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Abstract: Fipronil (FIP), a broad-spectrum phenylpyrazole insecticide, is highly toxic and threatens
human health and ecological balance. Developing convenient, rapid, portable analytical technology
for on-site and high-frequency testing of FIP is essential to reduce its damage. Herein, a monoclonal
antibody (Clone F-3F6) against FIP, with high affinity and specificity, was produced using a novel
immunogen, FIP-BSA, which was simply and directly synthesized by conjugating FIP with bovine
serum albumin (BSA). Among the previously reported antibodies, F-3F6 acts more specifically against
FIP. The FIP metabolites fipronil desulfinyl, fipronil sulfide, and fipronil sulfone showed lower
cross-reactivity, and other pesticides were not recognized. To achieve high-frequency and on-site
measurements of FIP, an evanescent wave fluorescence biosensor was built by integrating evanescent
wave fluorescence technology, a functionalized fiber bioprobe, and a fluorescence-labeled F-3F6
antibody. The detection limit of FIP was 0.032 µg/L. The detection results of real milk and water
samples showed that all the coefficients of variation were less than 10%, and the recovery ranged from
90 to 120%. The high reusability and stability of functionalized fiber bioprobe enables the accurate,
cost-effective, high-frequency, and facile quantitative detection of FIP. This highly specific and reliable
evanescent wave fluorescence biosensor will be well suited to the sensitive and high-frequency on-site
analysis of only FIP in food.

Keywords: fipronil; monoclonal antibody; evanescent wave fluorescence biosensor; high specificity;
food detection

1. Introduction

Fipronil (FIP), a broad-spectrum phenylpyrazole insecticide, has long been applied
in agriculture, horticulture, and animal health because of its effectiveness in controlling
pests [1–3]. This compound can disrupt the normal nerve function of insects by inhibiting
the γ-aminobutyric acid type A (GABAA) reception system, which may cause excessive
neuronal stimulation, severe paralysis, and even death [3–5]. Although FIP has a lower
affinity for the native mammalian hetero-oligomeric receptor, it has a high affinity for the
human receptor subunit β3, similar to GABAA receptors of insects [1,4,6,7]. The human β3
receptor is closely related to neurodevelopmental disorders, such as Angelman syndrome,
autism, and epilepsy [6,8]. FIP and its metabolites are highly toxic (e.g., neurotoxicity, hepa-
totoxicity, and nephrotoxicity) to mammals and various aquatic species [1,7,9]. Its potential
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off-target harm to ecosystems and human health is of increasing concern. In line with
this, many countries and organizations have placed restrictions on its use in agricultural
crops and set strict maximum residue levels (MRLs) of allowable FIP in foods: 5.0 µg/kg,
as set by the European Food Safety Authority, 30 µg/kg in America, and 20 µg/kg in
China and Japan in accordance with the Food and Agriculture Organization [3,7,9–12].
However, human exposure may occur because of its indiscriminate use and persistence.
For example, illegal FIP use in poultry farms led to the 2017 FIP egg contamination in
Europe and Asia [13,14].

Traditional detection methods of FIP include gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography–tandem mass spectrometry (LC-MS/MS) [2,15].
Although these methods are accurate and sensitive, they are time-consuming and require
complicated sample handling, high testing costs, well-trained professionals, and expensive
and bulky instruments, thus lacking rapid and high-frequency on-site detection ability [2].
In contrast, immunoassays are generally accurate, highly sensitive, selective, and cost-
efficient. Several immunoassay methods, such as ELISAs and lateral flow immunoassays,
have been developed to detect FIP [2,16–18]. Although ELISAs are high-throughput and
relatively inexpensive methods, they require long assay times (>2 h) and bulky instruments,
which limit their on-site detection ability. Lateral flow immunoassay is simple and rapid;
however, it cannot achieve quantitative assays with susceptibility to matrix interference
and low sensitivity [19]. Hence, it is vital to develop a convenient, rapid, portable analytical
technology to achieve on-site, sensitive, and high-frequency detection of FIP in real samples.

