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Preface to ”Application of Antibody and

Immunoassay for Food Safety”

Immunoassays are a class of analytical techniques wherein the reaction is based on highly

specific molecular recognition between antibodies and antigens. Immunoassay has played a

prominent role in the rapid detection of various analytes in food, including pesticides, veterinary

drugs, heavy metals, hormones, allergens, food adulterants, natural components, biomarkers in food

materials, etc.

A wide range of immunoassays have emerged endlessly, ranging from conventional

enzyme-linked immunosorbent assays (ELISA) and point-of-care tests typically represented by

lateral flow immunochromatography assay (LFIA) to biosensors with various principles, full

integration of lab-on-a-chip platforms, microfluidics, sensibilization employing novel nanomaterials,

miniaturization and interfacing of portable devices, especially emerging smart system technologies

equipped with intelligent smart phones, etc. New technologies are promoting the development of

immunoassays and their application in food safety.

Immunoreagents for food analysis are continuously developing during the last three decades,

with hapten design leading to the possibility of using antibodies against non-common low molecular

weight antigens and quantitative structure–activity relationship investigations, and structure biology

approaches assisting toward a better understanding of the molecular recognition of epitope and

antibody. In addition, novel antibodies such as various recombinant or fragment antibodies have

contributed to the identification of various novel characteristics of antibodies in food safety.

We organized 11 articles to demonstrate the recent progress and broadening the novel

knowledge about antibodies and immunoassays for the detection of chemical and biological analytes

in food, and all of the 11 articles have already been published online in the Special Issue of {Foods},

“Application of Antibody and Immunoassay for Food Safety”. Herein, we reprint this Special Issue

as a book, to help readers to comprehensively and easily understand the current state concerning

antibodies and immunoassays for food safty.

The book addressed several critical issues in application of antibodies and immunoassays for

food safety. (1) Methodologies for the enhancement of sensitivity, rapidity, and reliability; (2)

eliminating food matrix effect; (3) exploiting high-quality antibodies and new specific recognition

elements, such as bispecific monoclonal antibody, broad-specific antibodies, and single chain

antibody fragment (scFv) mutants; (4) preparing stable and strong signal labels to improve the

accuracy and sensitivity of immunoassays; (5) multiple detection abilities as inevitable trends in the

immunoassay development, etc.

Finally, we thank all the contributors for this book publishing, including all authors, academic

and managing editors from the publisher MPDI.

Hongtao Lei, Zhanhui Wang, and Sergei A. Eremin

Editors
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Application of Antibody and Immunoassay for Food Safety
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This Special Issue of Foods, Application of Antibody and Immunoassay for Food
Safety, contains ten papers that were refereed and selected in accordance with the usual
editorial standards of the journal.

The aim of this Special Issue is to advance the current state of knowledge concerning
antibodies and immunoassays for the detection of chemical and biological analytes such as
food contaminants, food fraud, and so on, in the field of food safety.

Food safety is of critical societal importance for producers, food agencies, regula-
tory bodies and consumers. Therefore, there is a need to develop fast, sensitive, reliable,
cost-effective, and easy-to-use analytical techniques for the protection of food safety and
quality. Currently, instrumental analysis methods are commonly used for food safety
purposes, such as high-performance liquid chromatography (HPLC), high-performance
liquid chromatography–tandem mass spectrometry (HPLC-MS/MS), etc. Although the
aforementioned assays are validated, sensitive, and reliable, they are unsuitable for ap-
plication in rapid screening and field detection owing to the requirements of expensive
apparatus, time-consuming operation, and highly skilled personnel. Immunoassays, a class
of analytical techniques based on the specific recognition between antibody and antigen, are
preferable to overcome these obstacles because of their high sensitivity, specificity, rapidity
and cost-effectiveness, which allow them to play a prominent role in the rapid detection of
various analytes in food safety [1].

To pursue higher sensitivity, advances have been made to improve the analytical
sensitivity of immunoassays. In particular, chemiluminescent immunoassay (CLEIA) and
fluoroimmunoassay (FIA) are two commonly proposed methods to meet the needs of strict
screening. Ou et al. [2] prepared a monoclonal antibody against aristolochic acid I (AA-I)
and applied it in CLEIA and FIA for the highly sensitive determination of aristolochic acid
I (AA-I) in foods (slimming capsule, slimming tea, and pleurotus ostreatus). The proposed
CLEIA showed higher sensitivity compared with conventional ELISA. On the other hand,
a novel fluorescent probe, carbon dots, was synthesized and employed in FIA, which
exhibited a five-fold greater enhancement in sensitivity than CLEIA. Moreover, the accuracy
and practicability of CLEIA and FIA were verified by the standard instrument method,
indicating that both were sensitive, rapid, and easy to use, making them effective tools for
screening AA-I in related products. Additionally, there are also various emergent strategies
that address the poor sensitivity of immunoassays, including novel signal labels (i.e.,
nanozymes and magnetic-loaded nanoparticles), unique antibody with unique nature, and
heterologous strategies adjusting the binding capability of the competitive antigen, as well
as in combination with innovative detection platform (i.e., microfluidic detection platform,
smart detection systems, and a detection platform combined with molecular biology).
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Despite enormous sensitivity-enhanced strategies for immunoassays, the unwanted
interference from food matrix is still a major factor affecting assay sensitivity due to the
complexity and variability of matrix compounds in food samples, which might greatly
affect the immunological reaction. Assessing the matrix interference on the assay sensitivity
is thus an important issue in the development of methods. Burkin et al. [3] firstly evaluated
the influence of avidin (AVI) and biotin (B7) contained in food matrices on two kinds of
(Strept)avidin–biotin-based enzyme-linked immunosorbent assays (ELISAs) for bacitracin
(BT) and colistin (COL) determination, with simultaneous assessment of extraneous AVI/B7
and AVI/B7 from different matrices (egg, infant milk formulas enriched with B7, and
chicken and beef liver). Summarizing the experience of the present study, it is recommended
to avoid immunoassays based on avidin–biotin interactions when analyzing samples
containing these endogenous factors or enriched with B7.

Immunoassays, especially for ELISA, are generally heterogeneous, and involve re-
peated washing and a certain degree of reaction time. In contrast, fluorescence polarization
immunoassay (FPIA) is a homogeneous assay format without separation or washing, giv-
ing the advantages of rapidity, reliability, and ease of use. It is based on the competition
between an analyte and a fluorescein-labeled tracer for binding antibody. Zhang et al. [4]
established an FPIA for 4,4′-dinitrocarbanilide (DNC) in chicken samples, with favorable
sensitivity, specificity, cost, time, and reliability. The sensitivity of the developed FPIA
was significantly improved by optimizing the selection of 25 tracers, tracer–antibody pairs,
and physical and chemical reaction conditions. Furthermore, the reliability and robustness
of the assay were successfully demonstrated for the analysis of DNC in chicken muscle
matrices. The total analysis time, including sample pretreatment, was less than 40 min,
which has not yet been achieved in other immunoassays for DNC. Up to now, many FPIA
for other analytes such as mycotoxins, pesticides, antibiotics, and so on, have been tested
and compared favorably with instrumental reference methods.

Compared with the ELISA-based and FPIA assays mentioned above, another im-
munoassay, namely lateral flow immunochromatography assay (LFIA), has gained increas-
ing popularity because of its simple operation, rapidity, sensitivity, and cost-effectiveness.
Li et al. [5] focus on the development of a rapid, convenient and sensitive LFIA based on tra-
ditional Au nanoparticles (AuNPs) for furosemide in slimming health foods, and the results
could be read by the naked eye within 12 min (including sample pretreatment). The qualita-
tive limit of detection (LOD) of the AuNPs-LFIA was 1.0–1.2 µg/g in slimming health foods.
The developed method showed high consistency with liquid chromatography–tandem
mass spectrometry (LC-MS/MS), and no false positive or false negative results were found
in spiked slimming health foods. However, AuNPs-LFIA is known to have limited sensitiv-
ity because of AuNPs’ narrow particle size range and poor colloid stability. Wu et al. [6]
described a background fluorescence-quenching immunochromatographic assay (bFQICA)
in which AuNPs were used to quench the fluorescence of a background fluorescence base-
board instead of using the colorimetric method. Such a method was optimized, validated,
and applied in the rapid on-site detection of nitrofurazone metabolite of semicarbazide
(SEM) residues in animal-derived foods (egg, chicken, fish, and shrimp). Indeed, compared
with the traditional AuNP-LFIA method, the detectability of the bFQICA method was
higher, and the detection time was shortened compared with heterogeneous reactions such
as ELISA. In addition, the quantitative results of SEM can be directly displayed by using a
portable fluorescence immunoquantitative analyzer and a QR code with a built-in standard
curve, which is efficient and convenient. Additionally, the signal label is a vital factor in the
performance of LFIA. Novel nanoparticle labels have been introduced to obtain satisfactory
sensitivity. Chen et al. [7] designed a chiral carbon containing a structure similar to that of
propiconazole, and a polyclonal antibody that specifically recognizes propiconazole was ob-
tained for the first time. Based on this antibody, a time-resolved fluorescence microspheres
lateral flow immunochromatographic assay (TRFMs-LFIA) was developed, optimized,
and evaluated for its sensitivity, specificity, and recovery. The analysis of blind real-life
samples (brassica campestris, lettuce, and romaine lettuce) showed a good agreement with
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results obtained using HPLC-MS/MS. Of course, there are many other nanoparticle labels
have been synthesized for the enhancement of LFIA performance. Despite these advances,
some still need to be improved in order to enhance their high-throughput capacity in a
single assay, and to move toward miniaturization involves the use of mobile devices such
as smartphones.

Some scholars have also focused on preparing specific recognition molecules with
unique performance, such as broad specificity, low molecule weight or small size (single-
chain variable fragment (ScFv)), disulfide-stabilized antibodies, antigen-binding fragment
(Fab), nanobodies, bispecific monoclonal antibodies (BsMAbs), aptamers, molecularly
imprinted polymers, etc. In recent years, BsAbs, broad-spectrum antibodies, and ScFv have
been increasingly favored by researchers in the field of immunoassays.

Compared with a single-specific antibody which can only recognize one antigen
in a complex food matrix, a bispecific monoclonal antibody (BsMAb) with two distinct
antigen-binding sites could recognize two different target analyses, which is more efficient,
convenient, and economical. Lu et al. [8] successfully prepared BsMAb against aflatoxin
B1 (AFB1) and ochratoxin A (OTA), and developed a novel and efficient immunoaffinity
column (IAC) based on BsMAb for the rapid and effective extraction of AFB1 and OTA with
a one-time extraction from corn and wheat samples. Then, the ELISA for AFB1 and OTA
were applied, combined with IAC, with a satisfactory matrix effect elimination effect and
recovery rate. The development of BsMAb has opened a whole new field in multi-analyte
detection. Future advances will include, but not be limited to, exploiting new methods
based on BsMAb, and novel techniques of antibody development that will allow for two or
more targets, as well as cheaper and faster analysis methods.

An immunoassay based on a broadly specific antibody is an emerging trend in the sen-
sitive and simple detection of a group of similar compounds in a single assay. Shao et al. [9]
designed and synthesized an unreported hapten, 5-(propylthio)-1H-benzo[d]imidazol-2-
amine, which maximally exposed the characteristic sulfanyl group of albendazole (ABZ)
to the animal immune system to induce the expected antibody. One mAb that can simul-
taneously detect the sum of ABZs (ABZ and its metabolites, i.e., ABZSO2, ABZSO, and
ABZNH2SO2) was obtained. The results of computational chemistry methods revealed that
the hydrophobicity and conformation of a characteristic group of molecules might be the
key factors that together influence the antibody recognition of these analytes. Furthermore,
the practicability of the developed ELISA was verified by detecting ABZs in spiked milk,
beef, and liver samples with recoveries. Zhang et al. [10] explored and developed novel
haptens using molecular modeling to prepare broad-spectrum mAbs against brevetoxin
2 (PbTx-2), 1 (PbTx-1), and 3 (PbTx-3), followed by an ELISA method to detect brevetoxins
in oyster samples was developed. In particular, the differences between the haptens of
PbTx-2-CMO and PbTx-2-HS were evaluated using molecule alignment and electrostatic po-
tential analysis. The results highlight that the spacer HS arm of PbTx-2-HS formed a specific
spatial conformation with the parent nucleus structure, non-conducive to the production
of high-affinity antibodies against the target, while PbTx-2-CMO was the ideal hapten to
be used for antibody production due to its similar structure to the target, which was also
further verified by antibody production and characterization. Besides ideal specificity and
recovery rate, the sensitivity of the proposed ELISA based on such a mAb was higher than
that of the high-resolution LC-MS, providing a useful method for monitoring PbTxs in
oyster samples. The two studies above revealed that hapten design is an important feature
when preparing antibodies against multiple target compounds. Importantly, molecular
modeling and theoretical tools may assist immunochemists to find the most appropriate
hapten chemical structure for broad-spectrum antibody production.

Single-chain variable fragments (scFv), as one of the most common formats of re-
combinant antibody, possess only one chain of the complete antibody while maintaining
antigen-specific binding abilities, and can be expressed in a prokaryotic system. More-
over, it can be easily engineered with enhanced affinity and selectivity. Wang et al. [11]
constructed an immunized mouse phage display single-chain variable fragment (scFv)
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library for the screening of recombinant anti-ciprofloxacin single-chain antibody for the
detection of ciprofloxacin (CIP) in animal-derived food. The highest positive scFv-22 was
expressed in E. coli BL21. Specifically, its recognition mechanisms were studied using the
molecular docking method, and directional mutagenesis was performed for sensitivity
improvement. The results of the established icELISA demonstrate that the ScFv mutant
showed 16.6-fold improved sensitivity compared with parental scFv. Although scFvs have
already found widespread use in clinical therapy and imaging procedures in the past
decades, the use of such antibody fragments can provide clear benefits in terms of assay
performance and relatively easy preparation in comparison to monoclonal and polyclonal
antibodies, which will most probably lead to the increased use of recombinant antibodies
in analytical applications in the near future.

To conclude, the present Special Issue addresses several critical issues, ranging from
methodologies for performance enhancement (sensitivity, rapidity, and reliability), the
assessment of food matrixes, and the development of specific recognition elements (BsMAb,
broad-spectrum antibodies, and ScFv mutants). To satisfy higher detection requirements,
the development of ultrasensitive and accurate immunoassays with multiple detection
abilities is a growing trend. Exploiting high-quality antibodies and new specific recog-
nition elements is particularly important to assay performance. Additionally, preparing
stable and strong signal labels is necessary for improving the accuracy and sensitivity of
immunoassays. Moreover, multiplex testing technologies are also inevitable trends in the
development of immunoassays.

Finally, we thank the authors for their valuable contributions to this Special Issue.
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Abstract: Aristolochic acid (AA) toxicity has been shown in humans regarding carcinogenesis,
nephrotoxicity, and mutagenicity. Monitoring the AA content in drug homologous and healthy
foods is necessary for the health of humans. In this study, a monoclonal antibody (mAb) with high
sensitivity for aristolochic acid I (AA-I) was prepared. Based on the obtained mAb, a chemilumi-
nescent immunoassay (CLEIA) against AA-I was developed, which showed the 50% decrease in
the RLUmax (IC50) value of 1.8 ng/mL and the limit of detection (LOD) of 0.4 ng/mL. Carbon dots
with red emission at 620 nm, namely rCDs, were synthesized and employed in conventional indirect
competitive enzyme-linked immunosorbent assay (icELISA) to improve the assay sensitivity of a
fluoroimmunoassay (FIA). Oxidized 3,3′ ′,5,5′ ′-tetramethylbenzidine dihydrochloride (oxTMB) can
quench the emission of the rCDs through the inner-filter effect; therefore, the fluorescence intensity
of rCDs can be regulated by the concentration of mAb. As a result, the assay sensitivity of FIA was
improved by five-fold compared to CLEIA. A good relationship between the results of the proposed
assays and the standard ultra-high performance liquid chromatography-triple quadrupole mass
spectrometer (UPLC-QQQ-MS/MS) of real samples indicated good accuracy and practicability of
CLEIA and FIA.

Keywords: aristolochic acid I; monoclonal antibody; computer-assisted simulation; chemilumines-
cent immunoassay; fluoroimmunoassay

1. Introduction

Aristolochic acids (AAs) are a mixture of structurally related nitrophenanthrene
carboxylic acids, mainly consisting of aristolochic acid I (AA-I) and aristolochic acid II
(AA-II), which exist in Aristolochia spp. [1,2], a kind of Chinese herb. Moreover, these
herbs can be used as raw materials of some drug homologous and healthy foods, and
even dietary supplements [3–5]. However, it has been reported that AA showed toxicity to
humans owing to carcinogenesis [2,6–8], nephrotoxicity [9–11], and mutagenicity [9,12].
Some cases reported that the intake of slimming products containing AA resulted in
nephropathy [13,14]. Many countries have prohibited products containing AAs. Therefore,
it is necessary to develop effective methods for detecting and monitoring AA in related
food products.

For the analysis of AA, the main detection method is the conventional instrumen-
tal method, high performance liquid chromatography (HPLC) [15–17], due to the high
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accuracy and high reproducibility. Nevertheless, it is a challenge that the instrumental
method is limited by high cost, the need for professional operators, and a long turnaround
time. Therefore, immunoassay was proposed in this study because of the advantages of
rapidness, high-throughput, sensitivity, low-cost, simple pretreatment requirement. It is
easy-to-use and has been widely applied in fields of food analysis [18–24].

The most common and mature detection technology for the immunoassay of AAs is
conventional indirect competitive enzyme-linked immunosorbent assay (icELISA); how-
ever, the sensitivity of icELISA cannot meet the needs of strict screening. In this study, a
chemiluminescent immunoassay (CLEIA) was developed concerning its higher sensitivity
compared with conventional icELISAs [25,26]. On the other hand, a fluoroimmunoas-
say (FIA) is a potential methodology through its advantages, including high sensitivity,
real-time, fast response, and low cost to improve the method sensitivity [27]. As a novel
fluorescent probe, the carbon dots (CDs) exhibit superiority of remarkable fluorescent prop-
erties, simple preparation, good biocompatibility, and easy functionalization [28], which
can be employed for FIA. For FIA development, most previous publications reported a
phosphate-triggered method to recover the fluorescence of CDs [29–31]. Nevertheless,
alkaline phosphatase (ALP) activity requires more than 30 min for the catalyst, which is not
satisfactory. For overcoming this time-consuming step, we employed horseradish peroxi-
dase (HRP) and developed red CDs (rCDs)-based FIA. Compared with ALP, the activity of
HRP is higher and its catalysate-oxidized 3,3′ ′,5,5′ ′-tetramethylbenzidine dihydrochloride
(oxTMB) can quench rCDs. Based on the above principle, we developed HRP and rCDs
based on FIA for AAs analysis.

2. Materials and Methods

2.1. Reagents and Animals

Standards of AA-I, AA-II, AA-III, AA-IV, and its analogs were purchased from Yuanye
Co. Ltd. (Shanghai, China). Citric acid, urea, N,N-dimethylformamide (DMF), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS) were supplied by Heowns Chemical Technology Co., Ltd. (Tianjin, China). The oval-
bumin (OVA), keyhole limpet haemocyanin (KLH), and bovine serum albumin (BSA) were
supplied by Sigma (Shanghai, China). The incomplete and complete Freund’s adjuvants
were purchased from Merck Co. Ltd. (Shanghai, China). The TMB and chemiluminescent
substrate solution were obtained from Yuanye Co. Ltd. (Shanghai, China). Protein G resin
and a secondary antibody (goat anti-mouse IgG, HRP conjugated) were obtained from
TransGen Biotech Co. Ltd. (Beijing, China).

Bal b/c female mice were purchased from the Guangdong Medical Experimental
Animal Centre and raised at the Animal Experiment Centre of South China Agriculture
University (Animal Experiment Ethical Approval Number: 2019054, Figure S1).

2.2. Instruments

Multiskan FC microplate reader (Thermo Fisher, Shanghai, China) was used to mea-
sure absorbance values. The fluorescence was measured at emission (Em) wavelengths of
620 nm with excitation (Ex) wavelength of 540 nm using a SpectraMax i3 microplate reader
(Molecular Devices, USA). A NanoDrop2000c spectrophotometer (Thermo Fisher, Shanghai,
China) was used for concentration measurement and UV spectrum characterization.

2.3. Production of Monoclonal Antibody

Since AA-I is the main compound of AAs, it was directly conjugated to a carrier protein
to prepare immunogen and coating antigen. The conjugation procedure was referred to in
our previous study [32], and the details are summarized in Supporting Information. The
artificial antigens were characterized by ultraviolet visible (UV-vis) spectral. The molar
ratio between hapten and carrier protein was obtained by MALDI-TOF-MS.
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The produced artificial antigens were used for animal immunization described in our
previous study [32]. The production of mAb was followed by our previous publication [33].
The obtained mAb was purified by protein G and stored at −20 ◦C.

2.4. Development of Chemiluminescent Immunoassay

A serial concentration of AA-I (50 µL) and 50 µL of mAb solution was added to each
well for 40 min incubation at 37 ◦C. Afterward, HRP-conjugated secondary antibody was
added (100 µL/well) after five times washing with PBST (PBS with 0.5 ‰ Tween-20) for
30 min incubation at 37 ◦C. Then the chemiluminescent substrate solution was added
(100 µL/well), and the RLU value was measured after a 1 min reaction. The calibra-
tion curve was fitted by sigmoidal fitting using the percent binding of mAb in the wells
(RLU/RLU0) against the logarithm of the AA-I concentration. The 50% decrease in the
RLUmax (IC50) value was calculated using Origin 8.5. The optimal conditions were con-
firmed from the IC50 value, including the optimal pH, coating antigen/antibody, phosphate,
and Tween-20 concentration.

2.5. Development of Fluoroimmunoassay

The synthesis of rCDs is summarized in Supporting Information for the development
of FIA. It was the same as CLEIA except using TMB as substrate and polystyrene trans-
parent microplate. After oxTMB generation, the solution of each well was mixed with
50 µL of NaOH (1 mM, pH 11) to adjust the pH. Then, rCDs (50 µL) were added and mixed
quickly. One hundred microliters of the mixture were transferred to black polystyrene
opaque microplate, and the fluorescence signal was measured with Ex 540 nm and Em
620 nm.

2.6. Recovery Test

Samples (drug homologous and foods) were obtained from a supermarket in Guangzhou
city. Samples (600, 300, and 150 ng/g) were ground into a powder using a stainless-
steel grinder. The AA-I was added to samples (5.0 g) and mixed with methanol (5 mL)
for 30 min ultrasonic water bath treatment. Afterward, the mixture was centrifuged at
4000 rpm (2057× g) for 10 min. The extraction solution was dried by nitrogen flow and
redissolved in an equivalent volume of 0.01 M pH 5.4 PBS (PB with 75 mM NaCl) and
employed for CLEIA and FIA. For UPLC-QQQ-MS/MS, the redissolved solutions were
filtered by 0.22 µm cellulose membrane before analysis. The details of UPLC-QQQ-MS/MS
are summarized in Table S1.

3. Results

3.1. Characterization of Antisera

In this study, AA-I was conjugated to a carrier protein directly. The ultraviolet scanning
showed that the synthesized artificial antigens exhibited the characteristic absorption peak
of AA-I and carrier proteins, suggesting the successful preparation of artificial antigens
(Figure S2). The prepared immunogen and coating antigen were further utilized to prepare
anti-AA-I mAb. The strategy is shown in Figure 1. The mouse antisera characterization is
summarized in Table 1. The highest titer and sensitivity were observed for mouse 4 using
AA-I-KLH, which was chosen for the production of mAb. After subclone and hybridoma
screening, the most sensitive cell lines 3A3 were obtained and used for ascites preparation
(Table S2). Finally, the mAb was obtained after ascites purification and was stored at
−20 ◦C after concentration measurement by Nanodrop.
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Figure 1. The strategic schema of mAb production. AA-I: aristolochic acid I; EDC: 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride; NHS: N-hydroxysuccinimide; KLH:
keyhole limpet haemocyanin; OVA: ovalbumin.

Table 1. Characterization of mouse antiserum against AA-I (n = 3).

Mouse Immunogen Coating Antigen 1 Titer IC50 (ng/mL)

1 AA-I-BSA AA-I-OVA 16K 120.3 ± 13.0
2 AA-I-BSA AA-I-OVA 32K 148.8 ± 11.8
3 AA-I-BSA AA-I-OVA 16K 156.1 ± 16.2
4 AA-I-KLH AA-I-OVA 64K 27.3 ± 4.3
5 AA-I-KLH AA-I-OVA 64K 56.6 ± 7.7
6 AA-I-KLH AA-I-OVA 32K 35.8 ± 3.6

1 The concentration of coating antigen was 1 µg/mL.

3.2. Development of CLEIA

After condition optimization, the CLEIA was further developed. The highest sensitiv-
ity was achieved with the coating concentration of 2 µg/mL and antibody concentration
of 250 ng/mL (Table S3). For the working buffer, the optimized solution was pH 5.4 PBS
with a concentration of 0.01 M (Figure S3). Finally, calibration curves against AA-I were
developed and showed the IC50 of 2.4 ng/mL with a linear range (IC20–IC80) from 0.2 to
3.1 ng/mL (Figure 2). The IC10 (10% decrease in the RLUmax) was defined as the limit of
detection (LOD), 0.4 ng/mL.
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Figure 2. (A) The calibration curve; (B) the linear range of CLEIA.
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Based on the developed CLEIA, the specific test for mAb was performed, and the
results are summarized in Table 2. To be noticed, the AA-II showed the highest cross-
reactivity (CR) amount of these analogs while only slight CR was observed for AA-III and
AA-IV, suggesting the hydroxyl was the key site for recognition. For the other analogs, no
obvious CR was observed, indicating the good specificity of mAb to AAs. Since both AA-I
and AA-II were the main components in the samples, the obtained mAb can be used for
screening these two AAs.

Table 2. The specific test of anti-AA-I mAb.

Compounds Structure IC50 (ng/mL) CR 1 (%)
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1 CR(%) = [IC50 (AA-I)/IC50 (analogues)] × 100%.

3.3. Characterization of rCDs

The rCDs were synthesized and characterized for the development of FIA. As shown
in Figure 3A, rCDs exhibited a particle size of approximately 3 nm. Moreover, the high-
resolution TEM image clearly showed the lattice fringe of rCDs with an interlayer spacing
of 0.21 nm (Figure 3A). The dynamic light scattering (Figure 3B) showed the hydrodynamic
size of ~2.7 nm for rCDs, which agreed with TEM.
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Figure 3. Characterization of rCDs; (A) the transmission electron microscope image; (B) the hydrody-
namic size; (C) FTIR image; (D) survey XPS spectrum and high resolution of (E) C 1s, (F) N 1s, and
(G) O 1s.

