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In this paper, Prussian blue nanoparticles (PBNPs) and colloidal gold (AuNPs) were synthesized by solvothermal
method and trisodium citrate reduction method respectively, and two lateral flow immunoassay (LFIA) methods
for the detection of ofloxacin (OFL) in fish were established. The larger particle size and superior optical
properties of PBNPs make the sensitivity of PBNPs-LFIA higher than that of AuNPs-LFIA. In the process of
establishing the assay, we found that the amount of antibody required for PBNPs-LFIA is 1/3 of that for AuNPs-
LFIA, and the amount of probe is 1/2 of that for AuNPs-LFIA, suggesting that PBNPs-LFIA is able to save the
amount of antibody and greatly reduce the cost of the assay.The detection limit of PBNPs-LFIA for OFL was
0.064 ng mL~!, which was 2.3 times lower than that of AuNPs-LFIA, and the visual detection limit and elimi-
nation value of PBNPs-LFIA were also lower than that of AuNPs-LFIA.In addition, the recoveries of two estab-
lished LFIAs for the determination of OFL in fish were 84.8 %-116.3 %, and the coefficient of variation was less
than 10 %. Therefore, PBNPs are a potential LFIA probe marker.

1. Introduction

Fluoroquinolones (FQs) are broad-spectrum antibacterial drugs that
target DNA gyrase and topoisomerase IV (Jin et al., 2023). In
Gram-negative bacteria, FQs target DNA gyrase, inhibiting its activity
and achieving antibacterial effects, and in Gram-positive bacteria, FQs
target topoisomerase IV inhibiting its activity and interfering with DNA
replication (Jirachaya et al., 2023). Ofloxacin (OFL) is a fluoroquinolone
that inhibits the activity of bacterial DNA gyrase. It is a low-cost vet-
erinary drug with a broad antibacterial spectrum, high efficiency, low
toxicity, and strong tissue penetration. Its antibacterial effect is nearly
1000 times that of sulfonamides (Qureshi et al., 2016). OFL has become
a crucial anti-infective drug in veterinary clinics and aquaculture.
However, improper drug use during aquaculture and production can
lead to the transformation and enrichment of FQs in animals, resulting in
drug residues in animal food (Andreu, 2007). Residual FQs can cause
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harmful toxic effects on the central nervous system, liver and kidneys
when ingested and absorbed through the food chain (Rodriguez-Mozaz
et al., 2020). In addition, excessive use of antibiotics will also cause
environmental pollution and the emergence of drug-resistant pathogens.
For the detection of FQs in food, traditional detection methods include
high performance liquid chromatography (HPLC), enzyme-linked
immunosorbent assay (ELISA) and electrochemical analysis (Liao
et al., 2023), but all of them have shortcomings such as complicated
operation, huge equipment and long detection time. Therefore, it is of
great significance to develop a rapid detection method with simple
equipment and high sensitivity.

Lateral Flow Immunoassay (LFIA) is a simple, economical and
convenient method for the rapid detection of various substances (Rana
et al., 2024). Gold nanoparticles (AuNPs) are currently the most widely
used markers in lateral flow immunoassays (Anfossi et al., 2010; Cav-
alera et al., 2021; Nardo et al., 2021). It is widely used by researchers to
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detect a variety of disease-causing microorganisms and pathogens
(Huang et al., 2023). However, the weak optical properties of colloidal
gold and low biomolecule binding rate lead to the low sensitivity of
traditional gold-labeled lateral flow chromatography test strips, making
it difficult to meet the demand for highly sensitive and rapid detection of
trace hazards (Yang et al., 2023). To address this issue, researchers have
been exploring alternative materials to replace AuNPs, including
quantum dots, fluorescent microspheres, and chemiluminescent carbon
nanodots (Yin et al., 2024; Wang et al., 2023). However, the preparation
of these labeling materials is complicated and generally requires a long
time as well as special equipment. Prussian blue nanoparticles (PBNPs)
have gained significant attention in the field of biomedicine due to their
economic and easy synthesis (Busquets et al., 2020; Qin et al., 2018).
The preparation of PBNPs is relatively simple and has stable perfor-
mance. They can provide an excellent specific surface area by control-
ling particle and pore size (Qiu et al., 2019; Feng et al., 2013).
Additionally, their unique optical properties make them suitable as
signaling probes, producing clear blue bands during LFIA detection
(Hendrickson et al., 2023). In addition, as a metal-organic framework
material, the framework structure of PBNPs can effectively protect an-
tibodies, and the affinity of PBNPs for biological macromolecules en-
ables antibodies to be connected with them through electrostatic
adsorption, which provides a convenient and simple method for pre-
paring PBNPs-mAb. During the assay process, the sample matrix,
organic solvents, and temperature can significantly impact the results.
However, previous studies have shown that PBNPs coupling are highly
immune to interference and remain stable even when conditions change
(Juliana et al., 2019).

