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ABSTRACT: Gold nanoparticles (AuNPs) are the most commonly used signal materials in lateral flow immunoassay (LFIA).
However, the assay sensitivity of traditional AuNP-based LFIA is usually limited by the incomplete competition between free target
analytes and immobilized antigens for the binding of AuNP-labeled antibodies. To unfreeze this limitation, here, asymmetric Au−
SiO2 Janus NPs (about 66 nm) were designed and synthesized. Au−SiO2 Janus NPs can assemble into snowman-like anisotropic
structures and combine two different physicochemical properties at their opposite sides, where the AuNP side mainly possesses the
antibody conjugating and signal providing functions and the SiO2 side primarily offers the stable function. In virtue of the unique
asymmetric nanostructure, only the AuNP side can interact with target analytes by specific antigen−antibody interactions, which
could significantly improve the efficiency of competition. Selecting furazolidone as a model analyte, the immunoassay biosensor
showed a limit of detection as low as 0.08 ng/mL, 10-fold decreased than that of the AuNPs-LFIA. Moreover, the Au−SiO2 Janus
NP lateral flow immunoassay was well applied in chicken, pork, honey, and beef food samples with visual detection limits of 0.8 ng/
g, 0.16 ng/g, 0.4 ng/mL, and 0.16 ng/g, respectively. The Au−SiO2 Janus NPs possess the advantages of both materials, which will
broaden their applications as a potential alternative in the rapid and sensitive detection of antibiotic residues.
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■ INTRODUCTION

Furazolidone (FZD), an important antibacterial agent, is
widely used to treat a variety of bacterial or pathogenic
microbial infections in agriculture.1 Although FZD is effective
in preventing disease and promoting the growth of food-
producing animals, long-term intake of food products
containing FZD residue could result in numerous side effects,
such as potential carcinogenic, mutagenesis, and teratogenic
effects.2,3 FZD can be rapidly metabolized in the body, whereas
its metabolite 3-amino-2-oxazolidinone (AOZ) remains highly
stable.4 In most cases, the AOZ derivative of 3-[(2-nitro-
phenyl) methylene-amino]-2-oxazolidinone (CPAOZ) is
actually detected by LFIAs for monitoring the FZD residue
in food.
Lateral flow immunoassay (LFIA) has been widely applied

in food safety monitoring due to its desirable features of simple
equipment, easy operation, and rapid target capturing.5,6 In
general, the detection of antibiotic residues is mainly based on
competitive immunoassay. AuNP is a commonly used signal
label in the field of LFIA analysis, owing to its simple
operation, easy labeling, and unique optical properties.7

Unfortunately, conventional AuNP-based LFIAs often suffer
from drawbacks of low stability and sensitivity, which have
significantly hindered their further applications in complex
food environmental and ultratrace target detection.8−10

Various new nanoparticles have been reported to improve
the analytical performance of LFIA, including metal oxide,

chemiluminescent, and florescent materials11−13 However, the
problem of inefficient binding still remains in the competitive
LFIAs.14 Consequently, some methods have been developed to
overcome this limitation, such as adjustment of the threshold
level, bridge-, and orientation antibody.15−17 However, when
many antibody molecules are simultaneously labeled on a
nanoparticle, the binding of free targets with a probe cannot
inhibit the interaction between the coated antigen and the
same probe, leading to ineffective competition and low
sensitivity, especially for targets of low concentration. Although
the effectiveness of the competition can be enhanced by
reducing the labeling amount of the antibody, it also gives rise
to a weak detection signal, which is not conducive to the LFIA
construction.
A Janus nanoparticle, as a signal label with a unique

asymmetric structure and functional asymmetry, may provide a
new insight for the above problems and has been used in drug
delivery, optical imaging, and morphological template.18−21