The Fourier transform infrared (FTIR) was employed to characterize the functional
group of rCDs (Figure 3C). A wide peak from 3100 to 3500 cm−1 was found from the FTIR
image, which was assigned to the stretching vibrations of the O-H or N-H group, while
those from 2800 to 3000 cm−1 could be attributed to the stretching vibrations of C-H. The
peaks at 1610, 1510, and 1450 cm−1 indicated the generation of the aromatic group. The
stretching vibrations of C=O or C=N can be verified from the peak of 1680 cm−1, and the
peak at 1350 cm−1 was caused by the stretching vibrations of C-N, which demonstrated
the generation of amide or carboxyl. The peak at 1000–1270 cm−1 was originated from
stretching vibrations of C-O, implying the existence of ether group or hydroxyl. Further-
more, the peak at 764 cm−1 was ascribed to the out-of-plane bending vibration of O-H or
C-H demonstrated the ring-shaped conjugated structures in rCDs.

To verify the inference described above, the survey X-ray photoelectron spectroscopy
(XPS) was employed. Figure 3D clearly shows the binding energy peaks of C 1 s, N 1s, and
O 1s, while the peaks of sodium of Na 1s, Na 2s, Na 2p, and Na KL1 were ascribed to the
addition of NaOH in the synthesis of rCDs. The high-resolution XPS showed the three
peaks of C 1s (Figure 3E), corresponding to 284.8 eV (C=C/C-C), 285.9 eV (C-N/C-O/C=N),
and 288.3 eV(O=C-O). Two fitting peaks of N 1s at 399.9 eV and 397.7 eV were attributed to
the pyridinic N and pyrrolic N, respectively (Figure 3F). Figure 3G confirms the presence
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of C=O (531.5 eV) bonds, O=C-O group (533.5 eV), and the C-O of the aromatic nucleus
(535.5 eV). In general, the results of XPS showed good agreement with the generation of
the aromatic group from FTIR analysis.

3.4. Development of FIA

The spectral characteristic of rCDs, TMB, and oxTMB was investigated to assess
the feasibility of FIA development. Figure 4A shows the Em wavelength of rCDs at
620 nm with the Ex wavelength at 540 nm. Compared with TMB, the oxTMB exhibited an
obvious absorbance peak at 650 nm, which overlaps the Em of rCDs, thereby quenching the
fluorescent signal of rCDs. Therefore, the presence of HRP can catalyze TMB into oxTMB
to quench rCDs; otherwise, the fluorescent signal was a turn-on. The fluorescence lifetime
of rCDs was investigated. In the presence of oxTMB, the fluorescence lifetime of rCDs
(5.57 ns) showed no obvious difference to rCDs without oxTMB (5.59 ns), indicating the
inner-filter effect caused the quenching (Figure 4B). The fluorescent intensity of rCDs with
various pH values was also studied, and the highest intensity was observed for the pH
value of 11 (Figure S4). Therefore, rCDs were diluted by NaOH (pH 11) to adjust the pH
value before adding to microplates.

Based on the quenching mechanism, an rCDs-based FIA was developed, strategy
diagram is shown in Figure 4C. In the absence of AA-I, the mAb was bound to coating
antigen, resulting in the generation of oxTMB, leading to the quenching of rCDs. In contrast,
the presence of AA-I inhibited the binding of mAb to coating antigen, recovering the
fluorescent signal of rCDs. Hence AA-I concentration regulated the fluorescence response.
Based on the above optimized conditions, a fluorescent calibration curve against AA-I
showed the IC50 of 0.41 ng/mL (Figure 4D), the LOD of 0.06 ng/mL, and a linear range
from 0.08 to 2.5 ng/mL. Compared with other publications for AA-I analysis, the developed
FIA showed higher sensitivity (LOD) (Table 3), simplicity, and high efficiency without
a complicated procedure for sensitivity improvement, which makes the FIA suitable for
sample screening. The downsides are that the FIA still requires at least approximately
90 min to detect AA-I, and the microplate reader requirement limits the on-site detection of
FIA. To overcome these shortcomings, handheld reader-based lateral flow immunoassays
will be developed in future work for more rapid and on-site detection of AA-I.

Table 3. The comparison of immunoassay for AAs.

Method IC50 (ng/mL) Linear Range (ng/mL) LOD (ng/mL) Reference

icELISA 1.2 ND 1 0.1 1
Injection analysis chemiluminescence ND 1 10–20000 3 4

CLEIA 2.4 0.2–3.1 0.1 This work
FIA 0.41 0.08–2.50 0.06 This work

1 ND, no data.

3.5. Recovery Test

Three levels of AA-I were spiked to drug homologous and foods then analyzed by
CLEIA and FIA. The results were verified by UPLC-QQQ-MS/MS, which is shown in
Table 4. The recoveries of CLEIA and FIA were ranged between 83–119% and 86–118.4%
with a coefficient of variance (CV) ranging from 3.8% to 13.3% and 5% to 14.4%, respectively.
The UPLC-QQQ-MS/MS showed the average recoveries from 85.1% to 108.1%, with CVs
from 1.2% to 7.5%. The developed CLEIA and FIA showed good agreement to standard
instrument methods, demonstrating good accuracy and practicability for AA-I detection.
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Figure 4. (A) The spectrum characterization of rCDs, TMB, and oxTMB. (B) The lifetime analysis of rCDs with and without
oxTMB. (C) Strategic schema of development of FIA. (D) Calibration curve and (E) linear range of FIA. Acronym: TMB:
3,3′ ′,5,5′ ′-tetramethylbenzidine dihydrochloride; oxTMB: oxidized TMB; Em: emission; Ex: excitation.
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Table 4. Recovery test for CLEIA, FIA, and UPLC-QQQ-MS/MS (n = 3).

Sample
No.

Spiked
(ng/g)

CLEIA FIA UPLC-QQQ-MS/MS

Measured
(ng/mL)

(Mean ± SD 1)

Recovery
(%)

CV 2

(%)

Measured
(ng/mL)

(Mean ± SD)

Recovery
(%)

CV
(%)

Measured
(ng/mL)

(Mean ± SD)

Recovery
(%)

CV
(%)

Pleurotus
ostreatus

600 511.4 ± 41.4 86.7 7.7 655.2 ± 92.4 109.2 14.1 648.3 ± 11.9 108.1 1.8
300 165.3 ± 21.9 83.0 13.3 355.2 ± 55.2 118.4 15.5 303.7 ± 12.9 101.2 4.2
150 135.1 ± 14 90.0 12.8 129 ± 18 86 14.0 127.7 ± 9.6 85.1 7.5

Slimming
capsule

600 520.1 ± 11.3 86.7 10.4 642 ± 92.4 107 14.4 571.3 ± 12.9 95.2 2.3
300 237.9 ± 30.4 119.0 12.6 306 ± 28.8 102 9.4 313.7 ± 16.5 104.6 5.3
150 116 ± 41.1 116.0 36.2 147 ± 21 98 14.3 136 ± 5.6 90.7 4.1

Slimming
tea

600 517.4 ± 11.8 86.7 3.8 678 ± 62.4 113 9.2 644.3 ± 7.5 107.4 1.2
300 204.9 ± 45.7 102.0 22.5 312 ± 15.6 104 5.0 305.3 ± 11.9 101.8 3.9
150 114.3 ± 13.3 114.0 12.3 138 ± 9 92 6.5 155.3 ± 6.5 103.5 4.2

1 SD, standard deviation; 2 CV, coefficient of variance.

4. Conclusions

In this study, the AA-I was conjugated to a carrier protein to prepare artificial antigen,
and a sensitive anti-AA-I mAb was generated after animal immunization and hybridoma
screening. The obtained mAb was further used to develop CLEIA for the detection of AA-I.
Since products containing AAs are prohibited in most countries, high sensitivity methods
are needed to screen out positive samples, but the sensitivity of CLEIA was still not
satisfying. Therefore, CDs with red emission were synthesized and employed to develop
FIA, which exhibited a five-fold improvement in sensitivity than CLEIA. The accuracy and
practicability of CLEIA and FIA were verified by the standard instrument method; they
were sensitive, rapid, and easy to use, making them effective tools for screening AA-I in
related products.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10112647/s1. Figure S1: Ethical review of animal experiments. Figure S2: Ultraviolet
scanning of synthesized antigens of AA-I (A) Ultraviolet spectrum of AA-I, KLH and AA-I-KLH; (B)
AA-I, BSA and AA-I-BSA; (C) AA-I, OVA and AA-I-OVA. Figure S3: The optimizing of (A,B) ionic
strength; (C,D) pH value; (E,F) Tween-20 concentration; (G, H) methanol concentration. Figure S4:
The optimizing of pH for rCDs. Table S1: Parameters of UPLC-QQQ-MS/MS. Table S2: Cell lines
evaluation (n = 3). Table S3: Optimization of coating antigen concentration (n = 3).
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Abstract: (Strept)avidin–biotin technology is frequently used in immunoassay systems to improve
their analytical properties. It is known from clinical practice that many (strept)avidin–biotin-based
tests provide false results when analyzing patient samples with a high content of endogenous
biotin. No specific investigation has been carried out regarding possible interferences from avidin
(AVI) and biotin (B7) contained in food matrices in (strept)avidin–biotin-based immunoanalytical
systems for food safety. Two kinds of competitive ELISAs for bacitracin (BT) and colistin (COL)
determination in food matrices were developed based on conventional hapten–protein coating
conjugates and biotinylated BT and COL bound to immobilized streptavidin (SAV). Coating SAV–
B7–BT and SAV–B7–COL complexes-based ELISAs provided 2- and 15-times better sensitivity in
BT and COL determination, corresponding to 0.6 and 0.3 ng/mL, respectively. Simultaneously
with the determination of the main analytes, these kinds of tests were used as competitive assays
for the assessment of AVI or B7 content up to 10 and 1 ng/mL, respectively, in food matrices
(egg, infant milk formulas enriched with B7, chicken and beef liver). Matrix-free experiments with
AVI/B7-enriched solutions showed distortion of the standard curves, indicating that these ingredients
interfere with the adequate quantification of analytes. Summarizing the experience of the present
study, it is recommended to avoid immunoassays based on avidin–biotin interactions when analyzing
biosamples containing these endogenous factors or enriched with B7.

Keywords: bacitracin; colistin; biotinylated hapten coating; immunoassay; matrix biotin and avidin
interference; food contaminants

1. Introduction

The interaction of (strept)avidin protein and biotin (vitamin B7) is widely used in
various bioanalytical systems, in particular, in immunoassays [1]. Due to the high affinity
(KD ≈ 10−15 M) and binding valence between this protein (four binding sites) and the
vitamin, they are successfully applied as immunoreagent labels to provide an additional
functionality [2], for oriented immobilization/presentation [3], as well as to accelerate the
interaction [4] or enhance the output signal in immunoassays of various designs [5,6]. In
this regard, the involvement of the (strept)avidin–biotin system is one of the main strategies
for increasing the sensitivity of immunoassay [7].

In a wide panel of commercial (strept)avidin–biotin-based immunoassay systems
used in clinical practice for diagnostic purposes, it has been found that the presence of
endogenous biotin in patients’ biofluids can interfere with the analysis, leading to false
results and, consequently, to misdiagnosis and patient mismanagement [8,9]. However,
with a dietary intake of about 35–70 µg B7/day, the blood B7 level in healthy subjects
(0.12–0.36 nM) [10] has a negligible interfering effect on (strept)avidin–biotin assays. At

19



Foods 2022, 11, 219

the same time, excessive consumption as a result of therapy for a number of disorders
(multiple sclerosis, phenylketonuria, biotinidase deficiency) or incorporation in “Hair, Skin,
and Nails” cosmetic formulas may lead to µM B7 blood levels, which can significantly
distort the results of (strept)avidin–biotin-based tests [9].

The (strept)avidin–biotin technology is equally popular in immunoassays for food
safety control [11–13]. However, researchers have not yet been concerned about the possi-
bility that avidin and biotin in the matrix could interfere with the detection of a wide range
of analytes in food. Avidin (AVI) is a known protein component in egg white, whereas
biotin is widely distributed in different natural foodstuffs. Foods relatively rich in biotin
include egg yolk, liver, some vegetables [14], and the majority of biotin in meats and cereals
appears to be protein-bound [10]. Thus, these endogenous components of the matrix,
the content of which reaches ppb–ppm levels in many analyzed natural foods [15], can
represent a serious obstacle in immunoassays based on (strept)avidin–biotin interaction.

In this regard, the objective of the present study was the assessment of the influence
of these factors on newly developed ELISA systems based on the coating of biotinylated
haptens for the determination of the antibiotics bacitracin and colistin in food matrices rich
in AVI and B7 components.

Bacitracin (BT) [MW = 1422.7] and colistin (COL) [MW = 1155.4] are both cyclic peptide
antibiotics (Figure 1) used in veterinary and human medicine. BT is produced by strains of
Bacillus licheniformis and functions as an anti-Gram-positive agent, inhibiting bacterial cell
wall biosynthesis [16]. Colistin is a product of the biosynthesis of Paenibacillus polymyxa,
has a wide Gram-negative spectrum, and kills bacteria mainly through the disruption of
bacterial outer membrane integrity, resulting from the binding with LPS [17].

Figure 1. Structural formulas of the peptide antibiotics bacitracin and colistin.

To expand their antibacterial action, these antibiotics can be used together, potentiating
each other’s activity [18]. Their use in farm animals and a proper withdrawal period should
be controlled, so that the residual content of these antibiotics in agricultural products does
not exceed the established acceptable threshold (Table 1).
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Table 1. Limitations of residual bacitracin (BT) and colistin (COL) content in foodstuff established by
the European Union (EU) and the Eurasian Economic Union (EAEU).

Foodstuffs
MRLs (µg/kg) in EU [19] MRLs (µg/kg) in EAEU [20]

BT COL BT COL

Milk 100 50 NE ** 50
Eggs NE 300 <20 300
Meat, Fish, Poultry 150 * 150 <20 150
Liver 150 * 150 <20 150
Kidney 150 * 200 <20 200

* rabbit; ** not established.

Among the methods intended for the detection of food contamination with residues
of the antibiotics BT and COL, immunochemical methods, in addition to physicochemical
techniques [21], are described [22–24]. However, no method involves the (strept)avidin–
biotin technology.

2. Materials and Methods

2.1. Chemicals

Colistin (COL) and polymyxin B (PMB) sulphates were obtained from AppliChem
(Darmstadt, Germany). Bacitracin (BT), colistin methanesulphonate (CMS), 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), biotin N-
hydroxysuccinimide ester (NHS-B7), caprylic acid, bovine serum albumin (BSA), gelatin
(GEL) horseradish peroxidase (HRP), and dimethylformamide (DMF) were purchased
from Chimmed (Moscow, Russia). Avidins from Streptomyces avidini (streptavidin, SAV)
and from egg white (AVI) were from Calbiochem (USA). Goat anti-rabbit IgG antibodies
conjugated to HRP (GAR–HRP) were purchased from Imtek Ltd. (Moscow, Russia). Rabbit
antisera against BSA–PMB and BSA–BT were prepared and described earlier [25,26], and
IgG fractions were isolated using the caprylate–sulphate ammonium method according to
a described procedure [27].

2.2. Preparation of Biotinylated Analytes

NHS-B7 was dissolved in anhydrous DMF (10 mg/mL), added dropwise to solutions
of BT, COL, and PMB in 0.05 M carbonate–bicarbonate buffer (CBB, pH 9.6) at a molar
ratio (1:1), and stirred 1 h at RT using a magnet stirrer. The biotinylated peptides were
supplemented with equal volumes of glycerol and stored as 0.1 mM (B7) solutions at
−20 ◦C until use.

2.3. Preparation of the Heterologous Coating Antigen GEL–BT(ae)

BT (1.42 mg, 1 µmol) in 0.284 mL DMF was added to EDC and NHS (2.5 eq of each)
from 10 mg/mL solutions in DMF and stirred for 1.5 h. After activation of the carboxy
groups, BT taken in 10- and 30-fold molar excesses over GEL (4 mg, 25 nmol) in CBB (pH
9.6) was added dropwise and stirred for 2 h at RT. Unconjugated hapten was removed by
dialysis against water.

2.4. Preparation of the Heterologous Coating Antigen GEL(pi)–PMB

The glycoprotein GEL was oxidized with sodium periodate and conjugated to amines
of PMB as a result of reductive amination, according to procedure described in [25]. GEL
(4 mg, 25 nmol) and sodium periodate (1 mg, 5 µmol) in 0.5 mL of distilled water were
mixed using a magnetic stirrer for 15 min. The oxidized GEL was dialyzed overnight
against water at 4 ◦C and then added to the solution of PMB in CBB (pH 9.5) taken in 10-
and 30-fold molar excess over the protein. After 2 h of stirring with a magnetic stirrer,
0.1 mL of sodium borohydride solution (2 mg/mL) was added to the reaction mixture,
which was stirred for another 2 h. The resulting conjugates were dialyzed against water for
2 days at 4 ◦C.
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2.5. Competitive ELISAs Based on the Coating Complex SAV–Biotinylated Hapten and Coated
Conjugates

SAV was adsorbed on 96-well high-binding Costar plates (Corning, USA) from 1.0–
3.0 µg/mL solutions in CBB at 4 ◦C. After overnight coating, the plates were washed three
times with 0.15 M PBS (pH 7.2) containing 0.05% Tween 20 (PBST) and filled with biotiny-
lated antibiotics (B7, 100–0.1 nM). The interaction of SAV and B7–hapten was carried out for
1 h at 37 ◦C. Alternatively, a one-step coating could be carried out using a mixture of SAV
and B7–hapten previously prepared in PBS and coated overnight. The plates with the immo-
bilized hapten were then washed and used for a conventional indirect competitive ELISA
based on coated hapten–protein conjugates using specific rabbit anti-hapten antibodies and
GAR–HRP [28]. Antibodies added to the wells in the working concentration in 1% BSA-
PBST (0.1 mL) were incubated for 1 h on an ST-3 L plate shaker (ELMI Ltd., Latvia) at 25 ◦C.
Antibody binding at zero analyte concentration (B0) was maximal and dose-dependently
inhibited in the presence of free analyte (B, 0.01–1000 ng/mL). Bound antibodies were de-
tected using GAR–HRP (1 h, 37 ◦C) and a TMB-containing substrate mixture (0.5 h, 25 ◦C).
The enzymatic reaction was terminated by the addition of 2 M H2SO4, and the absorbance
was read at 450 nm using a LisaScan spectrophotometer (Erba Mannheim, Czech Republic).
The standard curves were plotted as ‘relative antibody binding B/B0, % vs. analyte concen-
tration’ using GraphPad Prism 8 Software and served for the measurement of antibiotics
in food matrices. The analyte concentrations (IC50) causing 50% inhibition of antibody
binding served as assay sensitivity values as well as to determine the cross-reactivity (CR)
of analogs according to the equation: CR = IC50 MAIN ANALYTE/IC50 ANALOGUE × 100%.

2.6. Assessment of AVI and B7 in Food Matrices

AVI and B7 influence and their content in some food matrices were estimated by the
ELISAs based on biotinylated hapten-based coating antigens. Standards of AVI or B7 as well
as these components in food matrices could inhibit the binding of B7–haptens to coated SAV
in a dose-dependent manner. Thus, the solutions of standards/samples were added to SAV-
coated wells together with B7–hapten and incubated for 1 h at 25 ◦C. After this competition
stage, the assay was completed as described above. Standard-generated plots served to
assess the content of AVI and B7 in food matrices and their effect on (strept)avidin-based
assays.

For testing eggs, homogenates were prepared from the contents of eggs by vigorous
stirring with a magnetic stirrer. Several samples were tested for AVI/B7 content. Before
analysis in the developed ELISA, the homogenates were diluted 100 times with PBST.

Aliquots of milk were centrifuged for 5 min at 10,000 rpm (7500× g) to separate and
remove milk fat. Then, the samples, diluted 100 times with PBST, were analyzed in ELISAs.

Liver samples from chicken and beef were homogenized using a blender. Portions of
the homogenates (1 g) were vigorously stirred in 4 mL PBST. The obtained extracts were
centrifuged at 3000 rpm, and the supernatants were diluted 20-fold with the assay buffer.

3. Results and Discussion

3.1. Assessment of the SAV–Biotinylated Hapten Complexes as Coating Antigens

The optimization of immunoassay parameters is based on choosing the right ratio
between antibody and antigen concentrations. A small-molecule analyte immunoassay,
generally a competitive assay, involves the conjugated forms of the antigen. The hapten
load in the conjugate can be influenced by the coupling ratio between the hapten and the
carrier/enzyme, the presence of available functional groups in the latter, and the conditions
of conjugation. Since the final hapten load is difficult to predict, the optimization requires
the comparison of conjugates with different loads and the selection of the best one [29].
Thus, a comparison of BT/COL coating conjugates prepared from 10- and 30-fold molar
excesses of hapten over GEL showed that a lower hapten loading increased the assay
sensitivity, which was confirmed by our earlier observations [30,31].
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As an alternative hapten immobilization approach, a stable complex between SAV
coated on the plates and biotinylated hapten was formed. The degree of hapten immo-
bilization on the plates could be controlled more finely by simply titrating B7–hapten on
the high-affinity binder SAV (Figure 2). The best sensitivity was obtained when using
3 nM solutions of biotinylated haptens and corresponding antibody dilutions, providing
an absorbance level of 0.8–1.2.

Figure 2. Checkboard titration of BT–B7 (A) and COL–B7 (B) on coated streptavidin detected by
serially diluted anti-BT (A) and anti-PM (B) antibodies (Ab) in ELISA. The dashed lines indicate an
absorbance range of 0.8–1.2.

Thus, two kinds of hapten immobilization, (1) hapten–protein conjugates and (2)
coating SAV–hapten–B7 complexes were considered in the present study and compared
in assay systems for the determination of the peptide antibiotics BT and COL. As shown
in Figure 3, the coated complex contributed to a slight increase in the sensitivity of BT
determination. The IC50 value of SAV–B7–BT ELISA was 0.57 vs. that of 1.4 ng/mL of
GEL–BT(ae). A more pronounced effect was observed in relation to COL determination.

Figure 3. Competitive ELISAs for bacitracin (A) and colistin (B) based on hapten–protein conjugates
(empty symbols) and complexes formed between streptavidin (SAV) and biotinylated (B7) hapten
(filled symbols).
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The IC50 value of 5.2 ng/mL achieved in the ELISA based on GEL(pi)–PMB could
be improved up to 0.34 ng/mL when using the SAV–B7–COL complex. Thus, the SAV-
mediated coating of the biotinylated hapten allowed for a finer optimization of the density
of the hapten on the plates compared to the hapten load achieved on the conjugate. The
orientation of the hapten into the well volume could also contribute to its steric accessibility
and better reactivity in comparison with determinants of the conjugate partly hidden
as a result of coating. The improved sensitivity of BT and COL determination achieved
using this coating technique was comparable to and more often exceeded that in other
reports [22–24].

3.2. Specificity of the Developed SAV–B7–BT and SAV–B7–COL-Based ELISAs

The specificity of the developed tests for BT and COL was assessed by the cross-
reactivity of related analogs, other cyclic peptide antibiotics, and antibiotics of different
families, whose concentration is regulated in food (Table 2). Among the examined sub-
stances, cross-reactivity was only found for bacitracin complexed with zinc ions (67%) in
the anti-BT assay. The other examined substances did not interfere with antibody binding.

Table 2. Specificity of the ELISAs developed based on coated biotinylated haptens.

Analyte

Competitive ELISA Based on Coated Complexes

SAV–B7–BT SAV–B7–COL

IC50, ng/mL CR,% IC50, ng/mL CR,%

Bacitracin A 0.57 100 >10,000 <0.01
Zn-bacitracin 0.85 67 >10,000 <0.01

Colistin >10,000 <0.01 0.34 100
Colistin MS >10,000 <0.01 9.2 3.7
Polymixin B >10,000 <0.01 1.5 22.4

Actinomycin D >10,000 <0.01 >10,000 <0.01
Vancomicin >10,000 <0.01 >10,000 <0.01

Virginiamycin M1 >10,000 <0.01 >10,000 <0.01
Virginiamycin S1 >10,000 <0.01 >10,000 <0.01

Tetracyclin >10,000 <0.01 >10,000 <0.01
Erythromycin >10,000 <0.01 >10,000 <0.01

Tylosin >10,000 <0.01 >10,000 <0.01
Lasalocid >10,000 <0.01 >10,000 <0.01

Salinomycin >10,000 <0.01 >10,000 <0.01
Lincomycin >10,000 <0.01 >10,000 <0.01
Neomycin >10,000 <0.01 >10,000 <0.01

The values for the main analyte are highlighted in bold; IC50, half-inhibition concentration; CR, cross-reactivity.

SAV–B7–COL-coated ELISA, a heterologous hapten-based assay format, also showed
higher COL cross-reactivity (100%) compared to immunizing hapten, PMB (22%), as did
the coated COL-conjugate heterologous assay format [25]. Colistin MS is a prodrug form
with blocked amine groups, so it was poorly recognized by the antibody. However, as a
result of hydrolysis in vivo, CMS was converted into COL and could be detected as active
drug [32].

3.3. Assessment of Extraneous Avidin Influence on the Assay

AVI and AVI analogs with biotin-binding activity can be found in the eggs of birds,
reptiles, and amphibians [33–35]. Bacterial AVI analogs are SAV-isolated from Strepto-
myces avidinii [36], and rhizavidin from the root nodule nitrogen-fixing bacteria Rhizobium
etli [37]. Tamavidins and Lentiavidins are other representatives derived from edible Ta-
mogitake (Pleurotus citrinopileatus) [38] and Shiitake mushrooms (Lentinula edodes) [39].
All of these biotin-binding proteins and numerous recombinant products have moderate
to extremely high affinity for biotin (Kd = 10−7–10−16 M); therefore, they can interfere
with the “SAV/AVI–B7” interaction when present in a sample. Because of this, the effect
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of extraneous AVI on ELISAs in the detection of BT and COL using the coated SAV–B7–
hapten complex was examined. This effect was investigated in different stages of the
assay. Figure 4 (dashed lines) demonstrates that extraneous AVI (1–100,000 ng/mL) could
inhibit the formation of the complexes SAV–BT–B7 and SAV–COL–B7 in a dose-dependent
manner (stage 1). Therefore, the developed assay systems could simultaneously serve
as competitive assays for AVI detection. No evident effect at stages 2 and 3 was found
when SAV–B7 complexes were already formed. Thus, interference from extraneous AVI
may be a drawback for assay formats involving “coated antibody–hapten–B7” or “coated
hapten–antibody–B7”, where AVI can interact with unblocked biotin.

Figure 4. Influence of extraneous AVI on different stages of ELISAs for bacitracin (A) and colistin
(B) based on coated complexes formed between SAV and biotinylated hapten. Complex formation
between coated SAV and BT/COL–B7 (stage 1), antibody–analyte binding (stage 2), and bound
antibody–GAR–HRP interaction (stage 3).

