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Quantum dot immunochromatographic @
strip for rapid and sensitive detection of H5
subtype avian influenza virus
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Abstract

The H5 subtype avian influenza viruses (AlVs) pose a major threat to wild fowl and poultry. Additionally, they can
overcome the species barrier, inducing human infection, which may become fatal. Thus, the H5 subtype AlVs
remain a global public health burden, with a huge pandemic potential. Therefore, it is imperative to establish a
rapid, sensitive, and specific method for detecting H5 subtype AlV infection for diagnostic and preventive purposes.
The quantum dot fluorescent microsphere-based immunochromatographic strip (QDFM-ICS) is being widely used
for detecting various viruses. We here developed a pair of monoclonal antibodies (2F2 and 2B7) by immunizing
mice with the A/duck/Zhejiang/6D2/2013(H5N6) virus and covalently linking them with quantum dots to generate
a QDFM-ICS for detecting H5 subtype AlVs. The QDFM-ICS showed a limit of detection of 0.0625 hemagglutination
units (HAU) per 80 pL for live H5 subtype AlVs and 1.2 ng/mL purified HSN6 hemagglutination protein, respectively.
In addition, it demonstrated good reproducibility with a coefficient of variation of < 10%, showing a high degree of
repeatability. The strips exhibited a full percentage of specificity. Notably, their sensitivity and specificity remained
unaffected even when stored for 3 months at room temperature or 4 °C. Furthermore, the application in practical
testing on field samples demonstrated a strong correlation between QDFM-ICS and real-time PCR. The QDFM-

ICS can be used in less time, with a simpler operation, and lesser expenditure. Thus, QDFM-ICS is a practical and
promising technique for detecting H5 subtype AlVs, especially in point-of-care testing.
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Introduction

Avian influenza viruses (AIVs) belonging to the Ortho-
myxoviridae family, are negative-sense, single-stranded
RNA viruses with eight gene segments containing hae-
magglutinin (HA), neuraminidase (NA), and six internal
genes [1]. There are multiple subtypes of AIVs, which are
classified based on the two glycoproteins, HA and NA.
Since the past few decades, AIVs have become the most
critical and virulent influenza virus that keep challeng-
ing both poultry and human health, posing substantial
threats worldwide. Notably, the burden of AIVs is likely
underestimated because of the limited diagnostic capa-
bilities and inadequate surveillance of the animal-human
interface [2]. Some AIV strains have resulted in distinct
spillover events, such as H5, H7, H9, and H10, and can
still trigger a future pandemic [3].The H5 subtype is a
major circulating pathogen worldwide, raising great con-
cern of potential pandemic threats via direct transmis-
sion from wild avian species to human beings [4].

The highly pathogenic avian influenza (HPAI) A virus
strains (e.g., H5N1) were first reported from Hong Kong
in 1996. They can be divided into 10 clades (clades 0-9)
and various subclades [5, 6]. Clade 2.3.4.4 of AIV H5N1
is a strain that is still under circulation. This strain con-
stantly reassorts with other NA genes, generating sub-
types such as H5N1, H5N2, H5N3, H5N5, H5N6, and
H5N8 [7, 8]. According to the World Animal Health
Information System (OIE-WAHIS), HPAI has reportedly
caused 9.1 million poultry infections and 93 outbreaks
until December 2024 [9]. In addition, they have caused
severe infections in humans as well. Since 2003 to 2025,
the World Health Organization (WHO) has reported
964 cases of H5N1 infection in humans, with 466 fatali-
ties (48%), across 24 countries [10]. Because of its wide
distribution capability in birds, the virus has spread to
Asia, North America, and Europe through bird migra-
tion. Since 2003, H5N1 has resulted in unprecedented
pandemics in China and seven other east Asian coun-
tries, including Vietnam and Thailand, which reported
several deaths too [11]. Since 2013, the H5N6 pandemic
has been reported from Vietnam, Laos, and China with
a high mortality rate among birds. This pandemic also
infected at least 19 individuals in these countries, result-
ing in 13 fatalities [12, 13]. The reassortant clade 2.3.4.4
H5N8 HPAI virus is reportedly responsible for the poul-
try epidemic in South Korea in early 2014. This virus rap-
idly spread to Russia, Japan, and Europe [14, 15]. In late
2021, the Eurasian strain of H5N1 (clade 2.3.4.4b) was
detected in North America, which led to an outbreak that
continued until 2024 [4]. According to the US Centers for
Disease Control and Prevention, clade 2.3.4.4b caused
15 human infections worldwide until October 2024 [16].
Apart from poultry and humans, these viruses can also
break the species limitation barrier and cause infection
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spillover [17, 18], resulting in mammal-to-mammal
transmission across various settings, such as US dairy
cattle farms, marine mammals in South America, and
European fur farms [19], adversely affecting public and
animal health with heavy socioeconomic tolls.

Quantum dots (QDs) are nanoparticles of size between
1 and 10 nm. Because of their small size, they exhibit a
quantum confinement effect. As a result, they have a high
fluorescence efficiency and can resist photo bleaching.
They also have other properties, such as wide excitation
wave lengths, narrow, symmetric emission spectra, ultra-
high sensitivity, and excellent stability [20]. Therefore,
they are widely used for fluorescent biological labeling,
single-particle tracking, in vivo imaging [21], and virus
detection, including the detection of major communica-
ble viruses such as influenza A virus [22], SARS-CoV-2
[23], human immune deficiency virus [24], and Zika virus
[25]. The commonly used test methods for these viruses,
including enzyme-linked immunoassays assay (ELISA)
[26] and real-time reverse transcriptase PCR (RT-PCR)
[27], require specialized equipment and operators. In
contrast, QDs are a rapid, sensitive, and portable detec-
tion technology for the isolation and identification of
viruses. They can be employed for point-of-care testing
(POCT) detection, which may help in rapid and efficient
detection of H5 subtype AIVs, thereby helping with the
surveillance and prevention of the infection. QDs can
be used as a novel approach for improving immunoas-
say techniques [28]. Directly labeled QDs and conjugated
QDs are already being used for bacterial detection. Com-
pared to the traditional dyeing method, the QD method
has a brighter fluorescence intensity, lower detection
threshold, and improved accuracy in the analysis of bac-
terial cell mixtures [29]. Ongoing advances in the QDFM-
ICS technology have revealed new avenues for sensitive,
reliable, and economical detection and analysis of AIVs.