Currently, Prussian blue nanoparticles have been widely used as a
superior labeling material in lateral flow immunochromatographic as-
says (Tian et al., 2020; Liu et al., 2020; Zhang et al., 2022). Zhao et al.
used Prussian blue nanoparticles as markers to establish a sensitive
lateral flow immunoassay for the detection of leptin in pork (Zhao et al.,
2018). In addition, PBNPs have good peroxidase-like activity and can
catalyze HoO5 to change the color of TMB. The researchers used this
property of PBNPs to amplify the test strip signal (Ren et al., 2022). He
et al. used Prussian blue nanoparticles in the detection of glycocholic
acid and achieved signal amplification when used in combination with
TMB (He et al.,, 2020). PBNPs can also be combined with magnetic
nanomaterials to prepare magnetic Prussian blue nanoparticles. Liang
et al. established test strips for the detection of agonists in pig urine and
pork. Magnetic Prussian blue can be used to enrich for the target to be
detected in the sample during sample pretreatment and also to amplify
the signal during detection (Liang et al., 2023). In addition, PBNPs
degrade and fade under alkaline conditions, thereby diminishing the
color of the T and C lines in immunochromatographic strips. Based on
this property, PBNPs can be used to establish a competitive lateral flow
immunochromatographic assay, which can achieve improved sensi-
tivity. Bu et al. proposed a competitive immunochromatographic test
strip based on a signal amplification strategy assisted by the decompo-
sition of PBNPs, which resulted in an 8-fold reduction in LOD compared
to conventional colloidal gold test strips (Bu et al., 2021).

In this study, stabilized PBNPs were synthesized by solvothermal
method using polyvinylpyrrolidone (PVP-K30) as a stabilizer, and then
the detection probes were obtained by electrostatic adsorption com-
bined with anti-OFL mAb. A competitive lateral flow immunochroma-
tographic assay was established using dark blue PBNPs as a signal label,
which can be used to detect OFL in samples with high sensitivity. In
addition, a conventional AuNPs-LFIA method was established and
compared with PBNPs-LFIA. The results showed that PBNPs-based LFIA
could detect the target more sensitively and significantly improve the
detection performance.
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2. Experimental and methods
2.1. Materials and equipment

Trisodium citrate, potassium carbonate, potassium ferricyanide were
purchased from Sigma-Aldrich (St. Louis, MO, USA).; Chloric acid,
bovine serum albumin, ovalbumin and polyvinyl pyrrolidone (PVP-K30)
was purchased from McLean Co. (China); PEG20000, boric acid and
sodium tetraborate were purchased from Aladdin Co. (China). Anti-OFL
mAb and OFL coating antigen (OFL-OVA) were prepared by the labo-
ratory itself; goat anti-mouse IgG was purchased from Biodragon Co.
(China). The standards of ofloxacin, ciprofloxacin, moxifloxacin,
pefloxacin, enoxacin, gatifloxacin, norfloxacin and difluorofloxacin
were purchased from Solaibao Co. (China). Sample pad treatment so-
lution composition: Tris-HCl (0.05 M, pH 8.0) solution containing
0.15 M NaCl and 0.25 % TritonX-100. All the solutions were prepared
with ultrapure water (resistivity: 18.2 MQ-cm).

Glass cellulose membrane (RB65), absorbent pad (CH37K) and PVC
bottom plate were all purchased from Shanghai Jinbiao Bio-Standard
Technology Co. (China); NC membrane (Sartorius CN95) was pur-
chased from Shanghai Jieyi Biotechnology Co. (China).

2.2. Preparation of PBNPs and PBNPs-mAb

PBNPs were synthesized according to a modification of the meth-
odology of a previous study (Hu et al., 2012). First, 5 g of PVP-K30
pellets were dissolved in 40 mL of 0.01 M HCI solution. Then 0.25 g
of K3[Fe(CN)g]-3 HoO was added and stirring was continued for 1 hour
to obtain a clear, transparent solution and the reaction was carried out at
80°C for 24 hours. At the end of the reaction, the compound was cooled
and centrifuged at 6700x g for 25 min. The blue precipitate was
collected from the bottom layer and washed three times with ethanol
and ultrapure water and dried. The powder obtained consisted of
Prussian blue nanoparticles.

