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Here, we report a simple and ultrasensitive upconversion fluorescent strip sensor based on NaYF,4:Yb,Er
nanoparticles (NPs) and the lateral flow immunochromatographic assay (LFIA). Carboxyl-modified B-
NaYF,4:Yb,Er NPs were successfully synthesized by a facile one-pot solvothermal approach, upon further
coupling with monoclonal antibody, the resultant UCNPs-antibody conjugates probes were used in LFIA
and served as signal vehicles for the fluorescent reporters. V. anguillarum was used as a model analyte to
demonstrate the use of this strip sensor. The limit of the detection for the fluorescent strip was

determined as 102 CFU mL™%, which is 100 times lower than those displayed by enzyme-linked

Received 10th December 2013 immunosorbent assays, while the time needed for the detection was only 15 min. Furthermore, no
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cross-reaction with other eight pathogens was found, indicating the good specificity of the strip. This
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1. Introduction

Vibriosis is a systemic infection, primarily of marine and estu-
arine fish, which produces either skin ulcers or a septicemia
characterized by erythema, hemorrhages, and anemia, causing
significant mortalities especially in summer when the temper-
ature of the water is above 15 °C." The disease can spread
rapidly when fish is confined in heavily stocked, commercial
systems and morbidity may reach 100% in affected facilities.
This disease is severely damaging the aquaculture industry and
exacerbates the shortage of fresh fish and shellfish. The most
commonly encountered fish pathogenic Vibrio species is V.
anguillarum, which is a Gram-negative marine bacterium and
the main causative agent of vibriosis.” It is a native microflora of
the aquatic environment and proportionally increases during
the summer season. Consequently, fish may be continually
threatened by this opportunistic pathogen which may be able to
cause disease under certain predisposing conditions. Because
of the devastating effects of this bacterial pathogen, early
detection is necessary to avoid mass mortality in cultured
fishes. A variety of antibody-based and molecular tests have
been developed to detect main bacterial and viral pathogens,
such as fluorescent antibody technique, enzyme-linked immu-
nosorbent assay (ELISA), polymerase chain reaction (PCR) and
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in situ hybridization.>* However, these methods have draw-
backs. For example, conventional PCR is technically
demanding, time consuming and also needs optimization of
temperature conditions to perform denaturation, annealing
and elongation in a thermocycler. Phenotypic and biochemical
methods are primitive and time consuming.® Therefore, a more
suitable technique is necessary, which can overcome most of
the drawbacks that have been mentioned.

Fast, simple and easy-to-operate detection methods are still
urgently needed not only in aquaculture industry but also in
many fields.%” Hence, many studies have investigated rapid
detection methods that are designed to meet the increasing
demands. These techniques include the colorimetric method
based on the metallic nanoparticles,*** the electrochemical
based rapid detection methods™** and also microfluidic chip
based methods.**** Of these methods, the gold labeled strips
have achieved great success and have been commercialized.'**®
Immunochromatographic assay, also called lateral flow immu-
nochromatographic assay (LFIA), with benefits of rapid, low-
cost, easy-to-use and sensitive detection of various analytes,
has been developed for many years and received much atten-
tion."™?° LFIA is used for the qualitative or semi-quantitative
detection of many analytes including antigens, antibodies,
and even the products of nucleic acid amplification tests.*
However, their applications are limited due to the low signal
intensity and poor quantitative discrimination of the color-
formation reaction based on the label accumulation. So the
search for the increased detection sensitivity and the possibility
of quantitative detection using simple inexpensive assays is an
ongoing challenge.
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Here, we introduce the use of upconversion (UC) fluorescent
materials as reporters in lateral flow assays. Lanthanide-based
upconversion fluorescent materials, which can convert near-
infrared (NIR) light to visible light by emitting higher-energy
photons after absorbing lower-energy photons, have attracted
a tremendous amount of attention.?*** The UC fluorescence
utilizes NIR excitation rather than ultraviolet (UV) excitation,
which can significantly minimize background autofluorescence
and photodamage, increase the penetration length in biological
tissues, and improve the signal-to-noise ratio and sensitivity in
biological detection.”*?® And in recent years, UC reporters are
reported at least 100-fold more sensitive than assays using
conventional reporter systems such as colloidal gold or colored
latex beads.** Among all the UC materials, due to low phonon
energy of lattices, hexagonal phase sodium yttrium fluoride (B-
NaYF,) crystals have been reported to be one of the most effi-
cient UC host materials and have been widely studied, espe-
cially for the systems doped with Yb,Er and Yb,Tm.