This study aims to develop and investigate two mono-
clonal antibodies (2B7 and 2F2) by immunizing mice
with the H5 strain antigen protein and to design a
QDEM-ICS method for determining the H5 subtype
influenza antigen. We illustrated that the limit of detec-
tion (LOD) of the QDFM-ICS method for the hemag-
glutinin titer of the H5 subtype AIV was 27* per 80 pL
of the sample and 1.2 ng/mL purified H5N6 HA protein,
while its specificity could reach 100%, exhibiting the
unique and exclusive combination characteristics of mAb
2F2 with the H5 subtype AIV. Its application in practical
testing on field samples demonstrated a strong correla-
tion between QDFM-ICS and real-time PCR. Along with
qualified reproducibility and simplified procedures and
instruments, QDFM-ICS could be used for swift and sen-
sitive detection of H5 AlIVs, especially under severe cir-
cumstances, such as potential highly pathogenic H5 AIV
outbreaks.
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Materials and methods

Cell lines, proteins, and viruses

The MDCK cell lines and SP2/0 mouse myeloma cells
were cultured and maintained in our laboratory. Both
were well cultured in complete DMEM (Gibco), com-
prising 10% FBS (Gibco) and 1% penicillin—strepto-
mycin (Gibco), at 37 °C in a 5% (v/v) CO, atmosphere.
The Avian Influenza Virus (H5 Subtype) Hemaggluti-
nation Inhibitor Test Antigen (H5-Re-8, Re-11, Re-13,
and Re-14 strains) was obtained from Harbin Guosheng
Biotechnology Co. Ltd (China). The H5 virus A/duck/
Zhejiang/6D2/2013(H5N6) was previously isolated from
poultry in eastern China by our laboratory [30]. All the
cells and AIVs were stored at -80 °C. The viruses were
propagated in 9-day-old specific pathogen-free (SPF)
embryonated chicken eggs. The titers were determined
using a TCID50 assay, as previously described, with hem-
agglutinin (HA) from 1% chicken red blood cells (RBCs)
[31]. The H5 subtype AIVs were operated in an accred-
ited Biosafety Level 3 (BSL-3) containment laboratory
at the First Affiliated Hospital of Zhejiang University,
China. All the viruses included are listed in Table 1.

Generation and characterization of murine monoclonal
antibodies

All six-week-old, female, BALB/c mice were provided by
SLAC Laboratory Animal Co. Ltd (China). These mice
were well-bred in an SPF environment with 60% humid-
ity and a constant temperature. Firstly, the H5N6 virus
(A/duck/Zhejiang/6D2/2013) was mixed with the Quick
Antibody mouse adjuvant (Biodragon) to immunize the
BALB/c mice twice through intramuscular injection 2
weeks apart. Seven days after the last injection, the anti-
body concentrations were measured through indirect
ELISA using the venous blood samples obtained from
the mouse tail. The mouse with the highest antibody titer
intraperitoneally received an additional single H5 anti-
gen immunization boost. After 3 days, the splenocytes
obtained from this mouse were fused with SP2/0 cells
[32]. Subsequently, the hybridoma culture supernatants
were screened through ELISA using HA-coated plates.
Positive hybridoma cell lines were singled outby using
the limiting dilution method for further culture. These
hybridoma cells were then extensively expanded and har-
vested to produce ascites in pristane-stimulated BALB/c
mice [31]. To obtain mAbs, the ascites was purified by
using a Protein-G column (GE Healthcare), following
the manufacturer’s instructions. The concentrations of
the purified mAbs were measured with NanoDrop™ 2000
(Thermo Fisher Scientific) and stored at — 80 °C for long-
term usage. The type and subclass of the mAbs were con-
firmed by using a mouse mAb isotyping kit (Bio-Rad), as
per the manufacturers’ instructions. The light and heavy
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chains of these mAbs were sequenced by SinoBiological
(Beijing, China) [31].

ELISA

On the first day, 96-well plates were coated by purified
proteins (20 ng/well) and maintained overnight at 4 °C.
On the second day, the plates were washed five times
with phosphate-buffered saline (PBS) and were blocked
using a blocking buffer (KPL, Milford, MA, USA) for the
next 2 h. They were again washed five times, after which
the supernatants of the selected hybridomas were added
to each well (100 pL/well) and incubated for 2 h at room
temperature. Horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG (Novus) was used as the second-
ary antibody for another hour. Later, the absorbance of
the substrate reactions was measured at 450 nm using a
plate reader (Bio-Rad). The affinities of the mAbs were
assessed using ELISA, as mentioned earlier [31]. Briefly,
the purified mAbs were double-diluted to 10 pg/mL and
then quantified using ELISA, as outlined above.