The synthesis of PBNPs-mAb was modified (Feng et al., 2013). Add
5 uL of anti-OFL mAD to the PBNPs solution and mix. The mixture is then
incubated for 1 hour at room temperature with shaking. At this point
there may still be some sites on the surface of the PBNPs that are not
bound to the antibody, so a solution of BSA (10 %, w/v) is added and the
reaction is carried out for 1 hour to block these active sites. At the end of
the reaction, the mixture was centrifuged at 5400xg for 30 min to
collect the blue precipitate, which was resuspended to 1/10 of its orig-
inal volume with resuspension solution.

2.3. Synthesis of AuNPs and AuNPs-mAb

AuNPs was obtained by reducing chloroauric acid with trisodium
citrate (Zhang et al., 2019). Specific steps are in the supplementary
material.

AuNPs-mAb was synthesized according to the previous research
(Zhong et al., 2016). Specific steps are in the supplementary material.

2.4. Preparation of the test strips

The test strip is composed of a sample pad, NC film, absorbent paper,
and PVC bottom plate. The NC membrane was coated with goat anti-
mouse IgG (1.0 mg mL™1) and OFL-OVA as control (C line) and test (T
line) lines, respectively. The membrane was subsequently incubated at
37°C for 2 hours. Cut the sample pads to a fixed size and soak them in the
sample pad treatment solution for two hours, then dry them at 27°C
before use. This is because non-specific binding sometimes occurs during
immunochromatography, which can reduce the accuracy of the exper-
iment. By pretreating the sample pads, non-specific binding can be
minimized and the specificity and sensitivity of the experiment can be
improved. Next, the sample pad, NC film, and absorbent paper were
sequentially pasted onto the PVC floor, ensuring an overlap of at least
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2 mm between them. Finally, the assembled test strip was cut into 4 mm
strips for later use.

2.5. Test procedure

The detection procedures of PBNPs-LFIA and AuNPs-LFIA are as
follows: add 90 uL OFL standard (5 ng mL 1) into the wells of 96-well
microplates, then add 10 pL detection probe (PBNPs-mAb or AuNPs-
mAb) and mix well, insert the test strip to react for 20 min. Finally,
the test strips were removed and photographed using cell phone. The
pictures were processed and analyzed using Image J to get the grayscale
intensity of the bands on the test strip. At the same time, the same
volume of PBS (0.01 M, pH 7.4) was used instead of OFL standard as
negative control group.

2.6. Optimization of LFIA test conditions

The key influencing factors of two lateral flow immunoassays were
optimized in order to improve the detection performance of both test
strips, including the concentration of PBNPs (0.1, 0.2, 0.3, 0.4,
0.5 mg mL™Y), the amount of antibody label (2, 4, 6, 8, 10 pg), the
dilution of PBNPs antibody (0%, 2x, 3x, 4x), the type of detection
probe resuspension (BSA, PVP-K30, PEG20000), and the concentration
of T line labeled OFL-OVA (0.2, 0.4, 0.6, 0.8, 1.0 mg mL~1). AuNPs-LFIA
was also optimized for the amount of K;COs3 used for labeling of AuNPs
with the antibody (0, 2, 4, 6, 8 uL) as well as the particle sizes of the
AuNPs (17 nm, 23 nm, 59 nm).

2.7. Performance evaluation of the LFIAs

2.7.1. Sensitivity

OFL standards were diluted to 0, 0.025, 0.05, 0.25, 0.5, 1, 2.5, 5 and
10 ng mL~! with PBS (0.01 M, pH 7.4) to form eight concentration
gradients. Standard curves for AuNPs-LFIA and PBNPs-LFIA were
established according to the assay procedure described in 2.5. After-
wards, the data were analyzed using Origin software for nonlinear fitting
with the concentration of the standard as the horizontal coordinate and
the T line grayintensity as the vertical coordinate. In addition, a linear fit
was performed using the logarithmic value of the concentration of the
standard as the horizontal coordinate and the T line gray scale intensity
as the vertical coordinate, and the linear equation of the standard curve
was obtained (Liu et al., 2023; Cai et al., 2023). Each experiment was
replicated three times. In addition, the limit of detection (LOD) was
determined by 20 blank samples. LOD is the measured value of 20 blank
samples + 3 x the standard deviation of the blank samples (Liu et al.,
2022; Huang et al., 2023).

2.7.2. Specificity

To verify the specificity of LFIA, we selected seven other fluo-
roquinolones to test together with ofloxacin, namely ciprofloxacin,
moxifloxacin, pefloxacin, enoxacin, gatifloxacin, norfloxacin and
difluorofloxacin. Seven fluoroquinolones were diluted to 500 ng mL~!
with PBS (0.01 M, pH 7.4), and the OFL standard solution of 5 ng mL !
was used as the positive control, and the test strips were photographed
and analyzed for T line grayscale intensity using Image J. Each experi-
ment was repeated three times.