Compared with the homogeneous nanostructure, Janus
nanoparticles can be composed of two distinct parts with
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different physicochemical properties in one nanostructure,
facilitating the creation of signal tags with different functions.
Particularly, among the most exciting materials, a silica
nanoparticle (SiO2 NP) has been widely applied due to its
excellent biocompatibility and chemical stability in biosens-
ing.22−24 The introduction of a silica layer on AuNP has been
proved to be effective in protecting and preventing AuNP from
aggregation, owing to a high negative charge.25−27 Interest-
ingly, asymmetric Au−SiO2 Janus NP not only holds different
functionalities on opposite sides but maintains a favorable
localized surface plasmon resonance property as well.28 In the
preparation of a Au−SiO2 Janus NP-based probe, the antibody
is just selectively oriented on a part of the exposed surface of
AuNPs with a significantly decreased labeling amount, which
can provide more opportunities to adjust the contradiction
between the detection signals and competition efficiency.
Herein, through a wet chemical strategy, asymmetric Au−

SiO2 Janus NP was synthesized and used as a signal tag in the
LFIA for rapid and sensitive detection of CPAOZ. The silica
layer can be asymmetrically deposited on AuNP in virtue of
segregation of two different ligands on the AuNP surface.
Importantly, the Au side of Au−SiO2 Janus NP was used to
couple with an antibody, which could effectively reduce the
labeling consumption of the antibody and refrain from
affecting by incomplete competition. Moreover, compared
with pure AuNP, the asymmetric Au−SiO2 Janus NP with
bifunctional anisotropic properties can effectively prevent the
aggregation of AuNPs and thus increase the colloidal stability.
To demonstrate its feasibility and practicability, multiple food
samples were detected for the CPAOZ residue using the Au−
SiO2 Janus NP-based LFIA. This work put forward a sample,
rapid, and sensitive method for small-molecule detection in
food safety, laying a foundation for Janus nanomaterial
application in other related areas.

■ EXPERIMENTAL SECTION
Materials and Apparatus. Hydrogen tetrachloroaurate (III)

hydrate (HAuCl4·3H2O), trisodium citrate, 2-propanol, ammonia
(NH3, 25%), and tetraethyl orthosilane (TEOS) were obtained from
Aladdin Chemistry Co., Ltd. (Shanghai, China). Bovine serum
albumin (BSA) and poly-(acrylic acid) (PAA) (MW: 5000) were
bought from Macklin Biochemical Co., Ltd. (Shanghai, China). 4-
Mercaptophenylacetic acid (4-MPAA, 97%) was purchased from Alfa
Aesar (Beijing, China). A monoclonal antibody (mAb) against
CPAOZ (1E9) was produced in our laboratory. A nitrocellulose (NC)
membrane, glass fiber, poly(vinyl chloride) plate, and absorbent pad
were purchased from Kingdiag-Biotech Co., Ltd. (Shanghai, China).
Chicken, honey, pork, and beef were purchased from a local market
(Xianyang, China).
The transmission electron microscopy (TEM) images were taken

on a JEM-1230 electron microscopy (Tokyo, Japan). The X-ray
diffraction (XRD) patterns were acquired on Bruker D8 Advanced X-
ray Diffractometer (Karlsruhe, Germany). Ultraviolet−visible (UV−
vis) spectra were acquired in the 400−800 nm range with a
spectrophotometer (UV-2550) (Shimadzu, Japan). The X-ray photo-
electron spectroscopy (XPS) was recorded using an Axis Ultra DLD
X-ray photoelectron spectrometer. The ζ potential measurements
were obtained using a Zetasizer Nano-ZS dynamic light scattering
instrument (Malvern, U.K.). The nanoparticle tracking analysis
(NTA) was performed on a ZetaView PMX 110 (Particle Metrix,
Germany).
Synthesis of the AuNPs. AuNPs were prepared by the citrate

reduction process.29 Briefly, 1 mL of a 1% (w/v) HAuCl4·3H2O
solution was mixed with 98 mL of water and heated under vigorous
stirring. When the mixed solution started to boil, 1 mL of 1% (w/v)
trisodium citrate was rapidly added to the solution. After the color

changed from yellow to fuchsia, the mixture was continually stirred for
10 min and finally stored at 4 °C.