Immunofluorescence assay (IFA)

The sensitivity and specificity of various AIV subtypes
(H5N1, H5N2, H5N6, and H5N8) and mAbs 2F2 and
1B7 were analyzed using IFA [33]. Firstly, pre-prepared
MDCK cells were employed to achieve nearly 70% conflu-
ence of the well before infection and were administered
with the virus at a multiplicity of infection (MOI) of 0.5.
Following a 24-h incubation, the cells were washed with
PBS and then fixed in 4% paraformaldehyde for 30 min at
25 °C. Next, the MDCK cells were treated with 0.5% Tri-
ton X-100 for 30 min at room temperature for permea-
bilization. Once these fixation steps were completed, the
cells were washed three times with PBS. In addition, 3%
bovine serum albumin (BSA) solution was used to block
the cells for 1 h at room temperature. The solution was
then discarded, and the cells were incubated overnight at
4 °C with mAbs 2F2 and 2B7 (10 pg/mL each). Isotype
antibodies (IgG1 or IgG2a) were used as negative con-
trols. The cells were again rinsed three times with PBS
and were administered with the secondary antibodies
(5 pg/mL) for another 90 min at 37 °C in the dark, fol-
lowed by another three washes with PBS. Subsequently,
the cells were incubated with goat anti-mouse IgG (H+L)
and conjugated with Alexa Fluor 488 (Abcam, UK). The
images were captured and analyzed using a Leica SP8
confocal laser scanning microscope (Leica, Germany).

Hemagglutination Inhibition (HAI) assay

The HAI was conducted as described in previous stud-
ies [34]. The HAI titer is the reciprocal of the high-
est dilution of an antibody sample that can completely
inhibit RBC hemagglutination. The AIV solutions were
diluted with 1% chicken RBCs and titrated by utilizing a
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Table 1 The viruses included in this study

No Virus Strain name

1 H5N1 (2.3.2) A/duck/Zhejiang/224/2011

2 H5N1(2.3.2) A/goose/Zhejiang/727,098/2014
3 H5N1(2.34.4 g,Re 8) A/chicken/Guizhou/4/13

4 H5N1(2.3.4.4b) A/Texas/37/2024

5 H5N2 (2.3.4.40) A/chicken/Zhejiang/514,135/2015
6 H5N2 (2.3.4.4b) A/duck/Zhejiang/6DK19/2013

7 H5N6 (2.34.4h,Re 11) A/duck/Guizhou/S4184/2017

8 H5N6 (2.3.4.4b) A/duck/Zhejiang/6D2/2013

9 H5NG6 (2.3.4.4b) A/chicken/Zhejiang/528,127/2016
10 H5N6 (2.3.4.4 h, Re 13) A/duck/Fujian/S1424/2020

1 H5N8 (2.3.4.4b) A/duck/Zhejiang/W24/2013

12 H5N8(2.3.4.4b) A/duck/Zhejiang/925,019/2014
13 H5N8 (2.3.4.4b, Re 14) A/whooper swan/Shanxi/4 —1/2020
14 HINT (pdm09) A/California/07/2009

15 H1N2 A/duck/Zhejiang/D1/2013

16 H1N9 A/chicken/Zhejiang/51,043/2015
17 H2N8 A/duck/Zhejiang/6D10/2013

18 H3N2 A/duck/Zhejiang/4613/2013

19 H3N6 A/duck/Zhejiang/D1-3/2013

20 H4N2 A/duck/Zhejiang/727,145/2014

21 H4N6 A/duck/Zhejiang/409/2013

22 H6N1 A/chicken/Zhejiang/1664/2017
23 H6N2 A/duck/Zhejiang/727,038/2014
24 H6N6 A/chicken/Zhejiang/727,018/2014
25 H7N3 A/duck/Zhejiang/11/2011

26 H7N7 A/chicken/Jiangxi/C25/2014

27 H7N9 A/chicken/Zhejiang/DTID-ZJU01/2013
28 H7N9 A/Guangdong/HP001/2017

29 HON2 A/chicken/Zhejiang/329/2011

30 HT10N2 A/duck/Zhejiang/6D20/2013

31 H1ON7 A/chicken/Zhejiang/2CP8/2014
32 HT1ONS8 A/chicken/Zhejiang/102,615/2016
33 HT1N3 A/duck/Zhejiang/727D2/2013

34 H11N9 A/duck/Zhejiang/71,750/2013

35 Newcastle disease virus La Sota

36 Newcastle disease virus Clone 30

37 Infectious bronchitis virus H120

38 Infectious bronchitis virus H52

39 Infectious bursal disease virus NF8

40 Infectious bursal disease virus B87

41 Avian paramyxovirus-4 ARl

42 Marek’s disease virus FC-126

43 Infectious laryngotracheitis virus K317

44 Avian Pox virus Quail-Adapted strain

The vaccine strain H5-Re8 contains surface genes from a clade 2.3.4.4gvirus, A/chicken/Guizhou/4/13(H5N1) (GZ/4/13), and six internal genes from the high-growth
A/Puerto Rico/8/1934 (H1N1) (PR8) virus, and the H5-Re11 strain that harbor surface genes from a clade 2.3.4.4 h virus, A/duck/Guizhou/S4184/2017(H5N6) (GZ/
S4184/17), and internal genes from PR8. H5-Re13 contains the HA and NA genes from A/duck/Fujian/51424/2020 (H5N6) and was developed to protect against H5
viruses carrying the clade 2.3.4.4 h HA gene and H5-Re14 contains the HA and NA genes of A/whooper swan/Shanxi/4—1/2020 and was developed to protect against
H5 viruses carrying the clade 2.3.2.1b HA gene

concentration of eight HAU/25 pL. Positive and negative ~ 96-well microtiter plates with 25 pL of PBS/well. Next,
controls comprising the encompassed sera were sourced an equal amount of the H5 virus was introduced to
from immunized and normal mice, respectively. Next, each well. We then performed a 30 min incubation at
we completed twofold successive dilutions of mAbs in  ambient temperature so that the mAbs and virus could



Wu et al. Virology Journal (2025) 22:246

interact with each other. HAI was titrated with 50 pL of
1% chicken RBCs after 20 min of the incubation.