Optical biosensors have long attracted great attention for the measurement of trace
targets due to their high sensitivity, rapidity, portability, and cost-effectiveness [20,21]. In
this study, a portable evanescent wave fluorescence biosensor was built for rapid and
sensitive on-site detection of FIP based on a highly specific monoclonal antibody (Figure 1).
In this system, a single-multimode fiber coupler is used to transmit the excitation light
and fluorescence, which not only simplifies the entire system due to the use of minimal
optical separate elements but also improves the optical transmission efficiency and the
detection sensitivity [20]. This elegant design allows the large-scale and high-frequency
application of the evanescent wave fluorescence biosensor. On the other hand, antibodies
are one of the most commonly used biorecognition molecules for biosensor construction
because of their high specificity and sensitivity. The development of high-affinity antibodies
for FIP is critical to achieve highly sensitive and specific detection [2,16]. Several anti-
FIP antibodies, such as polyclonal antibodies, monoclonal antibodies, and heavy-chain-
only antibodies, have been prepared based on various immunogen designs. However,
the preparation of these immunogens was complicated, and the antibodies had distinct
cross-reactivity for FIP metabolites, such as fipronil-sulfone, fipronil-sulfide, and fipronil-
desulfinyl [2,17,18], which did not allow them to detect only FIP. To address these issues,
a novel immunogen, FIP-BSA, was simply and directly synthesized by conjugating FIP
with BSA using glutaraldehyde (GA) (Figure 1A). A highly specific monoclonal anti-FIP
antibody, F-3F6, was prepared using the artificial antigen FIP-BSA (Figure 1B). Integrating
an evanescent wave fluorescence platform and a reusable functionalized fiber bioprobe with
a fluorescence-labeled anti-FIP antibody, an on-site immunoassay method was developed
to detect FIP in real samples with high sensitivity, specificity, and accuracy (Figure 1C).
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Figure 1. Preparation of anti-FIP antibody and its application for immunoassay of FIP. (A) Synthesis of
the FIP immunogen using GA to conjugate FIP with BSA. (B) Preparation of anti-FIP antibody using
FIP-BSA and labeling with Cy5.5 dye. (C) FIP detection in food using an evanescent wave fluorescence
detection platform based on an indirect competitive immunoassay mechanism. (D) Schematic of
evanescent wave fluorescence detection platform.
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2. Materials and Methods
2.1. Chemicals and Reagents

FIP was purchased from Shanghai Pesticide Research Institute Co., Ltd. (Shanghai,
China). The metabolites fipronil desulfinyl, fipronil sulfide, and fipronil sulfone were
purchased from Stanford Analytical Chemicals Inc. (Eugene, OR, USA). Cy5.5 was pur-
chased from Global Life Sciences Solutions Operations UK Ltd. (Buckinghamshire, UK). 3-
Mercaptopropyl-trimethoxysilane (MTS), N-(4-maleimidobutyryloxy) succinimide (GMBS),
ovalbumin (OVA), bovine serum albumin (BSA), carbendazim, carbofuran, acetamiprid,
carbaryl, and sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich (Shanghai,
China). Unless specified otherwise, all other reagents were supplied by Beijing Chemical
Agents (Beijing, China).

A 1.0 mg/mL FIP stock solution was prepared using methanol and stored at 4 ◦C.
The FIP standard solutions were prepared from the stock solution by serial dilutions in
phosphate buffer solution (PBS, 0.01 M, pH = 7.4). SDS solution (pH = 1.9, 0.5%) was used
to regenerate the fiber bioprobe.

2.2. Synthesis of Immunogen and Coating Antigen

The immunogen FIP-BSA was prepared using the GA method (Figure 1A). Briefly,
20 mg FIP was dissolved in 3 mL DMF solution, and 10% GA was added and stirred for
10 min at room temperature. The covalent crosslinking between FIP and GA was performed
through condensation of aldehyde groups of GA and amino groups of FIP to form Schiff
bases. Then, 50 mg BSA was dissolved in 10 mL PBS solution, and an equal volume of
borate buffer (pH = 8.6) was added. Finally, the FIP-GA solution was added dropwise to
the BSA solution. The mixture was stirred overnight in an ice bath. After dialysis using
PBS to guarantee purification quality, the obtained FIP-BSA was used as an immunogen
and stored at −20 ◦C until use. The coating antigen, FIP-OVA, was prepared by a similar
method by only replacing BSA with OVA (Figure S1 in Supplementary Materials).

