunocomplexes can be re-suspended in sample solution without
obvious aggregation as shown in Fig. S7A. The immunocomplexes can
also exhibit stable fluorescence signals in sample solution for 7 days
(Fig. S7B), indicating a good long-term stability.

The pore size of NC membrane affects the capillary velocity, thus
tuning the immigration of MQBs and the immune affinity on the T/C
lines. Four different NC membranes (CN140, HFC135, CN95, HFC90)
were tested through the comparison of SNR at two IAV virion concen-
trations. The time consumed by aqueous solution to immigrate a 4-cm-
long membrane is 110-165s, 120-150s, 90-135s, and 81-99s,
respectively, which can reflect the pore size of NC membrane. As shown
in Fig. S8, the SNRs for two large-pore-size NC membranes (CN95,
HFC90) are significantly higher than that for two small-pore-size NC
membranes (CN140, HFC135). This can be attributed to a stronger
background signal due to MQBs probes blocked by the relatively small
NC membrane pore. Furthermore, CN95 membrane resulted in the
highest SNR, thus it was utilized in this assay.

In order to further improve the assay performance, the concentration
of detection antibody underwent meticulous optimization. Four adja-
cent gradient concentrations of the detection antibody (0.4, 0.6, 0.8,
1.0mg mL ™) were used to detect two concentrations of IAV virions.
Fig. 3C showed that 0.6 mg mL™' of detection antibody induced the best
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SNR, indicating it was the optimal concentration of detection antibody
in this assay.

The loading buffer also affects the analytical performance of the LFA
through tuning the steric hindrance in capillary process. In the course of
the detection, we observed that the content of Tween-20 in the loading
buffer had correlation with the capillary displacement of MQBs on the
NC membrane, which related to the FI after removing the background
noise. Hence, four different contents of Tween-20 in loading buffer were
employed to detect IAV virions at a moderate concentration (1 x 10° pfu
mL ™). The histogram in Fig. 3D showed that the loading buffer con-
taining 2% Tween-20 had the maximum value of SNR. Thus, this con-
centration of Tween-20 was applied in the optimized condition to
ameliorate the MQBs-based LFA.

3.4. Acquisition and analysis of fluorescence signal

In this device, the fluorescence signals were excited by ultraviolet
LED light, recorded by the smartphone-based fluorescence reader, and
further processed by the in-house built APP algorithm. The background
signal, arising from two sources: the interference signal of ambient light
and excitation light, and the fluorescence signal of MQBs induced by
nonspecific adsorption and steric hindrance of the NC membrane,
should be removed to improve the SNR value. Such that, the entire
optical path was blocked by a well coupled 3D-printed enclosure, and an
excitation optical filter and an emission filter were utilized to minimize
the interference signal. Specifically, an in-house built APP algorithm can
further denoise the obtained signal after the above-mentioned reduction
of physical noise. Briefly, the red channel signal of the selected rectangle
area (width =500 pixels, height = 2600 pixels) covering the T and C
lines was extracted (Fig. 4A-B). Subsequently, the raw fluorescence
luminance distribution curve of the initial image was formed by adding
up the red pixel values of each row along the black arrow and collecting
the data of each row along the red arrow (Fig. 4C-D). Then, the baseline
signals were removed to reduce the effect of nonspecific adsorption
(Fig. 4E-F). The peak values at T and C lines were recognized as the
processed fluorescence intensity.
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Fig. 4. Images of (A) negative and (B) positive test strip. The fluorescence in-
tensity curves of (C) negative and (D) positive test strip, and (E-F) their cor-
responding noise-removed curves.
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3.5. Analytical performance of MQBs-based LFA for IAV detection

Under the optimized conditions, we evaluated the performance of
the MQBs-based LFA for quantification of IAV H1N1 virions with titers
ranging from 10 to 1 x 10° pfu mL™! in triplicate. As shown in Fig. 5A,
the red-colored bands on the T line were brightened up with the
increasing concentrations of IAV virions, and the signal for 500 pfu mL™!
of IAV virions can be clearly distinguished from the negative one by the
naked eyes. Then, their corresponding signal values were read out by the
analysis algorithm (Fig. 5B). The regression curve was fitted by y =
89128.44 + (3514.68 — 89128.44)/(1 + (x/5381.76)'19),
R? = 0.99984, where x and y represent the IAV virion concentration and
the FI value, respectively. The average of the negative results plus three
times standard deviation was applied to estimate the limit of detection
(LOD) as 22 pfu mL ! of HIN1 virions in this assay. As a contrast, the
LOD of commercial gold nanoparticles-based colorimetric LFA is ~2200
times higher as 5 x 10* pfu mL™! (Fig. $9). To further verify the versa-
tility of the MQBs-based LFA, the HAAV virions at different concentra-
tions were also detected by using this system. As shown in Fig. S10A, the
signal for 1000 pfu mL™! can be clearly identified by naked eyes. Their
corresponding signal values were read out and the LOD was estimated as
97 pfu mL! of HAdV virions (Fig. S10B). Compared with several other
immunoassays, LFAs generally suffer from poor detection sensitivity
despite the short assay time. In the proposed LFA, antibody-conjugated
MQBs were able to directly enrich and fluorescently label IAV virions
without an additional viral lysis step in the case for detection of influ-
enza nucleoprotein target, thus greatly improving the sensitivity of LFA
with simplified detection procedure and reduced assay time. Given that
one plaque is usually formed by 100-1000 virions, the proposed MQBs-
based fluorescent LFA can achieve an excellent overall analytical per-
formance regarding the detection procedure, assay time, and detection
sensitivity, as compared with some other immunoassays listed in
Table S1.

