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A novel fluorescence immunoassay method for fast and ultrasensitive detection of avian influenza virus

(AIV) was developed. The immunoassay method which integrated lateral flow test strip technique with

fluorescence immunoassay used the label-free and high luminescent quantum dots (QDs) as signal

output. By the sandwich immunoreaction performed on lateral flow test strip, the gold nanoparticle

(NP) labels were captured in the test zone and further dissolved to release a large number of gold ions

as a signal transduction bridge that was detected by the QDs-based fluorescence quenching method.

Under the optimal conditions, the relative fluorescence intensity of QDs was linear over the range of

0.27–12 ng mL�1 AIV, and the limit of detection was estimated to be 0.09 ng mL�1 which was 100-fold

greater than enzyme-linked immunosorbent assay (ELISA). The sensitive and specific response was also

coupled with high reproducibility in the proposed method. A series of six parallel measurements

produced reproducible fluorescent signals with a relative standard deviation of 4.7%. The proposed

method can be used to directly detect clinical sample without any pretreatment, and showed high

efficiency (90.0%), sensitivity (100.0%) and specificity (88.2%) compared with virus isolation (gold

method). The new method shows great promise for rapid, sensitive, and quantitative detection of AIV

in-field or point-of-care diagnosis.

Crown Copyright & 2012 Published by Elsevier B.V. All rights reserved.
1. Introduction

Avian influenza is a highly contagious disease caused by type A
influenza virus. It infects not only poultry, but also causes disease
in human beings, resulting in human to human transmission and
triggering a global pandemic [1]. Since the first report of highly
pathogenic avian influenza in Hong Kong in 1997, the number of
avian influenza cases increased during the last decade [2]. According
to April 2010 World Health Organization statistics, 495 people had
been infected with avian influenza virus (AIV), including 292 deaths.
Furthermore, it has killed millions of poultry not only in Asia but
also throughout Europe and Africa [3]. Therefore, early detection of
avian influenza infection in poultry is critical for aiding the control
of outbreaks [4].

Recently, several methods have been developed to detect AIV
including virus isolation (VI), enzyme-linked immunosorbent assay
(ELISA), standard reverse transcription-polymerase chain reaction
(RT-PCR), real-time RT-PCR and so on [5–8]. Among them, ELISA
is one of the most popular methods for the detection of avian
012 Published by Elsevier B.V. All
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influenza. In ELISA, the test relies on the reaction between enzyme
and substrate, and then converts it into a detectable signal.
However, the colorimetry has a relative low sensitivity, thus the
detection limit is very limited [9]. What’s more, the assay time is
relatively long and the procedure is complex due to multiple-step
processes involved in the ELISA [10]. RT-PCR is a sensitive techni-
que, but also has some disadvantages such as a complicated
procedure, long assay time, high cost and high false positive rate
arising from cross contaminations between samples [11,12]. The
typical virus isolation method requires 5–7 days for testing, which
is also a very labor-intensive and time consuming procedure.

For the sensitive, rapid and cost-effective detection of the AIV,
many technologies have been developed. Combining the novel
nanomaterial and the specific reaction of the antibody and antigen,
many novel immunosensors have been invented as alternative
tools to replace the traditional methods. Different nanomaterials
have been used in the resonance light scattering [13], electro-
chemistry [14] and surface plasmon resonance [15,16] technology
to gain the sensitive immunoassay for AIV. Though most of the
reported immunosensor have shortened the analysis time, simpli-
fied the procedure with good sensitivity, nearly all of them need
expensive instruments and extensive labor. These disadvantages
limited their applications primarily in laboratory and prohibit their
use in the field or point-of-care testing.
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Lateral flow test strip (LFTS) which integrates chromatography
technique with conventional immunoassay opens up a new
avenue for clinical analysis [17]. This method has a number of
advantages, such as (1) user-friendly format, (2) rapid detection,
(3) less interference due to chromatographic separation, (4) good
reproducibility, and (5) relatively low cost [18–21]. However,
owing to the limits of visible judgment, LFTS is still not sensitive
to detect some disease biomarkers. Therefore, it is imperative to
develop a sensitive and quantitative LFTS for detecting disease
biomarker accurately at an early stage of virus infection. Signal
transformation and amplification are effective methods for the
improvement of the sensitivity of LFTS. Several nanoparticles
(NPs) such as gold NPs, silica NPs, quantum dots (QDs), and metal
phosphate NPs were used as signal transduction bridges [22–27].
For example, Lin’s group developed electrochemical immunosen-
sor diagnosis device based on QD probe and IST, the biosensor
employed QD label as a signal-amplifier vehicle [28]. Previously,
we reported an indirect fluorescence immunoassay for the high-
throughput screening of the antibody of APP [29]. The method
used label-free QDs as a probe and gold ions released from gold
NPs as a signal transduction bridge. In this study, we integrated
the lateral flow test strip technique with the indirect fluorescence
immunoassay to provide a novel method for the detection of AIV.
The successful integration led the proposed method to have the
advantages of both the LFTS and QDs-based fluorescence quenching
method. These advantages such as sensitivity, rapid and cost-effective
allowed the method to show great promise for quantitative detection
of AIV in-field or point-of-care diagnosis.
2. Experimental