Virus microneutralization (MN) assay

The MN assay was performed following a previously
described procedure [35]. The purified H5 mAbs (100 pg/
mL) were serially diluted in 2-fold increments and then
incubated with an equivalent volume of 100 TCID50
(50% tissue culture infectious doses) of the A/duck/
Zhejiang/6D2/2013 (H5N®6) virus at 37 °C for 2 h. Follow-
ing PBS washing, the MDCK cells were infected with the
mixtures and co-incubated for 1 h at 37 °C. Subsequently,
N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-
treated trypsin (Worthington) was supplemented to
every well (Sect. 2.5) and incubated for 72 h at 37 °C. The
cytopathic effect (CPE) was observed. The mAb titers
necessary to inhibit virus replication by 50% (ICs,) were
determined through HA assay, following the Reed and
Muench method.

Generation of antibody escape mutants

The escape mutants were characterized so that the gen-
erated mAbs could recognize the conformational epit-
opes. First, each mAb was diluted to two concentrations
(2 and 4 ng/mL) and mixed with 100 TCID50 of A/duck/
Zhejiang/6D2/2013 (H5N6) virus for 1 h at 37 °C prior
to inoculation into 9-day-old embryonated chicken eggs
for 72 h at 35 °C. After harvesting and detecting the
allantoic fluid using HA assay, we collected the positive
allantoic fluid samples, which were again passed through
the 9-day-old embryonated chicken eggs under the same
control conditions, with 8 and 16ng/mL of mAb con-
centrations. The RNA was isolated using the Trizol LS
reagent (Life Technologies). The HA segment was ampli-
fied using RT-PCR and the changes in the amino acid
were detected by sequencing, as described in a previous
study [31].

Development of QDFM-ICS method
The detection was performed based on the following
principles [36]. As shown in Fig. 1, the H5 subtype of the
influenza A virus or its purified proteins were conjugated
with the QD-labeled antibodies and used as the detection
line. The excrescent and unbound QD-labeled antibodies
were bound to the goat anti-mouse IgG antibodies and
employed as the reference line. An obvious fluorescent
response was visible to the naked eye upon excitation by
365-nm ultraviolet radiations. The captured QDs could
also be viewed by using a fluorescence test strip scanner.
Firstly, we dissolved 40 pL of QDs in 400 uL of
25-mM 4-morpholineethanesulfonic acid (MES, Sigma-
Aldrich). These QDs were excited for 30 min using 15
uL of 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC, Thermo Fisher Scientific) and
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N-hydroxysuccinimide (NHS, Sigma-Aldrich), each at
a concentration of 10 mg/mL [37]. After removing the
residual EDC and NHS, 0.2 mg of mAb 2F2 was added
to the mixture to resuspend the QDs [23] and then
treated with 400 puL of 2% BSA (Sangon Biotechnol-
ogy) containing a buffer (such as BSA) for 1 h to block
any non-specific binding. After wiping off the unbound
antibodies and chemicals [38], the QD-mAb conjugations
were resuspended in 180 uL of MES and applied onto
glass cellulose membranes (Jiening Biotechnology). Next,
1 mg/mL of goat anti-mouse IgG (Solarbio) with 4 mg/
mL of mAb 2B7 was applied to the nitrocellulose (NC)
membrane (Sartorius) on a BioDotXYZ platform (Jinbiao
Biotechnology) at a rate of 2 pL/cm to form a control and
a test line. The treated NC membranes, absorbent pad,
and sample pad were assembled together on a polyvinyl
chloride (PVC) backplate, cut into 3.5-mm-wide strips by
using an automatic cutting machine, and stored at 4 °C
for subsequent use. The fluorescence could be viewed
under 365-nm UV light by naked eyes and measured by
using a fluorescence test strip scanner (Hemai Technol-
ogy, China).

Specificity, sensitivity, repeatability, and stability of the H5
QDFM-ICS

We verified the specificity of H5 QDFM-ICS using vari-
ous subtypes of AIVs (H5N1, H5N2, H5N6, H5NS,
HIN1, HIN2, H2NS8, H3N2, H3N6, H4N2, H4N6, H6N1,
H6N2, H6N6, H7N3, H7N7, H7N9, HON2, H10N2,
H10N7, H1ONS8, H11N3, and H11N9) and other avian
viruses such as Avian paramyxovirus-4 (APMV-4, ZJ-1),
Infectious bronchitis virus (IBV, H120, and H52), Infec-
tious bursal disease virus (IBDV, B87, and NF8), Marek’s
disease virus (MDYV, FC-126), Infectious laryngotracheitis
virus (ILTV, K317), Avian pox virus (APV, quail-adapted
strain), and Newcastle diseasevirus (NDV, Clone 30, and
La Sota). Twice-diluted allantoic fluid containing 2*-278
HAU of the H5N6 virus A/duck/Zhejiang/6D2/2013
(H5N6) and 1250 - 0.3 ng/ml of purified H5 HA protein
was employed to test the sensitivity of the QDFM-ICS.
Finally, we conducted a repetitive experiment as follows.
The strips were added to 80 uL of the aforementioned
H5N6 ALV allantoic fluid 20 times for each titer (2%, 23,
2%, 21,29 271,272,273, and 27* HAU) to determine the
coefficient of variation (CV) and the absorbance value.
To evaluate the stability, the QDFM-ICS strips were ran-
domly stored at 4°C, room temperature, and 40 °C sep-
arately for 1, 2, and 3 months, respectively, to test their
detection performance (negative and positive) [39].