Synthesis of the Au−SiO2 Janus NPs. Au−SiO2 Janus NPs
were synthesized according to the previous literature with some
modifications.30 First, after the centrifugation of 8 mL of a AuNP
solution at 12 000 rpm, the collected AuNPs were dispersed in 500 μL
of deionized water and added into 2.5 mL of 2-propanol under
vigorous stirring. Then, 20 μL of 4-MPAA (5 mM in ethanol) and 60
μL of PAA (0.65 mM) were added into the above mixture under
continuous stirring for 30 min, followed by pouring into 600 μL of
TEOS (8.9 mM) and 90 μL of ammonia. After 12 h of the reaction,
Au−SiO2 Janus NPs were obtained by washing three times with water.
Finally, Au−SiO2 Janus NPs were dispersed in 8 mL of water and
stored at 4 °C before use.

Preparation of the Au−SiO2 Janus NPs and AuNP-Based
Probes. Initially, 4 μg of anti-CPAOZ mAb (1 mg/mL) was added to
1 mL of a Au−SiO2 Janus NP deionized water solution and reacted
for 2 h at room temperature. Following this, 100 μL of BSA (10%)
was added to block unconjugated active sites on the surface of Au−
SiO2 Janus NPs for another 30 min. At last, the prepared Au−SiO2
Janus NP probes were washed three times with water by
centrifugation at 12 000 rpm and then dissolved in 100 μL of 2
mM borax buffer (pH 9.0) containing 0.02% sodium azide and 0.1%
PEG-200 000 (w/v).

Anti-CPAOZ mAb was labeled with AuNPs also based on a
physical interaction. Briefly, 8 μg of mAb was added into 1 mL of a
AuNP solution at pH 8.0−9.0 under gentle shaking for 30 min,
followed by addition of 100 μL of BSA (10%) for another 2 h to block
the free binding sites at 4 °C. Then, the AuNP probes were obtained
by centrifugation at 12 000 rpm for 10 min and washed twice by 2
mM borax buffer. Finally, the resulted AuNP probes were suspended
in 100 μL of borate buffer and stored at 4 °C.

Preparation of the Lateral Flow Immunoassay Strip. The
lateral flow immunoassay strip was made of a sample pad, conjugate
pad, nitrocellulose membrane, and absorbent pad. First, the sample
pad and conjugate pad were pretreated by soaking in a blocking buffer
solution and dried at 37 °C for 12 h. CPAOZ-BSA and goat
antimouse IgG were dispensed on the NC as a test (T) line and
control (C) line, respectively. After drying, all different parts were
laminated onto a plastic adhesive backing pad with 1 mm overlap.
Finally, they were cut into 3 mm wide strips and stored in a dry
condition before use.

Detection Performance of the Au−SiO2 Janus NPs-LFIA. For
evaluating the sensitivity, different concentrations of CPAOZ
standards were spiked in a solution containing 100 μL of
phosphate-buffered saline (PBS) and 4 μL of a Au−SiO2 Janus NP
probe (or 4 μL of AuNP probe), and then the mixture was added
onto the sample pad. After 8 min of the reaction, the result of
detection was observed by naked eyes as colorimetric evaluation, and
the image of the test line was processed by imageJ software to obtain
the corresponding gray value.

Detection of CPAOZ in Food Samples. The chicken, pork,
honey, and beef samples were confirmed to be CPAOZ free in
advance by the high-performance liquid chromatography. Then, 1 g of
the ground meat sample (for chicken, pork, and beef) or 0.5 mL of
honey was suspended and well mixed in 5 mL of PBS buffer by the
previous research with some modifications.13,31 The honey sample
suspension was spiked by the CPAOZ standard to obtain a final
concentration of 0.04, 0.08, 0.4, 0.8, 1, and 2 ng/mL. The meat
samples at 0.08, 0.16, 0.8, 1.6, 2, and 4 ng/g were prepared by adding
an appropriate volume of the CPAOZ standard. After sonication for
15 min, the sample supernatant was collected by centrifugation and
evaluated by the proposed LFIA under optimal conditions. At the end
of 8 min of the migration reaction, the strip was observed by naked
eyes as a semiquantitative readout.