2.1. Reagents and apparatus

HAuCl4 �4H2O was obtained from Shanghai Chemical Reagent
Co. Ltd. (Shanghai, China). CdCl2 �2.5H2O (99.0%) and NaBH4

(96.0%) were obtained from Tianjin Chemical Reagent Plant
(Tianjin, China). Na2TeO3 was obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Glutathione (GSH) was
purchased from Sanland-Chem. International Inc. (Xiamen,
China). Polyester backing materials, glass fibers, and absorbent
materials were purchased from Millipore Corp (Bedford, MA). The
nitrocellulose membrane (AE 98) was obtained from Schleicher
Schuell BioScience, Inc. (Keen, NH). All the AIV strains used in this
study were taken from the Unit of Animal Infectious Diseases of
Huazhong Agricultural University. The AIV virus subtype H5
antigen and AIV monoclonal antibody were made by our coop-
erator (The detailed procedure for the preparation of AIV virus
and monoclonal antibody is described in the supporting informa-
tion). All other reagents were of analytical reagent grade and used
without further purification. Ultrapure water (18.25 MO cm) was
used throughout the experiments.
Scheme 1. The principle of the indirect fluorescen
The ultraviolet–visible (UV–vis) absorption spectra were
performed on a Thermo Nicolet Corporation Model Evolution
300 spectrophotometer coupled with a 1.0 cm quartz cell. The
photoluminescence (PL) spectra were obtained with a PerkinEl-
mer Model LS-55 luminescence spectrometer equipped with a
20 kW xenon discharge lamp as a light source. The transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) images were acquired on a
JEM2010FEF HRTEM (Japan). The concentration of virus was
determined by a DU 800 UV–vis spectrophotometer (Beckman
Coulter, USA). The PL intensity was detected by a Biotech
Corporation Model Synergy HT multi-detection microplate reader
(Excitation at 390 nm, Emission at 540 nm).

2.2. Synthesis of GSH-capped CdTe QDs

The GSH-capped CdTe QDs were prepared according to our
previously reported method [30]. In a typical synthesis, cadmium
chloride (CdCl2 �2.5H2O, 0.5 mmol) was dissolved in 50 mL ultrapure
water in a two-necked flask, and GSH (0.6 mmol), trisodium citrate
dihydrate (0.17 mmol), Na2TeO3 (0.1 mmol) and NaBH4 (0.48 mmol)
were added under vigorous stirring, and then the pH was adjusted to
10.5 by adding saturated NaOH solution. When the color of the
solution changed to light green, the mixture was refluxed for 1 h
at 100 1C and the growth of CdTe QDs took place immediately.
The Nicolet Evolution 300 Ultraviolet–Visible spectrometer and
PerkinElmer Model LS-55 luminescence spectrometer were used
to measure the UV–vis absorption spectrum, PL spectrum of the QDs
respectively. The TEM image of the QDs was also characterized. All
the results are shown in Figs. S1 and S2 (in supporting information).

2.3. Synthesis of gold NPs

Gold NPs were synthesized by the citrate reduction method. All
glassware used were thoroughly cleaned with HNO3–HCl solution
(3 parts HCl, 1 part HNO3), rinsed with ultrapure water and dried in
oven. Briefly, 0.01% solution (100 mL) of HAuCl4 �4H2O was
brought to boiling and 3 mL of 1% (wt) solution of sodium citrate
was added to the boiling solution under vigorous stirring. When
the color changed from light yellow to brilliant red, the solution
was boiled for another 5 min to complete the reduction of the
HAuCl4. After cooling to room temperature, the gold colloid
solution was diluted to 100 mL using deionized water.

