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Abstract

Colloidal gold, quantum dots (QDs), and upconversion nanoparticles (UCNPs), which were respectively labeled with monoclo-
nal antibody against norfloxacin (NOR), were employed as signal probes to establish three types of immunochromatographic
strips, and the strips were evaluated according to their ability to detect NOR in milk samples. The results showed that the visual
detection limit of NOR was 2.0 pg L' in the standard solution and 20.0 ug L™ in milk samples when using colloidal gold-
immunochromatographic strips (ICS). When QD-based fluorescence immunochromatographic strips (FICS) were used, the
visual detection limit was 2.0 pug L™ in the standard solution and 10.0 pg L™" in milk samples. If UCNP-based FICS strips
were employed, the visual limit of detection was 0.5 g L™ in the standard solution and 2.5 g L™" in milk samples. Besides, the
results from the proposed methods showed high agreement with results yielded by using commercial ELISA kits, indicating the
good accuracy of these strips. Compared with colloidal gold-ICS, QDs-FICS showed similar sensitivity in the standard solution
and a two-fold higher sensitivity in milk samples. Meanwhile, UCNPs-FICS yielded the highest sensitivity both in standard
solution and in milk samples, and they were also more stable in normal laboratory conditions (that is, they could be exposed to
regular room light). Additionally, the two fluorescence nanoparticle-based test strips could be built with less antibody and coating
antigens and can be cost-effective. In conclusion, the proposed QDs-FICS and UCNPs-FICS could be employed as cost-effective
alternative methods for sensitive, rapid, and on-site detection of NOR in milk samples.
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Introduction

Fluoroquinolones (FQs) are synthetic antibacterial agents with
a broad-spectrum activity against gram-positive and gram-
negative bacteria by destroying bacterial DNA gyrase and
topoisomerase IV and are widely used for the treatment of
bacterial diseases in humans and animals (Anaya-Gonzalez
et al. 2019; Chawla et al. 2018; Cuprys et al. 2018). Long-
term consumption of animal-derived foods that contain low-
level fluoroquinolone antibacterial agents may reduce the ef-
ficacy of such compounds to treat infections, and it may also
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cause many side effects in humans, such as headache, dizzi-
ness, nausea, and vomiting (Kurrey et al. 2019; Tomas et al.
2019; Xu et al. 2019). The China Food and Drug
Administration (CFDA) issued Announcement No. 79 in
2017 regarding fluoroquinolone drugs, and its clinical warn-
ings include 17 active ingredients such as norfloxacin,
ofloxacin, and ciprofloxacin. The U.S. Food and Drug
Administration (FDA) banned the sale and use of enoxacin
in poultry products in 2005 (Alhusban et al. 2019), and the
European Union (EU) established maximum residue limits
(MRLs) for certain veterinary medicines in foodstuffs of ani-
mal origin (Council Regulation EEC No. 2377/901990)
(Sheng et al. 2011).

Various methods including microbiological assay (Tumini
et al. 2017; Wagman et al. 2017), spectrofluorometry (Chen
etal. 2016), capillary electrophoresis (Ibarra et al. 2012), elec-
trochemical sensor (Abnous et al. 2017; Canales et al. 2019;
Majdinasab et al. 2019), gas chromatography-mass spectrom-
etry (GC-MS) (Caro et al. 2006), high-performance liquid
chromatography (HPLC) with diode array (Zheng et al.
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2014), fluorescence (Duan et al. 2017; Pochivalov et al.
2017), and mass spectrometry (MS) (Alhusban et al. 2019;
Szerkus et al. 2017) had been utilized to detect FQ residues
in animal-derived foods and biological samples. These
methods have many advantages undoubtedly. Nevertheless,
there was some inherent imperfectness in these technologies,
such as being time consuming, its high cost, requiring profes-
sional operators, and complex manipulation. Compared with
other analytic methods, rapid immunochromatographic strips
(ICS) based on the specific recognition between antigen and
antibody show significant advantages: simpler operation (one
step), faster detection (within 10 min), and easy result judg-
ment, which could be efficiently implemented in detecting
bioactive components in natural products (Ding et al. 2019;
Song et al. 2019; Wang et al. 2018; Wangman et al. 2016; Wu
et al. 2017a).