2.3. Generation of Monoclonal Anti-FIP Antibodies

Female BALB/c mice (6 weeks old) were injected with FIP-BSA diluted with normal
saline into the tail vein. The mice were immunized with a dose of 40 µg per animal every
2 weeks. After the third immunization, tail venous blood was collected by tail clipping
at 7 days. The isolated serum was collected to measure the titer and inhibition ratio
using indirect ELISA and indirect competitive ELISA (icELISA). Mice with high serum
titers and low IC50 values (50% inhibitory concentration) were selected for cell fusion.
Hybridoma cells were screened by HAT culture for approximately 10 days. The positive
cells were selected by icELISA, and the supernatant of the cell culture was analyzed. The
monoclonal cells were expanded and frozen in liquid nitrogen. Positive monoclonal cells
(106 cells/mL) were intraperitoneally injected (1 mL per mouse) 10 days after the mice
were intraperitoneally injected with paraffin oil (0.5 mL per mouse). The abdominal cavity
began to accumulate fluid after 7–10 days. Monoclonal antibodies were purified from
ascites using caprylic acid–ammonium sulfate precipitation. Finally, the anti-FIP antibody
was labeled with Cy5.5 according to the manufacturer’s instructions (details are shown in
Supporting Information).

2.4. Indirect Competitive ELISA (icELISA)

Plates were coated with FIP-OVA diluted with carbonate buffer (100 µL/well) and
incubated overnight at 4 ◦C. Subsequently, the blocking buffer (200 µL/well) was added,
and the plates were incubated for 1 h at 37 ◦C. Prior to sample loading, the plates were
washed three times with PBST. The standard solution was diluted to concentrations of
20.0 µg/L, 10.0 µg/L, and 0.0195 µg/L and was subsequently added to the coated plate
(50 µL/well). An equal volume of anti-FIP antibody diluted in PBS was added. The plate
was incubated for 0.5 h at 37 ◦C and then washed five times with washing buffer. A
1/10,000 dilution of goat anti-rabbit IgG−HRP conjugate was introduced at a volume of
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100 µL per well. The plate was incubated for 0.5 h at RT and washed five times. Substrate
solution was added (100 µL/well) and left to develop color for 10 min. The reaction was
stopped by the addition of 2 M H2SO4 (50 µL/well), and the absorbance was read at
450 nm.

2.5. Preparation of the Functionalized Fiber Bioprobe

The fiber bioprobe was prepared using a coating antigen as follows. The silica fiber
(ϕ 600 µm, NA = 0.22) with a length of 5.5 cm was initially removed from the 3.5 cm coating
layer to form the biosensing region that was tapered by the hydrofluoric acid-based tube-
etching method [20]. Then, the fiber bioprobe was functionalized with FIP-OVA according
to a previous study, with slight modifications (Figure S2) [22]. Briefly, the fiber bioprobe
was soaked in H2SO4/H2O2 piranha solution. After rinsing using ultrapure water, the
fiber bioprobe was immersed in MTS solution prepared using toluene (2%, v/v) to obtain
sulfhydryl groups. After washing using dry toluene, the fiber bioprobe was added to
0.002 M GMBS ethanol solution that covalently reacted with sulfhydryl groups. The fiber
nanoprobe was modified using 0.5 mg/mL FIP-OVA after the excess GMBS was washed.
FIP-OVA covalently bound with the ester moiety of GMBS. Finally, the fiber bioprobe was
blocked with 2 mg/mL BSA solution and stored at 4 ◦C before use.

