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Abstract We report on a lateral flow immunoassay (LFIA)
for influenza A antigen using fluorescently-doped silica nano-
particles as reporters. The method is taking advantage of the
high brightness and photostability of silica nanoparticles
(doped with the dye Cy5) and the simplicity and rapidity of
LFIA. The nucleoprotein of influenza A virion (one of its most
abundant structural proteins) was used as a model to demon-
strate a performance of the LFIA. Under optimized conditions
and by using a portable strip reader, the fluorescence-based
LFIA is capable of detecting a recombinant nucleoprotein as
low as 250 ng-mL™" using a sample volume of 100 uL, within
30 min, and without interference by other proteins. The suc-
cessful detection of the nucleoprotein in infected allantoic
fluid demonstrated the functionality of the method. By com-
parison with a commercial influenza A test based on gold
nanoparticles as reporters, the system provides an 8-fold better
sensitivity.
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Introduction

Rapid and sensitive point-of-care (POC) detection remains a
challenge in diagnostics and other biomedical applications.
Various molecular diagnostic approaches and technologies
have been developed to detect target analytes. These include
enzyme-linked immunosorbent assay (ELISA) [1, 2], micro-
arrays [3, 4], surface plasmon resonance (SPR) [5], surface
enhanced Raman scattering (SERs) [6, 7], etc. Although these
techniques offer a good sensitivity and selectivity, they often
require sophisticated and high-cost instrumentation, laborious
and time-consuming procedures, and trained operating per-
sonnel [8]. Recently, emerging lateral flow immunoassay
(LFIA), also called a dry-reagent strip biosensor, has received
increased interest as a tool for POC screening. The system
offers a low-cost, one-step analysis as well as an easy-to-use
platform, which can be applied for routine use in research and
clinical applications [9—11].

Within the system, gold nanoparticles are commonly used
as labels for visual detection, which is either qualitative or
semiquantitative analysis [12]. However, the conventional
systems based on gold nanoparticles as reporters have limita-
tion in detecting the target analyte at low concentration [13].
Different systems using various labels have been developed in
order to respond to this unmet need. These, for example, are
dye-encapsulated immunoliposomes [14], carbon nanoparti-
cles [15], and organic fluorophores [16]. Due to its intrinsic
sensitivity, the fluorescence-based LFIA is a promising tech-
nique for improving sensitivity and capability in quantitative
discrimination with the use of fluorophores [17].

Cys5 is proven to be one of the most important dyes that have
been used as labeling in biological research fields such as
fluorescence imaging, fluorescence biosensors, flow cytometry,
microarray analysis, etc. [18]. Since the absorption and emis-
sion wavelength of Cy5 dyes are in the red spectral region, this
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allows an exclusion of the intrinsic fluorescence of most bio-
logical samples and the scatter of the system reacting, resulting
in a lower background noise. However, it was reported that Cy5
dye suffered from significant photobleaching, and biodegrada-
tion under ozone and laser exposure as well as proton concen-
tration [19-21], which limits its use in further applications.
Recently, fluorescence-doped silica nanoparticles have shown
advantages over organic fluorophores as highly sensitive and
photostable fluorescence probes for bioanalysis [22]. During
the synthesis, thousands of fluorescence molecules are trapped
inside silica matrix protecting them from the oxygenic environ-
ment. As a result, dye photostability and probe sensitivity are
greatly improved. By using conventional silica-based chemis-
try, specific functional groups could be easily added on particle
surface to provide reactive sites for covalent bioconjugation
which can prevent desorption of biomolecules from particle
surface and control number as well as orientation of those
molecules [23, 24]. Based on their unique optical properties,
as well as, versatility in synthesis and surface modification,
fluorescence-doped silica nanoparticles are predicted to be
good candidates as fluorescence probes for a LFIA system.