3.4. Assessment of Extraneous Biotin Influence on the Assay

Mammals cannot synthesize biotin but depend on dietary intake from microbial and
plant sources [10]. Nevertheless, B7 uptake, accumulation in tissues, especially in the
liver, and renal reabsorption of B7 determine its presence in animal-derived food. The
tissues richest in biotin are chicken and beef liver (0.4–1.9 µg/g), egg yolk (0.3 µg/g), fish
(0.05–0.1 µg/g), while the majority of B7 in meat is protein-bound [15]. The mentioned
B7 content is sufficient to cause an undesirable interference in (strept)avidin–biotin-based
immunoassay.

The possible interference from extraneous B7 was examined in different stages of
the developed assays as reported above for the assessment of AVI influence. As seen in
Figure 5, the presence of B7 in the test samples up to 10,000 ng/mL (50 µM) could disrupt
the formation of the complex between SAV and B7 at concentrations >1 ng/mL (Figure 5,
stage 1). When the complexes between SAV and B7–hapten were already formed in stage 1,
the influence of extraneous B7 could not strongly affect the binding in the assay ranging
between 80 and 110% (Figure 5, stage 2,3).

Thus, these experiments showed that samples with moderate to high AVI or B7 content
cannot be analyzed using tests in which the analyte is detected during SAV–B7 complexation
due to the strong influence of endogenous matrix factors. In the assay design considered in
this work, the recognition of the analyte by antibodies (stage 2) was separated from the
SAV–B7 interaction (stage 1) to minimize the possible influence of endogenous AVI/B7
from the matrix.
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Figure 5. Influence of extraneous biotin (B7) in different stages of ELISAs for bacitracin (A) and
colistin (B) based on coated complexes formed between SAV and biotinylated hapten. Complex
formation between coated SAV and BT/COL–B7 (stage 1), antibody–analyte binding (stage 2), and
bound antibody–GAR–HRP interaction (stage 3).

3.5. Influence Assessment of Avidin and Biotin Components from Different Matrices

Egg. Poultry eggs are real animal-derived samples among possible biotin-binding
food matrices, which can be analyzed for antibiotic contaminants such as BT or COL. The
maximum concentration of AVI in chicken egg is about 0.05% of the total egg protein
(approximately 1800 µg per egg) [33]. B7 is also found in eggs, about 7 and 50 µg per 100 g
of egg white and yolk, respectively (20.7 µg in a whole egg). Thus, both components of
the egg are capable of interfering with the analysis. On the other hand, being components
of one sample, they can partly quench each other’s activity. However, their residual
inhibitory activity on SAV–B7 binding remains unknown. To estimate the inhibitory effect
of extraneous AVI/B7 from eggs on ELISAs for the detection of BT and COL, homogenates
were prepared from eggs produced in poultry farms from seven different country regions
(Leningrad Oblast, Nizhny Novgorod Oblast, Yaroslavl Oblast, Tula Oblast, Ryazan Oblast,
Udmurtia, and Bashkortostan). Egg homogenates, 100-fold diluted with PBST, could
inhibit the binding of the B7-labeled haptens to the SAV-coated wells when they were
added together with the latter. Using standard curves (dashed lines from Figures 4 and 5),
their resulting activity was measured and corresponded to an AVI average content of 90.6
± 47.5 µg/mL (20.6–145.5) and to a B7 average content of 1.98 ± 0.92 µg/mL (0.56–3.0).

Milk formula. Milk itself contains negligible amounts of B7, about 1 ng/g [15], but
some infant formulas are fortified with vitamins. Two infant milk formula, “Agusha-1” and
fermented milk formula “Agusha-2”, which were used in recovery experiments of BT/COL,
included 2 µg B7 per 100 g of product (20 ng/mL), as indicated by the manufacturer.

Liver. Animal liver is one of the richest sources of biotin [15]. Samples of chicken and
beef liver were examined for their interference in the formation of the SAV–B7–hapten
complex and demonstrated inhibitory activity equivalent to 325 ± 25 ng/g and 164 ±
36 ng/g, respectively.

Thus, the considered food matrices include a sufficient level of endogenous factors,
AVI or B7, which can inhibit the binding of SAV- or B7-labeled reagents and distort the
assay results. This was exemplified by the influence of the matrix at the stage of binding
of the biotinylated hapten to the immobilized SAV. However, despite the stage of analyte
recognition and the stage of SAV–B7 interaction being separated in the developed assay
systems, the influence of endogenous matrix factors on the quantification of analytes was
tested using standard BT and COL curves.
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3.6. Influence of AVI and B7 on the Quantification of BT and COL with ELISAs Based on the
Coated SAV–B7–Hapten Complex

To simulate the effect of AVI and B7 contained in a matrix on the quantitative determi-
nation of BT and COL, we examined the calibration curves obtained using media enriched
with these factors. Analyte standards were prepared in PBST and in buffer with the maxi-
mum expected concentration of the studied factors in food samples (AVI, 100,000 ng/mL,
B7, 10–1000 ng/mL). The comparative study of standard curves generated in buffer and
media containing AVI (Figure 6) and B7 (Figure 7) revealed a discrepancy between the
compared curves. These experiments with model AVI/B7-rich food matrices confirmed the
interference of these endogenous factors in analyte quantification in (strept)avidin-based
assays. This finding provides an explanation for the failure of the recovery of BT and COL
from AVI/B7-rich foodstuffs using these kinds of assays.

Figure 6. Standard curves for bacitracin (A) and colistin (B) determination in SAV–B7–hapten ELISAs
generated in PBST and buffer enriched with avidin (AVI) at 100,000 ng/mL.

Figure 7. Standard curves for bacitracin (A) and colistin (B) determination in SAV–B7-hapten ELISAs
generated in PBST and buffer enriched with biotin (B7) at 10, 100, and 1000 ng/mL.
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4. Conclusions

An alternative approach for hapten coating on plates was realized using the oriented
binding of biotinylated BT and COL to immobilized SAV. Such formed complexes and
BT/COL conjugated to protein carriers were compared as coating antigens in competitive
ELISAs for the determination of these cyclic peptide antibiotics in food matrices. The
simple titration of B7–haptens in SAV-coated plates provided a finer optimization of coated
hapten load compared with hapten load on the conjugates. Using the coating complexes
SAV–B7–BT and SAV–B7–COL instead of the coating conjugates GEL–BT(ae) and GEL(pi)–
PMB improved the sensitivity of the determination of BT and COL by 2 and 15 times,
achieving 0.6 and 0.3 ng/mL, respectively. The applicability of an immunoassay based
on (strept)avidin–biotin interactions for the detection of analytes in food matrices rich in
AVI or B7 was also challenged in this work. The possible interference of AVI or B7 from a
matrix in different stages of the immunoassay was investigated. As a result, the developed
competitive indirect ELISAs based on coated SAV–B7–BT and SAV–B–COL, in addition to
determining the main analytes, BT and COL, were applied for assessing AVI and B7 content
in food matrices such as eggs, infant milk formula enriched with B7, and chicken and
beef liver. Thus, due to the dose-dependent inhibition of the binding of B7–hapten to SAV,
these ELISAs proved to be suitable for solving additional analytical tasks, detecting AVI
and B7 up to 10 and 1 ng/mL, respectively. The interaction between SAV and B7–hapten
was the one most influenced by extraneous AVI and B7. The detection of the analyte by
an antibody occurs at different stages of the immunoassay, which minimizes the possible
interference from AVI and B7 contained in the matrix. However, an adequate quantitative
assessment of BT and COL in food matrices rich in AVI/B7 was not implemented in the
developed (strept)avidin–biotin-based immunoassays. Modification of the standard curves
in a matrix-free but AVI/B7-enriched environment provided evidence of the influence of
these factors on the quantification of the analytes. This explains the failure of numerous
recovery experiments with fortified nutritional matrices. Thus, summarizing the experience
gained in the course of this study, it is recommended to avoid immunoassays based on
avidin–biotin interactions when analyzing biosamples containing these factors.
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Abstract: The compound, 4,4′-dinitrocarbanilide (DNC), is the marker residue of concern in edible
tissues of broilers fed with diets containing anticoccidial nicarbazin (NIC). In this study, 25 fluorescein-
labeled DNC derivatives (tracers) are synthesized and characterized to develop a rapid fluorescence
polarization immunoassay (FPIA) for the detection of DNC in chickens using DNC monoclonal
antibodies (mAbs). The effect of the tracer structure on the sensitivity of the FPIA is investigated.
Our results show that after optimization, the half maximal inhibitory concentrations (IC50) and limit
of detection (LOD) of the FPIA in the buffer are 28.3 and 5.7 ng mL−1, respectively. No significant
cross-reactivity (CR < 0.89%) with 15 DNC analogues is observed. The developed FPIA is validated
for DNC detection in spiked chicken homogenates, and recoveries ranged from 74.2 to 85.8%, with
coefficients of variation <8.6%. Moreover, the total time needed for the detection procedure of
the FPIA, including sample pretreatment, is <40 min, which has not been achieved in any other
immunoassays for DNC from literature. Our results demonstrate that the FPIA developed here is
a simple, sensitive, specific, and reproducible screening method for DNC residues in chickens.

Keywords: DNC residue; FPIA; tracers; chicken muscle

1. Introduction

Coccidiosis refers to the disease caused by protozoans of the genus Eimeria resulting in
a wide range of injuries in the intestinal tracts of poultry [1,2]. Intestinal invasion by these
protozoans disrupts feeding, digestive processes, and nutrient absorption and results in
dehydration, blood loss, and increased susceptibility to other etiological agents. Together,
these effects can result in significant economic losses in the poultry industry, as well as
considerable cause distress to the animals [3].

Numerous types of coccidiostats have been developed, and nicarbazin (NIC) was
the first such agent found to give satisfactory control of coccidiosis in chicken production
facilities and has been in general use for this purpose since the 1960s. The most common
form of NIC is an equimolar mixture of 4,4′-dinitrocarbanilide (DNC) and 2-hydroxy-4,
6-dimethyl pyrimidine (HDP) (Figure S1). Despite emerging drug resistance in protozoan
parasite populations, NIC has maintained its effectiveness against all species of Eimeria [4].
However, NIC use as a coccidiostats is limited to the initial growth phases of chickens,
since it causes adverse heat stress effects when administered to older birds and often
results in their mortality. Moreover, long term human exposure to low levels of NIC can
result in chronic toxicity [5]. In addition, NIC administered via feed in chickens results in
the persistence of the DNC residues in edible tissues [6]. Hence, DNC is the marker residue
used for the detection of NIC in edible chicken tissues. The maximum residue limits (MRL)
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of DNC in food matrices has been established by Food and Agriculture Organization (FAO),
as well as by New Zealand for chicken muscle tissues at 200 µg kg−1 [7]. The MRL has
been set at 200 µg kg−1 in China [8]. Japan has established an MRL of DNC at 20 µg Kg−1

for aquatic products.
The current analytic methods for the determination of DNC in food matrices utilize

high performance liquid chromatography (HPLC) and HPLC-tandem mass spectrometry
(MS/MS) [9–13]. These methods are accurate and sensitive, but require well-equipped lab-
oratories, high capital expenditures, highly trained personnel, and generally involve time
consuming sample preparation steps. Therefore, a rapid and efficient alternative detection
method for screening large numbers of samples would streamline DNC screening efforts.

Immunoassay techniques are effective and economical alternatives to instrumental
methods for DNC. The enzyme-linked immunosorbent assay (ELISA) is the most frequent
choice [1,14,15], but it is a heterogeneous solid phase method and the time required to
complete the assay is often >2 h, because of the need to separate the unbound probe in
solution before the bound probe can be quantified [1]. In contrast, fluorescence polarization
immunoassay (FPIA) is a competitive homogeneous assay that is based on differences in
fluorescence polarization (FP) of the fluorescently-labeled analyte in the antibody bound
and non-bound fractions (Figure S2). These reactions can reach equilibrium in minutes
or even seconds, and no separation or washing steps are required, which makes it ideal
for high-throughput screening of large numbers of samples [16,17]. These advantages of
the FPIA have resulted in their widespread use in high-throughput screening of chemical
contaminants, such as veterinary drugs [16–19], mycotoxins, pesticides, and other envi-
ronmental contaminants in foods, feed, and environmental samples [20–22]. However,
the application of FPIA to the detection of DNC has not been reported.

The top priorities in developing high-throughput screening methods are to simplify
the assay and shorten analysis time, while maximizing the sensitivity of the methods [19].
With this aim, we developed a novel FPIA method for the screening of DNC in the present
work. We investigated the effects of different tracers and physicochemical factors on
the performance of the FPIA. The optimized immunoassay was compared with other
published detection methods, and the newly developed method provided a simple, rapid,
reproducible, and highly sensitive detection of DNC. Analysis of DNC in chicken samples
required <40 min to complete using the FPIA.

2. Materials and Methods

2.1. Reagents and Equipments

NIC, 4-Nitroaniline, 2-Nitroaniline, 3-Nitroaniline, N-(4-Nitrophenyl) propionamide, H-
Val-Pna HCl, L-Argininep-Nitroanilide Dihydrochloride, 4-Nitrophenethylamine hydrochlo-
ride, N-Methyl-4-nitrophenethylamine hydrochloride, H-Ala-Pna HCl, N,N-Dimethyl-4-
Nitroaniline, H-Glu-Pna, Halofuginone, Toltrazuril, 1, 3-Diphenylguanidine, Ronida-
zole, and dinitolmide were obtained from Sigma-Aldrich (St. Louis, MO, USA). N, N-
Dimethylformamide (DMF), 1-ethyl-3-(3-dimethylaminopropy) carbodiimide (EDC), N-
hydroxysuccinimide (NHS), fluorescein isothiocyanate, ethylenediamine, butanediamine,
hexamethylenediamine, 5-Aminofluorescein (5-AF), and 6-Aminofluorescein (6-AF) were
obtained from Aladdin (Shanghai, China). Nonbinding-surface black microplates were pur-
chased from Corning Life Sciences (New York, NY, USA). Normal solvents and salts were of
analytical reagent grade and were supplied by Beijing Reagent Corporation (Beijing, China).
The haptens DNC-1, DNC-2, DNC-3, DNC-4, and DNC-5 and four mAbs (4E1, 4B8, 2A12,
and 3B4) were acquired from China Agricultural University [23]. Borate buffer (0.05 M,
pH 8.0) was used as the working buffer for all FPIA experiments. The standard solution
of DNC (2 mg mL−1) was prepared by dissolving 4 mg of the DNC standard in 2 mL of
dimethyl sulfoxide, and stored at −20 ◦C until use.

A SpectraMax M5 microplate reader from Molecular Devices (Downingtown, PA, USA)
was used to measure FP. Black microplates (96-well) with a non-binding surface for FPIA
were purchased from Corning Life Sciences (New York, NY, USA). Water was purified
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using a Milli-Q system from Millipore Inc. (Bedford, MA, USA). A ultraviolet analyzer was
obtained from Tianjin Huike Instrument Equipment Co., Ltd. (Tianjin, China).

2.2. Preparation of FITC-DNC Tracers

Thiocarbamoyl ethylenediamine fluorescein (EDF), thiocarbamoyl butane diamine
fluorescein (BDF), and thiocarbamoyl hexane fluorescein (HDF) were described previ-
ously [16]. Synthesis of the tracers used in the current study has been described else-
where [24]. Briefly, 10 mg of hapten (DNC-1, DNC-2, DNC-3, DNC-4, or DNC-5) dissolved
in 500 µL DMF was mixed with 30 mg NHS and 40 mg of EDC. After stirring at room
temperature overnight, the reaction mixture was centrifuged to remove the precipitate at
5000× g for 10 min. Then 10 mg EDF was added to the supernatant and stirred overnight
at room temperature. An aliquot (50 µL) of the mixture was purified using thin layer
chromatography (TLC) with methanol/ trichloromethane (1:6, v/v) as eluent. The major
TLC bands possessed a retardation factor (Rf) of 0.70, and they were collected and stored
in methanol at 4 ◦C in the dark (Figure S3). In total, 25 tracers (Figure 1) for DNC were
generated, and those bound to the specific mAbs were chosen for further study (see below).

Figure 1. Cont.
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Figure 1. Structures of 25 different tracers of DNC.

2.3. FPIA Procedure

The tracer solutions were diluted with borate buffer to working concentrations with
FP values 10 times that of the borate buffer background. The FPIA approach was described,
as follows—70 µL of each tracer solution and 70 µL DNC standard solution or borate buffer
were added to 70 µL antibody in a microplate well. After incubation for 20 min in the dark
at room temperature, the FP value of the mixture was measured at λex 485 nm and λem
530 nm (emission cutoff = 515 nm), respectively.

The antibody-tracer pair used in the final assay was the DNC-4-BDF and mAb 3B4
combination. The concentration of DNC-4-BDF was 200 RFU, and the dilution of mAb 3B4
was 1/300. The incubation time was 20 min at room temperature. The physicochemical
conditions of the reaction buffer were pH 8 and NaCl concentration at 0 mM, respectively.

2.4. Curve Fitting and Statistical Analysis

A sigmoidal curve was used to fit FPIA data via OriginPro 8.0 (Origin Lab,
Northampton, MA, USA) for construction of the standard curves. A four-parameter logis-
tic equation was used to fit the immunoassay data as follows:

Y = (A − D)/[1 + (X⁄C)B] + D (1)

where A and D represent the maximum and minimum values, respectively; B is the slope
factor; C is the concentration corresponding to 50% specific binding (IC50), and X is
the calibration concentration [25]. The limit of detection (LOD) was the concentration
of the standard causing 10% inhibition of tracer binding (IC10), and the working range
corresponded to concentrations of the standard from IC20 to IC80 on the calibration curve.
The IC50 and LOD values were used to evaluate the properties of the FPIA.
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The specificity of the immunoassays was evaluated by determining the cross-reactivity
(CR) with DNC analogs under the optimized conditions. CR was calculated with the fol-
lowing equation:

CR (%) = (IC50 of DNC/IC50 of DNC analog) × 100 (2)

2.5. FPIA Development and Optimization

The standard test procedure is outlined in Section 2.3 (see above). In brief, respective
antibody tracer pairs were selected using the detection window according to the equation
δmP = mPbound − mPfree where IC50 values for the FPIA and the IC50/δmP ratio were used
as the main parameters for the selection of optimum antibody tracer pairs. Tracer solutions
were diluted with borate buffer to working concentrations that possessed fluorescence
intensity (FI) values 10× above background. Specifically, diluted antibody and tracer that
possessed a suitable δmP (≥90 mP) was evaluated, and the IC50 and IC50/δmP values
were determined and adjusted to minimize the IC50 and IC50/δmP values and were
calculated according to standard curves for DNC (see above). The FPIA was optimized
by determining the influences of antibody dilution, reaction time, pH, salt concentration,
and organic solvent levels on assay characteristics. The δmP and IC50 values were used as
the primary criteria to evaluate FPIA performance.

2.6. Chicken Sample Analysis for FPIA

Samples of chicken muscle (2 g) were homogenized and then extracted with 2 mL
methanol at room temperature. The mixtures were vortexed vigorously for 10 min and
centrifuged at 10,000 rpm for 10 min at 4 ◦C. The supernatant was diluted 5-fold with assay
buffer prior to analysis. For recovery experiments, blank chicken matrix samples obtained
from WDWK Biotech (Beijing, China) were fortified with NIC at 50, 100, and 150 µg kg−1,
and 5 replicates were analyzed at each concentration using the optimized FPIA.

3. Results and Discussion

3.1. Synthesis and Characterization of FITC-DNC Tracers

The assay tracers EDF, BDF, and HDF possessed molecular ion peaks (m/z) of 450,
478.03, and 506.06, respectively, demonstrating that the fluorescein conjugates were syn-
thesized successfully (Figure S4). These tracers play key roles in the FPIA, since both
the hapten type and the bridge length between the hapten and the FITC can markedly
influence antibody recognition. Therefore, we examined five structurally different haptens
and five fluorescein molecules containing different carbon bridges and synthesized 25
tracers to evaluate FPIA performance. The high molecular polarities of the haptens and
fluorescein resulted in high Rf values on TLC when methanol/trichloromethane (1:6, v/v)
was used as the developing solvent. After the separation and purification of the tracers
with TLC, they were characterized using FPIA. There were nine tracers that displayed
obvious binding to the specific mAbs (δmP > 50 mP) and possessed significant immuno-
chemical activity indicative of successful tracer conjugation (Figure 2). Within this group,
DNC-1-EDF and DNC-5-EDF possessed the lowest δmP values (54 and 57 mP, respectively),
indicating that they were not suitable for developing a sensitive FPIA. The remaining seven
tracers (DNC-3-EDF, DNC-4-EDF, DNC-3-BDF, DNC-4-BDF, DNC-1-HDF, DNC-3-HDF,
and DNC-4-HDF) and four MAbs (4E1, 4B8, 2A12 and 3B4) were used to construct antibody
dilution curves (Figure 3A–D). Satisfactory binding (δmP = 94~236 mP) was observed for
all these tracers when combained with each of the 4 mAbs. Thus, these seven tracers were
selected for further study.
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Figure 2. Characterization of the fluorescein-labeled DNC conjugates.

 

−

′

Figure 3. Antibody dilution curves of tracers. (A) 4E1 with DNC-4-EDF and DNC-1-HDF. (B) 4B8
with DNC-3-EDF, DNC-4-EDF, DNC-3-BDF, DNC-4-BDF, DNC-1-HDF, DNC-3-HDF, and DNC-4-
HDF. (C) 2A12 with DNC-3-EDF, DNC-4-EDF, DNC-3-BDF, DNC-4-BDF, DNC-3-HDF, and DNC-4-
HDF. (D) 3B4 with DNC-4-EDF, DNC-4-BDF, and DNC-4-HDF.

3.2. FPIA Development and Optimization

3.2.1. Selection of Antibody—Tracer Pairs

The combination of tracer and antibody has significant impacts on the sensitivity and
specificity of an FPIA [26]. We evaluated the best tracer and antibody pair for use in the as-
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say by constructing DNC standard curves. The optimum of mAb dilution was obtained
from antibody dilution curves, and a δmP of 100 mP was set as the target detection range.
In particular, the DNC-4-BDF and mAb 3B4 combination provided the lowest IC50 (66 ng
mL−1) and IC50/δmP ratio (0.61) along with a broad detection window (δmP = 107 mP)
(Figure 4A). Moreover, the Z′ factor of 0.89 represented a good separation for the distribu-
tions and indicated a robust FPIA. This combination was, therefore, selected to develop
an FPIA for the detection of DNC (Table 1).

Table 1. Analytical parameters of the standard curves were obtained using four anti-NIC mAbs with
seven DNC tracers.

Tracers mAbs Dilution Fold
IC50

(ng mL−1)
δmP IC50/δmP Z′

DNC-3-EDF
2A12 100 1890 94 20.11 0.93
4B8 400 26680 83.15 320.87 0.90

DNC-4-EDF

2A12 1800 5160 91.58 56.34 0.88
4B8 500 263 96 2.74 0.87
3B4 200 223 82.1 2.72 0.82
4E1 50 7240 99.92 72.46 0.98

DNC-3-BDF
2A12 100 1520 98.72 15.39 0.92
4B8 200 11360 71.45 158.99 0.94

DNC-4-BDF
2A12 400 1814 82.07 22.10 0.87
4B8 100 3370 99 34.04 0.94
3B4 200 66 107.76 0.61 0.89

DNC-1-HDF
4B8 200 91 89.28 1.02 0.84
4E1 200 11600 75.65 153.33 0.81

DNC-3-HDF
2A12 200 290 133.07 2.18 0.91
4B8 200 9960 68.85 144.66 0.87

DNC-4-HDF
2A12 700 4130 104.6 39.48 0.97
4B8 200 4020 117.15 34.31 0.96
3B4 100 2623 132.55 19.78 0.93

The use of heterologous tracers for FPIA significantly enhances its sensitivity [16,27],
and we found similar results in our study. For example, mAb 4B8 was prepared using
DNC-3-KLH as immunogen and was paired with the seven tracers [23]. The IC50 values
(ng mL−1) for the FPIA with these structurally heterologous tracers were DNC-4-EDF (263),
DNC-4-BDF (3370), DNC-1-HDF (91), DNC-4-HDF (4020). These values were generally
lower than those for the FPIA generated with homologous tracers, such as DNC-3-EDF
(26680), DNC-3-BDF (11360), and DNC-3-HDF (9960) (Figure S5 and Table 1). When
the remaining three mAbs (i.e., 2A12, 3B4, and 4E1) were examined in a similar way using
DNC-4-BSA, DNC-5-BSA, and DNC-1-BSA as immunogens and then paired with the seven
tracers, similar results were obtained because heterologous tracers could be more easily
replaced by competitors (Table 1).

The effects of the length of the linker chain between a given hapten and fluorescein
on FPIA sensitivity were also investigated in this study. The primary differences were
the linker structure or length, as well as the orientation of the attached fluorophore.
The IC50 values (ng mL−1) for the FPIA increased when mAb 4B8 was paired with DNC-4-
EDF (263), DNC-4-BDF (3370), and DNC-4-HDF (4020). The lowest IC50 was obtained with
DNC-4-BDF when mAb 3B4 or 2A12 were paired with DNC-4-based tracers. The DNC-3-
HDF tracer possessed the longest bridge and displayed the lowest IC50 when combined
with mAb 4B8 or 2A12 (Table 1). Previous studies have indicated that sensitivity was
optimal with long linkers between a hapten and fluorescein [19,28,29]. In contrast, FPIA
based on short bridge tracers resulted in greater assay sensitivity [30,31]. Thus, both
the structural features of the tracer hapten itself and the structure and length of the bridge
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between a hapten and fluorescein label markedly influence the recognition of the tracer by
antibody, and it is necessary to select the optimal combination empirically.

 

−

−

Figure 4. (A) Standard curves for DNC using DNC-4-BDF and mAb 3B4 combination. (B) Optimization of fluorescence
intensity. (C) Optimization of antibody dilution. (D) Optimization of incubation time. (E) The effects of pH on FI and FP
values. (F) Optimization of pH. (G) Optimization of NaCl concentration. (H) Effects of methanol concentration on assay
performance. (I) Effects of acetonitrile concentration on assay performance.

3.2.2. Optimization of Tracer and mAb Concentrations

A competitive FPIA was used to optimize antibody and tracer concentrations. For
instance, a low tracer concentration would yield higher sensitivity, but would also reduce
the precision of the FP signal. In our assays, the FI values for DNC-4-BDF at levels of
5, 10, 15, and 20-fold greater than background (FI, 20 relative fluorescence units (RFU))
were examined. The optimal working concentration was set at an FI value of 200 RFU
that was 10-fold higher than background as the lowest IC50 value, and an appropriate
δmP value (104 mP) was observed (Figure 4B). The working concentration of mAb 3B4
was optimized at a fixed amount of tracer according to the standard curves for DNC. Both
the IC50 and δmP values increased as mAb 3B4 dilution increased, and the lowest IC50
value was observed with a dilution of 1/300. This δmP value (<80 mP) was too low for
FPIA, and therefore, a 1/200 for mAb 3B4 was used because it retained a lower IC50 value,
and an acceptable δmP value of 105 mP (Figure 4C).