2.4. Preparation of gold NPs–antibody conjugate

Gold NPs–antibody conjugate was prepared according to our
previously reported method [31,32]. Gold NPs (0.5 mL) were
mixed with the AIV monoclonal antibody (0.5 mL) for 2 h. The
mixture solution was purified by centrifugation at 15,000g for 1 h,
and the soft sediment was resuspended in sodium phosphate
buffered saline (0.1 mol L�1, pH 7.2–7.4) and stored at 4 1C.
ce immunoassay method for detection of AIV.
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2.5. Preparation of the colloidal gold LFTS

The colloidal gold LFTS was prepared using our previously
reported method [33]. A typical procedure was as follows: the
gold NPs–antibody conjugate solution was dispensed onto glass
fiber paper using an XYZ3050 Dispense Workstation (BioDot, Inc.,
Sky Park, Irvine, CA.), and the conjugate pad was dried under
vacuum. The solutions of AIV monoclonal antibody and rabbit
anti-chicken secondary antibody were dispensed onto nitrocellu-
lose membrane strip at the test and control zones respectively.
After drying for 2 h at 37 1C, the membrane strips were blocked by
incubating in 0.02 mol L�1 sodium phosphate buffered saline (pH
7.5) containing 2% (w/v) nonfat dried milk for 25 min and washed
3 times with PBS containing 0.1% (v/v) Tween-20. The membrane
was dried for 2 h at 37 1C and stored at 4 1C. Finally, the sample
pad, conjugate pad, nitrocellulose membrane, and absorbent pad
were glued together on a backing plate (300�70 mm), and then
cut into 3-mm-wide strips using a CM-4000 cutter (BioDot, Inc.,
Sky Park, Irvine, CA.) (Fig. S3 in supporting information). The strip
was stored at 4 1C until required.
2.6. Procedures for the determination of AIV

100 mL sample solution containing a desired concentration of
AIV was applied to the sample pad. After waiting for 10 min, two
red bands were drawn at the test and control zones. After that,
200 mL HCl–Br2 solution was dropped into the test zone to release
Fig. 1. UV–vis absorption spectra of gold NPs (a), gold NPs–antibody conjugate (b),

TEM images of gold NPs (c) and gold NPs–antibody conjugate (d).

Fig. 2. TEM image of gold NPs–antibody conjugate in the presence of AIV using negat

(b: blank, c: sample solution contained AIV).
gold ions from the captured gold NP labels. Then the obtained
solution containing gold ions was collected with a 96-well micro-
plate. After volatilization of the residual HCl–Br2 solution, 100 mL
QD solution was added to 96-well microplate and the fluorescent
signals were recorded by the Biotech Corporation Model Synergy
HT multi-detection microplate reader. Considering any potential
danger caused by the AIV, all the rejected and recycled materials
were need to be heat inactivated after measurement.
3. Results and discussion

3.1. Principle of the indirect fluorescence immunoassay

Scheme 1 illustrates the principle of the indirect fluorescence
immunoassay for measuring the AIV. The immunoassay system
mainly consists of two parts: colloidal gold LFTS and fluorescent
detection system. The LFTS consists of sample pad, gold NP–
antibody conjugate pad, nitrocellulose membrane and absorbent
pad. During the assay, the sample solution (100 mL) containing
AIV was first added onto the sample pad. Subsequently, the liquid
sample migrated toward gold NPs–antibody conjugate pad by
capillary action. Then the binding between the gold NPs–antibody
conjugate and AIV occurred, and the formed complexes continued
to migrate along the strip. Once reaching the test zone, the
complexes were captured by the antibody immobilized on the
test zone via interaction between antibody and antigen. Then the
excess gold NPs–antibody conjugate migrated further and was
captured on the control zone via antibody-second antibody
immunoreaction. Finally, the gold NPs at the test zone were
dissolved in 200 mL HCl–Br2 mixed solution to release gold ions,
which were collected with a 96-well microplate. QDs were added
to 96-well microplate after volatilizing the residual HCl–Br2 and
the fluorescent signals were recorded by the Biotech Corporation
Model Synergy HT multi-detection microplate reader. The con-
centration of AIV is proportional to the relative fluorescence
intensity of QDs.