■ RESULTS AND DISCUSSION

Discussion on Advantages of the Au−SiO2 Janus
NPs-LFIA. In this work, an asymmetric Au−SiO2 Janus NP
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was used as a new signal substrate to realize the sensitive
colorimetric detection of CPAOZ by the lateral flow
immunoassay (Scheme 1). First, the silica layer partially

coated on the AuNPs could efficiently improve the stability of
the probe by effectively avoiding the cross-linking and
aggregation of probes, while the exposed gold surfaces were

Scheme 1. Advantage Illustration of the Au−SiO2 Janus NPs and Au−SiO2 Janus NP-Based LFIAa

a(A) Comparison between the Au−SiO2 Janus NPs and AuNPs, (B) comparison of response sensitivity for weakly positive samples by the Au−
SiO2 Janus NPs and AuNP-based LFIAs, and the (C) enlarged illustration of the T line for the competition efficiency of the target analyte in the
Au−SiO2 Janus NPs and AuNP-based LFIAs.

Figure 1. (A) Synthesis schematic of the Au−SiO2 Janus NP, (B) TEM image of AuNPs, (C) TEM image of Au−SiO2 Janus NPs, (D) HTEM
image of Au−SiO2 Janus NPs, (E) XPS wide spectra of AuNPs and Au−SiO2 Janus NPs, (F) UV−vis spectra of AuNPs, Au−SiO2 Janus NPs, and
Au−SiO2 Janus NPs-mAb, and (G) ζ potentials of AuNPs, Au−SiO2 Janus NPs, and Au−SiO2 Janus NPs-mAb.
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responsible for the optical performance (Scheme 1A).
Additionally, in the preparation of the probe, antibody
molecules can be selectively oriented to the AuNP region.
The competitive sensitivity of free AuNP-based LFIAs is likely
to be influenced by the incomplete competition between free
small molecules and immobilized complete antigens for the
binding of AuNP-labeled antibodies (Scheme 1B). For
example, there is a possibility that a AuNPs-mAb probe,
which has been retained on the NC membrane through
combining with the immobilized complete antigen, will also
bind the free target analytes if more than one antibody
molecule is fixed on the surface of the same nanoparticle in the
probe, resulting in inaccurate response between the concen-
tration of free target analytes and signal intensity. While, for
the asymmetric Au−SiO2 Janus NP, due to the steric
hindrance effect of SiO2 and because part of the particle was
covered by SiO2, for each AuNP, only very limited antibody
could be bound on the surface of AuNP compared to that on
the free AuNP, which could evidently improve the competition
efficiency of target analytes in the competitive LFIA by
avoiding the “ineffective combination” between the AuNP-
based probe and target small molecules. It is inescapably clear
that in comparison with free AuNP, Au−SiO2 Janus NP-based
LFIA could produce more sensitive signal response under a
low level of free CPAOZ (Scheme 1C).
Synthesis and Characterization of Au−SiO2 Janus

NPs. Au−SiO2 Janus NPs were synthesized through a simple
wet chemical method. 4-MPAA and PAA were employed as
competitive ligands to regulate the silica layer selectively
deposited on the surface of AuNP, achieving the nanostructure
of Au−SiO2 Janus NP (Figure 1A). As shown in Figure 1B, the
initial AuNPs have a spherical morphology with an average size
of around 35 nm. Au−SiO2 Janus nanoparticles were
optimized by adjusting the volume of aqueous ammonia. As
shown in Figure S1A, when 30 μL of aqueous ammonia was
added, aggregation occurs for the AuNPs due to incomplete
hydrolysis of TEOS.32 When 180 μL of aqueous ammonia was
added, more than one AuNP is enclosed into the silicon sphere
(Figure S1C) and cannot form the snowman-like Janus
structure. While, as shown in Figure S1B, when 90 μL of
aqueous ammonia was added, Au−SiO2 Janus nanoparticles
could be well synthesized as the desired snowman-like Janus
structure with a size of about 66 nm (Figure 1C). Moreover,
the size of AuNP is still 35 nm, demonstrating that AuNP has
no aggregation during the synthesis process.33 Correspond-
ingly, the high-resolution TEM (HTEM) image of Au−SiO2
Janus NPs (Figure 1D) reveals a clear lattice fringe with an
interlayer spacing of 0.204 nm, which could be attributed to
the (200) plane of a Au crystal.34 In addition, X-ray