In this report, we present, for the first time, on the devel-
opment of an optical based biosensor which employs UCNPs-
labeled monoclonal antibody probe as a reporter for the
detection of V. anguillarum. Carboxyl-modified B-NaYF,:Yb,Er
NPs were prepared with desirable UC fluorescence properties.
Due to the advantages derived from UCNPs and LFIA, a rapid,
sensitive, specificity strategy has been developed for V. anguil-
larum analysis.

2. Experimental section
2.1 Materials

RE(NO); (99.9%) (RE = Y**, Yb*", Er*") and poly(acrylic acid,
sodium salt) (PAAs) were obtained from Alfa Aesar Co. Ltd. N-
Hydroxy-succinimide (NHS) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) were
purchased from J&K Chemical Ltd. All other chemicals were
purchased from the Shanghai Chemical Reagent Co. All chem-
icals were used as received.

The UPNPs-LFIA biosensor was designed and produced via
collaboration between our laboratory and State Key Laboratory
of Bioreactor Engineering, East China University of Science and
Technology. The LFIA strips, antigen V. anguillarum MVM425
and monoclonal antibody 5G4-G4, 5G4-B8 used in this study
were provided by Prof. Yuanxing Zhang from the State Key
Laboratory of Bioreactor Engineering. Pathogens of V. algino-
Wyticus, V. parahaemolyticus, V. harveyi, V. vulnificus, Edwardsiella
tarda EIB202, Streptococcus iniae, Escherichia coli CC118 and
Staphylococcus aureus were also provided by Prof. Yuanxing
Zhang from the State Key Laboratory of Bioreactor Engineering.

2.2 Synthesis of carboxyl-modified B-NaYF,:Yb,Er UCNPs

Typically, 1.2 mmol of RE(NO;); (Y*": Yb*" :Er** = 80: 18 : 2),
2.4 mmol of NaCl and 1.5 g of PAAs were dissolved in 20 mL
ethylene glycol (EG) and mixed thoroughly to form a trans-
parent solution. Then NH,F (5 mmol) dissolved in 15 mL EG
was added to the above mixture under stirring. The resulting
mixture was transferred into a 50 mL Teflon-linked autoclave.
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The autoclave was then sealed and heated to 200 °C for 12 h.
After cooling down to room temperature, the products were
collected by centrifugation, washed with ethanol and distilled
water several times, and dried in an oven at 60 °C.

2.3 Conjugation of UCNPs to monoclonal antibody 5G4-G4

The conjugation of UCNPs and monoclonal antibody 5G4-G4
were prepared by (EDC/sulfo-NHS)-mediated amidation reac-
tion. Typically, 10 mg of EDC and 10 mg of sulfo-NHS were
dissolved in 5 mL of 1x PBS buffer solution containing 50 mg of
UCNPs. After approximately 15 min, 2 mL of 1x PBS buffer
solution containing z (0.1-1.0) mg of monoclonal antibody 5G4-
G4 was introduced. The reaction lasted for 4 h at 37 °C under
gentle mixing. The products were collected by centrifugation,
washed with PBS buffer three times. Then the resultant mixture
was stored at 4 °C overnight.

2.4 Lateral flow immunochromatographic assay

The 4 mm-wide LFIA strip consists of five components
including a sample pad for applying the sample solution,
a conjugate pad for loading the particle-labeled antibody, a 25
mm long nitrocellulose membrane acting as the chromatog-
raphy matrix, an absorbent pad serving as the liquid sink, and
a backing card for supporting all the components (Fig. 1).
Typically, at 5 mm from the absorbent pad, a band of goat anti-
mouse IgG (1 mg mL ™", Tiangen Biotech. Beijing, China) was
manually drawn on the NC membrane as a control line (C line),
while a band of 5G4-B8 (1 mg mL ") was drawn as the test line
(T line) 10 mm from the conjugate pad.

Typically, the sample pad of 4 mm x 15 mm was pretreated
by 1x PBS buffer containing 0.3% (w/v) PVP, and the conjugate
pad of 4 mm x 5 mm was pretreated by PBS buffer containing
2% (w/v) BSA, 2% (w/v) Tween 20, and 2.5% (w/v) sucrose, 0.3%
(w/v) PVP, respectively. Then, 25 pL solution of the as-prepared

Nitrocellulose Membrane
Absorption Pad Sample Pad

e ;' \”’*F

I Cline T line

Backing card Conjugation Pad
3 Sample with V. anguillarum
Cline T line

Sample without V. anguillarum

Cline Tline
& V. anguillarum @® NaYF,:Yb,Er UCNPs Y Secondary antibody
Y Monoclonal antibody 5G4-G4 Y Monoclonal antibody 5G4-B8

Fig.1 The schematic image of the configuration and the principle of
the detection.
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particle-antibody conjugate was spotted on the conjugate pad.
After the aforementioned LFIA components were dried prop-
erly, they were assembled with the overlaps between the sample
pad and conjugate pad and that between the conjugate pad and
the NC membrane being 5 mm to ensure the solution is
migrating properly through the strip during the detection.