3.2.3. Optimization of Incubation Time

The incubation time for the assay must be chosen until equilibrium is established in
the competition between an analyte and tracer [20]. We examined incubation times ranging
from 2 to 60 min. It was found that the IC50 values decreased as incubation time increased
from 2 min to 20 min and then plateaued at >20 min. The δmP value was almost constant
with times <20 min and then decreased significantly at >20 min (Figure 4D). These results
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revealed that equilibrium was achieved at 20 min after the mixing of antibody and tracer;
thus, 20 min was selected as the optimum incubation time.

3.2.4. Optimization of Physicochemical Conditions

The effects of pH, ionic strength, and organic solvent tolerance were also assessed for
the FPIA by comparing IC50 and δmP values under various reaction conditions. The dyes
used in this assay were pH-sensitive materials, and their FI values increased in the pH
range of 6 to 8 and then decreased at pH >8, although the FP values were not affected
significantly by pH (Figure 4E,F). These results indicated that pH 6 was not suitable for
the assay system, due to insufficient binding (δmP = 14). This implied that the developed
FPIA could not tolerate acidic conditions. The IC50 values changed little at pH values
ranging from 7 to 10, and the assay performed optimally at pH 8 with high sensitivity and
maximal δmP (>100 mP). NaCl concentrations between 0 to 800 mM and negative effects
on the IC50 and δmP were observed for NaCl concentrations from 0 to 800 mM (Figure 4G).
High ionic strength most likely resulted in the disruption of antibody-antigen interactions.
Therefore, NaCl was not included in the assay buffer. Methanol and acetonitrile added to
the test system led to IC50 and δmP decreased in direct proportion to their concentrations.
The presence of 20% methanol resulted in a significant increase of δmP (116 mP), and
this solvent was generally better tolerated than acetonitrile. Acetonitrile concentrations
exceeding 20% (final concentration) were not tolerated, although 20% acetonitrile was still
tolerated (Figure 4H,I). If needed, the assay could be used at methanol concentrations of
up to 20%.

3.3. Sensitivity and Cross-Reactivity of FPIA

Under the optimal conditions, the sensitivity and specificity of the FPIA were cal-
culated using DNC and 15 DNC analogs. The IC50 value, the LOD defined as IC10 from
the standard curve and linear range (IC20~IC80) were 28.39, 5.70, 10.31~78.17 ng mL−1,
respectively (Figure 5A). The CR values for the developed FPIA were <0.89% for all 15 NIC
analogs (Table 2). These results indicated that this FPIA was highly sensitive and specific
for DNC.

−

 

−

Figure 5. (A) Standard curves for NIC using the FPIA in assay buffer under optimized conditions. (B) Comparison of FPIA
curves obtained from standards prepared in assay buffer, and 5-fold diluted chicken extracts.

Table 2. IC50 values and Cross-reactivity of DNC and 15 structurally related analogs for the FPIA.

Analogues Structure
IC50

(ng mL−1)
CR
(%)

DNC

−

−

 

28.39 100
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Table 2. Cont.

Analogues Structure
IC50

(ng mL−1)
CR
(%)

2-Nitroaniline

−

−

 

>30,000 <0.1

3-Nitroaniline

 

>30,000 <0.1

N-(4-Nitrophenyl)
propionamide

 

>30,000 <0.1

H-Val-Pna HCl

 

>30,000 <0.1

L-Arginine P-Nitroanilide
Dihydrochl Oride

 

>30,000 <0.1

4-Nitrophenethylamine
hydrochloride

 

>30,000 <0.01

N-Methyl-4-
nitrophenethylamine

hydrochloride

 

>30,000 <0.1

H-Ala-Pna HCl

 

>30,000 <0.1

N, N-Dimethyl-4-Nitroaniline

 

26,435 0.11
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Table 2. Cont.

Analogues Structure
IC50

(ng mL−1)
CR
(%)

H-Glu-Pna

 

>30,000 <0.1

Halofuginone

 

>30,000 <0.1

Toltrazuril

 

μ −

μ −

μ −

μ −

N N

H
N OO

O
O

S
F
F F

3190 0.89

1,3-Diphenylguanidine

 

μ −

μ −

μ −

μ −

N N

H
N OO

O
O

S
F
F F

>30,000 <0.1

Ronidazole

 

μ −

μ −

μ −

μ −

N N

H
N OO

O
O

S
F
F F

>30,000 <0.1

Dinitolmide

 

μ −

μ −

μ −

μ −

N N

H
N OO

O
O

S
F
F F

>30,000 <0.1

3.4. Chicken Sample Analysis for FPIA

To further evaluate the utility of the FPIA, we determined recoveries of spiked tissue
matrices. Calibration curves prepared in buffer, and diluted chicken extract were super-
imposed with normalization of the FP values indicating that the matrix interference was
eliminated using 5-fold dilutions in methanol (Figure 5B). The mean recovery values for
DNC at 50, 100, and 150 µg kg−1 ranged from 74.23 to 85.80% with CVs <8.64%. The LOD
was 24.21 µg kg−1 and was sensitive enough to meet the detection requirements of MRL
for DNC in chicken tissues set by the EU, the USA, and China. The working range of
the FPIA was 31.15 to 188.35 µg kg−1 (Table 3). The sensitivity of the FPIA was lower
than the ELISA developed using the same mAb (3B4) [23], but the FPIA, a homogeneous
method, requires a much shorter time (less than 40 min) for the detection of DNC in
chicken muscle. This is an essential characteristic needed for a rapid screening method.
Compared with the required time of other immunoassays for DNC in animal-derived
food or feeds, including ELISA (>2 h) [15], surface plasmon resonance (SPR) biosensor
screening (>49 min) [32], time-resolved fluoroimmunoassays (TR-FIA) (>2.5 h) [33], and
flow cytometry-based immunoassay (>2 h) [34], the shortest time was required for the new
developed FPIA for DNC in chicken muscle.
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Table 3. Recovery studies from chicken muscle matrices using FPIA.

Sample Spiked
(µg kg−1)

Intra-Assay (n = 5) Inter-Assay (n = 5)

Recovery
(%)

CV
(%)

Recovery
(%)

CV
(%)

Chicken
50 84.41 4.39 80.45 4.81
100 82.6 5.12 85.80 4.00
150 74.23 8.64 76.95 6.41

4. Conclusions

In summary, an FPIA for DNC was established with favorable sensitivity, specificity,
cost, time, and reliability for the first time. The sensitivity of the developed FPIA was
significantly improved by optimizing the selection of tracers, tracer-antibody pairs, and
physical and chemical reaction conditions. Furthermore, the reliability and robustness of
the assay were successfully demonstrated for analysis of DNC in chicken muscle matrices.
In addition, the sample pretreatment was simple for the developed FPIA. The total analysis
time, including sample pretreatment, was less than 40 min, which has not yet been achieved
in other immunoassays for DNC residues.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10081822/s1, Figure S1. The chemical structures of DNC and HDP, Figure S2. Schematic
illustrations of the FPIA, Figure S3. The results of TLC for 25 tracers. (The red clip represents
the target band that binds to the antibody), Figure S4. (A) Mass spectrum of EDF with molecular
ion peak [M + 2H]2+ (m/z) of 450.00; (B) Mass spectrum of BDF with molecular ion peak [M + 2H]2+

(m/z) of 478.03; (C) Mass spectrum of HDF with molecular ion peak [M + 2H]2+ (m/z) of 506.06,
Figure S5. Comparison of the effect of homologous and heterologous tracers on sensitivity.
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Abstract: In recent years, furosemide has been found to be abused in slimming health foods. There
is an urgent need for a simpler, faster method for detecting furosemide in slimming health foods.
In this study, a rapid, convenient and sensitive lateral flow immunochromatography (LFIA) based
on Au nanoparticles (AuNPs) was established for the first time. Under optimal conditions, the
qualitative limit of detection (LOD) of the AuNPs-based LFIA was 1.0~1.2 µg/g in slimming health
foods with different substrates. AuNPs-LFIA could specifically detect furosemide within 12 min
(including sample pretreatment) and be read by the naked eye. The developed AuNPs-LFIA showed
high consistency with liquid chromatography with tandem mass spectrometry (LC-MS/MS), and no
false positive or false negative results were found in spiked slimming health foods, proving that the
AuNPs-LFIA should be accurate and reliable. The AuNPs-LFIA reported here provides a serviceable
analytical tool for the on-site detection and rapid initial screening of furosemide for the first time.

Keywords: furosemide; Au nanoparticles; lateral flow immunochromatography; slimming health food

1. Introduction

Overweight and obesity are the main risk factors for many chronic diseases. According
to a World Health Organization (WHO) report, 39% of the global population aged 18 and
over were overweight in 2016, while 13% (male 11%, female 15%) were obese [1]. In order to
lose weight quickly, people are increasingly turning to the consumption of slimming dietary
supplements. To pursue economic benefits, some slimming dietary supplements have been
illegally adulterated with synthetic drugs to obtain obvious short-term effects [2,3].

According to the current legislation of the European Union (EU), the USA and China,
synthetic drugs are not allowed in dietary supplements due to their harmful side effects [4].
However, some unscrupulous traders continue to illegally add drugs to slimming di-
etary supplements to increase the weight loss effect for the purpose of promoting sales,
especially diuretics, appetite suppressants, gastrointestinal lipase inhibitors, energy ex-
penditure agents and laxatives. Diuretics are common adulterants in slimming health
foods. They accelerate the excretion of water from the body, causing the illusion of weight
loss. Consumers could purchase and take slimming health foods containing diuretics
without knowing it. Overdosing these products can produce side effects such as fluid
and electrolyte abnormalities as well as acid–base disturbances, which may cause severe
arrhythmia and increase the risk of death from arrhythmia [5]. Furosemide is one of the
most effective diuretic medications available. It acts directly on the kidneys to increase
urine output and the urinary excretion of sodium [6]. Oral formulations of furosemide are
commonly used to treat edema, congestive heart failure, renal failure and hypertension [7].
In recent years, it has often been found to be illegally added to weight loss health foods.
In 2020, the Institute for Drug Control of Suzhou, China, tested 84 batches of slimming
health foods, and the illegal addition of furosemide was detected in 13 batches of samples
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(positivity rate, 15.5%) [8]. Therefore, it is necessary to establish a detection method for the
illegally added drug furosemide in health foods.

At present, various methods for detecting furosemide in slimming products have
been reported, including capillary electrophoresis (CE) [9–11], ion migration spectrometry
(IMS) [12], ion-pair chromatography (IPC) [13,14], liquid chromatography-tandem mass
spectrometry (LC-MS/MS) [15], high performance liquid chromatography (HPLC) [16]
and ultra-high-pressure liquid chromatography (UHPLC) [17,18]. All these methods rely
on expensive equipment, which is difficult to operate and requires trained operators.
Although their instrumental methods are accurate, they can not meet the requirements of
rapid on-site inspection. The rapid detection of furosemide mainly includes electrochemical
and immunoassay methods. Electrochemical analysis methods are mainly used to detect
furosemide in urine and drugs, and have a good detection speed, detection sensitivity
and detection throughput [6,19–21]; however, all of them lack simplicity and selectivity
to the negatively charged furosemide. Immunoassay is a rapid analysis method that is
currently widely used. By now, only two enzyme-linked immune sorbent assays (ELISAs)
have been reported for detecting furosemide in horse plasma and milk [22–24]. However,
ELISA also involves complex testing procedures and long incubation times, so it remains
a laboratory-based platform unsuited to on-site detection. A simpler and faster on-site
detection method is needed for monitoring the growing number of slimming products.

Lateral flow immunochromatography assay (LFIA), which is simple, rapid and low-
cost, has been widely used in food safety, environmental monitoring and medical diagnosis
in recent years [25–29]. AuNPs have many advantages as a mature labeling material, such
as simple preparation, short labeling time, good stability and low cost [30,31]. Thus, they
are favored by manufacturers and occupy more than 90% of the label market in LFIA [32].
In this paper, a convenient AuNPs-LFIA detecting furosemide with good sensitivity and
specificity was developed for the first time and proved to be efficient for application in the
detection of furosemide in slimming health foods.

2. Materials and Methods

2.1. Materials

Furosemide, goat anti-rabbit IgG (secondary antibody), bovine albumin (BSA), ovalbumin
(OVA), N,N-dimethylformamide (DMF), 1-(3-fdimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC) and ProClin 300 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Chloroauric acid, trisodium citrate and polyvinyl pyrrolidone (PVP) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Anti-furosemide
antibodies and coating antigens were prepared in our own laboratory. Other chemicals
were purchased from Guangzhou Chemical Reagent Co., Ltd. (Guangzhou, China). All
reagents were of analytical grade or higher purity. The nitrocellulose filter (NC) membrane
(CN95) was obtained from Sartorius Stedim Biotech GmbH (Goettingen, Germany). The
sample pad (blood filtration membranes) and the polyvinyl chloride (PVC) backing plate
(SMA31-40) were purchased from Shanghai Liangxin Co., Ltd. (Shanghai, China).

2.2. Instruments

An FEI/Talos L120C transmission electron microscope (TEM) (Thermo Scientific,
Waltham, USA) was used to observe the morphologies of nanoparticles. The zeta potential
was measured by a Zetasizer Nano ZS90 (Malvern Panalytical, UK). The XYZ 3060 Dispensing
Platform (BioDot, Irvine, CA, USA) was used to spray antigen and secondary antibodies
onto the NC membrane. The strip cutter ZQ 2000 (Kinbio Tech, Shanghai, China) was used
to cut test strips into suitable sizes. LC-MS/MS was carried out on an AB QTRAP4500
triple quadrupole mass spectrometer (SCIEX, Framingham, MA, USA).

2.3. Preparation of Coating Antigen

The coating antigen was obtained by furosemide coupled with cationized ovalbumin
(cOVA). cOVA is obtained by modifying OVA with ethylenediamine. Furosemide contains
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a carboxyl group, which could be directly coupled with cOVA by the active ester method
to produce a coating antigen. Furosemide (1 equiv.), N-Hydroxy succinimide (NHS)
(1.5 equiv.) and 1-(3-fdimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC)
(1.5 equiv.) were dissolved in 200 µL of N,N-dimethylformamide (DMF). The mixture
was stirred at 4 ◦C for 6 h, and then centrifuged at 2500× g for 10 min. The supernatant
was added dropwise to cOVA (20 mg) in 5 mL of PBS (phosphate-buffered saline, 0.01 M,
pH 7.4). The conjugate mixture was stirred at 4 ◦C overnight and dialyzed against PBS
(0.01 M, pH 7.4) for 3 days at 4 ◦C to remove the uncoupled free hapten and non-reacted
reactants. The obtained conjugate was used as coating antigen.

2.4. Preparation of AuNPs

The AuNPs were produced by reducing HAuCl4 with sodium citrate according to
a previous method, which was modified as described below [33]. An amount of 8 mL of
1% chloroauric acid solution was quickly added into 200 mL of boiling ultrapure water
under continuous stirring. When the solution boiled again, 9.25 mL of 1% trisodium citrate
was added. The solution was then stirred and heated for another 10 min. After cooling,
transmission electron microscopy and UV–visible absorption spectrometry were used to
characterize the morphologies of AuNPs. The prepared AuNPs were stored at 4 ◦C for use.

2.5. Preparation of AuNPs–Abs Conjugated Probe

The AuNPs–Abs conjugated probe was prepared via electrostatic adsorption between
AuNPs and antibodies (Figure 1a). The optimal labeling pH and the antibody amount were
adjusted by checkerboard titration. A suitable amount of 0.2 M K2CO3 was added into the
AuNPs solution to adjust the pH value. Anti-furosemide antibody dissolved in 100 µL of
0.01 M PB (phosphate buffer solution, pH 7.4) was quickly added into the pH-adjusted
AuNPs solution. The mixture was reacted for 10 min at room temperature. Then, 20 µL of
20% BSA was added and incubated for 20 min to block excess binding sites on the AuNPs.
After centrifuging at 10,000× g and 4 ◦C for 10 min, the supernatant was discarded, the
bottom red precipitate was resuspended with 200 µL of resuspension buffer (0.005 M borate
buffer solution, pH 8.0, containing 0.5% BSA, 5% trehalose for protecting antibody, 0.5%
Tween-20 both for a better release AuNPs–Abs probe and to adjust the chromatography
speed, 0.3% PVP as a steric stabilizer or capping agent to protect the AuNPs–Abs against
agglomeration, and 0.03% ProClin 300 to prevent metamorphism), and finally stored at
4 ◦C for further use.

 

μ

μ
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μ μ

Figure 1. Schematic of the Au nanoparticles lateral flow immunochromatography (AuNPs-LFIA) for detecting furosemide
in slimming coffee. (a) Preparation of the signal probe AuNPs–Abs and the sample treatment solution. (b) The structure
and test procedure of the AuNPs-LFIA test strip. C line: control line (goat anti-rabbit immunoglobulin G, IgG) and T line:
test line (furosemide coating antigen). (c) Schematic diagram of AuNPs-LFIA strip test results: 1, negative result; 2, weak
positive result; 3, positive result; 4–5, invalid result.

To better reflect the performance of the AuNPs–Abs conjugated probe, a series of
influencing parameters were optimized, including the pH value, the concentration and
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dilution buffer of antibody and antigen, and the resuspension buffer of AuNPs–Abs. The
optimal conditions were selected according to the T line color intensity and sensitivity
(inhibition rate, (1-ODpositive/ODnegative) × 100%).

2.6. Strip Assembly

The test strip of the LFIA was composed of an NC membrane, a sample pad, an
absorbent pad and an adhesive backing pad (Figure 1b). The sample pad was saturated
with 0.05 M PB (pH 7.4, containing 0.5% BSA, 0.5% Tween-20, 0.3% PVP and 0.03% ProClin
300) and dried for 12 h at 37 ◦C. The coating antigen and goat anti-rabbit IgG, which
served as the test line and the control line (T line and C line), were diluted with 0.05 M CB
(carbonate buffer solution, pH 9.6) and 0.02 M PB (pH 7.4), respectively, to an appropriate
concentration, and then sprayed on the NC film with a volume of 0.8 µL/cm. The T line
was 8 mm from the bottom of the NC film, and the distance between the T line and the
C line was 6 mm. Then the prepared NC membrane was dried at 37 ◦C for 12 h. Finally,
all parts were pasted on a PVC baking card, cut into 3.5 mm-wide strips and placed in a
sealed bag with desiccant.

2.7. Sample Preparation

Four slimming health foods with different substrates (capsule, coffee, tea and tablet)
were obtained from the local market, and were previously confirmed to be free of furosemide
using LC-MS/MS. The outer shell of the capsule was removed to obtain the powder. The
coffee, tea and tablets were taken out of their packing bags and ground into powder. An
amount of 1.00 g of sample was added into a 10 mL centrifuge tube containing 4 mL of
methanol and mixed on a vortex mixer for 2 min. Then the mixture was centrifuged at
4000× g for 3 min. To obtain the sample solution, 200 µL of the supernatant was added to
800 µL of 0.2 M PB (pH 7.4).

2.8. Test Procedure

In this study, the vertical operation mode was used in the strip testing process. We
added 150 µL of sample solution and 5 µL of AuNPs-labeled conjugated probe to the
microwell, and the probe was gently pipetted back and forth to evenly disperse it in the
sample solution. After incubating for 3 min at room temperature, the test strip was inserted
immediately and vertically into the microwell. After reacting for another 4 min, the test
strip was removed from the microwell. The qualitative result was simply read with the
naked eye. The signal intensity of the T line and C line was read and obtained by ImageJ
software. In more detail, the optical density of the test zones (negatives and positives) in
grayscale mode was measured by the ImageJ software to obtain the color intensity.

2.9. Sensitivity

The cut-off value was utilized to determine the sensitivity of the developed LFIA test
strips by assessing the concentration of the furosemide in a series of spiked samples with
test strips. The cut-off value of the assay is defined as the furosemide level that causes the
T line to disappear completely. The sensitivity in actual samples with different substrates
was evaluated separately. Sample preparation was carried out according to the previous
description. Blank slimming health food samples were spiked with furosemide standard
solution (100 µg/mL, diluted in methanol) to the final concentrations of 0 (control), 0.1, 0.2,
0.4, 0.6, 0.8, 1.0 and 1.2 µg/g. Each level was tested three times (n = 3).

2.10. Specificity

To evaluate the specificity of the proposed method, furosemide analogues which may
be illegally added to slimming health foods, including hydrochlorothiazide, metolazone,
bumetanide, acetazolamide, torasemide and ethacrynic acid, were added to the sample
solution (1.2 µg/g) for detection.

48



Foods 2021, 10, 2041

2.11. Method Confirmation

Four different substrates of slimming health foods were selected to validate the accu-
racy of the AuNPs-LFIA. The spiked concentrations were chosen according to the sensitivity
of samples of different substrates. The spiked scalar was the furosemide concentration
corresponding to 0.25, 0.5, 1 and 2 times the cut-off value. A total of 16 spiked samples
were tested. Each sample was combined with 4 mL methanol, mixed on a vortex mixer
for 2 min, and then centrifuged at 4000× g for 3 min. Half of the supernatant was diluted
5 times with PB and tested with test strips, and the other half was diluted 5 times with
methanol and passed through a 0.22 µm filter membrane, then tested with LC-MS/MS.
Each sample was tested three times (n = 3).

Chromatographic separation of LC-MS/MS was performed on a Waters CORTECS T3
column (2.1 × 100 mm, 2.7 µm). The column temperature was 30 ◦C. Mobile phase A was
an aqueous solution containing 0.1% formic acid, and phase B was an acetonitrile solution
containing 0.1% formic acid, which was used for gradient elution. The sample volume was 1 µL.

2.12. Analysis of Blind Samples

We purchased 16 blind samples of slimming health foods from a local Guangzhou
market and analyzed them by the established AuNPs-LFIA and LC-MS/MS. The samples
were pretreated following the method above. The established AuNPs-LFIA was used to
detect furosemide in the blind samples, and the results were confirmed by LC-MS/MS.

3. Results and Discussion

3.1. Characterization of AuNPs and AuNPs–Abs

It can be seen from the obtained TEM images (Figure 2a) that the prepared AuNPs
were monodisperse spherical particles. The diameter of the AuNPs was about 35 nm,
which was consistent with the required size. In the stability test of AuNPs, the AuNPs
solution stored at 4 ◦C for 6 months did not appear to aggregate or precipitate (Figure 2b),
indicating that its dispersion stability could last for at least six months. According to the
results of UV–visible absorption spectrometry (Figure 2c), the AuNPs exhibited maximum
absorbance at a wavelength of 534 nm. After combination with antibodies, the maximum
absorbance shifted to 543 nm, indicating the formation of the AuNPs–Abs conjugate. The
combination of AuNPs and antibodies is generally believed to be the result of electrostatic
attraction [34]. Under certain conditions, AuNPs have a negative surface charge, and the
antibodies have a positive charge on the surface [35]. From the performance of the zeta
potential, when the negatively charged AuNPs were combined with the positively charged
antibodies, the result showed a decrease in the AuNPs zeta potential. Figure 2d shows
that the zeta potential decreased from 36.4 mV to 18.7 mV after conjugation, which further
confirms that the antibodies coupled with AuNPs successfully.

3.2. Optimization

3.2.1. pH Value

The pH values during the reaction were critical to the efficacy of AuNPs–Abs conju-
gates. Theoretically, the pH of the reaction should be slightly higher than the isoelectric
point of the protein. Below the isoelectric point, the antibodies may flocculate and cause
the aggregation and precipitation of AuNPs–Abs, which would decrease the accuracy and
cause false negatives. Above the isoelectric point, the adsorption effect is limited due to
the charge repulsion between the antibodies and the AuNPs, and the color of the test strip
would turn light. According to signal intensity and sensitivity, the optimal pH of AuNPs
solutions was 7.8, corresponding to 12 µL of 0.2 M K2CO3 solution added (Figure 3a).
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Figure 2. Characterization of Au nanoparticles (AuNPs) and Au nanoparticles-antibodies (AuNPs–
Abs). (a) Transmission electron microscopy images of AuNPs; (b) the results of naked-eye observation
of AuNPs at different times; (c) the UV–visible absorption spectra of AuNPs and AuNPs–Abs; (d) the
zeta potential of AuNPs and AuNPs–Abs.

3.2.2. Antibody Concentration

In general, the signal intensity is proportional to the concentration of antibodies, but
excess antibodies would affect the sensitivity of the LFIA. In order to screen the optimal
concentration of antibodies, antibodies of different concentrations (5, 10, 15 and 20 µg/mL)
were added to AuNPs solution to synthesize AuNPs–Abs conjugates. The results show
that the highest sensitivity of strip assay was obtained at an antibody concentration of
10 µg/mL (Figure 3b).

3.2.3. Dilution Buffer

The dilution buffer of antigen and goat anti-rabbit second antibody had a great
influence on color intensity as a result of the effects on the absorption of protein in the
NC membrane caused by the ion type and pH value. In this study, 0.02 M PB (pH 7.4),
0.02 M PBS (phosphate-buffered saline, pH 7.4) and 0.05 M CB (pH 9.6) were selected as
the dilution buffers. The results (Figure 3c) show that when the antigen was diluted in
0.05 M CB and the second antibody was diluted in 0.02 M PB, a stronger signal could
be obtained.

3.2.4. Resuspension Buffer

The resuspension buffer affected the stability of AuNPs–Abs. In this study, Tris-HCl
(pH 7.4), 0.005 M borate buffer solution (pH 8.0), 0.005 M borate buffer solution (pH 8.5)
and 0.02 M PB (pH 7.0) were chosen as the resuspension buffers. We found that the
resuspension buffers of Tris-HCl and PB could lead to AuNPs–Abs coagulation on the
second day, which may have been caused by inappropriate pH values for the dissolution
of the AuNPs–Abs probe. In the end, 0.005 M borate buffer solution (pH 8.0), which had
the highest assay sensitivity, was chosen as the resuspension buffer (Figure 3d).
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Figure 3. Optimization results of Au nanoparticles lateral flow immunochromatography (AuNPs-LFIA). The LFIA test
strip results correspond to the T line intensity obtained by ImageJ software. (a) Effect of the pH value represented by 0.2 M
K2CO3 volume in 1 mL AuNPs; (b) antibody concentration of AuNPs–Abs conjugated probe; (c) effect of the dilution buffer
of coating antigen and second antibody; (d) effect of the resuspension buffer of AuNPs–Abs probe; (e) effect of ion type and
ion concentration in the sample pad treatment solution; (f) effect of Tween-20 content in the sample pad treatment solution.
−, Negative; +, positive.