Fluorescent nanoparticles, especially lanthanide-doped
upconversion nanoparticles (UCNPs, which showed advan-
tages of strong fluorescence in visible region under excitation
by near-infrared light, typically 980 nm) (Rafique et al. 2019;
Tian et al. 2019; Yan et al. 2018) and quantum dots (QDs,
which were unique fluorescent semiconductor nanoparticles,
highly versatile for biological applications) (Li et al. 2019; Liu
et al. 2019; Tan et al. 2020), have attracted much attention in
recent years. They have significant advantages as fluorescent
bio-labels over traditional organic fluorophores owing to their
attractive optical and chemical features, such as low autoflu-
orescence, photochemical stability, low toxicity, large Stokes
shifts, and high resistance to photobleaching. These properties
render UCNPs and QDs robust signal labels for developing
highly sensitive ICS.

Various ICS detection systems based on UCNPs and QDs
have been established (Di Nardo et al. 2016; Wu et al. 2017b;
Yang et al. 2011; Zhang et al. 2019). However, few studies
have focused on the performance of different labels for the
same analyte. A systematic and comprehensive study of the
performance of different labels, including UCNPs, QDs, and
colloidal gold, is presented in this paper for visual detection of
norfloxacin (NOR) in milk samples, boosting the application
of fluorescent nanomaterials in immunochromatography.

Materials and Methods
Reagents and Chemicals

Rare earth nitrates used in this work, including C¢HoEr.xH,O
and C¢HoOgYb.4H,0, were 0f 99.9% purity. Fluoroquinolone
standards, N-hydroxysuccinimide (NHS), 1-ethyl-
3-[3-(dimethylamino)propyl]carbodiimide (EDC), ovalbumin
(OVA), bovine serum albumin (BSA), and poly(acrylic acid)
(PAA) were of analytical grade. All abovementioned reagents
and goat anti-mouse IgG were purchased from Sigma-Aldrich
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(St. Louis, MO, USA). C¢H;70,0Yb was purchased from
Aladdin Industrial Inc. (Shanghai, China). The carboxyl-
modified QDs were from Wuhan Jiayuan Quantum Dots
Co., Ltd. (Wuhan, China). The commercial ELISA kits were
purchased from Reagent Technology Co., Ltd. (Shenzhen,
China). Anti-NOR monoclonal antibody (McAb) was pur-
chased from Shandong Lvdu Bioscience and Technology
Co., Ltd. (Shandong, China). All other reagents used in this
experiment were purchased from Tianjin No.l Chemical
Reagent Factory (Tianjin, China). The solutions were pre-
pared with deionized water from a Milli-Q system
(Millipore, Billerica, MA, USA).

Nitrocellulose (NC) membranes (HF90, HF135, and
HF180) were purchased from Millipore (Bedford, MA,
USA). Glass fiber membrane (SB 06), absorbent pad, polyvi-
nyl chloride sheets, and filter paper were purchased from
Kinbio Tech Co. (Shanghai, China).

Apparatus

The size and morphology of the nanoparticles were deter-
mined using a JEM-2010 FEF transmission electron micro-
scope (TEM) (JEOL Ltd., Japan) operated at 200 kV and a
scanning electron microscope (SEM) (1530VP, LEO,
Germany). The upconversion fluorescence spectra were mea-
sured using an F-4500 fluorescence spectrophotometer
(Hitachi Co., Japan) modified with an external 1-W adjustable
continuous wave 980-nm laser (Beijing Hi-Tech
Optoelectronics Co., China). The strips were prepared using
a guillotine cutter (ZQ2000) and dispenser (HM3035)
(Shanghai Kinbio Tech. Co., Ltd., China), and UCNP-based
ICS were determined using a 6-W adjustable continuous wave
980-nm laser. The QD-based ICS were determined by using a
portable analyzer with a UV lamp at 254 nm (Shanghai
Jiapeng Technology Co., China).