The following LFIA experiments upon competitive assay were
run as follows. In brief, 100 pL solution of V. anguillarum
MVM425 with a series of concentrations in 1x PBS buffer was
applied to the sample pad. Then, the relative UC fluorescence
intensity of both T line and C line was acquired 15 min later. A
CW NIR laser at A = 980 nm was used to excite the UCNPs on the
strip. The laser was fixed at an angle of 30° relative to the LF
strip surface.

To evaluate the specificity of the current detection method
for V. anguillarum MVM425, four pathogenic Vibrio species, V.
alginolyticus, V. parahaemolyticus, V. harveyi, V. vulnificus and
Edwardsiella tarda EIB202, Streptococcus iniae, Escherichia coli
CC118, Staphylococcus aureus were used for testing. The bacteria
were grown to an exponential phase on a shaker at 30 °C in 250
mL flasks containing tryptic soy broth (TSB, Difco). TSB sup-
plemented with 2% (w/v) NaCl was used for all Vibrio species.
Bacterial pellets were washed twice with sterile phosphate
buffered saline PBS and adjusted to 2.0 x 10° CFU mL~'. The
following LFIA experiments were carried out in the same way as
mentioned above for V. anguillarum MVMA425. Integrated fluo-
rescent strips were stored in a self-sealing plastic bag with
desiccant at 4 °C.

2.5 Characterization

To demonstrate the overall uniformity and morphology of the
particles, the samples were characterized by scanning electron
microscopy (SEM) using JEOL SM-6360LV microscope equipped
with an energy dispersive X-ray spectroscopy (EDS). Trans-
mission electron microscopy (TEM) images were taken with
a JEOL 2011 microscope (Japan) operated at 200 kV. The crystal
structure was investigated by X-ray power diffraction (RIGAK, D/
MAX 2550 VB/PC, Japan). Fluorescence spectra were measured
on a Fluorolog-3-P UV-VIS-NIR fluorescence spectrophotometer
(Jobin Yvon, France), with a CW NIR laser at A = 980 nm as the
excitation source. The Fourier transform infrared (FTIR) spectra
were recorded on a Nicolet5700 Fourier transform infrared
spectrometer within the range of 500-4000 cm ™.

3. Results and discussion

In the present work, NaYF,: 18% Yb, 2% Er was synthesized by
a solvothermal route in the presence of PAAs, since NaYF, has
been reported to be the most efficient host material for Yb,Er co-
doped NIR to visible upconversion phosphors.>*®** PAAs is
a multidentate capping reagent that can coordinate to the
UCNPs surface through multiple -COO™ groups, while an
abundance of uncoordinated -COO™ groups of PAAs will extend
into the solution. The presence of free carboxyl groups on the
surfaces not only results in high solubility of the UCNPs in

This journal is © The Royal Society of Chemistry 2014
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aqueous solution, but also facilitates the conjugation of UCNPs
with various biomolecules.*

The structures of the prepared NaYF,:Yb,Er nanoparticles
were characterized by powder X-ray diffraction (XRD) analysis,
shown in Fig. 2. All the diffraction peaks can be indexed to
a hexagonal phase of NaYF,:Yb,Er (JCPDS 28-1192),** the
absence of any other phase in the XRD indicates the high purity
of the as-made sample. The sharp diffraction peaks indicate the
high crystallinity under solvothermal conditions. The SEMs of
NaYF,:Yb,Er NPs are displayed in Fig. 3a and b, the as-
synthesized samples consist of highly uniform spherical NPs,
with an average diameter of 200 nm and a rough surface. The
obvious lattice fringes in the HRTEM images (Fig. 3c) confirm
the high crystallinity. The interplanar distances between adja-
cent lattice planes (0.30 nm) is well coincident with the (110)
plane of NaYF,:Yb,Er. The hexagonal phase structure of the
UCNPs is further identified by the selected area electron
diffraction (SAED) pattern (Fig. 3c, inset), which shows the
spotty polycrystalline diffraction rings corresponding to the
specific (100), (210) planes of the hexagonal NaYF,:Yb,Er lattice.
SEM examination of a selected area of NaYF,:Yb,Er NPs
combined with the corresponding EDS spectra (Fig. 3d) were
taken at a number of selected positions of the sample and the
elemental signatures of Na, Y, F, Er, and Yb are essentially
identical within experimental accuracy.