2.7.3. Pretreatment of actual samples

The sample pretreatment method was referenced from previous
study (Wang et al., 2015) and partially modified as follows: weigh 2.5 g
of the fish sample in a 50 mL centrifuge tube, add 5 mL of PBS to the
centrifuge tube and grind it to a pulp using a handheld homogenizer.
The homogenizer was rinsed with 5 mL of PBS (0.01 M, pH 7.4) and the
rinse solution was combined with the sample solution and centrifuged at
2200x g for 5 min. The supernatant was transferred to another centri-
fuge tube, the homogenizer and the previous centrifuge tube were rinsed
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with PBS (0.01 M, pH 7.4), and centrifugation was performed at 2200 x
g for 5 min again, and the supernatant was combined with the previous
one and fixed to 25 mL and keep it for later use.

2.7.4. Recovery experiment

The accuracy and precision of the two test methods were evaluated
by the recovery rate and coefficient of variation. Samples were analyzed
by HPLC and determined to be free of OFL. Add 0.5 ug kg%, 2.5 pg kg ™!
and 5 pg kg~! OFL standard solution to the untreated samples, respec-
tively, and then perform the detection according to the operation steps
in 2.7.3, and set up three parallel experiments for each experimental
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Schematic illustration of the detection process; (c) Detection principle of
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3. Results and discussion
3.1. Detection principle of LFIA

Fig. 1 illustrates the detection principle of LFIA. The detection target
contained in the sample competes with OFL-OVA on the T line for
binding with Ab in the detection probe. When the sample does not
contain the target, the detection probe will bind to the OFL-OVA of the T
line, forming a dark blue or red line; if the sample contains enough of the
target, the detection probe will preferentially bind to the target. At this
time, OFL-OVA does not bind to any probe, resulting in no color
development in the T line. The degree of color development in the T line
is inversely proportional to the concentration of the detection target in
the sample.

3.2. Characterization of AuNPs and AuNPs-mAb probe

The results of transmission electron microscope (TEM) are shown in
Fig. S1 (a). The results show that the synthesized AuNPs has uniform size
and good dispersibility, and its particle size is about 23 nm (He et al.,
2020). UV-vis absorption spectrum Fig. S1 (b) showed that the
maximum absorption wavelength of AuNPs shifted from 521 nm to
527 nm; after coupling with anti-OFL mAb (Sunanda et al., 2017;
Wolfgang et al., 2007). Compared to AuNPs-mADb, the zeta potential of
AuNPs in Fig. 1(c) ranged from —70.2 mV to —55.3 mV, indicating
successful coupling of AuNPs with the antibody.
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3.3. Characterizations of PBNPs and PBNPs-mAb probes

The scanning electron microscopy (SEM) results in Fig. 2 show that
the PBNPs have a cubic structure with a well-defined shape and uniform
distribution, and the diameter of the particles is about 100 nm (Zakaria
et al., 2015). The XRD result of Fig. 2(c) shows that the synthesized
PBNPs has a good crystal structure, and its diffraction peak is consistent
with the previous research, which indicates that the PBNPs is success-
fully synthesized (Hu et al., 2012; Hu et al., 2012). Fig. 2(d) Fourier
transform infrared spectroscopy (FI-TR) shows that PBNPs and
PBNPs-mAb have obvious tensile vibration around 2092 cm’l, which
may be due to the fact that PBNPs contain C=N. Compared with PBNPs,
PBNPS-mAb showed obvious tensile vibration in the amide ii band at
1500-1600 cm ™! and at 3294 cm™?, indicating that PBNPS-mAb con-
tained C-N, N-H and O-H groups, indicating that anti-OFL mAb was
successfully coupled with PBNPs (Zakaria et al., 2015). Blanks are films
that do not hold any substance in place. Fig. 2(e) UV-vis absorption
spectrum showed that the maximum absorption wavelengths of PBNPs
and PBNPs-mAb were 704 nm and 715 nm, respectively, and the
maximum absorption wavelength of PBNPs-mAb was shifted, indicating
that the antibody was successfully coupled with PBNPs. In addition, the
change in zeta potential in Fig. 2(f) can also show that the antibody is
successfully bound to PBNPs.
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3.4. Optimization of detection conditions of PBNPs-LFIA

3.4.1. Optimization of PBNPs concentration

The concentration of the signal marker directly affects the detection
sensitivity and background color of lateral flow immunoassay strips. The
principle of optimizing the optimal concentration of PBNPs in the probe
is to select a concentration that produces a clear blue band in the
detection region and does not interfere too much with the background of
the test strip, while still allowing the strip to have high sensitivity. As
shown in Fig. 3(a), five PBNPs with different concentration gradients
were selected. As the concentration of PBNPs increased, the colors of the
C line and T line in the test strip also deepened. However, the particle
size of PBNPs is large, and the increase in concentration will not be
conducive to its flow on NC membrane, which will lead to the increase of
background signal, which will greatly interfere with the processing of
experimental data. When the concentration of PBNPs was 0.1 mg mL ™},
the background of the NC film was clean and has good sensitivity, so
0.1 mg mL~! was selected as the best concentration of PBNPs.