Preparation of NOR-Protein Conjugates

The NOR-protein conjugates were prepared by the ac-
tive ester method as described in a previous literature
(Cui et al. 2011). At first, 11.7 mg of NOR powder,
70.5 mg of EDC-HCI, and 21.2 mg of NHS were dis-
solved in anhydrous dimethylformamide by continuous
mixing at room temperature in a blender for 12 h. After
centrifugation for 10 min, the supernate of the mixture
was then added dropwise to a mixture of 5 mL phos-
phate buffer solution (PBS) (0.01 M, pH 7.4) and
33.0 mg OVA. At the next step, the resultant solution
was subjected to dialysis against 1 L of PBS for 3 days.
In the final step, the coating antigen (NOR-OVA) was
obtained, stored at 4 °C, and ready to be used.
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Preparation of Signal Probes Based on Different
Nanoparticles

The steps of preparation of different probes are summarized in
Table 1. To prepare colloidal gold-based signal probes, colloi-
dal gold particles of 20-nm-diameter uniform spheres and high
monodispersion were first synthesized by trisodium citrate
reduction method (Sheng et al. 2011). Then 0.2 mol L'
K,CO3 was added to the prepared solution (I mL) to adjust
the pH value to 8.5, and then 18 pL antibody against NOR
(1 mg mL™") was added dropwise under stirring. The mixture
was gently mixed and incubated for 1 h at room temperature,
and then 20 uL of20% BSA solution and 10 uL of20% PEG-
20,000 were added and incubated at room temperature for
another 30 min to block the residual surfaces of the colloidal
gold. The solution was then placed in a centrifugal separator
running at 10,000 rpm, 4 °C for 30 min. The supernatant was
discarded while the precipitate was re-suspended in an appro-
priate amount (50 L) of dilution buffer (0.1 mol L™" Tris-HCl
buffer (pH 8.5) containing 5% sucrose, 0.5% BSA, and 0.05%
NaNj3) and stored at 4 °C before use.

For the preparation of NaYF,:Yb, Er UCNP-based signal
probes, UCNPs with good performance were first synthe-
sized. In our study, one type of UCNPs was prepared by using
thermal decomposition method, and the second type was pro-
duced by solvothermal method. The performance of the two
types of particles was evaluated. Method 1 (thermal decom-
position method) (Hu et al. 2016, 2015): 1-mM LnAc;
(Y:Yb:Er=79 mol%:19 mol%:2 mol%) was mixed with
6 mL of oleic acid (OA) and 17 mL of 1-octadecene under
agitation. Degassing at 100 °C for 10 min, the solution was
heated to and kept at 160 °C for 30 min in argon gas and then
cooled back to room temperature. Subsequently, 4.0 mM
NH4F and 2.5 mM NaOH were dissolved in 10 mL of meth-
anol solution and stirred for 30 min. The solution was first