The FTIR spectrum of PAAs modified NaYF,:Yb,Er is shown
in Fig. 4. The UCNPs exhibit a broad band at around 3440 cm ™,
corresponding to the O-H stretching vibration. The presence of
—-COOH in the functionalized UCNPs is confirmed by the bands
in the region of 1400-1800 cm™ ", the band at 1422 cm™ " should
be due to the C-O stretching vibration of the carboxyl groups
and the two strong bands centered at 1567 cm ™" and 1457 cm ™'
are associated with the asymmetric and symmetric stretching
vibration modes of carboxylate anions, suggesting the effective
-COO-RE*" complexation on the UCNPs surface. Meanwhile,
the band at 1723 em ™" is assigned to the C=0 stretching
vibration of the free carboxyl groups on the PAA polymer
chain.®

The conjugation between monoclonal antibody and the
UCNPs was realized by amidation reaction mediated by EDC
and sulfo-NHS. The protein concentration was determined by

Intensity (a.u.)

JCPDS No.16-0334

L

Loty
; : : .
10 20 30 40 50 60 70 80
20 (degree)

Fig. 2 The wide-angle XRD patterns of NaYF4:Yb,Er UCNPs.
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Fig. 3 (a) SEM image and (b) higher magnification SEM image of
NaYF4:Yb,Er NPs. (c) HETEM image of NaYF,4:Yb,Er NPs, insert displays
the corresponding SEAD image. (d) EDS spectrum of the as-prepared
NaYF4:Yb,Er NPs.
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Fig. 4 FTIR spectrum of NaYF4:Yb,Er NPs modified with PAAs.

the Bradford method using bovine serum albumin as a stan-
dard,**** therefore residual antibody investigations were adop-
ted to confirm the conjugation reaction between the UCNPs and
antibody by determining the concentration variation of the
antibody. The results in Fig. 5a show that the optimal amount of
antibody is 0.4 mg, while the amount of UCNPs is 50 mg.
Typical UC emission spectra of NaYF, NPs and UCNPs-antibody
at the excitation of 980 nm are shown in Fig. 5b. The three peaks
at 520 nm, 540 nm and 654 nm in the spectrum can be assigned
tothe ®Hy1, — *Lisj, *S32 = 1152 and *Fo), — “1;5,, transition,
respectively.*® The peak for the UCNPs-conjugates was very
similar to that of the NaYF, NPs. The results suggest that the
conjugation of antibody did not affect the UC fluorescence
intensity of the NaYF, NPs.>”~*°

In the following LFIA experiments, the V. anguillarum
MVM425 detection was performed by using the bioconjugates
mentioned above. When an aqueous solution of target analyte
V. anguillarum MVMA425 was applied onto the sample pad, the
UCNPs-antibody conjugates would have dissolved, and these
substances would have migrated together to the absorbent pad

4 | Nanoscale, 2014, xx, 1-6
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Fig. 5 (a) Binding capacity of antibody 5G4-G4 on UCNPs with
different initial antibody quality. (b) UC emission spectrum of NaY-
F4:Yb,Er UCNPs (black line) and UCNPs-antibody (red line).

by capillary force. The analyte V. anguillarum MVM425 could
specifically bind with UCNPs-antibody conjugates on the
conjugate pad if there was analyte in the sample solution. Then
conjugates UCNPs-antibody-analyte could be captured by the
monoclonal antibody 5G4-B8 immobilized on the T line. The
excess fluorescent probes would have reacted with the goat anti-
mouse antibodies and become trapped in the C line. After
a complete assay, the fluorescent strip was subjected to fluo-
rescence detection (Fig. 6a). Positive and negative results could
be differentiated by observing whether or not fluorescent peaks
appeared in the control and test lines. Both the UCNPs-antibody
conjugates and the antibody immobilized on the T line can
specifically bind with analyte V. anguillarum MVM425 at
different binding sites, as shown in Fig. 1. The more analytes in
the sample, the more fluorescently labeled conjugates would
have bound to the capturing antibodies in the T line; this
increase would have led to an increase in the fluorescence
signal. Therefore, the fluorescence signal was proportional to
the analyte concentrations in the sample; this fact could be used
to quantify the V. anguillarum in the samples.* If no line was
present in the fluorescent strip, or only one line was observed in
the test line, the test was considered to be invalid.