Assessment of H5 QDFM-ICS in vitro samples

To determine the actual efficacy of the QDFM-ICS tech-
nique, 160 field samples (30 throat swab, 30 cloacal swab,
and 100 fecal samples) from ducks, chickens, and geese
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Fig. 1 Schematic demonstration of QDFM-ICS methods for the detection of AV subtype H5. (A) EDC and NHS were used to activate the QDs. (B) Once
the samples containing the target viruses flowed through the nitrocellulose membrane, the virus could be captured by the test line coated with mAb. The
fluorescent band could be detected by 365-nm ultraviolet flashlight by naked eyes or scanned by using a fluorescence scanner
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were collected and analyzed using real-time RT-PCR and
QDEFM-ICS. We considered the RT-PCR results as the
control method. The data obtained were analyzed using
the CFX96 System (Bio-Rad, CA, USA). All the samples
were first dissolved in PBS and centrifuged. They were
then kept first at room temperature for 1 h and then
stored at -80 °C for long-term usage. Subsequently, A/
Texas/37/2024 (H5N1), A/duck/Zhejiang/6DK19/2013
(H5N2), A/duck/Zhejiang/6D2/2013 (H5N6), and A/
duck/Zhejiang/W24/2013 (H5N8) AIVs were added to
the above samples to prepare spiked samples, 35 of which
were confirmed as positive, for testing.

Results

Characterization of mouse anti-AlV H5 mAbs and QD-mAb
conjugate

We produced two murine mAbs (2F2 and 2B7) using the
hybridoma technology described previously [31]. Their
isotype identification results are listed in Table 2. Both
2F2 and 2B7 mAbs belong to the IgG2a subclass. The
sequences of their heavy- and light-chain regions are also
presented in Table 2. An ELISA assessment showed that
these two mAbs display a strong binding affinity to the
HA protein of A/duck/Zhejiang/6D2/2013 (H5N6). In
addition, the HAI assay showed that these mAbs inhib-
ited the interaction between A/duck/Zhejiang/6D2/2013
(H5N6) and erythrocytes. This inhibitory effect could be
achieved with up to 16 HAU/mL (Table 2). Besides, the
MN assay demonstrated that both the mAbs can neu-
tralize A/duck/Zhejiang/6D2/2013(H5N6) to 0.78ng/mL
(Table 2). The IFA was conducted to verify the binding
capacity of the mAbs with the H5 virus-infected MDCK
cells. The detective indicator was assessed under fluo-
rescence microscopy. As shown in Fig. 2, the IFA results
indicated that the mAbs can specifically bind to the A/
duck/Zhejiang/6D2/2013 (H5N6) and other H5 viruses,
including A/goose/Zhejiang/727,098/2014 (H5N1), A/
duck/Zhejiang/6DK19/2013 (H5N2), and A/duck/Zhe-
jiang/W24/2013 (H5N8). However, they did not bind to
other subtype influenza viruses (HIN2, H2N8, H3N2,
H4N6, H6N1, H7N9, HON2, HI0ON2, and H11N3 AIVs).
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Phylogenetic and antigenic site analyses by selecting
monoclonal antibody resistant mutants (MARMs)

Under the immunity pressure of the mAbs, we screened
out the corresponding mutated epitopes by co-culturing
the H5N6 virus A/duck/Zhejiang/6D2/2013 (H5NG6)
twice with different concentrations of target mAbs. Next,
we collected the positive allantoic fluid samples contain-
ing the live virus to sequence and analyze the nucleo-
tide sequence of their HA genes (Fig. 3). The mAb 2F2
escape virus had a single R239S mutation in its receptor-
binding domain (RBD), while mAb 2B7 treatment con-
tributed to A172T mutation at potential glycosylation
sites. The 35,284 complete HA genes belonging to H5
were obtained from the GISAID and aligned by using the
MEGAL1 software. The conservation analysis of H5 HA
residues substituted in mAb-resistant mutants revealed
that R239S and A172T sites are conserved in the H5 AIV
epidemic strains (Table 3). A total of 33,863 H5 HA gene
sequences, acquired from the GISAID up to January 29,
2025, were aligned and analyzed by BioEdit. The per-
centages represent the proportion of amino acid muta-
tion sites at positions 239 and 172 in the H5 ALV strains.
The total occurrence probability of R239S and A172T
mutations exhibited high conservation, exceeding 80%.
However, the 172 epitope sites maintained their approxi-
mate mutation rates between alanine (A) and threonine
(T) before 2005. This discovery was also applicable to
the arginine (R) to serine (S) transformation at the 239
site. Apparently, both the epitopes demonstrated con-
sistently high conservation of over 90% after 2020. This
result suggested that the selected mutants, under the
influence of mAbs 2B7 and 2F2, reverted to a more con-
served state in the epidemic strains of recent years. Next,
we visually presented the results of escape mutation sites,
using the protein structure of the H5N6 virus A/duck/
Zhejiang/6D2/2013 (H5N6) downloaded from the Pro-
tein Data Bank (PDB), to display the antigenic sites of the
HA protein with different colors.

LOD of H5 QD-ICS

We used PBS to serially dilute H5 antigen HAI titers
from 2* to 2% HAU or purified H5N6 HA protein from
1250 to 0.3 ng/mL to assess the LOD of the QD-ICS for

Table 2 Characterization of monoclonal antibodies (mAbs) 2B7 and 2F2

Clone Isotype Characteristics Heavy chain Light chain
Affinity  Hl titer MN titer ~ V-GENE and allele CDR3 V-GENE and allele CDR3
(ug/ml)  (ug/ml)  (mg/ml)
287 IgG2a,k  9x10°°  >0.78 >1 Musmus IGHV1-18*01 F ARSDDHDAWFAY  Musmus IGKV1-135*01 F  WQGTHFPQT
2F2 lgG2a, k 6x107° >0.78 >7 Musmus IGHV2-6-7*01 F ~ ARDGGYGYGFAY Musmus IGKV12-46*01 F  QHFWGTPLT