2.6. Instrument: Evanescent Wave Fluorescence Detection Platform

The portable evanescent wave fluorescence detection platform (inset in Figure 1C)
was used for the FIP immunoassay by integrating a fiber bioprobe with Cy5.5-anti-FIP
antibody. In this biosensor, the 635 nm excitation light enters the fiber bioprobe and
transmits in it via total internal reflection (Figure 1C). The evanescent wave generated
on the surface of the fiber bioprobe excites the fluorescence labeled on the antibody. Part
of the fluorescence couples back into the fiber bioprobe and is detected by the PD-1000
photodetector after filtration by a bandpass filter. Various solutions, including buffer,
sample, and regenerated solution, were delivered with an optofluidic system operated with
a mini-peristaltic pump. The controls of the optofluidic system and data acquisition and
processing were automatically performed using a mini-computer.

2.7. FIP Detection Using an Evanescent Wave Fluorescence Biosensor

FIP quantitative detection was achieved based on the indirect competitive immunoas-
say principle. Twenty-five microliters of FIP solution of various concentrations was added
to 25 µL of Cy5.5-anti-FIP antibody (0.75 µg/mL). This mixture was incubated for a cer-
tain time at RT, and the binding sites of some anti-FIP antibodies were occupied by FIP
in the solution, relying on the FIP concentration. The mixture was then introduced to
the microfluidic cell at 30 µL/min for 1 min. Typically, the incubation time between the
Cy5.5-anti-FIP antibody and FIP-OVA was 600 s. In this process, anti-FIP antibodies with
free binding sites bound with FIP-OVA on the fiber bioprobe. Increasing the FIP con-
centration resulted in decreasing fluorescence intensity because FIP in solution inhibited
the binding of Cy5.5-anti-FIP antibodies to FIP-OVA. Finally, SDS solution was used to
break the antibody–antigen association, and the active fiber bioprobe could be reused for
subsequent testing.

2.8. Detection of FIP in Food

To assess the feasibility of evanescent wave fluorescence biosensors to detect FIP
in real samples, we used them to detect spiked FIP concentrations in milk and water
samples. The drinking water samples spiked with FIP were directly detected without any
pretreatment steps. Due to the complex composition of milk, simple pretreatment was
performed before detection. Briefly, a 1 mL spiked milk sample was diluted 10 times using
PBS. After mixing well, it was centrifuged at 8000 rpm for 30 min at 4 ◦C. The supernatant
was taken for testing.
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3. Results
3.1. Synthesis of Immunogen and Coating Antigen

FIP cannot cause an immune response because of its small molecular weight [16].
Extensive efforts have been made in regards to immunogen preparation by introducing
active functionalized groups to FIP and conjugating it to carrier proteins (e.g., thyroglobulin,
BSA, or OVA), which is time-consuming and requires well-trained professionals [2,16,17].
To simplify the preparation process, we prepared the FIP-BSA immunogen by directly and
covalently conjugating the amine groups of FIP and BSA using GA (Figure 1A). Previous
studies demonstrated that the sensitivity of immunoassays could be greatly improved
when the coating antigen was different from the immunogen [16]. Similarly, FIP was
covalently conjugated with OVA to form the coating antigen FIP-OVA (Figure S2). To assess
the synthesis of immunogen and coated antigen, gel electrophoresis testing of FIP-BSA,
BSA, FIP-OVA, and OVA was performed. Figure S3 demonstrates that the electrophoresis
bands of FIP-BSA and FIP-OVA lagged behind those of BSA and OVA, respectively. This
contributed to the successful conjugation of FIP with BSA and OVA, which had a larger
molecular weight than BSA and OVA, respectively. The electrophoresis bands of BSA and
FIP-BSA significantly lagged behind those of OVA and FIP-OVA because the molecular
weight of BSA (67 kDa) was larger than that of OVA (45 kDa). These results demonstrated
that FIP-BSA and FIP-OVA were successfully synthesized.