heated to 80 °C then to 300 °C for 1 h under argon protection.
The solution was then cooled down to room temperature,
washed afterward with ethanol, and collected through centrif-
ugal separation. In the end, OA-capped UCNPs (OA-UCNPs)
were obtained, which were “Type 1” UCNPs. Method 2
(solvothermal method) (Liu et al. 2018; Yao et al. 2019):
NaOH (0.7 g), oleic acid (8.0 mL), and ethanol (8.0 mL) were
mixed by agitation to form a homogeneous solution. Five
milliliters of H,O was dropped into the solution, and then
3.0 mL H,O containing 0.303 g NaF was added with vigorous
stirring until a translucent solution was produced.
Subsequently, 1.1 mL of 0.80 mol L™ Y(NOs);, 0.35 mL of
0.63 mol L' Yb(NO3)3, and 0.05 mL of 0.40 mol L'
Er(NO;); were mixed together. After aging in room tempera-
ture for 10 min, the mixture was transferred to a 50-mL Teflon-
lined autoclave; the samples were annealed at 230 °C for 12 h.
The system was naturally cooled to room temperature, and the
products were deposited at the bottom of the vessel. The
resulting UCNPs were washed with ethanol; after filtering
and drying, the obtained UCNPs were preserved in the desic-
cator, which were “Type 2”” UCNPs. As shown in Fig. 1, the
Type 1 nanoparticles were characterized by well-dispersed
and spherical nanoparticles with very smooth surfaces and
average uniform diameters of about 30 nm, and the Type 2
nanoparticles were characterized by hexagonal nanorods with
uniform diameters of about 110 nm and uniform lengths of
about 2 um, which reduce the particle immigration signifi-
cantly. By comparing the fluorescence intensity, the Type 1
spherical nanoparticles, whose upconversion efficiency was
far higher than that of the Type 2 nanoparticles, were found
to be a more efficient upconversion material because they
would increase the sensitivity of the established method.
Additionally, they were of smaller size. Therefore, the parti-
cles prepared by method 1 were chosen for the experiment.
Then, the obtained OA-UCNPs by method 1 were converted

Table 1  Comparison of colloidal gold-, UCNP-, and QD-based signal probes
Signal probes Nanoparticles Preparation method  Shape and diameters of the Amount of antibody conjugated Blocking
of the nanoparticles  nanoparticles with the nanoparticles solution
Colloidal Colloidal Trisodium citrate Uniform 20-nm spheres 1 mL colloidal gold was reacted With
gold-based sig- gold reduction method with 18 pg McADb and finally BSA
nal probes concentrated to 50 uL
UCNP-based UCNPs Thermal Uniform 30-nm spheres 5 mg PAA-UCNPs was reacted With
signal probes decomposition with 0.2 mg McAb and finally BSA
method re-dispersed in 1 mL
HEPES buffer
UCNPs Solvothermal method Hexagonal nanorods with - -
uniform
width of about 110 nm and
uniform length of about 2 pm
QD-based signal ~ QDs Purchased Uniform 4-nm spheres 100 pL carboxyl-modified QDs was Without
probes diluted and reacted with 100 uL. McAb blocki-

(2.8 mg mL™") and finally re-dispersed ng
in 600 uL sodium borate solution
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Fig. 1 SEM images of the UCNPs prepared by the solvothermal method
(a), TEM images of the UCNPs prepared by the thermal decomposition

into biocompatible PAA-capped UCNPs (PAA-UCNPs)
through a ligand exchange process described in our previous
study (Hu et al. 2015).

The UCNP-based signal probes were built by the active
ester method. Five milligrams of PAA-UCNPs, 4 mM EDC,
and 10 mM NHS was dispersed in 2 mL of 2-(N-
morpholino)ethanesulfonic acid buffer (MES, 10 mM,
pH 5.5) and were incubated at 30 °C for 2 h with continuous
agitation. After being washed three times with water, the pre-
cipitate was re-dispersed into 2 mL of N-(2-
hydroxyethyl)piperazine-N-ethanesulfonic acid buffer
(HEPES, 10 mM, pH 7.2) containing 0.2 mg of McAb against
NOR. The linkage reaction was processed at 4 °C overnight.
Subsequently, 15 mg of BSA was added to block nonspecific
sites. In the final step, the resultant compounds were subjected
to centrifugation, were washed and dispersed in 1 mL of
HEPES buffer that contained 0.1% BSA, and were ready to
be used.

For the preparation of QD-based signal probes, 100 uL
carboxyl-modified QDs (8 pumol L") was first diluted into a
final concentration of 1 uM using 10 mM sodium borate
(pH 8.6). Subsequently, 100 uL of anti-NOR antibody
(2.8 mg mL ") and 23 pL of EDC (10 mg mL ') were added.
The mixture was then placed on a shaking table at 200 rpm for
4 h at room temperature. Then the conjugates were concen-
trated to 600 L in an ultrafiltration centrifuge tube and stored
at 4 °C without being exposed to sunlight until use.