The isotype of the mAbs was measured through the mouse mAb isotyping kit

The affinity, HI titer and MN titer reflected the properties of the mAbs through reaction with H5 virus A/duck/Zhejiang/6D2/2013 (H5N6) as mentioned before

V-gene refers to the variable region encoded by the DNA sequence

CDR3 refers to Complementarity-determining region
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Fig. 2 Specificity of mAbs binding to different subtypes of influenza virus. IFA was conducted to measure the binding of mAbs to various influenza virus
strains. The MDCK cells were infected with H5N1, H5N2, H5N6, and H5N8 influenza viruses at an MOI of 0.5. After subsequent fixation, permeabilization,
and blocking, mAbs 2F2 and 2B7 were added to the incubation mixture. The binding of mAbs was detected by Alexa Fluor 488 (green) conjugated sec-
ondary antibodies. Then, the cells were stained with DAPI (blue), and fluorescent signals were observed by fluorescence microscopy. Note that mAbs 2B7

and 2F2 could combine with the H5 subtype of AlVs. Green, viral proteins; blue, nuclei

detecting H5 AIVs. Every dilution was given three rep-
licate samples each. After adding the prepared samples
for 15 min, the signals were observed under 365-nm
ultraviolet excitation by naked eyes as well as through a
fluorescence test strip scanner. Direct correlations were
observed between the H5 antigen concentration and the
fluorescence intensity of the test line. The fluorescence
from the H5 antigen test line at 2°* HAU (Fig. 4A) and
1.2 ng/mL purified H5N6 HA protein (Fig. 4B).

To assess non-specific adsorption, 20-mM PBS was
applied to the nitrocellulose membrane, which was then
used as the test line. Next, 1 mg/mL of goat anti-mouse
IgG was applied to the strips and used as the control line.
These strips and the nitrocellulose membrane were used
to test H5 antigens at various concentrations. Very low
fluorescence intensity was detected at the test line, indi-
cating that the variation in fluorescence intensity can be
attributed to the interaction between the immobilized
antibodies and the virus.

Repeatability of H5 QDFM-ICS

The repeatability of the QDFM-ICS was evaluated by
measuring absorbance from 20 replicates at different
titers of the H5 virus, ranging from 2* to 2°* HAU with
serial 2-fold dilutions above the LOD value. The signals
generated by 20 replicates at varying concentrations of
the H5 virus were detected to test the reproducibility of
this QDFM-ICS. As demonstrated in Table 4, all the CV

values are below 10%, which indicates that the QDFM-
ICS exhibits a high degree of repeatability.

Specificity of H5 QD-ICS

We examined other influenza virus subtypes (includ-
ing HIN2, H2N8, H3N2, H4N6, H6N1, H7N9, HON2,
HI1O0N2, and H11N3) as well as other avian respiratory
tract virus strains, including common NDV, IBV, IBDV,
APMV-4, MDYV, ILTV, and APV. The results showed that
the QDFM-ICS only reacts with the H5 subtypes of AIV
(including H5N1, H5N2, H5N6, and H5N8) and does not
show any cross-reactivity with other subtypes of influ-
enza A viruses or different viruses (Fig. 5). This lack of
interference afforded accurate and reliable results for
the diagnosis of the intended target virus. Hence, it was
evident that the QDFM-ICS exhibits high specificity for
detecting H5 AIVs.

Stability of H5 QD-ICS

The QDFM-ICS strips stored at 4 °C and those at room
temperature for 3 months demonstrated sustained sen-
sitivity against 0.0625 HA units of the H5 subtype of
AlVs, which is equivalent to that of a newly produced
strip (Table 5). In comparison, the strips stored at 40 °C
for 1 month maintained their sensitivity for detecting
H5 AlVs, while prolonged storage for 2 months reduced
their sensitivity to 1 HAU, with a further decline after 3
months. Notably, the QDFM-ICS strips maintained their
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Fig. 3 Phylogenetic and mutation site analyses of H5 AlVs. (A) Phylogenetic tree of the HA genes of representative H5 influenza viruses collected from
1996 to 2025 in the GISAID, generated using the Neighbor-Joining method and bootstrapped with 1000 replicates in MEGA 11. The influenza viruses

included are highlighted by red dots. (B) Escape mutations are shown in the

crystal structure of A/Sichuan/26,221/2014 (H5N6) using Pymol based on

the RCSB PDB entry 5HU8. Red, mAb 2F2; green, mAb2B7. The mAbs escape mutation regions are indicated by the corresponding color. Orange dashed
circle, receptor binding site (RBS) of HA protein (orange). RBS is located in the HA1 head region and contains 190-helix, 130-loop, 150-loop, 220-loop, and

other amino acid residues. (C) HA gene sequence alignments of H5 virus and

escape mutant variants of mAbs 2B7 and 2F2. Five antigenic sites A, B, C,

D, and E were inferred by mapping the three-dimensional structure of H5 HA (PDB accession number, 5HU8), labeled in purple, green, orange, blue, and
gray. The escape mutation sites recognized by mAbs 2F2 and 2B7 are depicted in red

specificity for detecting H5 AIVs without any alterations.
This observation is supported by the evidence that there
were no false positive results under any of the tested
storage conditions. Apparently, 3 months of storage at
4 °C and room temperature and 1month at 40 °C do not
cause any decline in the performance of the QDFM-ICS
method for detecting H5 AIV.