3.2. Identification and Characteristics of the Monoclonal Antibodies

After selection with FIP–OVA and FIP, two antibody-producing clones, F-3F6 and
F-4G9, were obtained. Both positive clones belonged to the IgG class because HRP-goat
anti-mouse IgG was used for screening. The subclass of the two clones was determined by
the SBA ClonotypingTM System/HRP kit, which showed the highest detection value for
IgG1 secondary antibodies and a low detection value for IgM, IgG2a, IgG2b, IgG3, and IgA
secondary antibodies, indicating that they were IgG1 antibodies (Figure 2). All the light
chains of the two antibody-producing clones were κ (kappa). Furthermore, the sensitivity
of the two monoclonal antibodies was tested, and F-3F6 was more sensitive to FIP than
F-4G9 because the former had a larger slope and lower IC50 value than the latter (Figure S4).
In order to achieve equivalent inhibition rates, a lower concentration of FIP was required
for F-3F6, indicating its higher sensitivity. Then, the positive clone F-3F6 was injected
into the abdominal cavity of BALB/c mice to produce many monoclonal antibodies, and
ascites was collected. The indirect ELISA demonstrated that the titer of F-3F6 ascites was
above 2.0 × 106, indicating that the activity and concentration of the F-3F6 ascites was high
enough to harvest and apply forward (Table S1). Furthermore, the affinity constant (Ka) of
F-3F6 was tested using indirect ELISA, and the Ka value was 4.6 × 1010 L/mol (Figure 2B).

Next, the cross-reactivity of F-3F6 to several fipronil metabolites (e.g., fipronil desulfinyl,
fipronil sulfide, and fipronil sulfone) and other small-molecule pesticides (e.g., carben-
dazim, carbofuran, acetamiprid, and carbaryl) was examined using ic-ELISA. Table 1
shows the IC50 value and molecular cross-reactivity of different substances. When the
cross-reactivity of F-3F6 to FIP was defined as 100%, the cross-reactivity of F-3F6 to the
FIP metabolites fipronil desulfinyl, fipronil sulfide, and fipronil sulfone was only 9.21%,
21.46, and 14.02%, respectively. However, the other pesticides, including carbendazim,
carbofuran, acetamiprid, and carbaryl, were not recognized because the cross-reactivity was
less than 10−3. The specificity of monoclonal antibodies raised against FIP varies according
to their selected coupling location to the carrier protein. In previous studies, immunogens
were synthesized by coupling FIP by introducing carboxy groups or other functionalized
groups [2,17,18]. Most monoclonal and polyclonal antibodies prepared in this way did not
exhibit sufficient recognition between FIP and its metabolites. The monoclonal antibody
produced by the Zhou group had a cross-reactivity of approximately 100% for three FIP
metabolites [23]. Vasylieva et al. designed different immunogens and coating antigens,
and two antibodies showed distinct cross-reactivity of 96, 38, and 101% versus 39, 1.4,
and 25% for fipronil-sulfide, fipronil-detrifluoromethylsulfonyl, and fipronil-desulfinyl,
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respectively [2]. Recently, Li et al. developed a broad-specificity monoclonal antibody
for FIP with cross-reactivity for the FIP metabolites fipronil-sulfone, fipronil-sulfide, and
fipronil-desulfinyl ranging from 44.2% to 116.8% [17]. Therefore, these antibodies were
not specific enough to only recognize FIP. In our research, the immunogen was directly
synthesized using GA to covalently conjugate FIP with BSA, which was significantly sim-
pler than these methods. Meanwhile, the cross-reactivity results of F-3F6 demonstrated
that it had high specificity to recognize FIP, and the immunoassay method based on F-3F6
had the potential to specifically detect FIP. The high-quality anti-FIP antibodies might
contribute to the specific structure of FIP-BSA conjugates. Through directly conjugating FIP
with BSA using GA, without inducing other functional groups like other literatures, the
impact on haptens in preparation of the complete antigen was minimized, thus allowing
the production of highly specific and sensitive antibodies.
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Figure 2. Characteristics of monoclonal anti-FIP antibody. (A) Identification of the monoclonal
antibodies F-3F6 and F-4G9. (B) Determination of the affinity constant of the monoclonal antibody
F-3F6.

Table 1. The cross-reactivity of monoclonal antibody F-3F6 to FIP and its metabolites and other
pesticides.