3.2. Characterization of gold NPs–antibody conjugate

The preparation and biological activity of the gold NPs–
antibody conjugate usually affected the results of the immuno-
assay for AIV. In the current study, the antibody of AIV was linked
to the surface of gold NPs through electrostatic interaction to
form gold NPs–antibody conjugate. Compared with the QDs–
antibody conjugate, the preparation process is simple, efficient,
and does not use any coupling agent. The obtained conjugates
were characterized by UV–vis absorption spectra and TEM image.
Line a in Fig. 1 showed a typical UV–vis absorption spectrum of
gold NPs. A sharp surface plasmon absorption band is located at
ive-staining method (a), and qualitative analysis result of the colloidal gold LFTS
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525 nm. Due to the strong electrostatic interaction between gold
NPs and antibody, the surface plasmon absorption band of gold
NPs shifted from 525 to 529 nm, which indicated that the gold
NPs–antibody conjugate was formed (Fig. 1 Line b). The TEM
further verified the conjugation; the as-prepared gold NPs are
uniform in size with an average particle size of 22 nm (Fig. 1c)
while after conjugation with antibody, the average particle size of
gold NPs increased to 30 nm (Fig. 1d). The homogeneous dis-
tribution also demonstrated the good stability of the conjugate.
3.3. Biological activity of gold NPs–antibody conjugate

The biological activity of gold NPs–antibody conjugate was
studied using TEM image. The mixed solution of the conjugate
Fig. 3. Effect of gold ion concentration on the I0/I of CdTe QDs. (I0 and I are the

fluorescent intensity of QDs in the absence and presence of gold ions, respec-

tively). Each point depicted the average measurements of three times. Error bars

were calculated based on the standard deviation of three measurements.

Fig. 4. Effects of the concentrations of HCl (a) and Br2 (b) on the relative

fluorescence intensity of CdTe QDs (I/I0). Each point depicted the average

measurements of three times. Error bars were calculated based on the standard

deviation of three measurements.
and AIV was dropped on the surface of a carbonate support film of
the TEM grid, and was negatively stained using phosphotungstic
acid (1.0%). The results showed that the as-prepared conjugate
was successfully attached to the surface of AIV which has an
average particle size of 100 nm and a similar spherical morphol-
ogy (Fig. 2a). Moreover, qualitative analysis results of the as-
prepared colloidal gold LFTS also exhibited that the as-prepared
gold NPs–antibody conjugate pad has a highly biological activity.
As shown in Fig. 2c, when the sample solution containing AIV was
added to the sample pad, after several minutes, two red bands
could be observed on the test and control zones. On the contrary,
no characteristic red band was observed on the test zone for the
non-infected serum (without AIV) (Fig. 2b). Therefore, the above
results showed that the prepared colloidal gold LFTS had high
quality and could also be used to qualitatively detect AIV.
3.4. Fluorescence quenching effect of gold ions on CdTe QDs

In the following experiments, the fluorescent quenching ability
of gold ions dissolved from the gold NPs–antibody conjugate was
investigated using a 96-well microplate reader. The results
showed that the released gold ions quenched the fluorescence
of QDs in a concentration dependence which is best described by
a Stern–Volmer type equation: I0/I¼1þKsv [gold ions]. I0 and I are
the fluorescent intensity of QDs in the absence and presence of
gold ions, respectively. Ksv is a Stern–Volmer quenching constant.
As shown in Fig. 3, the ratio of fluorescent intensity of QDs (I0/I)
was linear with the concentration of gold ions over the range of
0.2–6.25 mmol L�1 and the detection limit was 68 nmol L�1. Ksv

value was 7.3�104 L mol�1. The results indicated that the
released gold ion has highly fluorescent quenching ability. There-
fore, as a signal transduction and amplification bridge, it would
Fig. 5. The concentration of AIV versus the relative fluorescence intensity (I/I0) of

QDs. Inset shows the linear relationship of the concentration of AIV and the

relative fluorescence intensity of QDs. Each point depicted the average measure-

ments of three times. Error bars were calculated based on the standard deviation

of three measurements.

Table 1
Comparison of different methods for the determination of AIV antigen.

Technique Linear range

(ng mL�1)

Detection limit

(ng mL�1)

Reference

Fluoroimmunoassay 8–510 0.15 [10]

ELISA – 5 [10]

ELISA – 10 [34]

Electrochemistry – 5�103 [35]

DAS-ELISA – 2.5 [36]

RLS 0.5–50 0.15 [13]

Indirect fluorescence

immunoassay

0.27–12 0.09 This

work



Table 2
Comparative results of the proposed method and virus isolation of 20 clinical samples.