3.2.5. Sample Pad Treatment Solution

The sample pad plays a crucial role in reducing the interference of the sample matrix
and affected the binding of the labeled probe on the NC membrane, thereby affecting the
color intensity and sensitivity of the test strip. Here we mainly evaluated the different
buffer and ion concentrations and the Tween-20 content of the sample pad pretreatment
solution. As shown in Figure 3e, the higher ion concentration of the sample pad treatment
solutions led to better color intensity. In general, Tween-20 improved the fluidity of the
sample pad. However, when the flow rate was too fast, it was not conducive to the T-line
capture of the AuNPs–Abs. When the flow rate was too slow, it increased the detection time.
It can be seen from Figure 3f that as the content of Tween-20 increased, the color intensity
of the LFIA first showed an increasing trend, and then decreased. By comparison, we chose
a sample pad treatment solution formulation with 0.05 M PB and 0.5% Tween-20 content.

3.3. Sensitivity

The qualitative performance of the AuNPs-LFIA was evaluated by the cut-off value. A
series of furosemide with different concentrations were spiked into the negative slimming
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health food samples. Figure 4 shows that the color intensity of T line became weaker with
increasing furosemide concentration. When the concentration of furosemide was 0 ng/g,
a vigorous color intensity could be seen with the naked eye on the T line, and the color
intensity became weaker when a higher concentration of furosemide was added. According
to the testing result, the cut-off value was 1.2 µg/g in capsule, coffee and tea samples,
and it was 1.0 µg/g in tablet samples. However, the effective dosage of furosemide for
an adult is 20–40 mg/day [36]. Therefore, slimming health foods would need to add at
least 20 mg of furosemide to the daily dosage to achieve significant weight loss, which is
far greater than the LOD of the AuNPs-LFIA. Additionally, compared to the LOD of the
HPLC-MS/MS method (2.7 µg/g) established by the Chinese government (BJS 201710) for
illegally added furosemide detection in health foods, the established AuNPs-LFIA showed
higher sensitivity and achieved on-site detection using a simple operation procedure.

μ
μ

μ

Figure 4. Sensitivity evaluation of the Au nanoparticles lateral flow immunochromatography
(AuNPs-LFIA) for furosemide in slimming health foods of different substrates. Red rectangular boxes
indicate the color intensity at the cut-off concentrations. Results for determination of furosemide
in the slimming capsule samples (a), slimming coffee samples (b), slimming tea samples (c) and
slimming tablet samples (d).

3.4. Specificity

The developed AuNPs-LFIA was used to detect six furosemide analogues, including
hydrochlorothiazide, metolazone, bumetanide, acetazolamide, torasemide and ethacrynic
acid at a 1.2 µg/g level. The results showed that the test strip did not detect the other drugs
at all, indicating that the LFIA had a high specificity for furosemide detection in slimming
health foods (Figure 5).
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Figure 5. Specificity evaluation results of the Au nanoparticles lateral flow immunochromatography
(AuNPs-LFIA): 1, furosemide; 2, hydrochlorothiazide; 3, metolazone; 4, bumetanide; 5, acetazolamide;
6, torasemide; 7, ethacrynic acid.

3.5. Confirmation by LC-MS/MS

LC-MS/MS was employed for the method confirmation. The detection results of
AuNPs-LFIA were consistent with LC-MS/MS in all 16 spiked samples. No false-positive
or false-negative results were found. The recoveries for furosemide in spiked samples were
from 75.83% to 104.53%, with the CVs ranging from 0.09% to 4.92% (Table 1), indicating that
the established LFIA is reliable and could be used for large-scale sample screening on-site.

Table 1. Comparison of the detection results of the Au nanoparticles lateral flow immunochromatography (AuNPs-LFIA)
and the liquid chromatography with tandem mass spectrometry (LC-MS/MS) in slimming health foods spiked with
furosemide (n = 3).

Sample Spike Level (µg/g) LC-MS/MS (µg/mL) Recovery (%) CV (%) AuNPs-LFIA Result

coffee 0.30 0.346 ± 0.006 115.39 1.75 −−−
0.60 0.707 ± 0.009 117.81 1.23 ±±±
1.20 1.379 ± 0.026 114.95 1.89 +++
2.40 2.781 ± 0.014 115.90 0.49 +++

capsule 0.30 0.302 ± 0.005 100.80 1.56 −−−
0.60 0.649 ± 0.014 108.10 2.22 ±±±
1.20 1.196 ± 0.059 99.64 4.92 +++
2.40 2.295 ± 0.013 95.63 0.55 +++

tea 0.30 0.247 ± 0.004 82.25 1.70 −−−
0.60 0.512 ± 0.016 85.35 3.05 ±±±
1.20 1.048 ± 0.032 87.37 3.02 +++
2.40 2.127 ± 0.026 88.61 1.22 +++

tablet 0.25 0.200 ± 0.004 80.18 2.09 −−−
0.50 0.379 ± 0.011 75.83 2.86 ±±±
1.00 0.879 ± 0.006 87.90 0.65 +++
2.00 1.862 ± 0.002 93.11 0.09 +++

−, Negative; +, positive; ±, weakly positive.

3.6. Analysis of Blind Samples

The 16 slimming health foods purchased in a Guangzhou market were detected by
AuNPs-LFIA, and the results showed that all were furosemide-negative samples (Table 2).
The results were confirmed and consistent with LC-MS/MS. Although no positive sample
was found in this survey due to the sample size and strict supervision in Guangzhou,
the results still indicate that the established AuNPs-LFIA is accurate and suitable for the
detection of different substrate samples.
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Table 2. Comparison of the detection results of the Au nanoparticles lateral flow immunochromatography (AuNPs-LFIA)
and the liquid chromatography with tandem mass spectrometry (LC-MS/MS) in slimming health foods purchased in a
Guangzhou market (n = 3).

Blind Sample LC-MS/MS AuNPs-LFIA Blind Sample LC-MS/MS AuNPs-LFIA

Sample 1

ND —

Sample 9

ND −−−

Sample 2

ND —

Sample 10

ND −−−

Sample 3

ND —

Sample 11

ND −−−

Sample 4

ND —

Sample 12

ND −−−

Sample 5

ND —

Sample 13

ND −−−

Sample 6

ND —

Sample 14

ND −−−

Sample 7

ND —

Sample 15

ND −−−

Sample 8

ND —

Sample 16

ND −−−

ND, Not detected; −, negative.
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4. Conclusions

This study developed a sensitive AuNPs-LFIA for the rapid detection of the illegal
adulterant drug furosemide that is sometimes found in slimming health foods for the
first time. By optimizing a series of parameters that may affect the performance of the
AuNPs-LFIA, the sensitivity for furosemide detection was higher than the detection limit
of the HPLC-MS/MS method formulated by the Chinese government for the detection of
illegal furosemide addition to health food. The sample preparation and test operation of
the developed AuNPs-LFIA is 12 min in total, and the procedure is simpler and faster than
other existing methods for furosemide detection. In conclusion, the developed AuNPs-
LFIA could be applied as an on-site rapid detection method for the screening of furosemide
in slimming health foods.
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Abstract: Due to their facile synthesis and friendly functionalization, gold nanoparticles (AuNPs)
have been applied in all kinds of biosensors. More importantly, these biosensors, with the combination
of AuNPs and immunoassay, are expected to be used for the detection of different compounds with
low concentrations in complex samples. In this study, a AuNPs-labeled antibody immunoprobe was
prepared and combined with a fluorescence-quenching principle and a background fluorescence-
quenching immunochromatographic assay (bFQICA), achieving rapid on-site detection. By using a
portable fluorescence immunoquantitative analyzer and a QR code with a built-in standard curve,
the rapid quantitative determination for nitrofurazone metabolite of semicarbazide (SEM) in animal-
derived foods was realized. The limits of detection (LODs) for bFQICA in egg, chicken, fish, and
shrimp were 0.09, 0.10, 0.12, and 0.15 µg kg−1 for SEM, respectively, with the linear range of
0.08–0.41 µg L−1, the recoveries ranging from 73.5% to 109.2%, and the coefficient of variation <15%,
only taking 13 min for the SEM detection. The analysis of animal-derived foods by bFQICA complied
with that of liquid chromatography-tandem mass spectrometry (LC-MS/MS).

Keywords: semicarbazide (SEM); background fluorescence-quenching immunochromatographic
assay (bFQICA); quantitative determination; animal-derived foods

1. Introduction

As a broad-spectrum antibiotic, nitrofurazone (NFZ) is a well-known member of the
nitrofurans class and is widely applied in husbandry to prevent and control a variety of
animal diseases caused by Salmonella and Escherichia coli infection [1,2]. Meanwhile, NFZ
was also used as a medicinal feed additive to prevent the dysentery and bacterial enteritis
in swine. NFZ as a kind of commonly used drug, can be metabolized to SEM in an animal’s
body [3]; therefore, the detection of SEM is usually used to reflect the residual state of NFZ.
Studies have found that, after a period of accumulation in the human body, nitrofuran
metabolites can lead to various organ diseases and can cause serious harm to human
health, such as irreversible damage to the central nervous system, liver, kidney, heart,
hypothalamus, reproductive system, and so on; toxic and side effects; allergic reaction
or allergy; bacterial drug resistance; and dysbacteriosis, teratogenesis, carcinogenesis,
and mutagenesis [4,5]. Since 1995, the European Union has prohibited nitrofuran use
in livestock, aquaculture, and poultry [6]. Moreover, China and USA have also strictly
prohibited nitrofuran application in food-producing animals [7,8]. The European Union
and the USA have set the minimum required performance limit (MRPL) (1.0 µg kg−1) for
SEM in animal-derived foods [9]. Hence, it is essential to establish effective methods for
the detection of SEM in animal-derived foods.
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Indeed, various methods have been established for detecting NFZ and/or SEM
(the metabolite of NFA) in animal-derived foods, such as high-performance liquid
chromatography-ultraviolet (HPLC-UV) [10], HPLC with fluorescence (HPLC-FLD) [11],
and HPLC-tandem mass spectrometry (HPLC-MS/MS) [12–16]. However, the above in-
strumental methods require professional knowledge of operators and costly instruments,
and they are unsuitable for on-site detection, which limits their use. The immunoassay
is a rapid useful technique for SEM analysis with high throughput tests, such as enzyme-
linked immunosorbent assay (ELISA) [17] and fluorescence-linked immunosorbent assay
(FLISA) [18]. However, ELISA and FLISA are heterogeneous reactions and time-consuming,
which requires tedious washing steps. The colloidal gold immunochromatographic assay
(CGICA) [19] is simple, fast, and low cost; however, it always shows the disadvantages of
just a qualified determination with a relatively high detection limit.

Due to their facile synthesis and friendly functionalization, gold nanoparticles (AuNPs)
have been applied in all kinds of biosensors [20], whether chemical and biological, drug
delivery, or photothermal therapy [21–23]. More importantly, these biosensors with the
combination of AuNPs and immunoassay are expected to be used for the detection of
different compounds with low concentrations in complex samples [24–26]. Wu et al. de-
veloped a background fluorescence-quenching immunochromatographic assay (bFQICA)
for the detection chloramphenicol (CAP) and aflatoxin M1 (AFM1) in milk with the limit
of detection (LOD) for CAP of 0.0008 µg L−1 and for AFM1 of 0.0009 µg L−1 [25]. In
2020, we successfully conducted the bFQICA to achieve co-determination of quinoxaline-
2-carboxylic acid (QCA) and 3-methyl-quinoxaline-2-carboxylic acid (MQCA) in pork,
with a sensitivity of 0.1–1.6 µg L−1 and only taking 30 min for the detection, exhibiting
convenience and efficiency [26]. The bFQICA has the advantages of having high specificity
and high sensitivity, and it is quantitative, portable, and accommodates direct read-out
mini devices; but so far, there has been no report on SEM detection by the bFQICA.

In this study, a bFQICA, achieving on-site quantitative determination of SEM residues
in animal-derived foods (egg, chicken, fish, and shrimp) was established (Figure 1), in
which AuNPs were used to quench the fluorescence of a background fluorescence base-
board, and a portable fluorescence immunoquantitative analyzer was used to measure the
background fluorescence.
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Figure 1. The scheme of bFQICA for detection of SEM in animal-derived foods.
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2. Materials and Methods

2.1. Chemicals and Equipment

The parent nitrofurans and SEM were obtained from Dr. Ehrenstorfer (Augsburg,
Germany), and other related materials can be seen in the Supplementary Materials. CPSEM-
OVA (carboxybenzaldehyde semicarbazone-ovalbumin, 5.47 mg mL−1) and anti-NPSEM
monoclonal antibody (mAb) (4.05 mg mL−1) were obtained from Beijing WDWK Biotech
Co., Ltd. (Beijing, China). Goat anti-mouse IgG was obtained from Jackson ImmunoRe-
search Laboratories, Inc. (West Grove, PA, USA).

The sample pad and absorbent pad were from Shanghai Liangxin Co., Ltd. (Shanghai,
China). The background fluorescence baseboard was obtained from Shanghai Xinpu
Biotechnology Co. Ltd. (Shanghai, China). A fluorescence immune-quantitative analyzer
was from Simp Bio-Science Co., Ltd. (Shanghai, China), and the UV-Vis spectrophotometer
was obtained from Hitachi Ltd. (Tokyo, Japan). The soft of NiceLabel Pro 2017 was obtained
from NiceLabel China (Shanghai, China)

2.2. Preparation and Characterization of AuNPs-Labeled Antibody Immunoprobe

The preparation of the AuNPs-labeled antibody (AuNPs-anti-NPSEM mAb) immuno-
probe was according to previous literature with slight modifications [26–28].

First, AuNPs were synthetized by the reduction method of trisodium citrate [29].
Second, for the preparation of AuNPs-anti-NPSEM mAb, the pH of AuNPs (1 mL) was

adjusted to 8.0 (K2CO3, 0.1 M), then the amount of anti-NPSEM mAb was added, quickly
mixed, and incubated for 10 min at room temperature (RT). Afterward, 20 µL of BSA
(20%, w/v) was added, mixed for blocking, and the mixture was centrifuged (8000 rpm,
10 min, 4 ◦C). Finally, the supernatant was quickly moved, and the pellet was diluted in
storage buffer (200 µL). In addition, AuNPs-anti-NPSEM mAb (4 µL) was transferred into
a microplate well and ultrasonically resuspended, then stored for use (4 ◦C).

2.3. Preparation of bFQICA Strip

The bFQICA strip contained a sample pad, background fluorescence baseboard, NC
membrane, absorbent pad, and background fluorescence baseboard. Initially, CPSEM-OVA
was dissolved in 0.02 M PBS with the final concentrations of 0.17 mg/mL and sprayed
onto the NC membrane to form test line (T line). Goat anti-mouse IgG was dissolved in PB
(0.02 M) with the final concentrations of 0.33 mg/mL and sprayed on the NC membrane as
the control line (C line). The spraying amount of CPSEM-OVA and goat anti-mouse IgG
was 0.7 µL/cm, with an interval between the T line and C line of 3.00 mm. Then, the as-
prepared NC membrane was dried at 45 °C for 2 h. Next, the NC membrane was attached
to the fluorescent region of the background fluorescence baseboard; the sample pad and
absorbent pad were assembled on the two sides of the background fluorescence baseboard,
respectively. Then, on the NC membrane and the assembled background fluorescence
baseboard with a 2 mm overlap, the strip was cut into 4.72 mm wide test strips. Finally, all
was put into a jam case and assembled into a bFQICA strip, and the assembled strips were
stored and kept sealed in a dry environment until use.

2.4. The Procedure of bFQICA for SEM

First, a standard or samples extraction solution (200 µL) was added to the freeze-dried
AuNPs-anti-NPSEM mAb immunoprobes, was gently blown by the pipette, and was
mixed until the purplish red particles at the bottom of the well were completely dissolved,
after which the solution was incubated for 3 min at RT in microplate well. After that, the
above mixture (120 µL) was added into the sample pad. As a result, the mixture could
move toward the absorbent pad through capillarity. Finally, the strip was measured by
the fluorescence immune-quantitative analyzer after 10 min incubation at RT, and the
fluorescence signals for (F1/F2) T/C lines were measured.
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2.5. Standard Curves and Generation of QR-Code

For the quantitative assay, four parameters were input into software (Nice Label Pro
2017) to generate QR-code with the built-in standard curve, and the QR-code was printed
by barcode printer (Label Shop). The accurate concentration of analytes could be obtained
by scanning the QR-code (Supplementary Materials).

2.6. Sample Pretreatment

The animal-derived foods (egg, chicken, fish, and shrimp) were from Xinxiang lo-
cal supermarkets and were stored at −20 ◦C before use. The sample pretreatment was
similar to our previous method [26] (Supplementary Materials). Before the detection by
bFQICA, the collected solution had a dilution factor of 5, with a sample diluent (0.02 M
PBS containing 0.05% Tween-20, pH 7.4) to remove the matrix interference.

2.7. Validation of bFQICA

Because of the low molecular weight of SEM, 2-NBA is often used to derivatize the
metabolite to increase the molecular weight in the sample pretreatment process before
detection. For validation of bFQICA, animal-derived food samples were confirmed to be
SEM-free by LC-MS/MS (Supplementary Materials).

3. Results and Discussion

3.1. Principle of bFQICA for Quantification of SEM

The detection mode of this study was competitive reaction. The background flu-
orescence of the membrane strip and the relative fluorescence intensity of the T line
were detected quantitatively. AuNPs-anti-NPSEM mAb immunoprobes were bound with
NPSEM in the standard or samples extraction solution, and then the mixture was dripped
onto the sample pad, moving toward the absorbent pad through capillarity. As shown in
Figure 2(A1), when there was no (NP)SEM (negative), the immunoprobes (AuNPs-anti-
NPSEM mAb) bound with the CPSEM-OVA coated on the T line in the NC membrane,
which could obviously quench (cover) the fluorescence of the T line (F2) generated from
the fluorescein of the background fluorescence baseboard. The remaining immunoprobes
(AuNPs-anti-NPSEM mAb) continued to move toward the C line and were bound with the
goat anti-mouse IgG, generating less fluorescence at the C line (F1) due to the quenching
(covering) of the fluorescein of the background fluorescence baseboard by AuNPs, in which
the ratio of F1/F2 was maximum (max) (Figure 2(B1)).

Conversely, when (NP)SEM (positive) was present (Figure 2(A2)), the immunoprobes
(AuNPs-anti-NPSEM mAb) were bound with the analytes, and then fewer immunoprobes
(AuNPs-anti-NPSEM mAb) would bind with the CPSEM-OVA coated on the NC mem-
brane, with less of a quenching (covering) effect, thus generating more fluorescence on the
T line (F2). Moreover, these probes (the unbound immunoprobes (AuNPs-anti-NPSEM
mAb) and AuNPs-anti-NPSEM mAb-analytes complex) could be captured by the goat
anti-mouse IgG on the C line and an additional quenching (covering) effect occurred, with
the less fluorescence of the C line (F1), in which the ratio of F1/F2 was minimum (min)
(Figure 2(B2)). As the concentration of (NP)SEM increased, the ratio of F1/F2 decreased.
Furthermore, F1 waned and F2 waxed with the increased concentration of (NP)SEM. In
addition, the concentration of (NP)SEM could be directly displayed by the built-in QR-code,
which only took 13 min for the detection of (NP)SEM, including 10 min of incubation and
3 min of signal collection and data calculation.
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Figure 2. Scheme of bFQICA for the quantitative detection of (NP)SEM. (A): The diagram of bFQICA test card, when there
was no (NP)SEM (negative) (A1), or when there was in the presence of (NP)SEM (positive) (A2); (B): the fluorescence of
C line (F1) and T line (F2), when there was no (NP)SEM (negative) (B1), or when there was in the presence of (NP)SEM
(positive) (B2).

3.2. Characterization of AuNPs

The solution of the prepared AuNPs was wine red, clear, and uniform, with good
dispersibility and no other insoluble impurities, which preliminarily proved that the
preparation of AuNPs was successful (Figure 3A).

AuNPs were characterized by UV-Vis spectroscopy with wavelength ranging from
400 to 700 nm, in which the maximum absorption wavelength was 528 nm (Figure 3B),
which is the characteristic absorbance peak of AuNPs, indicating a successful preparation.
The average diameter of these uniform particles was about 31.5 nm, according to the linear
regression equation: y = 0.4271x + 514.56 [30], in which y is the maximum wavelength
of absorption, and x is the diameter of the gold nanoparticles. The peak width of the
maximum absorption peak was narrow and symmetrical, indicating that AuNPs were
uniform in size and well dispersed.

The transmission electron microscope of AuNPs is shown in Figure 3C, and the
particle size of the AuNPs was about 28–33 nm, consistent with the calculation result of
the visible light absorption spectrum of the AuNPs. The results of transmission electron
microscope and visible light absorption spectrum showed that the preparation of AuNPs
was successful.

3.3. Optimization and Identification of AuNPs-Labeled Antibody Immunoprobe

In the preparation process of AuNPs-labeled antibody probe, the particle size of
colloidal gold, the amount of antibody, and the pH of the labeling system have great
effects on the stability and sensitivity of the AuNPs-labeled antibody probe (Table 1). The
scanning results of AuNPs-anti-NPSEM mAb by UV-Vis’s spectrophotometer are shown in
Figure 3B, whose maximum absorption wavelength had an obvious right shift compared
with that of the naked AuNPs. The maximum absorption peak of the AuNPs was 528 nm,
and the maximum absorption peaks of the four AuNPs-anti-NPSEM mAb probes was
534.5 nm. The obvious shift of the maximum absorption peak of the AuNPs-anti-NPSEM
mAb was due to the increase of the particle size of the antibody adsorbed on the AuNPs
surface through electrostatic interaction. At the same time, the maximum absorption peak
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of the AuNPs-anti-NPSEM mAb probes was narrow and symmetrical, which indicates
that the gold labeled antibody probe was stable. This results also verified the successful
coupling of the AuNPs-anti-NPSEM mAb probes.
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Figure 3. Identification of the prepared AuNPs. (A): AuNPs solution in eyes; (B): Visible absorption spectrum of naked
AuNPs and AuNPs-anti-NPSEM mAb probe, whose concentrations were 4.0 nM and 1.3 mg mL−1, respectively; (C): Trans-
mission electron micrograph of AuNPs.

3.4. Optimization of the bFQICA

The concentration of AuNPs-anti-NPSEM mAb probes and the amount of the im-
munoprobes per strip, and the concentration of coat antigen (CPSEM-OVA) and the goat
anti-mouse IgG on the NC membrane were investigated (Table 1). The value of IC50 was
an important parameter for evaluating the bFQICA performance.

Table 1. Analytical parameters of the bFQICA for the detection of (NP)SEM.

Characterization Results

AuNPs-anti-NPSEM mAb probes
(1mL reaction system)

The particle size of AuNPs 30 nm
pH 8 (0.8% v/v K2CO3)

Anti-NPSEM mAb (µg mL−1) 2.55

Storage buffer 0.02 M PB (0.5% BSA, 0.5% Triton X-100,
5% sucrose, 0.03% NaN3, pH 7.4)

Optimum parameters of the
established bFQICA (50 µL

reaction system)

The dosage of AuNPs-anti-NPSEM mAb probe 4 µL per well
AuNPs-anti-NPSEM mAb probe (µg mL−1) 2.55

CPSEM-OVA (mg mL−1) 0.17
Concentration of goat anti-mouse IgG

(mg mL−1) 0.33

rehydrated solution (µL) 46 (0.02 PB)

Analytical parameters of NPSEM
standard curve

IC50 (µg L−1) 0.19
20–80% inhibition (µg L−1) 0.08–0.41

LODs (µg kg−1)
0.09 (egg), 0.10 (chicken), 0.12 (fish),

0.15 (shrimp)
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3.5. Detectability

SEM was derivatized into NPSEM for detection by the bFQICA. The standard solutions
of NPSEM were diluted in PB (0.02 M) to generate the corresponding concentration from
0 to 1.6 µg L−1 (0, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6 µg L−1). The standard curves were generated
with a series of NPSEM solutions. The detectability of the bFQICA was represented by
IC50 values of 0.19 µg L−1 for NPSEM obtained from the standard curves (Figure 4 and
Figure S1). The linear range was 0.08–0.41 µg L−1, represented by the concentrations
causing 20–80% inhibition (Table 1).
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Figure 4. The standard curve of bFQICA method.

In this study, as NFZ was very unstable after entering an animal’s body, it could be
quickly metabolized into SEM with smaller molecular weight in a short time and could con-
sequently bind to tissue proteins in a relatively stable state. Because the molecular weight
of SEM was too small, a derivatization reagent (2-NBA) was usually used to generate
NPSEM, increasing its molecular weight [31]. For animal samples, the matrix component
with the greatest interference in the extract was protein. Matrix interferences are a com-
mon and challenging problem when applying bFQICA to real samples; therefore, sample
pretreatment will directly affect the efficiency and accuracy of detection [32]. The purpose
of sample pretreatment is to effectively extract, purify, and concentrate the target analyte
and reduce the adverse effect of the matrix effect on immune response as much as possible.
Generally, the influence of the matrix effect on immunoassay results can be eliminated
or weakened by the dilution method [33,34], which can effectively reduce the proportion
of non-specific binding. Separation and extraction are also common methods that can
eliminate or reduce the matrix effect by removing or reducing matrix components [35]. In
this study, on the basis of common sample pretreatment technology (nitrogen blowing
method), the amount of derivatization reagent (0.1 mL, 50 mM 2-NBA) was increased ap-
propriately, the temperature of the derivatization process was increased (60 ◦C) to achieve
rapid derivatization [36], and the sample diluent (0.02 M PBS with 0.05% Tween-20, pH 7.4)
was prepared to dilute the extract by 5 times, effectively reducing the matrix effect.

3.6. Specificity

There was negligible interference when detecting other chemical substances by the
bFQICA (Table S1). The parent nitrofurans, nitrofuran metabolites, and other veterinary
drugs commonly used in poultry and aquaculture were individually tested to evaluate the
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specificity of bFQICA. All the above results indicated the high specificity of the bFQICA
for (NP)SEM detection.

3.7. Validation of bFQICA

3.7.1. Limit of Detection

The LODs for bFQICA in egg, chicken, fish, and shrimp were 0.09, 0.10, 0.12, and
0.15 µg kg−1 for SEM, respectively. The LOD of the developed bFQICA in egg, chicken,
fish, and shrimp were below MRPL of 1.0 µg kg−1, which is compatible with the EU
requirements. The bFQICA method not only had the advantages of being a quantitative
method for the detection of SEM compared with the published multi-CGICA method [19],
but it also had a wider linear range than that of the published MBs-ICA method in fish
samples (0.1–50 µg L−1) [37]. Especially, although bFQICA nearly had the detectability
of the instrument method using UPLC-MS/MS for SEM [12], it had the advantages of
easy operation, low cost, and short implementation time. The developed bFQICA is an
improved version of traditional colloidal gold immunochromatography, and it breaks
through the bottleneck that AuNPs are usually only suitable for qualitative detection.