photoelectron spectroscopy (XPS) was used to further
elucidate the surface elemental compositions. As displayed in
Figure 1E, the fully scanned spectra confirmed the existence of
Au, C, and O elements in the AuNP sample, and Au, C, O, and
Si elements in the Au−SiO2 Janus NP sample, which are in
good agreement with the desired components.35 The high-
resolution spectrum of Au 4f is fitted by two peaks at 84.0 and
87.7 eV, which could be assigned to 4f7/2 and 4f5/2 for metallic
Au0 species (Figure S2).36 Furthermore, the UV−vis spectra of
AuNPs exhibit an absorption peak at 528 nm in Figure 1F. As
the SiO2 shell formed, Au−SiO2 Janus NPs exhibit a 5 nm red
shift because the coating of silica on Au increased the local
refractive index.35 As compared with the ζ potential of AuNPs,
the large negative charge of Au−SiO2 Janus NPs further
demonstrate the successful silica nanoshell modification on
AuNP (Figure 1G).37 The results indicate the successful
synthesis of Au−SiO2 Janus NPs.
To prove the successful formation of a signal probe, UV−vis

absorption and ζ potential of Janus NPs-mAb were also carried
out. As shown in Figure 1F, the absorption peak red-shifted to
536.5 nm resulted from the conjugation of anti-CPAOZ mAb
with Au−SiO2 Janus NPs. Additionally, the ζ potential of the
probe was −22.5 mV (Figure 1G), indicating a positive shift of
the Au−SiO2 Janus NPs.

38 All of these proof prove that Au−
SiO2 Janus NPs successfully conjugate with an antibody.
To verify that antibody molecules were selectively oriented

to the AuNP region in the Au−SiO2 Janus NP, a comparison
test of antibody coupling amounts on different nanomaterial of
SiO2, AuNPs, and Au−SiO2 Janus NPs was carried out. Excess
anti-CPAOZ mAb was added to the Janus, AuNPs, and SiO2
suspensions. Unconjugated anti-CPAOZ mAb was quantified
using a NanoDrop assay, and the amount of the fixed antibody
was calculated as the difference between the total antibody
added and the excess antibody remaining in the supernatant.
As displayed in Figure S3, the highest coupling amount of the
antibody appeared on AuNPs compared with Janus and SiO2.
The decrease of the antibody coupling amount on Janus is
caused by the presence of silica, which on the one hand cannot
effectively bind antibody molecules onto its surface, and on the
other hand, can block the absorption of some antibody
molecules onto the surface of AuNPs. Moreover, we calculated
the number of antibodies for Au−SiO2 Janus NPs and AuNPs
by the nanoparticle tracking analysis (NTA) and NanoDrop
assay. By calculation (Table S3), ∼6620 and ∼3460 antibody
molecules are loaded per AuNP and Janus, respectively. These
results further demonstrate that antibody molecules can be
selectively oriented to the AuNP region.

Parameter Optimization of the Au−SiO2 Janus NPs-
LFIA. To obtain the best analytical performance, some

Figure 2. Optimization results of parameters for the Au−SiO2 Janus NPs-LFIA. (A) Concentration of CPAOZ-BSA, (B) amount of anti-CPAOZ
mAb, and the (C) volume of Au−SiO2 Janus NPs-mAb probe. Error bar: standard error (n = 3).
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experimental parameters such as the concentration of CPAOZ-
BSA, the amount of anti-CPAOZ mAb, and the volume of the
Au−SiO2 Janus NP probe were all optimized in detail. In the
competitive immunoassay, an excellent competitive inhibition
effect will generate a higher sensitivity. To get a satisfied
competition effect, the competitive inhibition rate ΔT (ΔT =
T0 − T0.2, T0 represents the T line optical density of a negative
sample, and T0.2 represents the T line optical density of the
CPAOZ standard solution at 0.2 ng/mL) was selected as an
indicative index.39 As a competitor, CPAOZ-BSA can directly
affect the detection sensitivity of LFIA. As shown in Figure 2A,
ΔT reached a maximal value when the concentration of
CPAOZ-BSA increased to 0.3 from 0.1 mg/mL, and then
gradually decreased with the further increase of the CPAOZ-
BSA concentration. To achieve a higher sensitivity and proper
optical density, 0.3 mg/mL was chosen as the optimal
parameter of CPAOZ-BSA.
In the preparation of a nanoparticle-labeled antibody probe,