The specificity of the MQBs-based LFA was estimated by detecting
two subtypes of HIN1 and several other common respireviruses,
namely, HIN1 FM1/A strain (1 x 10° pfu mL ™), HIN1 2009/A strain
(1 x 10° pfu mL™Y), HAdV5 (1 x 10° pfu mL ™), HAAV55 (1 x 10° pfu
mL’l), and IBV (1 x 10* pfu mL™). As shown in Fig. 5C, the optimized
MQBs-based LFA exhibited obvious signals for these two HIN1 strains,
and obscure signals for the other respireviruses. As a consequence, the
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MOQBs-based LFA has a good specificity for HIN1 virions and is insen-
sitive to other respiratory viruses. As shown in Fig. S11, a good repro-
ducibility was also verified by using 12 independent tests, of which the
coefficient of variation was 9.21%.

3.6. Clinical sample tests

The clinical applicability of our magnetic-enrichment detection
system was further confirmed by testing IAV virions spiked nasopha-
ryngeal swabs, which were often used as the clinical specimen collection
format. Nasopharyngeal swabs of 12 healthy people were collected and
dissolved into 0.5 mL diluent as recommended in some commercial kits
to ensure the universality of the detection. The H1N1 virions at different
concentrations were then spiked into the diluent and tested by the
presented optimized assay. The MQBs-based LFA was evaluated by its
quantitative analysis ability and stability performance. As shown in
Table 1, the average recoveries ranged from 90.1% to 108%, meanwhile
this platform exhibited a relative low coefficient of variation (CV)
ranging from 3.09% to 12.07%, indicating a good accuracy and stability
for clinical sample detection via MQBs-based LFA.

4. Conclusions

In summary, we established a highly-sensitive MQBs-based LFA
platform to detect IAV virions from clinical specimen. MQBs with a
superparamagnetic =~ MnFe;O4 magnetic core and numerous
electrostatically-adsorbed red-colored QDs were prepared and further
conjugated with IAV-specific antibody to serve as the enrichment sub-
strate and fluorescent label in LFA. This system greatly improved the
detection sensitivity and reduced the interference of complex biological

Table 1

Recovery results for HIN1 virions spiked in nasopharyngeal swab diluent.
Added concentration Found concentration (pfu/ Recovery Ccv
(pfu/mL) mL) (%) (%)
2000 2040.70 + 246.43 102.03 12.07
1000 980.27 +103.45 98.02 10.55
500 450.40 +13.92 90.08 3.09
100 108.05 +£11.25 108.05 10.41

Fig. 5. MQBs-based fluorescent LFA for quan-
titative and specific detection of IAV HIN1 vi-
rions. (A) Images of the test strips at different
concentrations of HIN1 virions in the range of
10-1 x 10° pfu mL™. (B) Corresponding fluo-
rescence intensities on T line and the fitting
curve. (C) Images and (D) corresponding fluo-
rescence intensities of the test strips for HAdV5,
HAdV55, Influ B, HIN1 FM1/A strain, and
HIN1 2009/A strain. Error bars represent the
standard deviation of three repetitive
experiments.

HAdV5 HAdV5S InfluB FM1/A  2009/A

(HIN1) (HIN1)

HAdV5 HAdV55 InfluB FM1/A  2009/A

(HIN1)  (HIN1)
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matrix through multiple approaches, including magnetic separation and
enrichment of target analytes, enhancement of fluorescence intensity,
and elimination of background signal. This assay can achieve a low LOD
of 22 pfu mL™ of HIN1 virions in buffer within 35 min. A good speci-
ficity toward two HIN1 virus strains was verified by testing several
other respiratory viruses, such as HAdV5, HAdV55, and IBV. The assay
was also applied to detect IAV virions spiked in nasopharyngeal swab
dilutions, and a superior clinical feasibility was indicated. Our further
efforts will be focused on the detection of more IAV stains in clinical
specimens. Given its excellent analytical performance, we believe that

the

presented MQBs-based LFA platform is a promising analytical

approach for the direct detection of IAV virions in clinical biological
samples.
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