3.7.2. Accuracy and Precision

To evaluate the accuracy and precision of the developed bFQICA, blank animal-
derived food samples were fortified with SEM at concentrations of LOD, 2LOD, 4LOD,
and 1 µg kg−1 (MRPL). The recoveries of intra-assay ranged from 75.9% to 104.5%, and the
recoveries of inter-assay ranged from 75.7% to 105.1% (Table 2). All the CV values were less
than 15%. All the above results confirmed that the bFQICA was an accurate and effective
method and that it is fit for the rapid determination of SEM in animal-derived foods.

Table 2. Recovery and precision of SEM added in egg, chicken, fish, and shrimp.

Samples
Spiked

Concentration
(µg kg−1)

Intra-Assay a Inter-Assay b

Measure ± SD c

(µg kg−1)
Recovery ± CV d

(%)

Measure ± SD
(µg kg−1)

Recovery ± CV
(%)

Egg

0.09 0.074 ± 0.007 82.2 ± 8.9 0.077 ± 0.008 85.8 ± 9.9
0.18 0.181 ± 0.012 100.6 ± 6.4 0.168 ± 0.017 93.4 ± 10.3
0.36 0.302 ± 0.011 83.8 ± 3.8 0.323 ± 0.016 89.6 ± 5.1
1.00 0.981 ± 0.037 98.1 ± 3.8 0.932 ± 0.049 93.2 ± 5.3

Chicken

0.10 0.090 ± 0.006 90.1 ± 7.2 0.078 ± 0.007 78.1 ± 8.5
0.20 0.167 ± 0.015 83.5 ± 9.1 0.187 ± 0.012 93.6 ± 6.2
0.40 0.418 ± 0.015 104.5 ± 3.6 0.420 ± 0.016 105.1 ± 3.9
1.00 1.012 ± 0.050 101.2 ± 4.9 0.946 ± 0.069 94.6 ± 7.3

Fish

0.12 0.091 ± 0.006 75.9 ± 6.9 0.101 ± 0.006 83.9 ± 6.0
0.24 0.212 ± 0.012 88.4 ± 5.8 0.211 ± 0.018 88.1 ± 8.6
0.48 0.461 ± 0.034 96.0 ± 7.4 0.478 ± 0.045 99.6 ± 9.4
1.00 0.858 ± 0.040 85.8 ± 4.7 0.916 ± 0.057 91.6 ± 6.2

Shrimp

0.15 0.118 ± 0.012 78.4 ± 10.2 0.114 ± 0.013 75.7 ± 11.5
0.30 0.269 ± 0.017 89.8 ± 6.3 0.279 ± 0.025 92.9 ± 8.9
0.60 0.555 ± 0.049 92.5 ± 8.8 0.609 ± 0.033 101.5 ± 5.4
1.00 0.880 ± 0.032 88.0 ± 3.6 0.900 ± 0.060 90.0 ± 6.7

a Intra-assay variation was detection by 6 replicates on a single day. b Inter-assay variation was detection by 6 replicates on 3 different days.
c SD, standard deviation. d CV, coefficient of variation.

3.8. Application in Field Samples

Eighty field samples of animal-derived food (egg, chicken, fish, and shrimp) were
detected by the bFQICA and LC-MS/MS, respectively [14,38]. All the detection results of
the two methods were coincident (Table 3), suggesting that the developed bFQICA method
was a reliable method for the detection of trace SEM residues in animal-derived foods.
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Table 3. Determination of SEM in field animal-derived food samples collected by the bFQICA and LC-MS/MS (n = 3).

Sample No. bFQICA, Mean ± SD (µg kg−1) LC-MS/MS, Mean ± SD (µg kg−1)

Egg
1–9 ND a ND
10 ND ND

11–20 ND ND

Chicken
1–6 ND ND
7 ND ND

8–20 ND ND

Fish
1 0.88 ± 0.04 0.92 ± 0.03

2–20 ND ND

Shrimp
1–12 ND ND

13 ND ND
14–20 ND ND

a ND not detected.

4. Conclusions

This is the first report on the bFQICA method for SEM detection. In this study,
the bFQICA for the quantitative determination of SEM in animal-derived foods was
successfully developed. The LODs for bFQICA in egg, chicken, fish, and shrimp were 0.09,
0.10, 0.12, and 0.15 µg kg−1 for SEM, respectively, with the recoveries ranging from 73.5% to
109.2% (CVs < 15%), using a process that only takes 13 min. The analysis of animal-derived
food samples by bFQICA was in accordance with that of LC-MS/MS. Compared with
the traditional CGICA method, the detectability of the bFQICA method was higher, and
the detection time was shortened compared with heterogeneous reactions such as ELISA.
In addition, the concentration of SEM can be directly displayed by the built-in QR-code,
which is efficient and convenient. As a promising approach, this method could also be
extended for the nitrofurans metabolite in aquaculture and poultry products.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10071668/s1, Figure S1: Detection of (NPSEM) of gradient concentration by the bFQICA
test card based on grey signal of AuNPs by eyes. Table S1: Cross reactivity (CR) of NPSEM and its
analogs by bFQICA test cards.
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Abstract: Propiconazole (PCZ) is a fungicide popularly used to prevent and control wheat and rice
bakanae disease, etc. However, it was recently found to be illegally employed as a plant regulator to
induce thick stems and dark green leaves of Brassica campestris, a famous vegetable in Guangdong,
South China. Due to a lack of available recognition molecules to the target analyte, it is still a big
challenge to establish a rapid surveillance screening method. In this study, a novel chiral hapten was
rationally designed, and an artificial immunogen was then prepared for the generation of a specific
antibody against propiconazole for the first time. Using the obtained antibody, a highly sensitive
time-resolved fluorescence microspheres lateral flow immunochromatographic assay (TRFMs-LFIA)
was established with a visual limit of detection of 100 ng/mL and a quantitative limit of detection of
1.92 ng/mL for propiconazole. TRFMs-LFIA also exhibited good recoveries ranging from 78.6% to
110.7% with coefficients of variation below 16%. The analysis of blind real-life samples showed a
good agreement with results obtained using HPLC-MS/MS. Therefore, the proposed method could
be used as an ideal screening surveillance tool for the detection of propiconazole in vegetables.

Keywords: propiconazole; hapten; antibody; time-resolved fluorescence; lateral flow immunochro-
matographic assay

1. Introduction

Propiconazole (PCZ) is a systemic triazole fungicide that can prevent most fungal
diseases in banana, wheat and rice [1]. It is favored by farmers for its broad-spectrum
sterilization and long duration. The crops registered for using of propiconazole in China
are banana, wheat and rice [2]. In 2018, the annual use of propiconazole in China reached
2087.42 tons, which exceeded other countries [3]. In the hazard classification, propiconazole
is classified as reproductive toxicity 1B category and belongs to endocrine disrupting
substances [4]. Related studies have confirmed that propiconazole can result in genetic
toxicity, liver toxicity and growth toxicity [5–7]. The U.S. Environmental Protection Agency
has included propiconazole in the list of possible human carcinogens [8].
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Most Cantonese prefer brassica campestris with thick stems and a dark green color,
which may be the most favored vegetable by local people in Guangdong due to its rich
nutrition and taste [9]. However, in order to cater to the preferences of Cantonese, prop-
iconazole was sometimes illegally used as a plant growth regulator to obtain a good ap-
pearance of brassica campestris [10]. During the first three quarters of 2016, an average of
0.011~0.07 mg/kg propiconazole was detected brassica campestris samples from 11 farmer
markets and supermarkets in Guangzhou (capital city of Guangdong province, China) [11].
Based on 84 brassica campestris samples from nine farmer markets in Guangzhou, the
average residue of propiconazole was 0.06 mg/kg, and the average positive detection rate
was as high as 90% [12]. All these indicate propiconazole residues are commonly found in
brassica campestris in Guangzhou markets.

Japan stipulates that the maximum residue of propiconazole in brassica and leafy
vegetables is 0.05 mg/kg [13]. The EU cancelled the registration of propiconazole in
2019 due to a lack of data on the toxicity evaluation of propiconazole metabolites, and the
existing data could not complete the risk assessment related to consumer dietary intake [14].
According to the China food safety standard “Maximum Residue Limits of Pesticides in
Foods” (GB 2763-2019), some vegetables and fruits have been set a maximum residue
limit for propiconazole residues, e.g., typhalatifolia (0.05 mg/kg) and banana (1 mg/kg).
However, there is no residue limit set for propiconazole in many other vegetables.

Methods for detecting propiconazole include gas chromatography (GC) [15,16], high-
performance liquid chromatography (HPLC) [17,18], gas chromatography-tandem mass
spectrometry (GC-MS/MS) [19,20], and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) [21,22]. These methods are widely used due to their advantages in sensitivity
and accuracy [23]. However, they are complex, require professionals to operate, and are
time- and cost-sensitive [24]. The immunoassay has become the most important part of the
rapid detection field because of its time-saving, high sensitivity, and simple operation [24].
Until now, there are limited reported immunoassays for propiconazole detection, mainly
colloidal gold immunochromatographic assay (CG-ICA) [25] and indirect competitive
enzyme-linked immunosorbent assay (ic ELISA) [26]. Nevertheless, the ELISA method
requires laboratory conditions and tedious washing steps. In order to establish a highly
sensitive as well as convenient propiconazole immunoassay, fluorescent microspheres-
based immunochromatography has great potential.

In this study, a portable and rapid immunochromatographic assay using time-resolved
fluorescent microspheres as a tracer was established for the detection of propiconazole. The
hapten used in the immunochromatographic assay was rationally designed using a similar
chiral carbon containing structure to that of propiconazole, and a polyclonal antibody that
specifically recognizes propiconazole was obtained. Based on this antibody, a time-resolved
fluorescence microspheres lateral flow immunochromatographic assay (TRFMs-LFIA) was
developed, optimized, and evaluated for its sensitivity, specificity, and recovery, and then
applied for the analysis of blind vegetable samples.

2. Materials and Methods

2.1. Reagents and Solutions

Propiconazole (PCZ), difenoconazole, diniconazole, hexaconazole, tebuconazole, epox-
iconazole, myclobutanil, paclobutrazol, flusilazole, cyproconazole, triadimenol, bitertanol
Standard, triadimefon, N,N-Dimethylformamide (DMF), N-hydroxysuccinimide (NHS),
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), ovalbumin (OVA), keyhole limpet
hemocyanin (KLH), bovine serum albumin (BSA), graphitized carbon black (GCB), N-
Propylethylenediamine (PSA), 4-Dimethylaminopyridine (DMAP), N,N-Carbonyldiimidazole
(CDI), succinic anhydride anhydrous dichloromethane, and 2-(N-morpholino) ethanesul-
fonic acid (MES) were purchased from Sigma-Aldrich (St. Louis, MO, USA). ((2S,4S)-2-
((1H-1,2,4-triazol-1-yl) methyl)-2-(2,4-dichlorophenyl)-1,3-dioxolan-4-yl) methanol (AZC)
was purchased from Toronto Research Chemicals (Toronto, Canada). Time-resolved fluores-
cence microsphere (TRFM), europium chelate (365/610), 0.2 µm, 1% (w/v) solid suspension,
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was purchased from Bangs Laboratories Inc. (Indiana, USA). Nitrocellulose filter membrane
(Sartorius, UniSart CN95) were obtained from Sartorius Stedim Biotech GmbH (Goettingen,
Germany). Sample pad (GF-2), absorbent pad (CH37 K), adhesive backing pad (SMA31-40),
and goat anti-rabbit-immunoglobulin G (IgG) were purchased from Shanghai Liangxin
Co. Ltd. (Shanghai, China). Microtiter plates were obtained from the Guangzhou JET
BIOFIL Co. (Guangzhou, China). Ultra-pure water was produced using a Unique R-10
water purification system (Unique R-10, Bedford, MA, USA). Chloroauric acid, trisodium
citrate, polyvinyl pyrrolidone (PVP), and other chemical substances were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

New Zealand White Rabbit were purchased from the Guangdong Medical Experimen-
tal Animal Centre and raised at the Animal Experiment Centre of South China Agriculture
University (Animal Experiment Ethical Approval Number: 2020009, Figure S1). All re-
quired licenses were secured prior to commencement of the animal experiments.

2.2. Apparatus

The BioDot-XYZ 3060 Dispensing Platform was supplied by BioDot, Inc, (Irvine, CA,
USA). The programmable strip cutter ZQ-2000 was purchased from Shanghai kinbio Tech.
Co., Ltd. (Shanghai, China). The Lynx 4000 centrifuge was supplied by Thermo Fisher
Scientific GmbH (Berlin, Germany). An FIC-Q1 multifunctional fluorescence reader was
purchased from Fenghang technology Co., Ltd. (Hangzhou, China). The Nano Drop 2000C
ultra-violet spectrophotometer was supplied by Thermo Scientific (Waltham, MA, USA).
The UV spectrometer was purchased from Qiangyun Co. (Shanghai, China). The Zetasizer
Nano ZS90 used for measurements of size and charge of nanoparticles was supplied by
Malvern Panalytical (Malvern, UK). Agilent 1290-6470 Liquid Mass Spectrometry (USA
AB SCIEX).

2.3. Synthesis of Hapten AZC-HS

The scheme for the hapten synthesis is shown in Figure 1A. Briefly, AZC (0.5 g,
1.5 mmol) was dissolved in 10 mL of anhydrous dichloromethane in a flask. After
adding succinic anhydride (0.3 g, 3 mmol) and DMAP (0.018 g, 0.15 mmol), the mix-
ture was stirred at room temperature for 12 h. Then, the mixture was evaporated to
dryness before introducing water, extracted with ethyl acetate, and the organic phase
was separated, dried over anhydrous Na2SO4, and finally concentrated to afford the hap-
ten, 4-(((2S,4R)-2-((1H-1,2,4-triazol-1-yl) methyl)-2-(2,4-dichlorophenyl)-1,3-dioxolan-4-yl)
methoxy)-4-oxobutanoic acid (AZC-HS). ESI-MS analysis (negative): m/z 428.8 [M − H]−;
1H NMR (600 MHz, DMSO-d6) δ 12.28–12.23 (m, 1H), 8.40 (d, J = 5.2 Hz, 2H), 7.84 (d,
J = 5.1 Hz, 2H), 7.66 (d, J = 5.3 Hz, 2H), 7.46 (t, J = 6.7 Hz, 2H), 7.41 (q, J = 10.2, 7.0 Hz, 2H),
4.84–4.74 (m, 4H), 4.23 (q, J = 5.6 Hz, 2H), 3.98 (dd, J = 10.8, 5.6 Hz, 2H), 3.85 (ddd, J = 26.8,
12.4, 5.9 Hz, 5H), 3.65 (dt, J = 11.7, 5.7 Hz, 2H), 2.55 (t, J = 6.0 Hz, 4H), 2.50 (q, J = 6.6, 6.2 Hz,
6H), 2.42 (d, J = 5.3 Hz, 1H), 1.23 (d, J = 5.4 Hz, 1H).

−

−

Figure 1. (A) Synthesis of the AZC-HS hapten. (B) Hapten-carrier conjugation of AZC-CDI-OVA.
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2.4. Preparation of Immunogen and Coating Antigen

The immunogen was synthesized using an active ester method [27] with slight modifi-
cations. Briefly, 20 mg of hapten AZC-HS was dissolved in 3 mL of DMF. Then, 12.84 mg of
EDC and 10 mg of NHS were added and kept stirring at room temperature for 5 h. The
mixture was added dropwise to a reaction flask containing KLH (10 mg/mL, 1 mL), and
stirred at 4 ◦C for 12 h. The reaction mixture was purified by dialysis against PBS (0.01 M,
pH 7.4) for 3 days to remove the non-reacted reactants. The dialyzed product was the
immunogen (AZC-HS-KLH). Full wavelength ultraviolet-visible (UV-Vis) spectroscopy
scan was used to confirm the conjugation of the immunogen (Figure S2A), which was
finally stored at −20 ◦C until use.

Coating antigens were prepared using a CDI method [28], OVA was used as the carrier
(Figure 1B). Briefly, 110 mg of AZC was dissolved in 3 mL of DMF. Then, 15 mg of CDI
and 5 mg of DMAP were added with stirring at room temperature for 24 h. After that, the
mixture was added to dropwise to a reaction flask containing OVA (10 mg/mL, 1 mL), and
was stirred at 4 ◦C for 12 h. The reactive mixture was also dialyzed against PBS (0.01 M,
pH 7.4) at 4 ◦C for 3 days. The dialyzed product was the coating antigen (AZC-CDI-OVA)
(Figure S2B) and confirmed by UV-Vis scan as above before being stored at −20 ◦C until use.

AZC, ((2S,4S)-2-((1H-1,2,4-triazol-1-yl) methyl)-2-(2,4-dichlorophenyl)-1,3-dioxolan-4-
yl) methanol.

AZC-HS, 4-(((2S,4R)-2-((1H-1,2,4-triazol-1-yl) methyl)-2-(2,4-dichlorophenyl)-1,3-
dioxolan-4-yl) methoxy)-4-oxobutanoic acid.

OVA, Albumin from chicken egg white. CDI, N,N′-Carbonyldiimidazole.

2.5. Antibody Generation

As shown in Figure 2A, New Zealand white rabbits (6~7 weeks age) were immunized
with the immunogen by subcutaneous injection to the neck and back, as described pre-
viously [29]. The immune effect was verified by detecting the titer and inhibition of the
rabbit serum by the competitive indirect enzyme linked immunosorbent assay [30].

 

−

μ
μ

μ

μ
μ

μ

μ

μ

Figure 2. (A) Design of hapten and molecular modeling. (B) Schematic diagram of TRFMs-LFIA for
propiconazole in brassica campestris, lettuce and romaine lettuce. (C) The test results from the LFIA.
1, Negative result; 2,3, positive result; 4,5, invalid results. (D) Quantitative detection.

The caprylic acid-ammonium sulfate precipitation method [31] was used to pu-
rify the antibody. The purified product was stored at −20 ◦C. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis was used to check the purity of the purified antibody.
The performance of antibody was preliminarily evaluated based on the 50% inhibition
concentration (IC50) by competitive indirect enzyme-linked immunosorbent assay [32].
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2.6. Molecular Surface Electrostatic Potential Simulation

Energy-minimized three-dimensional (3D) structure and surface electrostatic potential
iso-surfaces of hapten AZC-HS and 13 triazoles compounds were modelled using the
Sybyl-X 2.0 program package (Tripos Inc, St. Louis, MO, USA).

2.7. Preparation of TRFM Labeled Antibody

The carboxyl group on the surface of TRFM can be linked to the amino group in the
antibody by the active ester method [33]. Hence, 10 µL of TRFM was mixed with 1 mL of the
MES solution (50 mM, pH 5.5). Then, 15 µL of freshly prepared EDC solution (0.5 mg/mL)
and 20 µL of freshly prepared NHS solution (0.5 mg/mL) were added to the above solution.
The mixture was vortexed for 10 s in order to fully disperse in solution. After activation
for 15 min, the solution was centrifuged at 14,000 rpm at 4 ◦C for 15 min. After carefully
discarding the supernatant, the white precipitate was resuspended with a boric acid buffer
(BB, 20 mM, pH 8.0), and the anti-PCZ antibody (2 µL, 17.0 mg/mL) dissolved in 198 µL
of BB (2 mM, pH 8.0) was added and mixed thoroughly. After incubation for another
45 min, 20 µL of 20% (w/v) BSA was added dropwise for 60 min of blocking reaction. The
mixture was then centrifuged at 14,000 rpm at 4 ◦C for 15 min, and the supernatant was
discarded to remove any unbound antibody and BSA. The white precipitate, which was the
target TRFM-labeled antibody (TRFM-Ab) immunoconjugates, was redissolved in 200 µL
phosphate buffer (PB, 20 mM, pH 7.4) containing 0.75% (v/v) Tween-20, 0.05% (w/v) NaCl,
0.5% (w/v) BSA, 0.3% (w/v) PVP, and 0.03% (w/v) procline-300. The resuspension was stored
at 4 ◦C for the further use.

2.8. Fabrication of the Lateral Flow Strip

As shown in Figure 2B, the test strip mainly consists of four parts, a sample pad,
a nitrocellulose membrane, an absorbent pad, and an adhesive backing pad. First, the
coating antigen was diluted to 0.2 mg/mL with carbonic acid buffer and the goat anti-rabbit
IgG antibody was diluted to 0.03 mg/mL with PB (20 mM, pH 7.4). Second, they were
dispensed on the nitrocellulose membrane as the test (T) line and control (C) line, with
0.8 µL/cm of spray volume, respectively. The distance between the T and C line was 8 mm,
then the nitrocellulose membrane was dried at 37 ◦C for 12 h. Third, the nitrocellulose
membrane, sample pad, and absorbent pad were adhered to the adhesive backing pad as
shown in Figure 2B. Finally, the assembled backing pad was cut into strips with widths of
3.05 mm and placed in a ziplock bag with silica particles as a desiccant.

2.9. Sample Preparation

Blank lettuce and romaine lettuce purchased from a local supermarket were verified
as PCZ-free by HPLC analysis.

The standard addition process is to add the standard analyte of the corresponding
concentration to 2 g of homogeneous vegetables, vortex, and mix for 1 min.

Samples were extracted by mixing 2 g of homogenized vegetables with 5 mL of
methanol in 10 mL centrifuge tubes. After mixing and shaking for 1 min, the extracted
solutions were centrifuged at 5000 rpm for 5 min. The supernatants of 4 mL were collected
in a 10 mL centrifuge tube (containing 50 mg PSA, 30 mg GCB). After mixing and shaking
for 1 min, the extracted solutions were centrifuged at 5000 rpm for 5 min. The supernatants
of 2 mL were collected and dried with nitrogen. The substrate was reconstituted with 2 mL
of PB (200 mM, pH 7.4) containing 10% (v/v) methanol, before being filtered through a
0.22 µm membrane and then diluted four times with PB (200 mM, pH 7.4) containing 10%
(v/v) methanol. The final volume of 8 mL used to for TRFMs-LFIA analysis.

2.10. Principle and Detection Protocol of TRFMs-LFIA

The main principle of TRFMs-LFIA is based on the indirect competitive reaction
between antibody and antigen [34]. The TRFM-Ab acts as a sensitive fluorescent probe. As
shown in Figure 2B, with the help of absorption capacity of the absorbent pad, the solution
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can flow in the direction from the sample pad to the absorbent pad. When detecting a
positive sample, the free propiconazole first reacts with the TRFM-Ab conjugates and
occupies the limited TRFM-Ab binding sites. Thus, fewer or no TRFM-Ab conjugates will
be captured by coating antigen on the T line. The more propiconazole exists in the sample,
the weaker fluorescence response displays on the T line. In accordance with this principle,
the fluorescence intensity at the test line is inversely proportional to the propiconazole
concentration in the sample. If there is no fluorescence on the C line, the test strip is invalid
(Figure 2C).

In this study, a vertical running mode was applied to the test strip for the detection
process. In our work, 120 µL of sample solution or standard analyte was added to the
microwells (microtiter plates, Guangzhou JET BIOFIL Co.), followed by mixing with 8 µL
of the TRFM-Ab. After incubation for 3 min at room temperature, the test strips were
vertically inserted into the microwells and incubated for another 5 min. Finally, the sample
pad was discarded, and the test strips were visually inspected under ultraviolet (UV) light
(Figure 2C) for qualitative results. Meanwhile, the fluorescence intensity of the T and
C line were quantified by a FIC-Q1 multifunctional fluorescence reader (Figure 2D) for
quantitative analysis. The ratio of T/C was used to quantify the result, where T represent
fluorescence intensity at the detection line [35].

2.11. Performance of TRFMs-LFIA

A series of concentration of propiconazole standard solutions (0, 5, 25, 50, 75, 100, 150,
and 200 ng/mL) under the optimal conditions was analyzed using the established TRFMs-
LFIA to achieve the visual limit of detection (vLOD), standard curves, and quantitative
limit of detection (qLOD). The vLOD, judged by the naked eyes under the UV light, is
considered to be as the lowest analyte concentration that can form a significantly weaker
color band on the T line than that on the control strip [36]. The standard curves were obtained
by measuring a series of standard with various concentrations. Each level was tested in
triplicate (n = 3) with the strip by FIC-Q1 fluorescence reader, which were plotted based on
the B/B0 against the propiconazole concentration, where B and B0 were the ratio of T/C
values with and without propiconazole in the sample solutions. The qLOD were defined as
the concentration that gave 80% B/B0 values according to the standard curves [37].

To evaluate the specificity of TRFMs-LFIA, 12 structural and functional analogs, in-
cluding difenoconazole, diniconazole, hexaconazole, tebuconazole, epoxiconazole, my-
clobutanil, paclobutrazol, flusilazole, cyproconazole, triadimenol, bitertanol standard, and
triadimefon, were tested along with propiconazole at the same concentration (100 ng/mL),
and PB (0.1 M, 10% (v/v) methanol) was selected as the negative control. Each test was
repeated in triplicates.

In order to confirm the reliability of the proposed TRFMs-LFIA, spiked and real-
life samples were verified by HPLC-MS/MS analysis. The accuracy and precision of
the developed test strip was evaluated by the recovery and coefficient of variation (CV),
respectively [38]. At present, the residues of propiconazole in the brassica campestris
seem to be common, and in order to better evaluate the residues of propiconazole in
markets, two extra leafy vegetables, lettuce and romaine lettuce, were also selected as the
test samples. Brassica campestris, lettuce, and romaine lettuce samples, including three
levels of propiconazole standard concentration (10, 40, 80 µg/kg), were detected via test
strip in triplicates. Blind samples (four samples of each vegetable) taken randomly from
local markets in Guangzhou were tested in triplicates by both TRFMs-LFIA and HPLC-
MS/MS. The quantitative consistency of TRFMs-LFIA and HPLC-MS/MS was verified by
regression analysis.

3. Results and Discussion

3.1. Hapten Design and Antibody Evaluation

As propiconazole is too small a molecule (molar mass 342.2 g mol−1) to be immuno-
genic and to exert an immune response to an animal body, the hapten needs to be conjugated
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to a macromolecular protein carrier to become a complete antigen for animal immunity [39].
However, propiconazole lacks an active group for conjugation with a carrier protein. There-
fore, the structurally similar analogue molecule AZC was selected as a hapten, which
extended an arm similar to propiconazole feature on its side chain. There are two chiral
carbons in the molecular structure of propiconazole, and it is well known that the propi-
conazole contains four optical isomers. The cis-isomer generally accounts for about 60% of
the racemate, and the trans-isomer accounts for about 40% [40]. Herein, AZC-HS, the cis
isomer (Figure 2) was chosen as the immunizing hapten for the conjugation with carrier
protein to prepare the immunogen, and then immunize rabbit to produce an antibody. It
was expected to recognize the propiconazole isomer molecule, since the majority of their
features are same except for a steric difference and the length of the side chain in their
structures (Figure 1A).