Actual application of H5 QDFM-ICS in vitro sample tests

Among the 160 avian samples (30 throat swabs, 30 cloa-
cal swabs, and 100 fecal samples), 35 were confirmed
H5-positive using real-time PCR assay. These 35 samples
were used as the reference standard for comparing the
real-time PCR assay with the QDFM-ICS method and
to evaluate the accuracy of our proposed method. This
comparison helped in determining the effectiveness of
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Table 3 Polymorphism analysis of amino acid residues
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Mab Residue

Percentage of amino acid mutation sites in the H5 subtype of AlVs epidemic strain (%)

-2005 2005-2010 2011-2019 2020-2022 2023-2025 Total
(n=704) (n=3091) (n=8246) (n=12965) (n=8857) (n=33863)
2B7  A172T A 172 (402,57.1%); A 1723022, A 172 (7255, A 172 (12786, A 172 (8630, A 172 (32095,
97.78%); 87.98%); 98.62%); 97.44%); 94.78%);
T172 (202, 28.7%) T172(28,0.91%) T 172 (685,8.31%) T172(103,0.80%) T 172(180,2.03%) T172(1198,3.53%)
Others (100, 14.2%)  Others (41,1.32%)  Others (306, 3.71%) Others (76,0.58%)  Others (47,0.53%)  Others (570, 1.69%)
2F2  R239S R239(702,99.7%);  R239 (3085, R 239 (3649, R 239 (12613, R 239 (8521, R 239 (28570,
99.81%); 44.26%); 97.29%); 96.21%); 84.31%);
$239(2,0.03%) S 239 (0, 0.00%) S 239 (4006, §$239(339,262%) S239(319,3.61%) S 239 (4666,
48.59%) 13.78%)
Others (0, 0.00%) Others (6, 0.19%) Others (591, 7.15%) Others (13,0.09%) Others (17,0.18%)  Others (627, 0.05%)
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Fig.4 Images of tested H5 QDFM-CIS in response to the excitation of 365-nm ultraviolet light. Fluorescence viewed by naked eyes. The asterisk indicated
the LOD of the strips, which could reach up to 27 HAU (A) and 1.2 ng/mL purified H5N6 HA protein (B), as determined from the H5 antigen test line.

Fluorescence intensity detected by the fluorescence test strip scanner. The asterisk indicates the LOD value

Table 4 Repeatabilityof H5 QDFM-ICS

Viral concentration (HAU) Mean Standard deviation CV%
24 11,801 1705 1.4%
23 11,512 70.8 0.6%
2? 8914 151.8 1.7%
2! 8647 68.8 0.8%
20 4705 4558 9.7%
2-! 3642 1954 5.4%
272 1449 1382 9.5%
273 584 339 5.8%
274 253 232 9.1%

Mean values refer to the average fluorescence intensity(a.u.) (n=20)

Standard deviation (Std. Dev.) values refer to the the standard deviation of fluorescence (n=20)

CV% refers to the coefficient of variation, calculated as (Std. Dev./Mean x 100)
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Fig. 5 Cross-reactivity detection of tested H5 QDFM-CIS in response to influenza A and other avian viruses. (A) Fluorescence viewed by naked eyes
demonstrates that the strips specifically bound to the H5 subtype of influenza virus without cross-reactivity with other influenza A virus subtypes (includ-
ing H5N1, H5N2, H5N6, H5N8, HTN2, H2N8, H3N2, H4N6, H5N6, HENT, H7N9, HON2, HTON2, and H11N3) or other avian viruses (including NDV, 1BV, IBDV,
APMV-4, MDYV, ILTV, and APV). (B) Fluorescence intensity detected by the fluorescence test-strip scanner

Table 5 Stability of H5 QDFM-ICS

Storage period Temperature LOD of H5 QDs-ICS Positive Negative results
(HAU) results
1 month 4°C 274 20 10
Room temperature 274 20 10
40°C 2t 20 10
2 months 4°C 24 20 10
Room temperature 274 20 10
40°C 272 20 10
3 months 4°C 2t 20 10
Room temperature 274 20 10

40°C 20 20 10
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Table 6 Sample testing using QDFM-ICS and real-time PCR
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Sample origin QDFM-ICS result Real-time PCR result Total
Positive Negative Positive Negative

Throat swab 5 25 5 25 30

Cloacal swab 8 22 8 22 30

Fecal samples 22 78 22 78 100

Real-time PCR was served as the gold standard to evaluate the accuracy of the established method

the QDFM-ICS method in comparison to the established
real-time PCR technique. As described in Table 6, both
methods yielded identical results, indicating a perfect
100% agreement. Hence, it can be suggested that the
QDEFM-ICS exhibited reliable performance across differ-
ent sample types, while maintaining high sensitivity and
specificity.

Discussion

H5 subtype AIVs have evolved mainly through genome
mutations, accumulations, and recombinations with dif-
ferent virus strains. The unprecedented mutations and
reassortment of the internal gene segments of these
viruses have enabled them to breach the species barrier
and transmit to ever newer mammalian species, such as
seals, seabirds, foxes, and even humans. It also explains
the worldwide sweep of Asian-origin H5 HPAI viruses
[40]. H5 AIV-caused human infections have been peri-
odically reported since the 20th century. Some of these
infections even resulted in deaths, especially those caused
by the H5 HPAI virus strain. From 2014 to 2022, 87 cases
of H5N6 infection were reported in humans [40]. Russia
confirmed the first case of human infection of H5N8 in
2020 [41]. In December 2024, the CDC confirmed the
first severe case [42, 43]. Because the H5 HPAI subtype
causes severe respiratory infections that may even turn
fatal, it is essential to urgently develop a rapid and sensi-
tive detection method for these viruses.