a minimum coupling amount of the antibody was needed to
stabilize the nanomaterials from aggregation.40 As shown in
Figure S5, the absorbance of Au−SiO2 Janus NPs obviously
decreases at 1−2 μg, thus 3 μg of an antibody is considered as
the minimum stable amount of the antibody required to
stabilize the Janus NPs. However, in the competitive LFIA, the
signal probe not only needs to label fewer antibodies to ensure
the best competitive effect but also needs to ensure that the
color signals can achieve the requirement of visual detection.
As shown in Figure 2B, ΔT gradually rose with the labeling
amount of mAb increasing from 1 to 4 μg and then dropped
when the amount further increased to 5 μg. Therefore, 4 μg of
anti-CPAOZ mAb was selected to modify Au−SiO2 Janus NPs.
Meanwhile, the volume of Au−SiO2 Janus NP probes
indirectly influences the detection sensitivity, especially for
competitive immunoreactions. As displayed in Figure 2C, ΔT
continuously elevated in the probe volume range of 1−4 μL

and began to decline after 4 μL. Thus, 4 μL was considered as
the optimal probe volume. Other extraessential but important
experimental parameters for the Au−SiO2 Janus NP-based
LFIA biosensor are listed in Table S1, Figure S6.

Promotion Validation of Au−SiO2 Janus NPs. Colloidal
stability is an important factor for the LFIA detection,
especially in the analysis of food with complex matrices.
AuNPs and Au−SiO2 Janus NP solutions with various pH
values and addition volumes of NaCl were evaluated to unveil
their colloidal stabilities. As shown in Figure 3A, compared
with AuNPs, Au−SiO2 Janus NPs have a better tolerance to
pH. The colloidal Au−SiO2 Janus NPs were stable until pH 13,
while Au−SiO2 Janus NPs started to aggregate, which may be
caused by the dissolution of SiO2, leading to the cross-linking
of bare AuNPs.41 A salt ion as another stability factor was
evaluated and is shown in Figure 3B. NaCl (0−50 μL, 10%)
and Au−SiO2 Janus NPs or AuNPs (final volume: 0.5 mL)
were mixed to analyze the stability. With the salt ion volume
increased to 10 μL, the color of AuNPs changed from red to
colorless, resulting from the aggregation of AuNPs. Whereas,
the color of Au−SiO2 Janus NPs did not show any obvious
change until the NaCl volume reached 50 μL. These results
reveal that Au−SiO2 Janus NPs are more stable than AuNPs
when exposed to high pH and salt ion levels. The excellent
stability should be owing to the unique structure of Au−SiO2
Janus NPs with a high negative charge, which has the capability
of preventing the cross-linking and aggregation between
nanoparticles. So, we can conclude that SiO2 can serve as a
protector for the significant improvement of colloidal stability.
To illuminate the signal enhancement function of Au−SiO2

Janus NPs, AuNPs and Au−SiO2 Janus NPs probes were
compared in the LFIA with different volumes. In this section, 4
μg of anti-CPAOZ mAb was separately labeled on AuNPs and
Au−SiO2 Janus NPs to prepare probes. As shown in Figure 3C,
when 4 μL of the probe is added, the color intensity of the T