In this conjugation, the overall structure of propiconazole was fully exposed by in-
troducing the succinic anhydride arm, which was coupled with protein (KLH) to obtain
immunogen and the conjugate curves (Figure S2A) showed the conjugate has the weak
characteristic peaks of both the hapten at 260 nm and the carrier protein at 280 nm, prelimi-
narily judging that the coupling is successful. Meanwhile, the hapten AZC was directly
coupled to the OVA to obtain the coating antigen, and the conjugate curves (Figure S2B)
showed that the conjugate has the characteristic peaks of both the hapten at 320 nm and
the carrier protein at 280 nm, indicating successful conjugation between the hapten and
the carrier (BSA or OVA) [41], thus supporting the formation of the immunogen. This
immunogen was then used for antibody production.

After the rabbit antiserum was obtained, preliminary purification and evaluation were
carried out per the previously reported protocol [31]. SDS-PAGE under reducing conditions
(Figure S3A) shows the main protein band between 55 kDa and 180 kDa. The propiconazole
antibody showed two expected protein bands around 25 kDa and 55 kDa, respectively,
indicating a normal antibody feature, and consequently high antibody purity.

A competitive indirect enzyme linked immunosorbent assay was developed to prelim-
inarily assess the usability and suitability of the obtained antibody with IC50, which is the
concentration resulting the half decrease in optic absorbance [32] (Figure S3B). The perfor-
mance of the competitive indirect enzyme linked immunosorbent assay calibration curve
exhibited a good property with IC50 values of 0.51 ng/mL, a working range (IC20~IC80)
of 0.11~2.42 ng/mL, and a limit of detection (LOD) 0.06 ng/mL. According to the China
food safety standard “Maximum Residue Limits of Pesticides in Foods” (GB 2763-2019),
the maximum residue limits of propiconazole in other agricultural products is 0.05 mg/kg,
the obtained performance of the antibody is much lower than the limit set by GB 2763-2019.
This indicated that the antibody is sensitive enough to meet the limit regulation and suitable
for the further investigation and assay development.

3.2. Characterization of TRFM Labeled Antibody

When TRFM was coupled with antibody, the coupling can sometimes cause a change
in the particle size and zeta potential, which indicates a successful conjugation [42]. Here,
the particle size is shown in Figure S3C. When the 10 µL of TRFM and TRFM-Ab was
dispersed in 1 mL of ultrapure water, an average particle size of TRFM was approximately
200 nm. After coupling, its average particle size of TRFM-Ab was about 240 nm. There is a
remarkable change in particle size before and after coupling. With regard to zeta potential,
the potential of TRFM-Ab increased significantly from −50 mV to −35 mV of TRFMs
(Figure S3D). This indicated that the antibody was successfully labeled with the TRFMs.

3.3. Optimization of TRFMs-LFIA

To obtain the best performance, each step of the TRFM-LFIA assay procedure was
optimized. In this study, several key factors were optimized, such as the conditions for the
preparation of TRFM-Ab (activation pH, antibody dilution buffer antibody amount, etc.)
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and the assay procedure (probe amount, ion concentration of standard diluent, methanol
content in diluent, coupling pH, time of coupling reaction and blocking time, etc.).

3.3.1. Activation pH

The carboxyl group on the surface of the TRFMs requires activation to couple with the
amino group of the antibody [43]. Therefore, the activated pH is the key factor affecting the
efficiency of activation. The activation pH was adjusted to 5.0, 5.5, 6.0, and 6.5 with MES
(0.05 M) solution and other pH was adjusted to 7.0 and 7.4 with PB (0.01 M), respectively.
The result showed that with the increase of pH, the fluorescence intensity of C line first
increases and then decreases (Figure 3A). When the pH was at 5.5 during preparation of
the TRFM labeled antibody, the fluorescence intensity of C and T lines was desired under
the UV light. From the histogram analysis, the inhibition rate is the highest at the same
time. Therefore, pH 5.5 was selected as the optimal activation pH.

 

μ

Figure 3. Optimization of working conditions. All the optimize conditions were evaluated by the
negative (0 ng/mL) and positive (100 ng/mL). The values of T/C below were calculated from the
pictures above by FIC-Q1 fluorescence reader and the screening criteria combined the T/C value,
where B and B0 were the ratio of T/C values with and without propiconazole in the sample solutions.
Inhibition rate is equal to 1-B0/B. (A) Activation pH, (B) Antibody dilution buffer, (C) Antibody
amount, (D) Immunoprobe amount.

3.3.2. Antibody Dilution Buffer

It is known that a suitable dilution type is an important factor that can affect the
sensitivity and specificity of antibody [44]. In this investigation, five antibody dilution
buffers, including ultrapure water, 0.01 M PB (pH 7.4), 0.5% BSA, 0.01 M PB (0.5% BSA), and
0.002 M BB (pH 8.0), were used to dilute antibody. The results under UV light (Figure 3B)
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showed that the color rendering effect was the worst when the antibody dilution buffer
contains 0.5% BSA, while the antibody dilution buffer contains a small number of ions and
leads to a better color rendering effect. From the histogram analysis, the inhibition rate
is the highest when the antibody dilution buffer was 0.002 M BB. Therefore, 0.002 M BB
(pH 8.0) was selected as the optimal antibody dilution buffer.

3.3.3. Antibody Amount

To obtain an optimal antibody amount level for the assay development, five levels of
antibody amount, including 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 µL (17.0 mg/mL), were used to
couple with TRFM. As presented in Figure 3C, the T line fluorescence intensity gradually
increased with an increase of antibody amount. When the antibody amount reaches
saturation, the inhibition basically remained unchanged. From the histogram analysis, the
inhibition rate is basically unchanged or even a little decreased when the antibody amount
is 2 µL. Considering both the sufficient performance and cost saving, the optimal antibody
amount was selected as 2 µL herein (3.4 × 10−2 mg).

3.3.4. Usage of Probe

The quantity of TRFM-Ab is directly related to the color development and cost of the
test strip, the usage of TRFM-Ab was then optimized in this work. The optimization results
(Figure 3D) showed that the signal intensity of the T and C lines deepened gradually with
the increasing of probe volume and reached saturation when the volume was 8 µL. Thus,
8 µL of the probe was selected as the optimal usage for the further investigation.

To further improve the detection performance, ion concentration of standard diluent,
methanol content in diluent, coupling pH, time of coupling reaction, and blocking time
were optimized in this investigation, too (Figure S4A–E). All optimized conditions are
summarized in Table 1. The screening criteria combined the T/C value, where B and B0 are
the ratio of T/C values with and without propiconazole in the sample solutions.

Table 1. Working conditions of the TRFMs-LFIA.

Working Conditions Optimal Value

Ion concentration of standard diluent 0.2 M PB
Methanol content in diluent 10%

Activation pH 0.05 M MES (pH 5.5)
Coupling pH 0.02 M BB (pH 8.0)

Antibody dilution buffer 0.002 M BB (pH 8.0)
Antibody amount 3.4 × 10−2 mg (per strip)

Time of coupling reaction 45 min
Blocking time 60 min

Immunoprobe amount 8 µL

3.4. Sensitivity

According to the test procedure, a series of concentrations was selected to test with
the strip. As presented in Figure 4A, when the propiconazole concentration is 100 ng/mL
(green box), it can be seen that the T line intensity is significantly weaker than the control
group (0 ng/mL). Therefore, 100 ng/mL was selected as the visual limit of detection (vLOD).
Furthermore, a series of propiconazole standard solutions with different concentration
were tested by FIC-Q1 fluorescence reader, and the obtained calibration curve (Figure 4B)
showed a nonlinear fitting relationship between the B/B0 and the propiconazole concen-
tration with a high coefficient of determination (R2 = 0.987). In addition, the qLOD was
1.92 ng/mL. The National Food Safety Standard Maximum Residue Limits of Pesticides in
Foods (GB 2763-2019) sets maximum residue limits of propiconazole in other vegetables
is 0.05 mg/kg. As shown in Table 2, the LOD of our proposed method was much lower
than the national maximum residue and LODs using instrumental methods, demonstrating
the applicability of this TRFMs-LFIA. Compared with the two reported propiconazole
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immunoassay methods [25,26], our method showed slightly higher LOD. Maybe the less
sensitive polyclonal antibody we used was responsible for this phenomenon. However,
the proposed TRFMs-LFIA not only fully meets the actual detection requirements, but also
offers a sensitive as well as convenient immunoassay for propiconazole screening.

μ

Figure 4. Assay performance of TRFMs-LFIA for propiconazole detection. (A) Detection results
for propiconazole standard of different concentrations by the TRFMs-LFIA. Green rectangular box
represents the vLOD concentrations of propiconazole by the TRFMs-LFIA. (B) Calibration curve of
propiconazole in standard buffer. (C) Specificity of the TRFMs-LFIA for propiconazole detection. The
concentrations of propiconazole (PCZ), difenoconazole (DFCZ), diniconazole (DICZ), hexaconazole
(HCZ), tebuconazole (TCZ), epoxiconazole (ECZ), myclobutanil (MOA), paclobutrazol (POA), flusi-
lazole (FIZ), cyproconazole (CCZ), triadimenol (TDL), bitertanol standard (BRD), and triadimefon
(TDN) are all 100 ng/mL.

Table 2. Comparison of performance of different methods.

Method Matrix The Detection Lim (itmg/kg) References

GC-MS Banana 0.02 [19]

LC-MS/MS Pepper
soil

0.005
0.0015 [22]

LC-MS/MS Soil 0.004 [21]
SPE-GC-µECD Vegetable 0.01 [45]

GC-ECD Groundwater 2 [15]
GC-MS Snow peas 0.003 [20]

HPLC-MS Soil 0.005 [46]
GC Wolfberry 0.006 [16]

GC-ICA Vegetable 0.00013 [25]
Ic ELISA Vegetable 0.00026 [26]

TRFMs-LFIA Brassica campestris 0.00192 This work

3.5. Specificity

According to the literature [47], the T/C value was chosen as the ordinate, and a
histogram was used to intuitively reflect the comparison between different drugs and
the blank. As shown in Figure 4C, compared with the negative control, the presence of
propiconazole makes the T line disappear completely, while the other analogs did not
cause obvious changes to the T line. When the buffer contains propiconazole, the T/C
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value of the green band is less than 0.2. The T/C value of the blue-green band with other
analogs is more than twice the green band and adding other related molecules may affect
the fluorescence intensity of C line, thus cause T/C value to be larger than the negative
control group. This indicated that the proposed TRFMs-LFIA is highly specific for the
detection of propiconazole.

The results for the 3D models (Figure 5) also confirmed the feasibility of the above
results. At the lowest energy conformation, 13 triazoles and hapten AZC-HS have similar
structural areas that are all in accordance with the arrangement of the 1,3-dichlorobenzene
on the top, the trinitrogen ring at the bottom, and the side chain on the right. The charge
distribution of hapten what we used is similar to propiconazole and the transition from
benzene ring (A small amount of negative charge) to trinitrogen ring (positive charge),
which implies that the obtained antibody demonstrated a good specificity. For the other
12 triazole compounds, the benzene rings of difenoconazole, diniconazole, hexaconazole,
tebuconazole, paclobutrazol, flusilazole, cyproconazole, triadimenol, bitertanol standard,
and triadimefon show a strong negative charge. At the same time, the positive charge of
myclobutanil is mainly concentrated in the central area. Therefore, the obtained antibody
cannot recognize the 12 triazole compounds, and thus demonstrated high specificity. This
is also reasonable and explainable in according with the molecule modeling.

 

Figure 5. Lowest energy conformations and molecular electrostatic potential isosurfaces of 13 triazole
compounds and hapten (Blue region represents negative charge, red region represents for positive
charge. The darker the color, the stronger the charge).
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3.6. Recovery

As shown in Table 3, the coefficient of variation is equal to the ratio of the standard
deviation to the mean and the average recovery rate of spiked samples ranged from 78.6%
to 110.7% with corresponding CVs below 16%. This indicated that it could be acceptable
for a rapid screening method. The good recovery can also confirm that the chiral hapten
design strategy was efficient successful, since the resultant antibody can well recognize
the racemate.

Table 3. Recovery of propiconazole in brassica campestris, lettuce and romaine lettuce samples
detected by TRFMs-LFIA (n = 3).

Samples
Spiked Level Found ± SD Recovery CV

(ng/g) (ng/g) (%) (%)

brassica
campestris

10.0 8.6 ± 0.8 86.3 9.1
40.0 44.3 ± 5.4 110.7 12.2
80.0 78.6 ± 12.3 98.3 15.6

lettuce
10.0 8.7 ± 0.5 86.6 5.6
40.0 36.7 ± 5.1 91.6 13.9
80.0 83.2 ± 8.3 104.0 9.9

romaine lettuce
10.0 8.1 ± 0.7 81.2 8.8
40.0 31.5 ± 3.7 78.6 11.8
80.0 71.1 ± 9.7 88.9 13.6

SD, Standard deviation. CV, Coefficient of Variation.

3.7. Analysis for Blind Samples

To verify the feasibility of this method in real-life samples, brassica campestris, lettuce,
and romaine lettuce were chosen and tested using the TRFMs-LFIA. The vLOD of TRFMs-
LFIA in samples for propiconazole was slightly higher than that in PB, which might be
attributed to the effect of the complexed food matrix. As illustrated in Figure S5, with
increasing propiconazole concentration, the fluorescence intensity of T line becomes weaker
under UV light. When the propiconazole concentration of brassica campestris is 150 ng/mL
(red box), it can be seen that the T line intensity is significantly weaker than the control group
(0 ng/mL). Similarly, 200 ng/mL was selected as the visual limit of detection (vLOD) of
lettuce and romaine lettuce. Therefore, the corresponding vLOD of the brassica campestris,
lettuce and romaine lettuce were 150, 200, and 200 µg/kg, respectively.

Furthermore, blind samples (four samples of each type of vegetable) were detected
to evaluate the suitability of the TRFMs-LFIA for in practical applications. The data of
the TRFMs-LFIA were consistent with that of the HPLC-MS/MS (Table 4). Meanwhile, a
satisfactory correlation for the detection of propiconazole (Y = 1.15X − 0.74, R2 = 0.974)
was obtained with the two methods (Figure S6), indicating that the established TRFMs-
LFIA had excellent reliability and could provide the point-of-care quantitative detection of
propiconazole in brassica campestris, lettuce, and romaine lettuce.

To our surprise, propiconazole residues were detectable in romaine lettuce, another
common vegetable on the dining table of Cantonese. It is also reported for the first time
that propiconazole residue was found in romaine lettuce so far. Therefore, a comprehensive
market spot check for the residue of propiconazole in romaine lettuce have to be conducted
to clarify the residual status, and it is recommended that the regulatory authorities need to
include the lettuce as a regulatory object.

For brassica campestris, four blind samples from the two markets all led to the detec-
tion of propiconazole residues. By calculating the dietary exposure risk entropy based on
the average positive detection value (0.026 mg/kg) [11], despite the dietary exposure risk
being low at present, it is necessary to monitor the propiconazole residue in vegetables,
because propiconazole is not registered for use on any leafy vegetables by any country
and organization.
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Table 4. Comparison of propiconazole using TRFMs-LFIA and HPLC-MS/MS in blind samples
(brassica campestris, lettuce and romaine lettuce) (n = 3).

Assay TRFMs-LFIA HPLC-MS/MS

Samples Number Test Value (Mean ± SD, ng/g) CV (%) Test Value (Mean ± SD, ng/g) CV (%)

brassica campestris

Sample 1 14.2 ± 1.6 11.5 19.0 ± 1.8 9.4
Sample 2 64.2 ± 5.3 8.2 71.3 ± 3.5 4.9
Sample 3 13.5 ± 1.8 13.4 9.5 ± 0.8 8.9
Sample 4 6.6 ± 0.9 13.8 4.6 ± 0.3 7.4

lettuce

Sample 5 ND - ND -
Sample 6 ND - ND -
Sample 7 ND - ND -
Sample 8 ND - ND -

romaine lettuce

Sample 9 ND - ND -
Sample 10 ND - ND -
Sample 11 ND - ND -
Sample 12 8.8 ± 0.8 9.6 12.4 ± 1.3 10.8

ND, Not detected. -, unavailable.

4. Conclusions

In conclusion, a TRFMs-LFIA for the on-site detection of propiconazole in brassica
campestris, lettuce, and romaine lettuce was developed for the first time. The correspond-
ing vLOD for propiconazole in brassica campestris, lettuce, and romaine lettuce were 150,
200, and 200 µg/kg, respectively. Blind samples were analyzed by both the TRFMs-LFIA
and HPLC-MS/MS, and a good correlation between the two methods was obtained. The
application of the proposed method to blind market samples, abusing risk, was also found
to exist in other agricultural products besides brassica campestris for the first time. There-
fore, the established method provided an idea and rapid screening tool for propiconazole
monitoring and abusing risk assessment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11030324/s1, Figure S1: Ethical review of animal experiments;
Figure S2: The result of hapten-carrier conjugation. (A) The UV-VIS spectroscopy of AZC-HS, KLH,
and conjugates. (B) The UV-VIS spectroscopy of AZC, OVA, and conjugates. UV-VIS, Ultraviolet-
visible spectroscopy. KLH, Keyhole limpet hemocyanin. OVA, Albumin from chicken egg white. CDI,
N,N′-Carbonyldiimidazole; Figure S3: Characterization of PCZ Ab and TRFMs-PCZ Ab conjugation.
(A) The result of SDS-PAGE. Lane M, standard protein markers. Lane 1, Before purification. Lane
2, After purification. (B) Standard curve of antibody. (C) The average particle size of TRFMs and
TRFMs-PCZ Ab. (D) The zeta potential of TRFMs and TRFMs-PCZ Ab; Figure S4: Optimization of
other working conditions. All the optimize conditions were evaluated by the negative (0 ng/mL) and
positive (100 ng/mL). The values of T/C below was calculated from the pictures above by FIC-Q1
fluorescence reader and the screening criteria combined the T/C value, where B and B0 were the
ratio of T/C values with and without propiconazole in the sample solutions. Inhibition rate is equal
to 1-B0/B. (A) Standard diluent ion concentration, (B) Methanol content in diluent, (C) Coupling pH,
(D) Time of coupling reaction, (E) Blocking time; Figure S5: Detection results of propiconazole in (A)
brassica campestris, (B) lettuce, and (C) romaine lettuce samples by TRFM-LFIA. Red rectangular box
represents the vLOD concentrations of propiconazole by TRFMs-LFIA; Figure S6: The correlation
diagram of blind sample detection results of the TRFMs-LFIA and HPLC-MS/MS (n = 3).
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Abstract: A novel and efficient immunoaffinity column (IAC) based on bispecific monoclonal anti-
body (BsMAb) recognizing aflatoxin B1 (AFB1) and ochratoxin A (OTA) was prepared and applied
in simultaneous extraction of AFB1 and OTA from food samples and detection of AFB1/OTA com-
bined with ic-ELISA (indirect competitive ELISA). Two deficient cell lines, hypoxanthine guanine
phosphoribosyl-transferase (HGPRT) deficient anti-AFB1 hybridoma cell line and thymidine kinase
(TK) deficient anti-OTA hybridoma cell line, were fused to generate a hybrid-hybridoma producing
BsMAb against AFB1 and OTA. The subtype of the BsMAb was IgG1 via mouse antibody isotyping
kit test. The purity and molecular weight of BsMAb were confirmed by SDS-PAGE method. The
cross-reaction rate with AFB2 was 37%, with AFG1 15%, with AFM1 48%, with AFM2 10%, and
with OTB 36%. Negligible cross-reaction was observed with other tested compounds. The affinity
constant (Ka) was determined by ELISA. The Ka (AFB1) and Ka (OTA) was 2.43 × 108 L/mol and
1.57 × 108 L/mol, respectively. Then the anti-AFB1/OTA BsMAb was coupled with CNBr-Sepharose,
and an AFB1/OTA IAC was prepared. The coupling time and elution conditions of IAC were opti-
mized. The coupling time was 1 h with 90% coupling rate, the eluent was methanol–water (60:40, v:v,
pH 2.3) containing 1 mol/L NaCl, and the eluent volume was 4 mL. The column capacities of AFB1

and OTA were 165.0 ng and 171.3 ng, respectively. After seven times of repeated use, the preservation
rates of column capacity for AFB1 and OTA were 69.3% and 68.0%, respectively. The ic-ELISA for
AFB1 and OTA were applied combined with IAC. The IC50 (50% inhibiting concentration) of AFB1

was 0.027 ng/mL, the limit of detection (LOD) was 0.004 ng/mL (0.032 µg/kg), and the linear range
was 0.006 ng/mL~0.119 ng/mL. The IC50 of OTA was 0.878 ng/mL, the LOD was 0.126 ng/mL
(1.008 µg/kg), and the linear range was 0.259 ng/mL~6.178 ng/mL. Under optimum conditions,
corn and wheat samples were pretreated with AFB1-OTA IAC. The recovery rates of AFB1 and OTA
were 95.4%~105.0% with ic-ELISA, and the correlations between the detection results and LC-MS
were above 0.9. The developed IAC combined with ic-ELISA is reliable and could be applied to the
detection of AFB1 and OTA in grains.

Keywords: aflatoxin B1; ochratoxin A; bispecific monoclonal antibody; immunoaffinity column;
ic-ELISA

1. Introduction

Mycotoxins are natural secondary metabolites produced by filamentous fungi under
suitable conditions, among which aflatoxin B1 (AFB1) and ochratoxin A (OTA) are the
most toxic and exist widely in grains [1–4]. In 2012, aflatoxins were listed in the group 1
classification (carcinogenic to humans) by the International Agency for Research on Cancer
(IARC), and OTA was classified as group 2B (possibly carcinogenic to humans) by IARC in
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1993 [5]. Some research has indicated that AFB1 and OTA frequently and simultaneously
contaminated the same grain and the toxic synergistic effect caused aggravated harm [6–8].

Considering the health impact of AFB1 and OTA, the European Union (EU) has set the
maximum level of AFB1 at 5.0 µg/kg in maize or rice, and 2.0 µg/kg in other cereals. As
for OTA, the maximum level is 3.0~5.0 µg/kg in cereals [9]. In China, the maximum level
for AFB1 is mandated at 5.0~20 µg/kg in different cereals, and for OTA this is 5.0 µg/kg
in all cereals [10]. Detection technology for mycotoxins in food is needed to detect and
monitor mycotoxins effectively. Due to the advantages of low cost, easy operation and
speed, immunoassay has become the ideal choice in large-scale screening of mycotoxins.

The preparation of antibodies in an immunoassay for mycotoxin is critical [11], and
all are reported as single-specific, including polyclonal antibody [12,13], monoclonal anti-
body (MAb) [14–18] and recombinant antibody [19–22]. Compared with a single-specific
antibody which can only recognize a single analyte in a complex food matrix, a bispecific
monoclonal antibody (BsMAb) with two intrinsic specific binding sites could simultane-
ously recognize and bind two distinct antigens [23–25]. It is predominant in immunoassays
for food safety detection [25–27], which could reduce the cost of combined use of single-
specific antibodies.

Several BsMAbs have been reported and applied to establish quantitative or qualitative
immunoassays in the food safety field. Wang et al. [28] developed a BsMAb-based multi-
analyte enzyme-linked immunosorbent assay (ELISA) for 5-morpholinomethyl-3-amino-2-
oxazolidone (AMOZ), malachite green (MG), and leuco-malachite green (LMG) detection
in aquatic products. Jin et al. [29] reported a visual colloidal gold immunochromatographic
strip with BsMAb to detect carbofuran and triazophos.

In addition with regards to establishing an immunoassay method, BsMAb also has
significant application value in other fields of immunoassay. Heterogeneous matrix ef-
fects in food affect the detection result and lead to the reduction of sensitivity and accu-
racy [30,31]. This is especially the case in trace quantity analysis of mycotoxins in grains.
An immunoaffinity column (IAC) could separate and concentrate mycotoxins in grain and
effectively improve the matrix effect based on a specific and reversible interaction between
antigen and antibody [32–34]. This may be one of the most applicable and adaptable
procedures for mycotoxin detection [35]. IACs have been reported as having extracted my-
cotoxins in various matrices [36], such as cereals [21,34,37,38], spices [39], potables [40,41],
and nuts [42]. The IACs available at present are all based on a single-specific antibody,
which can only conjugate to one target compound. Simultaneous contamination of multiple
mycotoxins often exists in many foods. In order to extract these mycotoxins, more IACs
are needed for sample pretreatment, which would be complicated, time-consuming, and
costly. Two or more different antibodies were conjugated in the same IAC in some stud-
ies [43,44], which could also recognize and extract two or more mycotoxins simultaneously.
Nevertheless, more than one antibody was still necessary, and the preparation or the assay
procedures were complex. Moreover, the coupling ratio of different antibodies is uncertain
and hard to measure, and mutual interference may be caused by competitive binding of dif-
ferent antibodies. In comparison with single-specific antibody-based IAC, a BsMAb based
IAC would be more efficient, convenient, and economical when the sample is contaminated
with two mycotoxins. Moreover, the coupling efficiency of BsMAb based IAC is easy to
measure, and the interference caused by using two or more different antibodies could
be effectively avoided because of the homogeneity of the antibody structure. At present,
no BsMAb based IAC has been reported. In this study, in order to further investigate
the preparation and properties of BsMAb, and explore its application prospects in IAC, a
BsMAb against AFB1 and OTA was generated and characterized. Based on this BsMAb,
an IAC was prepared and applied in simultaneous extraction of AFB1 and OTA from food
samples. The extraction conditions were optimized. Then the IAC was applied combined
with ic-ELISA (indirect competitive ELISA) for AFB1 and OTA detection in food samples.
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2. Materials and Methods

2.1. Reagents and Material

Aflatoxin B1 (AFB1), ochratoxin A (OTA), aflatoxin B2 (AFB2), aflatoxin G1 (AFG1),
aflatoxin G2 (AFG2), aflatoxin M1 (AFM1), aflatoxin M2 (AFM2), ochratoxin B (OTB), ochra-
toxin C (OTC), zearalenone (ZEN), deoxynivalenol (DON), T-2 toxin (T-2) and fumonisin B1
(FB1), N-methyl-N’-nitro-N-nitrosoguanidine (MNNG), Methyl Methane-sulfonate (MMS),
8-Azaguanine (8-AG), 5-bromo-2′-deoxyuridine (5-BrdU), Paraffin liquid, 50% PEG 4000,
goat anti-mouse Immunoglobulin G horseradish peroxidase conjugate (HRP-IgG) were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). RPMI Medium 1640
basic (1×), HAT Media Supplement (50×), HT Media Supplement (50×), Pierce Rapid
Isotyping Kits-Mouse were purchased from Thermo Fisher Scientific Co., Ltd. (Waltham,
MA, USA). Fetal bovine serum was purchased from Guangzhou Saiguo Biotech Co., Ltd.
(Guangzhou, China). All other chemicals and solvents were of analytical grade and were
purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China).
Water was prepared using a Milli-Q water purification system.