Timely and precise detection is crucial for monitoring
the spread of these viruses and implementing appropri-
ate measures to control and prevent their outbreaks.
The current mainstream detection techniques are based
on the antigen—antibody reactions, such as ELISA and
the colloidal gold-based immunochromatographic test
(ICT) strip. In these methods, antigen capture and detec-
tion are conducted through two mAbs presented at dif-
ferent sites of the same antigen [44]. Both ELISA and
ICT allow precise and rapid identification of influenza
viruses. Multiple studies have investigated the generation
and detection methods for mAbs of the influenza virus.
For example, Paparoditis et al. developed the blocking of
binding ELISA method to detect potent heterosubtypic
antibodies targeting the HA stem region of the influ-
enza virus, especially human mAbs [45]. Researchers
also designed a colloidal gold-based ICT strip for instant
testing AIV using two mAbs, with a detection limit of 2

HAU [46]. However, it is necessary to optimize the LODs
of these methods. QD-labeled mAbs may enable sensi-
tive, instant, and economical detection of various viruses,
including the influenza virus. Wu et al. established a rapid
and quantitative detection method for the H7N9 virus by
employing simultaneous magnetic capture and QD label-
ing, which allowed clinical recognition and confirmation
of H7N9-infected cases [47]. A previous study reported
a QD-based fluorescent immunochromatographic assay
specifically for detecting SARS-CoV-2. This advanced
method can identify the virus in only 15 min, with an
impressive detection limit (5 pg/mL) for the virus antigen
[38]. It has already been used for detecting the Zika virus.
Adegoke et al. constructed a plasmonic nanoparticle-QD
hybrid with a detection limit of <3 copies/mL [48].

This study discusses the development of a QDFM-ICS
method, based on suitable mAbs, for rapid and sensi-
tive detection of H5 subtype AIV. The mAbs separated
through a hybridoma technique revealed strong bind-
ing affinities, specificities, and neutralization potency
with the H5 subtype virus with an HI titter of 1 mg/ml
(2B7) and 7 mg/ml (2F2) respectively, while the both MN
abilities could reach to 0.78 ug/mL. Furthermore, we
identified the escape mutation sites of two mAbs as 2F2
R239S and 2B7 A172T. Mutation 239 is located in the
receptor-binding region, while mutation 172 is a poten-
tial glycosylation site. In general, the avian-type recep-
tor is a-2, 3-linked sialic acid, whereas the human-type
receptor is a-2, 6-linked sialic acid. Previous studies have
shown that H5 HA requires receptor-binding site (RBS)
mutations to switch the receptor specificity from a-2,3-
linked sialic acid to a-2,6-linked sialic acid, which makes
the virus a pandemic threat [49-51]. Enveloped viruses
typically tend to accumulate N-glycosylation sites as a
common immune evasion strategy. Glycans on influ-
enza hemagglutinin impact the receptor binding and
immune response. Their modification is critical for the
ALV life cycle [52, 53], which might be a possible mecha-
nism through which mAbs affect the virus. The sustained
high conservation at both mutation sites reinforces the
view that the selected mAbs can be used in various clini-
cal applications and for producing antiviral drugs and
vaccines. Besides, timely monitoring any change in the
consistency of the virus antigen and building the muta-
tion database may help in handling any possible future
HPAI H5 outbreaks, as it will significantly compress the
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response time. Our QDFM-ICS method is based on these
specific mAbs and has a sensitive LOD of 0.0625 HAU
of H5 AIVs H5, including those of the current circulat-
ing strain. The high specificity shows that it can accu-
rately identify the H5 virus, which helps reduce chances
of missed and false negative diagnosis. Meanwhile, the
good reproducibility enabled the reliability of the whole
detection system. Compared to traditional detection
approaches, such as ELISA and colloidal gold-based
immunochromatographic assays that require tedious
processing steps, our QDFM-ICS has a more convenient
detection approach, is rapid (can be completed within
15 min), and has a simpler operation. Furthermore, the
measurement methodology used in our method could
be used to establish other virus-detection methods by
replacing the oriented antibody pairs. Hence, it can be
suggested that our QDFM-ICS method has a strong
application value.

Conclusion

This study developed a rapid, sensitive, and specific
QDFM-ICS using two mAbs (2F2 and 2B7) for detecting
the H5 subtype influenza virus. The detection limit was
0.0625 HAU per 80 pL of live H5 AIVs and 1.2 ng/mL
purified HSN6 HA protein. This method allows rapid dis-
crimination of results (within 15 min). Importantly, the
results can be stably reproduced as well. Moreover, clini-
cal sample testing showed excellent consistency between
the QDFM-ICS and real-time PCR results. These results
suggest that mAb-based QDFM-ICS can be a promis-
ing tool for rapid detection of H5 subtype AIVs and may
prove useful in any future HPAI H5 pandemics.

Abbreviations
AlVs Avian influenza viruses

QDFM-ICS Quantum dot fluorescent microsphere-based
immunochromatographic strip

QDs Quantum dots

HA Haemagglutinin

NA Neuraminidase

HPAI Highly pathogenic avian influenza

OIE-WAHIS  The World Animal Health Information System

WHO The World Health Organization

ELISA Enzyme-linked immunoassays assay

RT-PCR Real-time reverse transcriptase PCR

POCT Point-of-care testing

LOD The limit of detection

PBS Phosphate-buffered saline

IFA Immunofluorescence assay

MOl Multiplicity of infection

BSA Bovine serum albumin

HAI Hemagglutination inhibition

HAU HA units

MN Microneutralization

TCID50 50% tissue culture infectious doses

CPE Cytopathic effect

ICso Inhibit virus replication by 50%

MES 4-morpholineethanesulfonic acid

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride

NHS N-hydroxysuccinimide

PVC Polyvinyl chloride
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NC Nitrocellulose

APMV-4 Avian paramyxovirus-4

IBV Infectiousbronchitisvirus

IBDV Infectiousbursaldiseasevirus
MDV Marek'sdisease virus

ILTV Infectiouslaryngotracheitis virus
APV Avianpox virus

NDV Newcastle diseasevirus

cv Coefficient of variation

MARMs Monoclonal antibodyresistantmutants
RBD Receptor-binding domain

RBS Receptor-binding site

ICT Immunochromatographic test
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