Construction of Colloidal Gold-ICS, UCNPs-FICS,
and QDs-FICS

The test strip from top to bottom was made up of an absorbent
pad, NC membrane, and a sample pad. The PVC sheet
(20 cm x 2.5 cm) was used as the backing plate for the test
strip.

NOR-OVA conjugates with a suitable dilution were used
on the test line (T line) as capture reagent; goat anti-mouse
immunoglobulin was used on the control line (C line) as cap-
ture reagent. They were separately immobilized on the NC
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method (b), and fluorescence intensity of the UCNPs prepared by these
two methods (c)

membrane at 0.8 pL cm . The treated membrane was dried
overnight at 37 °C. Then the sample pad, NC membrane, and
absorption pad were assembled and cut into 0.37-cm wide
individual strips. All the strips were stored in a plastic bag
containing a desiccant gel at room temperature before use.
The theory of the assay was based on indirect competitive
ELISA (ic-ELISA), as shown in Fig. 2. First, signal probes
and standard or sample solutions (100 uL) were mixed in the
microplate and were dropped onto the test strips. The solution
would migrate, and when they reach the T line, signal probes
would be trapped by the coating antigen. A clear visible red
test line or a bright fluorescence test line would appear under
proper excitation. The excess signal probes would migrate
further and would be trapped by the goat anti-mouse IgG to
form the C line. The visible changes of color intensity or the
fluorescence intensity on the T line could be observed after
10 min. If NOR was present in the sample, it would compete
with the immobilized NOR-OVA on the T line, causing the
color or the fluorescence intensity to appear weaker. The more
the NOR was in the sample, the weaker the color or fluores-
cence intensity of T line would be. As a result, the samples
would be considered “negative” for NOR (—) if the T line and
C line appeared to have the same color or fluorescence inten-
sity. If the color or fluorescence intensity of the T line was
weaker than that of the negative control, the test result would
be considered as weakly positive (£). When there was no band
at the T line, the sample would be defined to be positive (+).

Sample Preparation

Milk samples were purchased from a local super market. The
samples (which were certified to be without NOR) were
spiked with a known amount of NOR (0, 5, 10, and
50 ug L"), and they were diluted directly with phosphate
buffered saline supplemented with Tween 20 (PBST) at a ratio
of 1:10, 1:5, and 1:5 before being analyzed using colloidal
gold-ICS, QDs-FICS, and UCNPs-FICS, respectively. When
commercial ELISA kits were employed for analysis, fat was
first removed from the milk samples by centrifugation for
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Fig. 2 The schematic illustration
of the colloidal gold-ICS, QDs-
FICS, and UCNPs-FICS

Sample ‘

.
Sample flow

o

AuNPs UCNPs/QDs Anti-NOR McAb

5 min, and then the samples were mixed with 35% methanol/
sample extraction buffer at a ratio of 1:4 according to the
instruction of the kit.

Results and Discussion
Optimization of the Imnmunochromatographic Assay

The chromatographic conditions were studied and optimized.
Factors that might affect the performance and sensitivity of the
test were investigated, such as NC membranes, blocking so-
lutions, and dilution ratio of the coating antigens, gold-labeled
antibody, and goat anti-mouse IgG. For colloidal gold-based
ICS, as shown in Table 2, HF135 was found to be the best
among the three types of NC membranes (HF180, HF 135, and
HF90) that were tested for all the established ICS. Similarly,
blocking agents such as BSA or sucrose solution were also
tested to avoid nonspecific interactions. In this study, satisfac-
tory results could also be obtained without blocking for all the
ICS. While for colloidal gold-based ICS, the dilution ratio of
gold-labeled anti-NOR antibody, NOR-OVA conjugates (T
line), and goat anti-mouse IgG (C line) was 1:20 with PBS,
1:11 with PBS, and 1:8 with PBS, respectively. For UCNPs-
FICS, the dilution ratio of UCNP-labeled anti-NOR antibody,
NOR-OVA conjugates (T line), and goat anti-mouse IgG (C
line) was 1:50 with PBST containing 10% dilution buffer
(0.1 mol L™! Tris-HCI buffer (pH 8.5) containing 5% sucrose,
0.5% BSA, and 0.05% NaNy), 1:400 with PBS, and 1:60 with

Conjugate pad NC membrane

T line Cline

e or 55
g
»

Absorbent pad

¥ v .