We described here a fluorescence-based LFIA using Cy5-
doped silica nanoparticles as reporters. The nucleoprotein (NP),
one of the most conserved and abundant proteins present in the
influenza A virion, was used as a target analyte to evaluate the
performance of the biosensor system. Moreover, it was hypoth-
esized that the system could detect the NP in the presence of
complex sample matrix such as the infected allantoic fluid. By
combining the efficiency and specificity of an immunoassay
with the distinct properties of fluorescence-doped silica nano-
particles, one-step and sensitive LFIA developed in this work
could have a good functionality for the analysis of a target
protein. The system could also be useful for developing POC
screening in medical diagnostic applications and offers poten-
tial therapeutic relevant decision.

Experimental
Reagents

Tetramethylorthosilicate (TEOS), aminopropyltriethoxy si-
lane (APTES), 1-Ethyl-3-[3-dimethylaminopropyl]carbo-
diimide hydrochloride (EDC), N-Hydroxy succinimide esters
(NHS), Bovine Serum Albumin (BSA), and Polyvinyl pyrrol-
idone (PVP) were obtained from Sigma-Aldrich (MO, USA,
http://www.sigmaaldrich.com), Cy5 NHS ester was purchased
from Lumiprobe (FL, USA, http://www.lumiprobe.com).
Carboxyethylsilanetriol disodium salt, 25 % in water, and 3-
trihydroxysilylpropyl methylphosphonate (THPMP) were
purchased from Gulf Chemical (Singapore, http://www.
gulfchem.com.sg/), Dulbecco’s Phosphate-Buffered Saline
(DPBS) was obtained from Invitrogen (NY, USA, http://
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www.invitrogen.com). Tween 20 and nonfat dry milk were
obtained from Bio-Rad (CA, USA, http://www.bio-rad.com).
Monoclonal antibody specific to influenza A nucleoprotein
(MAD), LFIA test strips with secondary polyclonal anti-mouse
IgG antibody (Ab) immobilized at the control line (C line), and
commercial Flu A test were supplied from Innova Biotechnology
(Bangkok, Thailand, http://www.innovabiotechnology.com).

Source of recombinant nucleoprotein (rNP) and preparation
of virus infected allantoic fluid

NP used in this study was generated and characterized as
described previously [25]. Ten-day-old embryonated specific
pathogen-free chicken eggs (Suwanvajokkasikit Animal Re-
search and Development Institute, Kasetsart University,
Nakhon Pathom, Thailand) were inoculated with influenza
virus A/Thailand/104/2009 (HIN1), provided by Prof.
Pilaipan Puthavathana (Mahidol University, Bangkok, Thai-
land) according to a protocol described previously [26]. The
allantoic fluid infected with influenza A virus was then
inactivated using binary ethylenimine inactivation method
[27] and purified using a centrifugation in a sucrose gradient
[28]. All viral manipulations were performed under appropri-
ate biosafety level 2 plus laboratory conditions.

Fluorescence-doped silica nanoparticle synthesis

Cy5-doped silica nanoparticles were prepared by modified
Stober method [29] using following procedures: Prior to the
synthesis, all glass reaction vials were washed with 1 M NaOH
solution for 15 min and rinsed with deionized water and ethanol
to prevent the seeding of particles on the glass surface. Cy5
NHS ester (2.75 pmol) was dissolved in 500 pL of anhydrous
DMSO and APTES was added at a molar ratio of 2:1
APTES:dye. The APTES was allowed to react with the dye
solution for 1 h in the dark with vigorous stirring. EtOH
(16.75 mL) and 25 % NH4OH (1.2 mL) were mixed in the
glass vial. Under continuous stirring, the prepared dye-APTES
conjugate was added to the mixture and left to react for 1 h.
Next, TEOS (710 uL) was added to the mixture, and the
reaction was continued for 24 h in the dark with continuous
stirring. After centrifugation at 12,000 rpm for 20 min, the
particles were washed three times with EtOH and three times
with deionized water to remove free dyes and unreacted re-
agents. The particles were then resuspended in deionized water.
The size of nanoparticles was then determined using transmis-
sion electron microscopy (TEM, JEM-2010, JEOL, Japan).