3.4.2. Optimization of the best labeling amount of antibody in PBNPS-mAb

The detection principle of the immunostrips in this experiment is
based on the competitive reaction to detect small molecules, so the
amount of antibody labeled on the probe can greatly affect the sensi-
tivity of the strips. We prepared PBNPs-mAb by adding 2, 4, 6, 8, and
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10 pg of antibody per 1 mL of PBNPs solution, respectively. As demon-
strated in Fig. 3(b), the color intensity of the C line and T lines increases
as the amount of antibody labeling is raised from 2 pg to 10 pg. This is
because as the amount of antibody labeling increases, more and more
PBNPs-mAb is recognized and bound by OFL-OVA on the T line, which is
trapped on the T line and forms a blue band. At the same time, the excess
PBNPs-mAb will flow through the chromatography onto absorbent
paper and bind to the secondary antibody on the C line to create a blue
band. In the competitive test strip, the sensitivity of the test strip im-
proves as the amount of antibody decreases. This is due to the increased
competition between the coating antigen on the T line and the target
(Zhang et al., 2011). In order to obtain better sensitivity under the
condition of ensuring good T line color development, the addition of
2 ug of antibody per mL of PBNPs was set as the optimal test condition.

3.4.3. Optimization of dilution multiple of PBNPS-mAb detection probe

In a lateral flow immunoassay, the test probe flows chromato-
graphically from the sample pad to the absorbent paper and, as it passes
through the C and T lines, binds to the secondary antibody and coated
antigen to form a band. The higher the concentration of the probe, the
more it will bind to the secondary antibody or the coating antigen, and
the deeper the strip will be formed. Thus, the performance of the test
strip is directly affected by the concentration of the detection probe. As
shown in Fig. 3. (c), the resuspended PBNPs-mAb is diluted by 0x, 2x,
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3x and 4x with 0.002 M borate buffer (pH 8.2). When the dilution
multiple of the detection probe is 0x, the background color of the test
strip is darker, because the aperture of the NC membrane is generally
fixed, and the signal labels with higher concentration will block the
holes on the NC membrane and accumulate during the flow. An increase
in the dilution ratio of the assay probe results in a cleaner base color of
the test paper and an increase in sensitivity, so 4x was chosen as the
optimal dilution ratio for the assay probe.

3.4.4. Optimization of PBNPs-mAb detection probe suspension

In LFIA assays, researchers usually use resuspensions containing
large amounts of proteins or surfactants to re-dissolve the assay probes,
whose main function is to stabilize the antibodies (Cavalera et al., 2021;
Cai et al., 2023). In this study, probe resuspensions were prepared in
0.002 M (pH 8.2) borate buffer by adding 5 % BSA, PVP-K30, and PEG
20000, respectively. Following the assay procedure in 2.3, PBNPs-mAb
was collected and resuspended with three resuspension solutions. As
shown in Fig. 3(d), different sensitivities were obtained for the
AuNPs-LIFA assay with the three different additives. In this study, we
found that when using BSA as an additive, the positive test group had the
lightest T line color and the highest test paper sensitivity. On the con-
trary, when PVP was used as an additive, the T line of the negative
control was weaker than the C line and it showed positive results.
However, this is obviously not true because at this point the solution
does not contain OFL. In order to ensure the accuracy of the experiment,
we cannot use the conditions at this point as the best experimental
conditions.