Pesticide IC50 (µg/L) Molar Cross-Reactivity (%)

Fipronil 4.02 100.00
Fipronil desulfinyl 43.64 9.21

Fipronil sulfide 18.73 21.46
Fipronil sulfone 28.68 14.02

Carbendazim >1000 <10−3

Carbofuran >1000 <10−3

Acetamiprid >1000 <10−3

Carbaryl >1000 <10−3

Paraquat >1000 <10−3

3.3. Immunoassay Mechanism of FIP Using an Evanescent Wave Fluorescence Biosensor

Using the obtained high-performance anti-FIP antibody, an evanescent wave fluores-
cence biosensor was built for FIP detection based on the indirect competitive immunoassay
mechanism (Figure 3A). The FIP-OVA-modified fiber bioprobe was embedded in a mi-
crofluidic cell and regarded as a biorecognition element and transducer. Then, PBS buffer
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was added to the microfluidic cell, and the baseline was recorded (Phase I in Figure 3B).
Different concentrations of FIP and a certain concentration of Cy5.5-anti-FIP antibody were
mixed and prereacted. During this process, some antibodies specifically bound with FIP.
After a certain time, the mixture was introduced over the fiber bioprobe surface. Part of
the Cy5.5-anti-FIP antibodies with free binding sites bound with FIP-OVA on the fiber bio-
probe, and the evanescent wave fluorescence biosensor detected the increasing fluorescence
intensity over time (Phase II in Figure 3B). The net fluorescence signal value was calculated
according to the following equation.

Is = The peak signal value of sample − The baseline value (1)
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and flushing.

Due to the increasing concentration of FIP inhibiting the Cy5.5-anti-FIP antibodies from
binding with FIP-OVA on the fiber bioprobe, the higher concentration of FIP in the sample
resulted in a lower detectable fluorescence signal. According to the linear relationship



Chemosensors 2023, 11, 578 9 of 13

between fluorescence intensity and FIP concentration, the quantitative detection of FIP in
samples can be achieved. Finally, to reuse the fiber bioprobe, an SDS solution was added to
remove the bound Cy5.5-anti-FIP antibodies (Phase III in Figure 3B). The detection process
for one test, including prereaction, immunoassay, and regeneration, took fewer than 15 min.

3.4. Optimization of Detection Conditions

To improve the detection performance of the evanescent wave fluorescence biosensor
for FIP, several conditions, including the concentration of the anti-FIP antibody, the prere-
action time between the anti-FIP antibody and FIP in the sample, and the incubation time
between the anti-FIP antibody and FIP-OVA on the fiber bioprobe, were optimized.

To obtain the optimal antibody concentration, a sensitivity index (ε) was defined as
follows.

E =
Is,0 − Is,s

Is,0
(2)

where Is,0 and Is,s are the net fluorescence intensity of the blank sample without FIP and
the samples with FIP, respectively. The anti-FIP antibody at different concentrations (0.5
µg/mL, 0.75 µg/mL, and 1.0 µg/mL) with and without FIP was added to the microfluidic
cell for testing. As shown in Figure 4A, the fluorescence intensity increased with increasing
Cy5.5-anti-FIP antibody concentration because more antibodies bound to FIP-OVA on the
fiber bioprobe. However, the ε value decreased with increasing antibody concentration
because a lower concentration of antibody benefitted the competitive binding of FIP in the
solution and led to less antibody binding with FIP-OVA. Considering the ε value and a
suitable fluorescent intensity, 0.75 µg/mL Cy5.5-anti-FIP antibody was determined as the
optimal concentration in the next experiments.
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Figure 4. Optimization of FIP detection conditions. (A) Optimization of the anti-FIP antibody
concentration. The FIP concentration was 1.0 µg/L. (B) Optimization of the prereaction time for the
FIP immunoassay. The anti-FIP antibody concentration was 0.75 g/mL, and the FIP concentration
was 50 µg/mL.

Then, the prereaction time between the Cy5.5-anti-FIP antibody and FIP sample was
optimized. Several prereaction times (1, 3, 5, and 7 min) between Cy5.5-anti-FIP antibody
and FIP were evaluated. As shown in Figure 4B, prereaction time had almost no effect on
the detection of the fluorescence signal. This may contribute to the high affinity constant
between the anti-FIP antibody and FIP in the solution, which allowed their rapid binding.
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To shorten the detection time, after the sample and anti-FIP antibody were mixed, the
mixture was directly introduced to the microfluidic cell for FIP detection.