Surface modification of Cy5-doped silica nanoparticles
To introduce carboxyl groups on the surface of particles, 10 mg

of the particles were diluted to a total volume of 1 mL with
10 mM DPBS. Carboxylsilane (20 nuL) and THPMP (20 puL)
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were then added to the solution with continuous stirring 24 h in
the dark. The modified particles were washed three times and
resuspended in DPBS to a concentration of 10 mg:mL™". The
zeta potential was measured on a Malvern zetasizer (UK) using
the Smoluchowski model to determine changes of surface
charge after surface modification.

Conjugation of antibodies on carboxyl-modified particles

The antibodies were immobilized on the surface of carboxyl-
modified particles through carbodiimide chemistry as de-
scribed in following procedures: 1 mg of the particles was
diluted in DPBS with a total volume of 500 pL. EDC (0.2 mg)
and NHS (0.2 mg) were added to the particle solution and
allowed to react for 15 min with gentle mixing. The activated
particles were washed one time to remove unreacted
chemicals and reconstituted in 500 uL of DPBS. MAb
(20 pg) was added into the activated particles and mixed
gently for 3 h at 4 °C. The conjugates were washed twice
with DPBS and resuspended in 500 pL of a blocking solution
(1 % BSA in 40 mM Tris—HCI) for 30 min at 4 °C. The
blocked conjugates were then washed three times with DPBS
and resuspended in a storage buffer (0.1 % BSA and 0.1 %

PVP in 10 mM DPBS) at a final concentration of 10 mg-mL ™.

Fabrication of fluorescence-based LFIA

LFIA test strip was composed of 4 components including
sample pad, conjugate pad, a Hi-Flow Plus HF180 nitrocellu-
lose membrane (Merck Millipore, MA, USA, http://www.
merckmillipore.com), and absorbent pad. Within the
membrane, 1 mg'mL ™" secondary polyclonal anti-mouse Ab
was immobilized as a horizontal line at what was defined as the
C line. Further, MAb was spotted at the position at what was
defined as the T spot, approximately 5 mm upstream from the C
line. After drying for 1 h at 25 °C, the membrane was blocked
with a blocking solution (1 % nonfat dry milk in DPBS) for
30 min at 25 °C. After washing once with a washing solution
(0.05 % Tween 20 in DPBS), the membrane was washed twice
with DPBS and dried for 1 h at RT. The conjugate pad was
prepared by dispensing a desired volume of the conjugates and
dried for 5 min at 25 °C. All components were assembled on a
backing card and a strip cassette, respectively.

Fluorescence-based LFIA procedure and measurement
method

LFIA was performed by applying 100 pL of the sample on a
sample pad of the test strip. The capillary migration of the
sample was allowed to process for 30 min in the dark at
25 °C. The test strip was inserted into a strip holder of the reader
and the signal was measured at the excitation wavelength of
630 nm. Fluorescence intensity (FI) of the T spot and the C line

were measured using a portable fluorescence lateral flow strip
reader (Qiagen ESEQuant, Germany). The absolute fluores-
cence intensity (FI,,) at the T spot was determined from the
fluorescence intensity obtained from the sample containing the
target NP (Flg,mpie) subtracted with that of the negative control
without the target (Flyurer) as follows: (Flap)=(Flsample) -

(Floufrer)-
Sensitivity and specificity

Various concentrations of INP (0—1.5 ug'-mL ") were prepared
before analysis in triplicate. To evaluate the sensitivity of the
system, 100 pL of the prepared rNP samples were applied
directly to the sample pad of the test strip and the signal was
measured as described previously. The concentration-
response curve was obtained by plotting the rNP concentra-
tion against the corresponding FI,;, value at the T spot. The
detection limit was defined as the lowest concentration of NP
producing positive T spot F1,;, value, compared to the mean of
negative controls plus 3 SD. DPBS was used as a negative
control. Other proteins including avidin, lysozyme, BSA,
tryptone, and amicase (5 pg'mL ") were used for evaluation
of the system specificity. A volume of 100 puL of each protein
sample was applied directly to the test strip and processed in
the same manner as described previously.