3.4.5. Optimization of the original concentration of T line coating

The initial concentration of coated antigen immobilized on the T line
during the establishment of the LFIA procedure is also an important
factor influencing the sensitivity and color rendition of the T line. The
concentration of coating antigen is low, the number of binding with
antibody conjugate is small, and the color of T line is light, which may
cause false positive results. The higher the concentration of coating
antigen, the more antibody conjugate will bind to the coating antigen on
the T line, and the color of the T line will be deepened. However, an
excessive amount of coated antigen will bind to more PBNPs-mAb to
form bands, which will eventually reduce the sensitivity of the test
paper. To achieve better sensitivity, we have optimized the concentra-
tion of coated antigen on the T line. During the study, five concentration
gradients were set as depicted in Fig. 3(e). When the coating concen-
tration is increased from 0.2 mg mL ™! to 1.0 mg mL ™, the T line of the
blank control group showed deeper blue due to the combination of more
and more antibody probes, and the bands of the positive group became
deeper and deeper, resulting in lower sensitivity. At the concentration of
0.2 mg mL~}, the T line showed a light blue color due to the low number
of bound antibody probes, resulting in a false positive result. To obtain
better sensitivity while ensuring good color development, 0.4 mg mL ™!
was determined to be optimal.

3.5. Optimization of detection conditions of AuNPs-LFIA

3.5.1. Optimization of K2CO3 addition amount

AuNPs is a hydrophobic and negatively charged particle. The syn-
thesis of AuNPs-mAD is essentially a process in which protein macro-
molecules are adsorbed on the AuNPs surface. The mechanism is that the
negative charges on the AuNPs surface can combine with the positive
charges on the protein surface. When the pH value of AuNPs solution is
equal to the isoelectric point of proteins, due to the hydrophobicity of
the protein surface will make the gold nanoparticles appear obvious
aggregation phenomenon, manifested as a significant deepening of the
color, from red to blue or purple. When the pH value of AuNPs solution is
lower than the isoelectric point of proteins, protein surface with a pos-
itive charge will be neutralized and the gold nanoparticles on the surface
of the negative charge, the colloidal gold particles aggregation,
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manifested as gold nanoparticles from red to grey and black, until they
settle. When the pH value of AuNPs solution is too high, the antibody
surface has a negative charge, which makes the antibody and the AuNPs
with the same negative charge repel each other and can not be com-
bined; in general, only in the conditions that the isoelectric point of the
protein is slightly alkaline, the two can be firmly combined (Osman
et al., 2018). We varied the pH of the AuNPs solution by adjusting the
amount of 0.1 M K»COg3 added, setting 0, 2, 4, 6 and 8 pL of K5COg3 per
mL of AuNPs, respectively. Fig. 3(a) shows that the C and T lines on the
test paper became more stable with the addition of KoCOs. The color of
the bands became clearer and the addition of 4 uL of KoCO3 per mL of
AuNPS was the optimal condition.

3.5.2. Optimization of particle size

The amount of trisodium citrate added during the synthesis of
colloidal gold has a direct effect on the particle size of the colloidal gold
and ultimately on the staining properties of the test paper. In general,
the more sodium citrate is added, the smaller the particle size of the
synthesized AuNPs and the better the stability. On the contrary, the less
reducing agent is added, the larger the gold nanoparticles are, the less
stable they are, and the easier they are to aggregate and precipitate. We
set up three different volumes of trisodium citrate, 0.7 mL, 0.9 mL, and
1.1 mL, respectively, and used UV-vis to scan the spectra of three kinds
of AuNPs produced, as shown in Fig. S1(d), and the corresponding
maximum absorption wavelengths were obtained as 528 nm, 521 nm,
and 519 nm, respectively. according to the particle size formula Y
(particle size)=6.0308 x Amax-3118.6, the particle sizes of AuNPs were
59 nm, 23 nm, and 17 nm, respectively, and as shown in Fig. S2, when
the amount of trisodium citrate was added at 0.9 mL and the particle
size was 23 nm, the AuNPs-LFIA had good color rendering and excellent
sensitivity, so 23 nm was selected as the optimal particle size.

3.5.3. Optimization of AuNPs labeled antibody concentration

For the concentration of AuNPs-labeled antibodies, we added 2, 4, 6,
8, and 10 ug of antibody to 1 mL AuNPs, respectively. As shown in Fig. 3
(b), when the concentration of antibody labeling is low, the color
development of C and T lines in the test paper is not good, and the color
development becomes better when the concentration is increased, but
too high a concentration will reduce the sensitivity. Considering the
amount of reagent, color development effect and sensitivity, 6 pg was
selected as the perfect antibody labeling concentration.

3.5.4. Optimization of dilution multiple of AuNPs-mAb detection probe

In this study, four dilution gradients of 0x, 2x, 3x and 4x were
selected. As shown in Fig. 3(c), the color development becomes worse as
the dilution multiple increases. When the dilution multiple is 2x, the C
line and T line bands of the paper are clear in color and highly sensitive,
so 2x is selected as the best probe dilution multiple. In addition, when
the dilution was 0x, the background color on the test strip did not
appear as obvious as that of PBNPs-LFIA, which may be due to the fact
that the particle diameter of AuNPs is much less than that of PBNPs, and
the antibody-conjugated detection probe flowed smoothly across the NC
membrane without causing blockage or aggregation, so the background
was relatively clean.