Finally, the incubation time of the Cy5.5-anti-FIP antibody and FIP-OVA on the fiber
bioprobe was optimized. The addition of Cy5.5-anti-FIP antibodies resulted in an increase
in fluorescence intensity, which contributed to their specific binding with FIP-OVA on the
fiber bioprobe surface. The fluorescence intensity increased over the incubation period
and plateaued after 600 s (Figure 3B). To achieve rapid detection, the incubation time was
selected as 600 s in the following experiments.

3.5. Quantitative Immunoassay of FIP

Under optimal detection conditions, quantitative analysis of FIP was performed using
an evanescent wave fluorescence biosensor. Initially, 25 µL of Cy5.5-anti-FIP antibody (0.75
µg/mL) was prereacted with 25 µL of different concentrations of FIP samples; a portion
of the FIP bound to the anti-FIP antibody. This mixture was directly introduced over the
FIP-OVA functionalized fiber bioprobe surface, and a portion of the Cy5.5-anti-FIP antibody
containing free binding sites bound to FIP-OVA. Figure 5A shows the typical fluorescence
signal traces for various concentrations of FIP. Increasing the FIP concentration induced a
proportional decrease in the fluorescence intensity, which contributed to less Cy5.5-anti-FIP
antibody bound on the FIP-OVA-functionalized fiber bioprobe because more active sites of
anti-FIP antibodies were occupied by free FIP in the samples. When the FIP concentration
was 1000 µg/L, a very low fluorescence intensity was detected. These results indicated that
the detected fluorescence signal originated from the binding between the Cy5.5-anti-FIP
antibody and FIP-OVA on the fiber bioprobe, and the contribution of free fluorescence in
the solution was negligible. The effective fluorescence intensity of the samples (Is,s) was
normalized to that of the blank sample (Is,b) and calculated using Equation (3).

∆Is = Is,b/Is,s (3)
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Figure 5. Dose-response curves for FIP detection using an evanescent wave fluorescence biosensor.
(A) Typical fluorescence signal traces observed with a mixture of Cy5.5-anti-FIP antibody (0.75 µg/mL)
and various concentrations of FIP. (B) Dose-response curve of the FIP immunoassay. Error bars
correspond to standard deviation (n = 3).

To plot the dose-response curve of FIP at different concentrations, normalized signal
values (∆Is) were calculated and linearly fitted in a semilogarithmic coordinate system
(Figure 4B). Based on the use of the functionalized fiber bioprobe and 3σ, the LOD of FIP
was 0.032 µg/L, which was lower than that of ELISA (0.085 µg/L) (Figure S5). This LOD
was also significantly lower than the MRLs set by various countries and organizations and
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comparable to those of other immunoassays (Table S2) [2,17,18,24]. This should contribute
to the high affinity of the anti-FIP antibody and high sensitivity of the evanescent wave
fluorescence platform. The linear response of FIP ranged from 0.25 to 415.0 µg/L according
to the 80–20% fluorescence signal inhibition compared to the blank sample, which was far
wider than that of ELISA (0.18-2.4 µg/L). The standard deviation of each FIP concentration
(n = 3) was <3.25%, demonstrating the stability of the evanescent wave fluorescence
biosensor for FIP detection (Figure 5B).

3.6. Detection of FIP in Milk and Water Samples

To assess its practical application ability, the proposed method was used for the
detection of FIP in milk and drinking water. The spiked FIP concentrations in milk were
20.0 µg/L and 40.0 µg/L. The spiked FIP concentrations in drinking water were 1.0 µg/L
and 5.0 µg/L. The milk samples were only required to remove big molecules, such as
protein and fat, using the precipitation method. After a simple filter, the sample could be
detected on-site by our method. However, the drinking water samples did not require
any pretreatment and were directly detected. Table 2 shows that the average recoveries
in all the samples varied from 90% to 120%, and the relative standard derivations were
less than 10%. These results confirmed that the proposed evanescent wave fluorescent
biosensor is applicable for FIP detection in real samples, and the matrix effect of the samples
was negligible.