Detection of the NP antigen in the infected allantoic fluid

To evaluate the performance of the system for biological
sample detection, the infected allantoic fluid was used as a
sample and uninfected allantoic fluid was used as a negative
control. The infected allantoic fluid was serially diluted with
an extraction buffer (150 mM NaCl, 5 mM EDTA, 16 mM
Triton X-100, 12 mM sodium deoxycholate, and 3.5 mM SDS
in 10 mM phosphate buffer, pH 7.4) and incubated for 30 min
at 4 °C. A volume of 100 pL of the treated allantoic fluid
sample was applied directly to the sample pad. After 30-min
incubation, the fluorescence signal at the T spot and C line was
measured as described previously.

Results and discussion

Characterization of Cy5-doped silica nanoparticles
and the conjugates

Cy5 fluorophores were covalently bound to organosilane
through the reactive NHS ester group of CyS-NHS ester and
the amino group of APTES prior to particles formation. With
this precoupling step, Cy5 dyes were efficiently encapsulated
inside silica matrix [30] without leakage of dyes after several
times of washing by both ethanol and water demonstrating
high stability of dye-doped silica nanoparticle formation.
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Uniform and monodispersed nanoparticles with the size of
5046 (mean + SD) nm were obtained (Fig. 1a). The maximum
excitation and emission at 646 nm and 667 nm, respectively,
of the particles were observed using spectrofluorometer
(Fig. 1b). Compared to pure dye solution, which has the
maximum excitation and emission at 643 nm and 662 nm,
the spectrum of the particles showed small red-shift indicating
that Cy5 dyes have not changed much after being encapsulat-
ed. It is worth noting that approximated number of dyes in the
range of thousand molecules per particle has demonstrated in
previous reports by comparison with calibration curves of
pure dye solution [31]. In addition, Cy5-doped silica nano-
particle showed superior photostability to pure dyes demon-
strating by He et al. [20]. The prepared particles were then
modified with carboxyl silane in order to provide active
carboxyl groups for further conjugation with targeting mole-
cules. It has been described that adding unreactive phos-
phonate silane (THPMP) during the surface modification
could reduce agglomeration and nonspecific binding of the
particles even after conjugated with biomoieties [32]. Conse-
quently, the mixture of carboxyl and phosphonate silane with
the ratio of 1:1 was utilized for a post-coat step. To achieve
specific targeting, monoclonal antibody specific to influenza
A nucleoprotein was covalently conjugated to the modified
particles through carbodiimide chemistry. The zeta potential
of'the particles was determined after each step of modification
(Table S1, Electronic Supplementary Material; ESM). Plain
particles exhibited negative zeta potential of —6.01 mV. After
modification, carboxyl-modified particles became more neg-
ative (—14.7 mV) due to the presence of carboxyl groups on
the surface. When MAb was covalently linked to the modified
particles, less negative zeta potential value (—7.89 mV) of the
conjugates was observed indicating the successful immobili-
zation of antibodies to the particles.

Assay principle of fluorescence-based LFIA

The principle of LFIA system using Cy5-doped silica nano-
particles as reporters is based on an integration of antibody-

Fig. 1 Fluorescent dye-doped
silica nanoparticles: a TEM
image of Cy5-doped silica
nanoparticles with the scale bar of
50 nm. b The excitation and
emission spectra of the particles at
646 and 667 nm, respectively