3.5.5. Optimization of AuNPs-mAb detection probe suspension

The specific steps of the test were carried out according to 2.3 and the
obtained AuNPs-mAb was resuspended with three resuspensions. As
shown in Fig. 3(d), different sensitivities were obtained for the AuNPs-
LIFA assay with the three different additives. In this study, we found
that when using BSA as an additive, the positive test group had the
lightest T line color and the highest test paper sensitivity. On the con-
trary, when PVP was used as an additive, the T line of the negative
control was weaker than the C line and it showed positive results.
However, this is obviously not true because at this point the solution
does not contain OFL. In order to ensure the accuracy of the experiment,
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we cannot use the conditions at this point as the best experimental
conditions. When PEG was used, the T line color was darker and the
sensitivity was lower in the positive test group. As a result, the re-
searchers selected a probe resuspension solution containing 5 % BSA as
the optimal choice.

3.5.6. Optimization of the original concentration of T line coating

The experimental results of AuNPs-LFIA are basically consistent with
those of PBNPs-LFIA. Fig. 3(e) show that when the concentration of
coating antigen was increased from 0.2 mg mL ™! to 1.0 mg mL™}, the T
line of the blank control group showed a deeper red color because more
and more antibody probes were bound, and the bands of the positive
group became deeper and deeper, resulting in lower sensitivity. At a
concentration of 0.2 mg mL™}, the T line coating displays a light red
band due to the low number of bound antibody probes, resulting in a
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false-positive outcome. In order to obtain higher sensitivity while
ensuring good color development, we chose 0.4 mg mL ™! as the optimal
concentration of coated antigen.

3.6. Performance Evaluation of PBNPs-LFIA and AuNPs-LFIA

3.6.1. Sensitivity

Under optimal conditions, the standard curves of PBNPs-LFIA and
AuNPs-LFIA for the detection of OFL were established. The standard
curves were established using the T line signal intensity as the vertical
coordinate and the OFL concentration as the horizontal coordinate as
illustrated in Fig. 4. The Fig. 4(a) shows the standard curve of PBNPs-
LFIA in the detection of OFL. The linear equation is y=-7114.96 lg
(x)+16333.79 (R?=0.989) and the LOD is 0.064 ng mL'. The ICsy of
OFL in this detection method is 1.22 ng mL™}; by nonlinear fitting. The
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Fig. 4. Detection results of LFIAs. (a) Standard curves of detection of OFL by using PBNPs-LFIA (n=3). (b) Standard curves of detection of OFL by using AuNPs-LFIA
(n=3). (c) Specificity results for the PBNPs-LFIA based on the grayscale intensity (n=3). (d) Specificity results for the AuNPs-LFIA based on the grayscale in-

tensity (n=3).
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Fig. 4(b) shows the standard curve of AuNPs-LFIA, the linear equation is
y=-5766.79 lg(x)+17514.64 (R?=0.979), and the LOD is
0.147 ng mL™L. The ICsy of OFL in AuNPs-LFIA detection method is
2.13 ng mL ™! by nonlinear fitting. Both lateral flow immunochromato-
graphic methods showed good linearity in the range of
0.025-10 ng mL~!.The concentration of the standard at which the color
of the band becomes significantly lighter to the naked eye is used as the
visual detection limit (Misawa et al., 2020). In the actual sample
detection process, the visual detection limit (vLOD) of PBNPs-LFIA is
0.05 ng mL ! and the elimination value is 5ng mL~'. The vLOD of
AuNPs-LFIA is 0.25 ng mL™! and the elimination value is 10 ng mL ™.

3.6.2. Specificity

As shown in Fig. 4(c) and Fig. 4(d), when the OFL concentration is
5ng mL~}, the T line signal intensity of the test strip is obviously lower
than that of the blank control group, while the signal strength of the
seven fluoroquinolone test groups is basically the same as that of the
blank control group. Furthermore, we mixed the OFL standard solution
with seven other solutions, which resulted in a decrease in the intensity
of the T line signal. The results of the AuNPs-LFIA were in agreement
with those of the PBNPs-LFIA. These experimental results demonstrate
that both LFIA methods have good specificity for detecting OFL.

3.6.3. Determination of actual samples

Ten random fish samples were purchased from the local market and
processed as in 2.7.3, after which OFL was determined in the samples
using AuNPs-LFIA, PBNPs-LFIA and HPLC, respectively. The results are
shown in Table 1. no OFL was detected in any of the samples.