In order to quantitatively extract the detection limit of the
current LFIA method, the test strips were further subjected to
UC fluorescence intensity analysis. The 10-fold serial dilution of
V. anguillarum MVM425 suspension ranging from 10° to 10"
CFU mL " in 1x PBS buffer solution were prepared and used in
the following experiments. After loading 100 pL of analyte
solution on the sample pad and running at room temperature
for 15 min, we observed that the UC fluorescence intensity of

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 (a) Photograph of the fluorescent strip in the cassette. (b) The
emission spectra of T line and C line in relation to the added amount of
V. anguillarum MVM425 under CW excitation at 980 nm. (c) Images of
test strip (membrane area) taken using a 10-fold serially diluted V.
anguillarum MVMA425 solutions and a negative control in the assay
buffer under excitation of a 980 nm CW diode laser.

the T lines was proportional to the concentration of V. anguil-
larum MVM425 (Fig. 6¢). The typical UC fluorescence signals of
T line from the strip reader increased with concentration
increases of V. anguillarum MVM425 concentration, as shown in
Fig. 6b. A blank control solution without analytes was applied
for comparison. When there was no analytes in solution, there
were no fluorescent signal on T line, which proved the results
were valid. A distinct increase of UC fluorescence intensity in
the spectrum was observed in the range of 10° to 10° CFU mL ™,

6.2

6.0

5.8 4

5.6 4

5.4+

Log (intensity(a.u.))

3 4 5 6 7 8 9
Log (V. anguillarum MVM425 CFU/mL)

Fig. 7 Plot of the logarithm of relative fluorescence intensity versus
the logarithm of the concentration of V. anguillarum MVM425.
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fluorescent signals were hardly to identified with smaller
concentration. More exactly, as shown in Fig. 7, the linear was
very good from 10’ to 10° CFU mL™" with a correlation coeffi-
cient R* = 0.994. The detection limit was calculated as the
concentration that corresponded to three times the SD of the
background signal, a value of 10> CFU mL™ "' was determined.*!
The signals on both the T line and C line averaged from three
parallel runs. This sensitivity is at least 100 times lower than
ELISAs reported about V. anguillarum.****

Along with the sensitivity requirement, high specificity is
crucial for the detection. The specificity of the immunoassay is
normally associated with the antibody-antigen binding speci-
ficity. Therefore, to evaluate the specificity of the probe, eight
commonly used pathogens were used under the same condi-
tion. Fig. 8 presents the UC fluorescence emission intensity of
the T line of solutions containing the corresponding pathogens
and a blank sample. Remarkably, it can be seen that only V.
anguillarum MVM425 lead to bright UC fluorescence emission,
which is attributed to the specifically binding of V. anguillarum
MVM425 and monoclonal antibody 5G4-B8. This results show
that it is sufficient for differentiation of V. anguillarum MVM425
from other Vibrio species. No cross-reaction with other patho-
gens was detected. Therefore, the UCNPs-antibody probe shows
a high selectivity for V. anguillarum MVMA425 against other
pathogens.

To evaluate the stability of the UC fluorescent strips, the
control sample (containing 10° CFU mL ™' V. anguillarum
MVM425) can be used to evaluate the activity of the antibodies
on the T line. If the antibodies and UC fluorescence conjugates
have activity, then fluorescence would appear on the T line and
C line. This test can be used to confirm that the UC fluorescent
strips function well. Otherwise, the strip is out of function, and
should be discarded. We investigated the strips via periodical
testing using control samples, and found that the fluorescent
strips could be maintained for up to 12 weeks if they were stored

properly.

Fluorescence intensity (a.u.)
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Fig. 8 The selectivity of UCNPs-antibody biosensor for different
common pathogens.
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4. Conclusion

In summary, a highly sensitive and specific UC fluorescence
strip sensor is established via the use of UCNPs instead of
colloidal gold commonly adopted in conventional LFIA.
Carboxyl-modified B-NaYF,: Yb,Er NPs were synthesized by
a facile one-pot solvothermal approach, which were convenient
to cross-link with monoclonal antibody. Because of the low
autofluorescence, the UCNPs offer a greatly improved detection
limit in detecting V. anguillarum, reaching 10> CFU mL™ ", in
addition to excellent detection specificity and stability. There-
fore, the current method would provide a highly sensitive
detection method for hazardous pathogens in the future.
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