@ Springer

antigen specific recognition and high signal intensity of
fluorescence-doped silica nanoparticles. Figure 2a illustrated
the assay principle of fluorescence-based LFIA system. With-
in the system, the sample containing the target NP antigen
migrated through a porous membrane by capillary action
(Step 1). As the sample flowed along the device, the conju-
gates detected the NP antigen and formed complex (Step 2).
The complex was then captured by the immobilized MAb on
the T spot of the device and formed the sandwich immu-
nocomplex. The accumulation of the sandwich complex en-
abled fluorescence signal detection of the particles. The excess
conjugates migrated further and were captured by the second-
ary anti-mouse IgG at the C line indicated the validity of the
test (Step 3). The presence of the fluorescence signal at both
the T spot and the C line indicated the valid positive result,
whilst the presence of the fluorescence signal at the C line
only indicated the valid negative result. Quantitative analysis
was achieved by obtaining the FI,, value of the T spot using
the portable reader (Fig. 2b).

Optimization of fluorescence-based LFIA system

The fluorescence signal response to this biosensor is directly
related to the amount of the conjugates loaded on a conjugate
pad since the measured signal depends on number of the
conjugates captured at the T spot. Too low amount of the
conjugates might limit sensitivity of the detection. In contrast,
too high amount of the conjugates might generate high back-
ground resulting in a reduction of signal-to-noise (S/N) ratio.
In order to obtain the optimal T spot, the concentration of the
conjugates applied on the conjugate pad was optimized. The
concentration of the conjugates was varied at 1, 5, 10 and
20 mg'mL™', with applied volume of 2 uL. It was demon-
strated that 10 mg-mL~"of the conjugates exhibited the max-
imum S/N ratio for samples containing 1.25 pug-mL'of rNP,
compared to that of other conjugate concentrations (Fig. S1,
ESM). Consequently, 10 mg'mL ™" of the conjugates was used
for the entire experiments. Further optimization to improve the
signal strength at the T spot was also performed. The
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Fig. 2 Schematic diagram of (a)
the fluorescence-based LFIA. The

system components and principle
of the test system were shown in
Step 1. The NP antigen bound to
the conjugates (Step 2) and
flowed along the test strip to the T
spot, where they were captured by
the immobilized MAD to form a
sandwich immunocomplex. The
excess conjugates flowed further
and captured by the secondary
anti-mouse IgG Ab at the C line
(Step 3). The accumulation of
conjugates enabled the
fluorescence signal detection,
which was measured

Sample pad
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1 Free MAb Secondary anti-mouse IgG Ab
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concentration of the free MAb immobilized at the T spot as a
capture antibody was varied at 0.5, 1, and 2 mg'mL". It was
observed that immobilizing free MAb at 1 and 2 mg-mL™’
produced maximum T spot signal, whilst MADb concentration
of 0.5 mg:mL™" generated relatively low signal due to too low
amount of capture MAD availability (Fig. S2, ESM). Howev-
er, | mg-mL 'of capture MAb was considered to be the best
compromise between an economical use of antibody and the
highest signal intensity. These optimal conditions were there-
fore adopted for all subsequent experiments.

Nonspecific interaction of nanoparticles is likely to limit
the detection sensitivity by high generating background sim-
ilar to most of other particle-based detection systems. To
maximize the T spot signal and minimize fluorescence back-
ground, various formulas of the membrane blocking solution
(1% and 3 % of either BSA or nonfat dry milk) were prepared
and evaluated. Figure 3 demonstrated that the T spot Fl,,
value increased when the membrane was blocked with 1 %
nonfat dry milk. Further investigation also showed that wash-
ing the blocked membrane with 0.05 % Tween 20 produced a
stronger T spot signal (data not shown) than that of other
washing solutions. Compared to the untreated membrane,
the blocked membrane also showed a reduced background
from nonspecific binding when evaluated with both the rNP
and control, buffer only. However, reduced T spot FI;, value

C line

Tspot Cline

was observed when high concentration (3 % BSA or 3 %
nonfat dry milk) of blocking solution was used. The results
prove that nonspecific binding has been significantly removed
after blocking the membrane with blocking solution which
may attribute to the shield effect of proteins from nonfat dry
milk.