Figure 3. Colloid stabilities of AuNPs and Au−SiO2 Janus NPs exposed at different pH values (A) and volumes of 10% NaCl (B). Optical densities
of the T line corresponding to different volumes of the conventional AuNPs-LFIA (yellow) probe and the Au−SiO2 Janus-LFIA (blue) probe,
respectively. The inset shows relevant images of strip test results. (C) Antibody consumption per test of AuNPs-LFIA and Au−SiO2 Janus-LFIA
(D). Error bar: standard error (n = 3).
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line is very weak on the conventional strip, but the T line of the
Au−SiO2 Janus NP-based strip can be clearly observed. The T
line of the conventional strip cannot be clearly seen until the
AuNPs-mAb probe reached 8 μL, where the color intensity of
AuNPs-mAb is still lower than that of the Janus NPs-mAb in 4
μL. In addition, the AuNPs-LFIA requires a much bigger
antibody consumption than that of the Au−SiO2 Janus NPs-
LFIA per LFIA both under the optimal conditions (Figure
3D). The above results well validate the promotion function of
the Au−SiO2 Janus NPs in both the better stability and signal
enhancement, which would contribute to the assay perform-
ance of Au−SiO2 Janus NP-based LFIA.
Analytical Performance. On the basis of this immuno-

assay biosensor, we conducted a series of detection with
CPAOZ standard solutions. The detection limit is defined as
the minimum analyte level that can generate a clear and weaker
color development in the T line of the test strip than that of
the negative control strip. As CPAOZ concentration increased,
fewer and fewer probes were anchored onto the T line and the
purple color intensity became very weak under competitive-

type detection. As displayed in Figure 4A, when the CPAOZ
concentration increased to 0.08 ng/mL, the color intensity of
the T line was obviously weaker than that on the negative strip.
The color of the T line completely disappeared at 0.8 ng/mL
due to the complete suppression to the competitive response.
Therefore, 0.08 ng/mL CPAOZ is considered to be the visual
detection limit for this immunoassay biosensor. Figure 4C
shows the corresponding grayscale values; the optical density
of the T line decreased with the increase of the CPAOZ
concentration and exhibited a good linear R2 = 0.993 in the
range of 0.08−1 ng/mL. For comparison, a conventional
AuNP-based immunoassay biosensor was also investigated. As
shown in Figure 4D, AuNPs-LFIA exhibits a linear R2 = 0.954
in the range of 0.08−1 ng/mL. As can be seen in Figure 4B,
the visual detection limit is 0.8 ng/mL, which is 10-fold higher
than that of the Au−SiO2 Janus NP-based LFIA. In addition,
compared with other methods, the LFIA based on Au−SiO2

have a lower cutoff value and less antibody consumption
(Table S4).

Figure 4. (A) Detection results of the CPAOZ standard solution by the Au−SiO2 Janus NPs-LFIA. (B) Detection results of the CPAOZ standard
solution by the AuNPs-LFIA. (C) Relationship between the CPAOZ concentration and optical density of the T line in PBS (inset image: the
calibration curve of CPAOZ) based on the Au−SiO2 Janus NPs-LFIA. (D) Relationship between the CPAOZ concentration and optical density of
the T line in PBS (inset image: the calibration curve of CPAOZ) based on the AuNPs-LFIA. Error bar: standard error (n = 3). The brown dotted
lines show the visual detection limits and blue dotted lines show the cutoff values.