Table 2. Recovery of the proposed methods for FIP detection in real samples.

Samples Spiked Conc.
(µg/L)

Detected Conc.
(µg/L)

Recovery
(%) RSD (%)

Milk

#1
20.0 18.8 94.0 7.4
40.0 39.5 98.7 0.7

#2
20.0 21.1 105.4 8.2
40.0 40.4 101.1 4.9

#3
20.0 23.7 118.3 0.6
40.0 40.6 101.6 3.7

Drinking
water

#1
1.0 0.92 92.0 5.2
5.0 4.92 98.4 3.2

#2
1.0 1.02 102 6.5
5.0 5.23 104.6 4.8

#3
1.0 1.11 111 0.5
5.0 5.26 105.2 0.8

Compared with other biosensors, our proposed method has several advantages, as
follows. First, the monoclonal antibody F-3F6, obtained by immunization with the simple
synthetic immunogen FIP-BSA, has high affinity and specificity for FIP, which is essential
for the highly sensitive and specific detection of FIP with minimal cross-reactivity. Second,
because of the limited penetration depth of evanescent waves, the detectable fluorescence
signal mainly originates from Cy5.5-anti-FIP antibodies binding with FIP-OVA on the
fiber bioprobe [25,26]. This minimizes the contribution of free Cy5.5-anti-FIP antibodies
in the solution, and the washing process required in traditional biosensors is unnecessary.
This benefits the improvement of detection sensitivity and simplification of the detection
procedure. Third, the FIP-OVA-functionalized fiber bioprobe could be reused more than
100 times without significant signal loss (Figure S6) and with an RSD of 4.8%, indicating its
high stability for FIP detection. It is critical to achieve the accurate, cost-effective, and facile
on-site detection of targets and is also an outstanding advantage over other immunoassay
methods (e.g., ELISA) [27]. Finally, the proposed method enables rapid and sensitive
detection of FIP in samples with a 15 min immunoassay process, including regeneration of
the fiber bioprobe, allowing it to perform high-frequency on-site detection that is important
for food safety and to protect human health.
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4. Conclusions

In summary, an FIP immunogen was directly synthesized through covalently conjugat-
ing FIP with BSA using GA. A monoclonal antibody, F-3F6, was obtained by immunization
with FIP-BSA, which showed high affinity and specificity for FIP. Integrating an evanescent
wave fluorescence biosensor and a functionalized fiber bioprobe, a rapid and sensitive
on-site quantitative detection method for FIP was built, and its detection limit was 0.032
µg/L. The entire detection process only required 15 min. The high reusability and stability
of the functionalized fiber bioprobe enables the accurate, cost-effective, high-frequency,
and facile quantitative detection of FIP. The price of the immunosensor is not over $0.5 per
testing because of good reusability of the fiber probes. The detection results of real samples
showed good stability, recovery, and accuracy. This highly specific and reliable evanescent
wave fluorescence biosensor will be well suited for sensitive on-site analysis to detect only
FIP in food.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors11120578/s1, Figure S1: Synthesis of coating-antigen
FIP-OVA; Figure S2: Functionalization of fiber bioprobe using FIP-OVA; Figure S3: Characteristics of
immunogen and coating-antigen. The SDS-PAGE image for the gel electrophoresis testing of FIP-BSA,
BSA, FIP-OVA, and OVA. Marker: 170, 130, 100, 70, 55, 40, 35, 25, 15, and 10 kDa (from top to bottom);
Figure S4: Sensitivity of antibodies. (A) Clone F-3F6. (B) Clone F-4G9; Figure S5: Dose–response curve
of FIP using ELISA; Figure S6: The regeneration performance of the functionalized fiber bioprobe with
FIP 0.75 µg/mL antibody; Table S1: Measurement of the concentration and valence of monoclonal
antibody; Table S2: Comparison between other reports and this work on analytical performance of
available sensors for simultaneous detection of multiple pesticides [2,17–19,23,24].
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