Virus isolation Performance

Positive Negative Total Efficiencya (%) Sensitivityb (%) Specificityc (%) FP rated (%) FN ratee (%)

The proposed method Positive 3.0 2.0 5.0 90.0 100.0 88.2 11.8 0.0

Negative 0.0 15.0 15.0

Total 3.0 17.0 20.0

a Efficiency¼(TPþTN)�100/Total.
b Sensitivity¼TP�100/(TPþFN).
c Specificity¼TN�100/(TNþFP).
d False-positive rate¼FP�100/(FPþTN).
e False-negative rate¼FN�100/(TPþFN).
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play an important role in connecting the fluorescent signal of QDs
and the concentration of AIV, and improving the sensitivity of the
indirect fluorescence immunoassay.

3.5. Optimization of experimental conditions

To achieve high sensitivity and minimize the interferential
signal for the detection of AIV, we investigated the effect of the
concentrations of HCl and Br2 on the dissolution of gold NPs at the
test zone. The concentration of gold nanoparticles used in the
experimental was 8 nmol L�1. As shown in Fig. 4a, with increasing
the concentration of HCl, the relative fluorescence intensity of
QDs decreased and reached a plateau in the concentration of
0.1–0.3 mol L�1. A similar result was obtained for Br2 (Fig. 4b).
So 0.15 mol L�1 HCl and 0.8 mol L�1 Br2 were used for further
experiments.

3.6. Analytical performance of the fluorescence immunoassay

Under the optimized condition, the proposed method was
used to quantitatively detect AIV. As shown in Fig. 5, the relative
fluorescence intensity decreased with increasing concentration of
AIV. After the concentration of AIV reached 60 ng mL�1, the
relative fluorescence intensity still had a slight decrease but tend
to be stable. The main reason may be the hook effect caused by
high AIV level which is an intrinsic problem of single step
sandwich-type immunoassay. The linear range for the concentra-
tion of AIV was found to be 0.27–12 ng mL�1 (Inset Fig.) and the
detection limit was 0.09 ng mL�1 (S/N¼3). The sensitivity of the
proposed method was not only superior to the traditional method
of ELISA but also comparable with some reported novel immu-
nosensor (see Table 1).

The precision of the proposed method was further evaluated
by a series of six parallel measurements with the same batch
of LFTS at a concentration of 80 ng mL�1. The immunoassay
produced reproducible fluorescent signals with a relative stan-
dard deviation of 4.7% (data not shown), indicating acceptable
fabrication reproducibility. The assay time (30 min) with the
novel fluorescence immunoassay was also less than most of the
reported methods, such as virus isolation (gold method), conven-
tional ELISA and fluorescence immunoassay [10]. The successful
integration led the proposed method to have the advantages of
both the LFTS and QDs-based fluorescence quenching method.
Compared with the ELISA and virus isolation, the proposed
method shortened the analysis time, simplified the procedure
with good sensitivity. What’s more, the procedure is very simple
and easy to learn, the cost of per lateral flow test strip was
approximately 0.3 dollar which was cheaper than most of the
reported method. To obtain an accurate quantitative result, it was
not limited in the well-equipment laboratory; a common lumi-
nescence spectrometer was adequate.
3.7. Analysis of AIV in real serum samples

The virus isolation which is regarded as the gold standard
method is the most commonly used method in the AIV detection.
To evaluate the diagnostic performance of the proposed indirect
fluorescence immunoassay, we compared the results of the
proposed method with the virus isolation. 20 clinical samples
which were collected from naturally infected chicken and without
any appropriate reference tests to classify them into truly infected
and non-infected were analyzed by the proposed method and
virus isolation. As shown in Table 2, compared with virus
isolation the proposed method had an efficiency of 90.0%, sensi-
tivity of 100.0% and specificity of 88.2%. Moreover, the false
positive and negative rates were 11.8% and 0.0%, respectively.
The results showed that the proposed indirect fluorescence
immunoassay method with high sensitivity and specificity can
be used to detect AIV in clinical diagnostic test.
4. Conclusions

In conclusion, an indirect fluorescence immunoassay method
for simple, rapid and sensitive detection of AIV was developed
based on the label-free QD probe and lateral flow test strip strip.
The method combined the benefits of LFTS and high sensitivity
of QDs-based fluorescence quenching method, and has been
successfully applied for the detection of AIV with a detection
limit of 0.09 ng mL�1. Compared with the virus isolation method
(gold method), the results of clinical sample analysis showed
high consistency. The novel indirect fluorescence immunoassay
provided a new approach for highly sensitive and specific detec-
tion of AIV, and showed potential applications in early diagnosis
of animal epidemic diseases in clinic. Further work will allow
a more cheap, simple and convenient portable device for com-
mercial applications.
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