3.6.4. Accuracy and precision

The accuracy and precision of the two LFIA were evaluated using the
recovery rate and coefficient of variation (CV). Table 2 shows that the
recovery rate of OFL in fish samples detected by both LFIA types ranged
from 84.8 % to 116.3 %, with a CV of less than 10 %. These results
indicate that both PBNPs-LFIA and AuNPs-LFIA have high accuracy and
precision in detecting OFL in fish samples.

Table 3 summarizes the recently reported methods for OFL detection.
Common detection methods include electrochemical, colorimetric,
enzyme-linked immunosorbent assay and immunochromatographic
methods. Compared with previous studies, our established PBNPs-LFIA
and AuNPs-LFIA have wider detection ranges and lower detection limits.
However, the electrochemical sensor methods established based on
novel nanomaterials also showed better or even more superior detection
performance, which may be attributed to the multiple advantages of the
nanomaterials themselves such as good biocompatibility and large
specific surface area. Therefore, searching for more efficient and supe-
rior nanomaterials and applying them to various detection methods will
be the way forward.

Table 1
Real samples of fish meat were assayed using PBNPs-LFIA, AuNPs-LFIA and
HPLC (n=3).

Sample  PBNPs-LFIA  CV(%)  AuNPs-LFIA  CV(%) HPLC CV(%)
(g kg ") (ngkg ") (g kg )
fishl ND - ND - ND
fish2 ND - ND - ND
fish3 ND - ND - ND
fish4 ND - ND - ND
fish5 ND - ND - ND
fish6 ND - ND - ND
fish7 ND - ND - ND
fish8 ND - ND - ND
fish9 ND - ND - ND
fish10 ND - ND - ND
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Table 2

Recovery and CV results for fish samples spiked with different OFL concentra-
tions detected using the PBNPs-LFIA and AuNPs-LFIA by measuring the gray-
scale intensity (n=3).

Measured Sample Spiked Mean=+SD Recovery Ccv
Ggkg™  (uigkg ™D ) (%)
PBNPs-LFIA ND 0.5 0.58+0.05 116.3 0.95
2.5 2.56+0.21 102.5 1.17
5 5.32+0.68 106.5 2.09
AuNPs-LFIA ND 0.5 0.52+0.08 104.0 1.70
2.5 2.12+0.35 84.8 1.95
5 4.67+0.58 93.3 1.62
Table 3
Comparison between the present work detecting OFL.
Analytical Sample Linear range LOD Ref
methods
Visualized milk 0.05-12.8 ng mL~! 0.24 ng mL~! Li et al.
microarray (2019)
immunoassay
Electrochemical eye 5.0x1078- 3.7x10°8 M Yang
sensor drops 5.0x107* M etal.
(2022)
Electrochemical water 0.096-40 pM 0.028 uM Liuetal.
sensor (2023)
AuNPs-LFIA Chicken 10 ng mL~! Zhu
etal.
(2008)
AuNPs-LFIA Milk 2ng mL~! Sheng
etal.
(2011)
AuNPs-LFIA Milk 30 ng mL~! Byzova
etal.
(2014)
AuNPs-LFIA Chicken 0.089 ngmL™'  Wu
et al.
(2016)
AuNPs-LFIA Milk 0.1 ng mL ™ Peng
et al.
(2017)
PBNPs-LFIA fish 0.025-10ngmL™'  0.064 ngmL™' in this
AuNPs-LFIA fish 0.025-10 ng mL~! 0.147 ngmL™!  study

4. Conclusions

In this study, we synthesized PBNPs and AuNPs using the sol-
vothermal and trisodium citrate reduction methods, respectively. We
combined them with anti-OFL mAb to form detection probes and
established two kinds of LFIA for detecting OFL in fish. Our research
revealed that PBNPs are an excellent signal marker for LFIA. First of all,
PBNPs have a unique color compared to traditional AuNPs and have
good color rendering during application. Therefore, PBNPs can be used
in conjunction with AuNPs to separately label two target-specific anti-
bodies for dual or multiplex detection. Due to the excellent color
development of PBNPs, only 1/3 of the amount of antibody labeled with
AuNPs is required to achieve the same effect. In addition, the amount of
probe used is only 1/2 that of AuNPs-LFIA, resulting in significant cost
savings. Meanwhile, the visual detection limit of PBNPs-LFIA was
0.05 ng mL ™!, which was 5 folds lower than that of AuNPs-LFIA, and the
LOD value was 0.064 ng mL™*, which was 2.3 folds lower than that of
AuNPs-LFIA. In conclusion, LFIA using PBNPs is a new method for OFL
detection and provides a feasible solution for future trace analysis and
multi-detection.
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