Figure 5. (A) Specificity performance of the Au−SiO2 Janus NPs-LFIA. The concentration of CPAOZ was 1 ng/mL, concentrations for other
interferences were all 100 ng/mL. The inset shows the relevant images of strip test results. (B) Stabilities of the Au−SiO2 Janus NPs-LFIA and
AuNPs-LFIA under 4 °C for 3 months. Error bar: standard error (n = 3).
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To evaluate the specificity of the immunoassay biosensor
toward CPAOZ, several interferences including 4-[[2-(amino-
carbonyl) hydrazinylidene] methyl]-benzoic acid (CPSEM), 4-
[5-(morpholino-methyl)-2-oxooxazolidin-3-ylimino]methyl
benzoic acid (CPAMOZ), 1-[(4-carbo-benzylidene)-amino]-
imidazolidin-2,4-dione (CPAHD), clenbuterol, and penicillin,
were investigated. The optical density separately corresponding
to 1 ng/mL CPAOZ and as high as 100 ng/mL of
interferences was compared based on the Au−SiO2 Janus
NPs-LFIA. As shown in Figure 5A, the visible color intensity of
the T line toward each interference is almost the same as that
of the blank strip, while no visible color of the T line can be
seen on the strip corresponding to CPAOZ. There is also no
big gap between the T line densities of strips for interferences
and the blank strip. The results suggest that the immunoassay
biosensor has a high anti-interference capability for CPAOZ
identification. Meanwhile, the precision and reproducibility
were tested by determining intra-assay and interassay
coefficients of variation (CV). The reproducibility of the
immunoassay biosensor was observed via using honey sample
spiked by 0.08 and 0.4 ng/mL CPAOZ. As revealed in Table
S2, both CVs of intra-assay and interassay are all below 6%,
displaying the persuasive repeatability performance of this
method. To preliminarily determine the storage stability, the
immunosensor was stored at 4 °C for 3 months. As shown in
Figure 5B, after storage for 3 months, the T line optical density
of Au−SiO2 Janus NPs-LFIA showed no obvious change, but
that corresponding to AuNPs-LFIA apparently decreased.
Therefore, the Au−SiO2 Janus NP-LFIA has a better stability
than AuNP-based LFIA after long-term storage.
Applicability Validation of the Au−SiO2 Janus NPs-

LFIA in Food Samples. Based on excellent analytical
performances, the Au−SiO2 Janus NPs-LFIA was applied for
CPAOZ detection in food samples, including chicken, pork,
honey, and beef. CPAOZ standards at different concentrations
in food samples were measured by the Au−SiO2 Janus NP-
LFIA biosensor. As illustrated in Figure 6, colors of the T line
completely disappear when the content level of CPAOZ
reaches 2 ng/g in three meat samples and 1 ng/mL in the
honey sample. The visual detection limits are 0.4 ng/mL, 0.8
ng/g, 0.16 ng/g, and 0.16 ng/g for the proposed method
toward CPAOZ detection in honey, chicken, pork, and beef
samples, respectively. To evaluate the reliability of the
sampling technique, chicken and honey samples were also

detected by conventional AuNPs-LFIA. As shown in Figure S7,
AuNPs-LFIA is well applied in food samples. Moreover, Au−
SiO2 Janus NP-based LFIA shows a high sensitivity compared
with the AuNP-based method in chicken and honey samples.
Besides, the regulatory demand about the maximum residue
limit (MRL) for furazolidone and its metabolites in
Commission Decision 2003/181/EC is 1.0 ng/g.42 Compared
with the MRL demands, sensitivities of the proposed method
in food samples are acceptable. From the results, we could
assert that food samples did not or interfered little with the
detection of CPAOZ, and the performances of the Au−SiO2
Janus NP-LFIA biosensor were slightly influenced by matrices
of the four samples, presenting a great application potential for
AOZ residue monitoring in food samples.
In summary, by introducing asymmetric Au−SiO2 Janus

NPs, we fabricated a novel LFIA biosensor for CPAOZ
detection. Owing to the unique structure, Au−SiO2 Janus NPs
showed excellent performances, such as the asymmetric
coupling capability toward an antibody, the outstanding
colloid stability under high pH, and salt ion level, which
were beneficial for reducing antibody consumption and
increasing competitive efficiency in the LFIA. The detection
limit of Au−SiO2 Janus NPs-LFIA was as low as 0.08 ng/mL,
which showed a 10-fold enhancement in sensitivity compared
to that of the AuNPs-LFIA. Moreover, the Au−SiO2 Janus
NPs-LFIA showed excellent selectivity toward the target
analyte and acceptable reproducibility. In addition, the
proposed immunoassay biosensor had expected applicability
in food samples for the detection of CPAOZ. We believe that
the as-synthesized anisotropic Janus nanoparticle could be
used as an ideal candidate signal substrate, and this work will
offer a reference for the application of other antibiotic residues
in food.
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Figure 6. Detection results of CPAOZ in (A) chicken, (B) pork, (C) honey, and (D) beef samples based on the Au−SiO2 Janus NPs-LFIA.
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