Goat anti mouse IgG NOR-OVA

PBS, respectively. For QDs-FICS, the dilution ratio of QD-
labeled anti-NOR antibody, NOR-OVA conjugates (T line),
and goat anti-mouse IgG (C line) was 1:30 with PBST, 1:40
with PBS, and 1:30 with PBS. In these conditions, the quantity
of NOR in these strips can be kept low enough to achieve
good sensitivity but also high enough to provide an acceptable
signal.

Visual Assessment of Strip Sensitivity

The visual limit of detection (LOD) of the ICS was defined as
the minimum concentration resulting in the disappearance of
the band on the T line. As shown in Fig. 3, the sensitivity of
the strips was studied using different concentrations of NOR.
For colloidal gold-ICS, a faint band was observed on the T
line at 1.0 ug L™ of NOR, and no band was observed at
2.0 ug L. Therefore, two bands would indicate that the con-
centration of NOR was below 2.0 g L', the result of which
was defined as negative results (—). Oppositely, if only one
band appeared on the C line, the concentration was at or above
2.0 ug L™, the result of which was defined as positive result
(+). Accordingly, 2.0 ug L' of NOR in PBST was the visual
LOD for colloidal gold-ICS. For QD-based FICS, no fluores-
cence band was observed at the same concentration of
2.0 ug L' of NOR. Therefore, 2.0 g L' of NOR in PBST
was the visual LOD for QDs-FICS. As for UCNPs-FICS, the
visual LOD was 0.5 ug L™', which was four times more sen-
sitive than the other two methods.

Table 2 The optimal conditions of colloidal gold-ICS, QDs-FICS, and UCNPs-FICS

Nanoparticle-labeled strips  NC membrane

Dilution of labeled antibody

Dilution of coating antigen  Dilution of goat anti-mouse IgG

Colloidal gold-ICS HF135 Diluted at 1:20 with PBS

UCNPs-FICS HF135 Diluted at 1:50 with PBST containing
10% dilution buffer

QDs-FICS HF135 Diluted at 1:30 with PBST

Diluted at 1:11 with PBS
Diluted at 1:400 with PBS

Diluted at 1:8 with PBS
Diluted at 1:60 with PBS

Diluted at 1:40 with PBS Diluted at 1:30 with PBS
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Fig. 3 Sensitivity analysis in
PBST solution with different
NOR concentrations (pg LY. a
Colloidal gold-ICS, b QDs-FICS,
¢ UCNPs-FICS

The cross-reactivity was performed to determine the specific-
ity of the antibody against NOR. Because we were using the
same antibody, the cross-reactivity was only studied using
UCNPs-FICS. Twelve analogues of FQs were studied as fol-
lows: ciprofloxacin (CIP), nalidixic acid (NAL), enrofloxacin
(ENR), ofloxacin (OFL), oxolinic acid (OXI), flumequine
(FLU), fleroxacin (FLE), lomefloxacin (LOM), enoxacin
(ENO), marbofloxacin (MAR), cinoxacin (CIN), and
sarafloxacin (SAR). Standard solutions of each compound at
concentrations of 5.0, 20.0, and 400.0 pg L™ were applied to
the test strips, as shown in Fig. 4. The fluorescence of the T

Cross-Reactivity

Fig. 4 Specificity analysis using
the UCNPs-FICS. Compounds
from left to right: PBST, NOR
(0.5 pg LY, ciprofloxacin (CIP,
5.0 ug L"), nalidixic acid (NAL,
5.0 ug Lfl), enrofloxacin (ENR,
5.0 pg Lfl), ofloxacin (OFL,