Assay performance of fluorescence-based LFIA system

To demonstrate the performance of the system, the range of
detection was determined by measuring fluorescence signal of
samples with different INP concentrations. The fluorescence
signal at the T spot was recorded and the absolute fluorescence
intensity (FL,) was calculated as mentioned above. The Fl,
was then plotted as a function of concentration of the rNP as
shown in Fig. 4a. The result showed a continuous increase in
FI,;, as the INP concentration was raised from 0 to 1.5 pg'mL .
Using this biosensor and a portable fluorescence strip reader,
the rNP could be detected as low as 250 ng'mL ™" (25 ng of INP
per test) in one step. The low detection limit of this system can
be attributed to the brightness of the particles containing thou-
sands of dye molecules inside protective silica matrix. The
superior brightness and photostability of the particles also allow
the detection by a fluorescence imaging system (In-vivo MS
FX Pro, Carestream Molecular Imaging, USA). An increase of
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Fig. 3 Comparison between a b
unblocked (top), and blocked 2327 2500
(bottom) membrane for the .
detection of (a) the INP
(1.25 ug'mL ") and (b) negative y T spot .
control without rNP T spot Cline spo Cline

5 218 =5 249

s s

™ 2500 ™ 2500

1155
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35 40 as 50 35 0 a5 50

Position on the test strip

the NP concentration led to more accumulation of the conju-
gates at T spot, resulting in a growth in brightness of the
fluorescence images, as shown in Fig. 4b. The bright image at
the T spot was also observed at 250 ng'mL ™' of rNP target
which corresponds to the detection limit using a portable strip
reader.

To determine whether the detection limit of the fluorescence-
based LFIA is comparable to other immunoassay based sys-
tems; a number of studies were reviewed for data reporting a
detectable level of the influenza NP using different approaches.
The previous studies reported various detectable level of the
influenza A NP. For example, Jianumpunkul et al. reported
200 ng of the rNP using triple-antigen sandwich ELISA (equiv-
alent to 4 pg-mL™" for comparison) [33]. Farris et al. detected
1 ug'mL'of the total protein of influenza A virus using
immuno-interferometric method [34]. A lower limit of detection
of the rNP (10 ng'mL ") has also been reported using electro-
chemical immunoassay [35]. Compared to the methods listed
above, it was shown that our system exhibited lower detection
limit than that of the ELISA and immuno-interferometric assays.
Although electrochemical immunoassay provided superior sen-
sitivity, complicated and costly system is required. The differ-
ences in a detection limit of the influenza A NP from each
individual approach could be contributed to a number of factors.
These, for example, included the affinity of targeting ligands
(antibody), the antigen type (recombinant protein or inactivated
virus), labeling molecules, detection signal, and the optimal
conditions used in each individual approach.

To assess the specificity of detection, the fluorescence inten-
sity was measured within 30 min after applying a sample
containing the target INP (1.25 ug'mL™") or other proteins,
such as BSA, avidin, lysozyme, tryptone, and amicase
(5 ugmL™"). As shown in Fig. 5, strong fluorescence signal
of a sample containing rNP was observed, while the other
proteins showed very low signal as background. The result
demonstrated high rNP specificity of this biosensor against
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other proteins, which may have otherwise interfered with de-
tection in biological samples.

Detection of the NP in infected allantoic fluid

To demonstrate the feasibility of using fluorescence-based
LFIA for influenza A antigen detection in complex biological
matrices, the system was applied to detect NP in influenza A-
infected allantoic fluid directly. Pandemic 2009 influenza A
HINI virus-infected allantoic fluid stock solution containing
5.6x10° TCIDsymL ™" (50 % tissue culture infectious dose)
was used as a sample. It should be noted that the stock solution

a
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Fig. 4 a Evaluation of the fluorescence-based LFIA performance using
various concentration of rNP. The rNP concentrations were plotted
against the T spot fluorescence signal obtained from a portable reader
after background subtraction with standard deviation. Arrows show the
lowest detection limit of 250 ng-mL ", Each concentration was performed
in triplicate. b Images of the fluorescence-based LFIA test strips evalu-
ated with different concentration of INP (0-1.5 ug~mL7')

100



Fluorescence-based lateral flow immunoassay for influenza antigen

229

1800

1600 |

1400
~ 1200

NP BSA Avidin Lys Tryp Amicase

Fig. 5 Specificity of the fluorescence-based LFIA. The system was
successfully used to detect the tNP (1.25 pg'mL™") as demonstrated by
the corresponding FI,;, value. The system showed negative results when
evaluated with other proteins (5 ug-mL™"). Error bars represent standard
deviation (n=3)

of the infected allantoic fluid used in this study was prepared
using the early passage pandemic 2009 influenza A virus. This
would therefore result in a low titer of the virus. Prior to a
sample application, the infected allantoic fluid was treated
with an extraction buffer in order to lyse the virus particles.
Two-fold serial dilution of the infected allantoic fluid was
prepared and applied to the system. Similar to the rNP, the T
spot FI,,;, was shown to be increased when the concentration of
the infected allantoic fluid was increased from 0 to 2.8x 10
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Fig. 6 a Analytical performance of the fluorescence-based LFIA in
detecting NP in the allantoic fluid infected with pandemic influenza A
HINT1 virus. The infected allantoic fluid was 2-fold serially diluted and
plotted against the FI,, value obtained from a portable reader after
background subtraction. Uninfected allantoic fluid was used as negative
control. Each concentration was performed triplicately. b Images of the
fluorescence-based LFIA test strips evaluated by the infected allantoic
fluid. Arrows showed the lowest detection limit of 1.1x 10" TCIDsy'mL ™"

TCIDsy'mL 'as demonstrated in Fig. 6. It was also shown that
the system was able to detect NP in the infected allantoic fluid
with the lowest dilution of 1.1x 10" TCID50~mL71 (FL,=98+
14 a.u.). Nevertheless, uninfected allantoic fluid used as a
negative control showed no T spot signal indicating neither
nonspecific binding nor false positive signal. The highly spe-
cific and sensitive detection of the target analytes in allantoic
fluid might be attributed to a low background noise when the
wavelength in red spectral region was used to exclude the
intrinsic fluorescence of most biological samples and the
scatter of nitrocellulose membrane as mentioned previously.
This indicated that the developed system could be potentially
used to detect the target analytes in complex biological sam-
ples without background noise that could interfere with the
system functionality (as shown by the T spot and C line signal
development).

Further investigation to compare the system performance
with a conventional LFIA system using gold nanoparticles as
labels for colorimetric detection was performed. It was shown
that the commercial Flu A test based on conventional LFIA
system could detect NP in the infected allantoic fluid with the
LOD of 8.8x 10" TCIDsy'mL ™" (Fig. S3, ESM). Compared to
the conventional test, the fluorescence-based LFIA system
exhibited high sensitivity, as illustrated by the eight-fold lower
detection limit than that of the commercial one. Overall results
demonstrated that, the developed system using Cy5-doped
silica nanoparticles as reporters could potentially become an
alternative system for target analyte detection, not only due to
its simplicity but also good sensitivity.

Conclusion

A fluorescence-based LFIA using Cy5-doped silica nanopar-
ticles as labels was successfully developed for a rapid and
sensitive detection of the target influenza A NP. The bright
fluorescence signal could be achieved proportionally to the
NP concentration and the system was capable of detecting the
target protein in a nanogram range. Furthermore, the fluores-
cence signal could be directly measured using a portable strip
reader allowing rapid and quantitative analysis. This system
could also successfully detect the NP in biological matrices
such as infected allantoic fluid without background interfer-
ences from sample matrix components. This study demon-
strated a proof of concept in employing Cy5-doped silica
nanoparticles as labels for fluorescence-based LFIA. The sys-
tem performed sensitive and one-step quantitative detection of
the target analytes which could be applied in many different
medical and diagnostic applications.
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