5.0 ug Lfl), oxolinic acid (OXI,
5.0 pg L"), flumequine (FLU,
5.0 ug Lfl), fleroxacin (FLE,

5.0 ug L"), lomefloxacin (LOM,
5.0 ug L"), enoxacin (ENO,
20.0 ug L"), marbofloxacin
(MAR, 20.0 pg L™, cinoxacin
(CIN, 400.0 ug L"), and
sarafloxacin (SAR, 400.0 ug L")
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line disappeared when the concentration of CIP, NAL, ENR,
OFL, OXI, FLU, FLE, and LOM was 5.0 pg L™'. For ENO
and MAR, the fluorescence of the T line disappeared at con-
centrations of 20.0 pg L~'. While for CIN and SAR, at con-
centrations of 400.0 pg L', the fluorescence of the T line
would disappear. The results indicated that the test strips could
be employed to detect not only NOR but also 12 other FQs at
certain concentrations.

Sample Analysis

The proposed strips were validated using commercial ELISA
kits. Table 3 showed the results obtained using the ELISA kit
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Table 3 Recoveries of the spiked
samples using commercial Samples  Spiked concentration ELISA kits Colloidal gold- QDs- UCNPs-
ELISA kits, colloidal gold-ICS, (ngL™h (gL Ics FICS FICS
QDs-FICS, and UCNPs-FICS
n=3) Milk 5.0 491 +0.15 - - +,+, +

10.0 10.40 = 0.15 - == + +, + +, +, +

50.0 53.09 £ 6.84 +, +, + +, +, + +, +, +

Visual assessment of the T line: (—) negative result, (+) positive result

and the proposed strips for the spiked milk samples. The sam-
ples were spiked with NOR at concentrations of 5.0, 10.0, and
50.0 ug L', respectively. In the visual assessment of the
immunochromatographic strips, samples spiked with
5.0 ug L™' of NOR showed positive results by using
UCNPs-FICS. When the concentration reached 10.0 pg L,
positive results were obtained by using UCNPs-FICS and
QDs-FICS. Finally, when the concentration reached
50.0 pg L™, positive results were obtained by all the ICS.
Also, all the results tested by the commercial ELISA kit
agreed closely with those of the spiked levels. The results
indicated a strong correlation between the results of the visual
assessment performed using the test strips and those obtained
using the ELISA kit. Besides, the UCNPs-FICS (the detection
limit was 2.5 ug L™ in milk samples) showed higher sensi-
tivity compared to QDs-FICS (the detection limit was
10.0 pg L™ in milk samples) or conventional colloidal gold-
ICG (the detection limit was 20.0 pg L™ in milk samples).

Conclusions

In this study, three types of labeling materials, colloidal gold,
QDs, and UCNPs, were studied and applied in
immunochromatographic assays to determine NOR, respec-
tively. Compared to the traditional colloid gold-ICS, the
QDs-FICS showed similar sensitivity in the standard solution
but showed higher sensitivity in milk samples since the use of
QDs enhanced the interference-free capacity of that method.
While UCNPs-FICS showed the highest sensitivity both in the
standard solution and in milk samples, it was also more stable
in regular laboratory conditions, that is, no need to be kept
from visible light. This might be because of the strong and
unique luminescence properties of UCNPs: any autofluores-
cence originating from biomolecules possibly contained in a
solution could be avoided efficiently. In addition, the results
obtained by the developed test strips were in good agreement
with those obtained using an ELISA kit (as a reference meth-
od). We also found that the QDs and UCNP-based test strips
cost less and could be easily produced in a large quantity
because they have the capacity of saving antibody (both
monoclonal antibody against norfloxacin and goat anti-
mouse IgG) and coating antigen. Our results indicated that
this novel approach using QDs and UCNPs as fluorescence

signal probes was suitable for rapid, sensitive, visual, and on-
site detection of low concentrations of small molecules pres-
ent in complex samples.
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