CNBr-activated Sepharose 4B and polyethylene columns (8.9 mm × 63 mm) were
purchased from Pharmacia Corporation (Wuhan, China). Female Balb/c mice (10 weeks old)
were purchased from Guangdong Medical Laboratory Animal Centre (Foshan, China). Anti-
AFB1 hybridoma cell line E4, anti-OTA hybridoma cell line B3, anti-AFB1 MAb (IgG1), anti-
OTA MAb (IgG1), AFB1-OVA, OTA-OVA, blocking buffer, P solution and TMB chromogenic
solution were produced by our laboratory.

2.2. Apparatus

ELISA plates were washed using a Multiskan MK2 microplate washer (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Absorbances of ELISA were measured on a Multiskan
MK3 microplate reader (Thermo Fisher Scientific Inc., Waltham, MA, USA). Absorbances
of antibody concentrations were measured on a NanoDrop 2000 c Ultraviolet spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA).The LC-MS assay was conducted using
an Agilent 6400 series LC system and an ECLIPS PLUS C18 (2.1 × 100 mm, 1.8 µm) (Agilent
Technologies, Santa Clara, CA, USA) with a Triple Quadrupole Mass Spectrometer.

2.3. Mutagenesis of HGPRT and TK Deficient Hybridoma Cell Lines

The chemical mutagen scheme was performed as follows [28,45,46]: AFB1 hybridoma
cell line E4 was cultured in HAT medium for 2 d before mutagenic treatment in a humidified
5% CO2 incubator at 37 ◦C. The cells were washed twice with PBS and cultured in HT
medium for 2 d to restore the cells to normal morphology and were cultured in HAT
medium for 24 h. After washing the cells with PBS twice, the cells were mutagenized in
different concentrations of MNNG (5.0 µg/mL, 10.0 µg/mL, 20.0 µg/mL, and 40.0 µg/mL).
The mutagenic treatment time was 2 h, 4 h, 6 h and 10 h. At the same time, the control
group was cultured in 1‰ DMSO complete medium (RPMI-1640 culture media containing
20% fetal bovine serum) without MNNG. The cells were washed twice with PBS to finish
the mutagenesis and cultured in complete medium. Finally, the cells were cultured for
3 d and the survival rate of the cells was determined by trypan blue staining, and the
combination of MNNG concentration and mutagenic treatment time resulting in a survival
rate of about 70% were selected as the optimal mutation parameters. OTA hybridoma cell
line B3 was mutated with MMS (1.0 µg/mL, 5.0 µg/mL, 10.0 µg/mL, and 20.0 µg/mL) and
for 2 h, 4 h, 6 h and 10 h by the same steps as above.

2.4. Screening of HGPRT and TK Deficient Hybridoma Cell Lines

After mutagenic treatment with MNNG, AFB1 hybridoma cells E4 were collected
and incubated in a 6-well culture plate in selective semi-solid media containing 6-TG
(50 µg/mL). After 10 d, the visible white clonal cell clusters were placed into a 96-well
culture plate and cultured with 200 µL complete media containing 6-TG (50 µg/mL). The
cell supernatants were analyzed by ELISA to screen positive clones which could recognize
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and bound to AFB1. Then the cells were tested by HAT media to confirm their HAT
sensitivity. If the cell line could not grow in HAT media, it was HGPRT-deficient, and was
named E4-HGPRT−. Via the same steps, the TK-deficient OTA hybridoma cell line named
B3-TK− was screened with 5-BrdU (30 µg/mL).

2.5. Generation and Characterization of BsMAb

2.5.1. Generation of BsMAb

E4-HGPRT− and B3-TK− were fused under the effect of PEG 4000 [47]. The fused cells
were cultured in 96-well culture plates with HAT media for 10 d. The cell supernatants
were tested by ic-ELISA to confirm the presence of BsMAb which could recognize and
bound to AFB1 and OTA simultaneously.

The selected tetra-doma cell lines were cloned by 4 rounds of limiting dilution assays,
and then inoculated into female Balb/c mice that had been primed with 500 µL of sterile
liquid paraffin. Ascites was collected from the Balb/c mice and purified with Protein G
to obtain BsMAb. The concentration of BsMAb was measured by a NanoDrop 2000 c
ultraviolet spectrometer. The subtype of BsMAb was determined by Pierce Rapid Isotyping
Kits-Mouse. The purity and molecular weight of BsMAb were estimated by the SDS-
PAGE method.

2.5.2. Antibody Specificity Determination

The cross-reactivity (CR) could be used as an index to evaluate the specificity of the anti-
AFB1/OTA BsMAb. Inhibition curves were fitted through ic-ELISA data to determine the
IC50 (50% inhibiting concentration) of each common mycotoxin contaminant (aflatoxin B1,
aflatoxin B2, aflatoxin G1, aflatoxin G2, aflatoxin M1, aflatoxin M2, ochratoxin A, ochratoxin
B, ochratoxin C, zearalenone, deoxynivalenol, T-2 toxin and fumonisin B1). The CR was
calculated using the following equation:

CR =

IC50 of AFB1 or OTA
IC50 of common mycotoxin contaminant

×100% (1)

2.5.3. Antibody Affinity Determination

The affinity of BsMAb was validated as follows [48]: the coating antigen AFB1-
OVA and OTA-OVA diluted to four gradient concentrations (5.0 µg/mL, 2.5 µg/mL,
1.25 µg/mL, 0.625 µg/mL) were coated in microplates at 4 ◦C for 14 h, respectively.
The anti-AFB1/OTA BsMAb was diluted to eight gradient concentrations (9.6 × 10−3

mg/mL, 4.8 × 10−3 mg/mL, 2.4 × 10−3 mg/mL, 1.2 × 10−3 mg/mL, 6.0 × 10−4 mg/mL,
3.0 × 10−4 mg/mL, 1.5 × 10−4 mg/mL, 7.5 × 10−5 mg/mL) with PBS buffer, and then
added to the micropores for specific binding. After reacting with HRP-IgG as secondary
antibody, chromogenic solution, and termination solution successively, the A450nm was
determined. The reaction curve was fitted by Origin 8.5 software. The concentration of
BsMAb was used as abscissa and A450nm as ordinate. The average value of BsMAb concen-
tration corresponding to the half-saturation index was taken as the affinity constant (Ka) of
BsMAb.

2.6. Preparation of BsMAb Based IAC

According to the instruction, the procedures of IAC preparation was as follow: 0.5 g
of CNBr-Sepharose 4B powder was swelled with 3 mL of HCl (1 mM) and washed with
20 mL of coupling buffer (0.1 M NaHCO3, pH 8.3) 5 times. Then, the Sepharose gel was
mixed with 2 mL anti-AFB1/OTA BsMAb solution (9.61 mg in coupling buffer) and gently
stirred at 25 ◦C. The concentration of unconjugated BsMAb in supernatant was determined
by NanoDrop 2000 c ultraviolet spectrometer every 0.5 h to calculate the coupling efficiency.
The optimal coupling time was determined when the coupling efficiency was over 90%.

The coupling efficiency was calculated as follows:
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Coupling Efficiency =

Concentration of BsMAb before coupling − Concentration of unconjugated BsMAb
Concentration of BsMAb Before Coupling

(2)

The agarose gel was redissolved in 50 mL blocking buffer (0.1 M Tris-HCl, pH 8.0)
to block the free active sites at 25 ◦C for 2 h, and washed with 20 mL HAc-NaAc buffer
(0.1 M, pH 4.0) and 20 mL Tris-HCl buffer (0.1 M Tris-HCl, pH 8.0) alternately for 4 cycles.
Finally, 1 mL of immune gel prepared above was transferred to a polyethylene column and
balanced with 20 mL loading buffer (0.1 M PBS, pH 7.4). The IAC prepared was stored
with PBS containing 0.01% Merthiolate sodium (v/w) at 4 ◦C until use.

2.7. Optimization of Elution Conditions and Evaluation of the IAC Capacity

Mixed standard solution containing 50 ng AFB1 and 50 ng OTA was diluted in 15 mL
loading buffer and drawn through the IAC. Then 20 mL of loading buffer was applied to
wash the IAC. Finally, elution buffer was used to elute the analyte bound to the column.
The collected eluent diluted twice with PBS was detected by ic-ELISA and recovery rates
were evaluated.

Three elution conditions were optimized to determine the optimum conditions, in-
cluding type of elution buffer, concentration of methanol in elution buffer, and volumes
of elution buffer. Elution buffer A is 0.2 M glucine solution, pH 3.0. Elution buffer B is
methanol-water, 90:10, v:v. Elution buffer C is methanol-water, 60:40, v:v, pH 2.3. Elution
buffer D is methanol-water, 60:40, v:v, pH 2.3, containing 1 M NaCl. The concentration
of methanol in elution buffer are 30%, 40%, 50%, and 60% (v/v). The volumes of elution
buffer are 1 mL, 2 mL, 3 mL, 4 mL, 5 mL.

Under the optimal conditions, 15 mL of loading buffer containing excessive mixed
standard of AFB1 (300 ng) and OTA (300 ng) was passed through the IAC. The eluent
diluted with PBS was detected by ic-ELISA. The column was used repeatedly for several
cycles, and the column capacity and preservation rates were calculated and compared. The
column capacity/preservation rate was expressed as follows:

Column Capacity =

Concentration of AFB1 or OTA × Loading Amount
Immune Gel Volume

(3)

Preservation Rate =

Column Capacity for Several Cycles
Column Capacity for the First Treatment

(4)

2.8. ic-ELISA Combined with IAC

The collected eluent was detected by the ic-ELISA developed and optimized in our
laboratory. The parameters of ic-ELISA are shown in Table 1 and the procedures are as
follows. Coating antigen solution was coated in a 96-well polystyrene microtiter plate with
100 µL/well at 4 ◦C for 14 h, then washed with 300 µL/well wash solution (PBS containing
0.05% Tween-20) twice. 120 µL/well blocking buffer was used to block uncoated sites at
37 ◦C for 3 h, and then the plate was dried in a draught drying cabinet at 37 ◦C. Then,
50 µL MAb solution and 50 µL AFB1/OTA standard solution of gradient concentrations or
the collected eluent diluted twice with PBS were added to each well and incubated, and
the plate was washed 4 times. 100 µL/well HPR-IgG was added for incubation, and then
washed 4 times. After washing, 100 µL/well of TMB chromogenic solution was added into
each well and incubated for 10 min at 37 ◦C, and 50 µL/well of 2 M H2SO4 was added to
terminate the chromogenic reaction. The absorbance at 450 nm (A450nm) was measured.
The A450nm of the well without standard solution was as B0 and with standard solution
was as B. The inhibition curve was fitted by Origin 8.5 software adopting B/B0 versus
the concentration of AFB1 or OTA, and the IC50 was estimated (Figure 1). The limit of
detection (LOD) was defined as the IC10 value. The linear range was taken as IC20 to IC80.
The IC50 of AFB1 was 0.027 ng/mL, the LOD was 0.004 ng/mL (0.032 µg/kg), and the
linear range was 0.006 ng/mL~0.119 ng/mL. The IC50 of OTA was 0.878 ng/mL, the LOD
was 0.126 ng/mL (1.008 µg/kg), and the linear range was 0.259 ng/mL~6.178 ng/mL. The
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LODs of the ic-ELISA to AFB1 and OTA were obviously lower than the maximum levels.
Therefore, this method was suitable for quantitative detection of AFB1 and OTA.

Table 1. Parameters for ic-ELISA.

Target Analyte AFB1 OTA

Coating antigen AFB1-OVA OTA-OVA
Coating concentration (µg/mL) 0.31 0.26

Coating buffer 0.05 M carbonate buffer (pH 9.6)
Coating condition 14 h, 4 ◦C

MAb Anti-AFB1 MAb Anti-OTA MAb
Standard analyte AFB1 OTA

Competition condition 30 min, 37 ◦C
HRP-IgG dilution 1:5000

HRP-IgG incubation condition 30 min, 37 ◦C

 
(a) (b) 

Figure 1. The inhibition curve of ic-ELISA: (a) AFB1; (b) OTA.

2.9. Analysis of Corn and Wheat Samples

The pretreatment method for AFB1 and OTA analysis was carried out as follows [43].
Corn and wheat samples were evenly crushed and passed through a 40-mesh sieve. 5.0 g of
sample was put into a 50 mL polypropylene centrifuge tube, and 25 mL of methanol-water
(70:30, v:v, containing 2.4% NaCl) was added, and shaken periodically for 5 min. After
centrifuging at 4000 rpm for 10 min, the supernatant was collected through a 0.45 µm
PTEE membrane filter to obtain the sample extract. Then 5 mL of the sample extract was
diluted with 10 mL loading buffer and drawn through the AFB1/OTA-IAC. Nonspecifically
adsorbed impurities were washed off using 20 mL loading buffer. Then, elution buffer
optimized in 2.7 was used to elute, and diluted twice with PBS before detection by ic-ELISA.
Concurrently, the samples were detected with LC-MS.

LC-MS conditions were modified from published methods [49] as follows: an Agilent
LC system coupled with an Agilent 6400 series triple Quadrupole mass spectrometer was
used for the confirmatory analysis. An Agilent ECLIPS PLUS C18 (2.1 × 100 mm, 1.8 µm)
with solvent consisted of 0.1% formic acid (mobile phase A) and acetonitrile (mobile
phase B, 0–2 min, 30%; 2–5 min, 90%; 5–10 min, 5%) at a flow rate of 0.30 mL/min. The
temperature was 40 ◦C and the injection volume was 5 µL. The analysis was performed
using positive-ion electrospray interface (ESI) with a multiple reaction monitoring (MRM)
mode. The retention times of AFB1 and OTA were 3.339 min and 3.94 min, respectively.
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Blank corn and wheat samples without AFB1 and OTA, having been confirmed by LC-
MS, were used to spike recovery experiments. AFB1 and OTA of different concentrations
(4 µg/kg, 10 µg/kg, 20 µg/kg, 50 µg/kg, 100 µg/kg) were spiked into the blank samples.
Eight grain samples were randomly selected from a local market, including four corn
samples and four wheat samples. After pretreatment, the sample eluents were detected by
ic-ELISA, and the results were compared with those of LC-MS.

3. Results

3.1. Mutagenesis and Screening of HGPRT and TK Deficient Hybridoma Cell Lines

The AFB1 hybridoma cell line E4 and OTA hybridoma cell line B3 were applied for
construction of a HGPRT and TK deficient mutant, respectively. When the concentration of
MNNG was 10 µg/mL and the treatment time was 6 h, the cell survival percentage was
69.9% (Figure 2a), which was determined as the optimal mutation condition of E4 cells.
When the concentration of MMS was 5 µg/mL and the treatment time was 4 h, the cell
survival percentage was 70.2% (Figure 2b), and the optimal mutation condition for B3 cells
was determined. As mutagens, MNNG and MMS have strong mutagenic effect on cells.
Over-high concentration and overlong treating time will reduce the activity of cells, or even
result in apoptosis.

  

(a) (b) 

Figure 2. Effects of mutagen concentration and mutagenic treatment time on survival percentage (%)
of the hybridoma cell line. (a) AFB1 hybridoma cell line E4; (b) OTA hybridoma cell line B3.

After MNNG mutation treatment, the E4 cells were inoculated in 6-TG medium
for selective screening. The screened E4-HGPRT− cell line gradually formed colonies
with the ability to fission and grow. Finally, stable inherited deficient cells E4-HGPRT−

were obtained. Similarly, stable inherited deficient cells B3-TK− were screened in 5-BrdU.
Figure 3 depict the growth curves of E4-HGPRT− and B3-TK− in screening reagent (6-TG
and 5-BrdU), complete media and HAT media after mutagenic treatment. The unmutated
cells could not survive in screening reagent (Figure 3a,d). In complete medium culture,
both normal cell line and mutant could grow normally (Figure 3b,e). The cell apoptosis in
HAT medium was adopted as an indication of HGPRT or TK deficiency. The growth curve
(Figure 3c,f) shows that E4-HGPRT− and B3-TK− were unable to divide in HAT media,
which indicates that E4-HGPRT− and B3-TK− were sensitive to HAT media.
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(a) (b) (c) 

  

(d) (e) (f) 

Figure 3. The growth curve of AFB1 hybridoma cell lines E4 and OTA hybridoma cell lines B3: (a) cell
line E4 and E4-HGPRT− in 6-TG; (b) cell line E4 and E4-HGPRT− in the complete media; (c) cell line
E4 and E4-HGPRT− in HAT media; (d) cell line B3 and B3-TK− in 5-BrdU; (e) cell line B3 and B3-TK−

in the complete media; (f) cell line B3 and B3-TK− in HAT media.

3.2. Generation and Characterization of BsMAb

3.2.1. Generation of BsMAb

E4-HGPRT− and B3-TK− were fused by hybrid-hybridoma technology. A total of
83 tetradoma colonies were generated, and the cell supernatant was identified by ELISA.
After 3–4 rounds of subcloning, a positive tetradoma T26 was chosen and was used for
production of anti-AFB1/OTA BsMAb by induction in vivo. Clear bands of heavy chain
(about 55 kDa) and light chain (about 25 kDa) from BsMAb were observed in the elec-
tropherogram (Figure 4). The concentration of BsMAb was 9.61 mg/mL measured by
NanoDrop ultraviolet spectrophotometer.

 

 

 

 

 

 

 

 

Figure 4. The electropherogram of BsMAb: (a) ascites; (b) purified BsMAb.
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3.2.2. Antibody Specificity Determination

The cross-reactivity of the BsMAb with other common mycotoxins was detected by
ELISA. As shown in Table 2, five mycotoxins containing similar structures displayed
evident cross-reactivities. The cross-reaction rate with AFB2 was 37%, with AFG1 15%, with
AFM1 48%, with AFM2 10%, and with OTB 36%. Negligible cross-reaction was observed
with other tested compounds.

Table 2. IC50 and cross-reactivity (CR) of anti-AFB1/OTA BsMAb against related mycotoxins.

Mycotoxin Analyte Structure IC50 (ng/mL) CR (%)

AFB1
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>1000 <0.1
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It may be speculated from the cross-reactivities of aflatoxins that the specific recogni-
tion site of the BsMAb to aflatoxins was mainly coumarin plus cyclopentenone, followed
by the difuran ring. The double bond on the furan ring was more conducive to the recog-
nition of the antibody than the single bond (the cross-reaction rate of AFG1 was higher
than that of AFG2, and the same trend exists between AFM1 and AFM2). Very often
anti-AFB1 antibodies have high cross-reactivity for other aflatoxins, and a positive result
for AFB1 is a sufficient motive for detailed analysis of aflatoxins in the sample by other
techniques [43]. IAC was applied as pretreatment method in this study, and a certain
amount of cross-reactivity of the antibody would be more acceptable than that used in
specific quantitative analysis.

3.2.3. Antibody Affinity Determination

The affinity constant (Ka) at different coating concentrations was confirmed by ELISA and
shown in Figure 5. The average Ka of the BsMAb to AFB1 and OTA were 2.43 × 108 L/mol,
and 1.57 × 108 L/mol, respectively. Previous studies indicated that the affinity constant
(Ka) of high affinity antibodies is between 107 L/mol–1012 L/mol [48], suggesting that the
BsMAb prepared in this study is a high affinity antibody.

 

 

 

 

 

 
(a) (b) 

Figure 5. The affinity constants (Ka) of anti-AFB1/OTA BsMAb: (a) AFB1; (b) OTA.

3.3. Preparation of BsMAb Based IAC

While anti-AFB1/OTA BsMAb was coupling with CNBr-Sepharose 4B, the concentra-
tion of antibody in the supernatant of the coupling solution was determined every 0.5 h,
and the coupling efficiency was calculated to determine the optimal coupling time. Figure 6
shows that the coupling rate rapidly increased to 90.1% for 1 h and the increase in speed
over 1 h became slower. Thus 1 h was selected as the optimal coupling time.
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Figure 6. The coupling rate of different coupling times.
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3.4. Optimization of Elution Conditions and Evaluating of the IAC Capacity

To achieve high extraction efficiency, three affecting conditions were optimized and
were evaluated by the recovery of AFB1 and OTA.

Firstly, four kinds of elution buffer (A, B, C, D) were tested. The recoveries are shown
in Figure 7a. Solution A achieved the lowest recovery, containing no methanol and ionic
compound. When the column was eluted with solution D, the recovery of AFB1 and OTA
was up to 90%. The concentration of methanol, pH and ion concentration could all influence
the recovery. The methanol concentration has significant effect, and ion concentration and
low pH also improved the elution recovery. It can be seen from Figure 7a that the recoveries
of solution B and D are all around 80%. However, high methanol concentration may affect
the activity of the antibody [43], so solution D containing NaCl and medium concentration
of methanol is preferred.

   
(a) (b) (c) 

 OTA 

Figure 7. Optimization results of the IAC elution conditions: (a) the recovery of AFB1 and OTA with
different kind of elution solution (n = 3); (b) the recovery of AFB1 and OTA with different ratios of
methanol–water as elution solution (n = 3); (c) The recovery of AFB1 and OTA with different elution
volume (n = 3).

Secondly, to further investigate the effect of methanol concentration, elution solutions
containing different concentrations of methanol (30%, 40%, 50% and 60%, v/v, 1 M NaCl,
pH 2.3) were evaluated. The recovery rose along with the increase of methanol concentra-
tion, and the highest recovery was obtained when the concentration of methanol was 60%
(Figure 7b).

Thirdly, under the conditions optimized above, using solution containing 60% methanol,
1 M NaCl, pH 2.3 as elution solution, the effect of elution solution volumes (1, 2, 3, 4, 5 mL)
on recoveries were also investigated. As shown in Figure 7c, recoveries increased from
87.2% to 96.2% for AFB1 and 76.7% to 96.6% for OTA as the volume increased from 1 mL to
4 mL. The highest recovery was acquired when the volume was above 4 mL, and further
increase of the volume did not visibly improve the recovery, thus 4 mL was selected as the
optimized volume.

Under the optimized elution conditions (4 mL of solution D with 60% methanol and
1 M NaCl used as elution buffer), the IAC was used repeatedly for seven cycles and the
capacity was detected at every cycle. As shown in Table 3, the maximum binding capacities
of the IAC for AFB1 and OTA were both over 165 ng. As the column is used repeatedly,
the capacity decreases gradually. After seven cycles of use, the preservation rates of
column capacity for AFB1 and OTA were 69.3% and 68.0%, respectively (Table 3), which
is equivalent to 114.4 µg/kg and 116.3 µg/kg of AFB1 and OTA in samples, respectively,
by conversion. According to some investigation results of mycotoxin contamination in
agro–products and food samples [50–53], the capacity of the IAC could meet the needs of
practical applications.

95



Foods 2022, 11, 335

Table 3. Column capacity and preservation rate of AFB1 and OTA in 7 cycles (n = 3).

Cycle

AFB1 OTA

Column
Capacity (ng)

Preservation
Rate (%)

Column
Capacity (ng)

Preservation
Rate (%)

1 165.0 100.0 171.1 100.0
2 162.5 98.5 169.5 99.1
3 159.0 96.4 166.4 97.3
4 153.6 93.1 156.2 91.3
5 147.5 89.4 145.8 85.2
6 128.9 78.1 133.3 77.9
7 114.4 69.3 116.3 68.0

3.5. Analysis of Corn and Wheat Samples

AFB1 and OTA in spiked corn and wheat samples were detected by IAC combined
with ELISA, and confirmed by LC-MS. The recoveries of IAC-ELISA ranged from 95.4%
to 105.0%, and the coefficients of variation (CV) were less than 10% (Table 4). The results
indicated that the assay performed well with appropriate recovery and accuracy. This
may be ascribed to IAC pretreatment, which could relieve matrix interference effectively
and ameliorate the recovery and accuracy of ELISA for AFB1 and OTA detection in food
matrices. The results were confirmed by LC-MS to further prove the reliability of this assay.

Table 4. Results of spiked recovery experiments of corn and wheat samples with IAC-ELISA and
LC-MS (n = 2).

Samples Analyte

Spiked
Concentration

(µg/kg)

IAC-ELISA LC-MS

Measured
(µg/kg)

Recovery
(%)

CV (%)
Measured

(µg/kg)
Recovery

(%)
CV (%)

Corn 0
AFB1 0 ND a NC b NC ND NC NC
OTA 0 ND NC NC ND NC NC

Corn 1
AFB1 100 95.6 95.6 5.0 97.3 97.3 3.3
OTA 100 98.6 98.6 4.5 97.9 97.9 3.5

Corn 2
AFB1 50 49.2 98.4 4.7 49.8 99.6 3.3
OTA 50 49.1 98.2 4.4 49.4 98.8 3.1

Corn 3
AFB1 20 19.2 96.0 4.3 19.2 96.0 3.5
OTA 20 19.6 98.0 4.4 19.2 96.0 3.2

Corn 4
AFB1 10 9.9 99.0 3.4 9.8 98.0 3.8
OTA 10 10.3 103.0 4.2 9.8 98.0 3.6

Corn 5
AFB1 4 4.1 102.5 2.6 3.8 95.0 3.2
OTA 4 4.2 105.0 2.4 3.9 97.5 3.5

Wheat 0
AFB1 0 ND NC NC ND NC NC
OTA 0 ND NC NC ND NC NC

Wheat 1
AFB1 100 99.1 99.1 4.8 98.2 98.2 3.1
OTA 100 98.9 98.9 4.6 97.5 97.5 3.1

Wheat 2
AFB1 50 47.7 95.4 4.5 48.7 97.4 3.8
OTA 50 47.7 95.4 3.3 49.2 98.4 3.5

Wheat 3
AFB1 20 19.5 97.5 4.0 19.2 96.0 3.2
OTA 20 19.4 97.0 3.3 19.7 98.5 3.1

Wheat 4
AFB1 10 9.6 96.0 3.3 9.8 98.0 3.8
OTA 10 9.9 99.0 3.2 9.9 99.0 3.5

Wheat 5
AFB1 4 3.9 97.5 3.1 3.9 97.5 3.2
OTA 4 3.9 97.5 2.8 4.0 100.0 3.8

a ND, not detectable. b NC, not calculated.

Eight real samples of corn and wheat were simultaneously analyzed by the established
IAC-ELISA and LC-MS. The results are shown in Figure 8. AFB1 and OTA both tested
positive in the eight samples, but the levels were all below the maximum levels. The
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correlations between the detection results and LC-MS were both above 0.9. Thus it can be
seen that the established IAC-ELISA could be applied to the detection of AFB1 and OTA
simultaneously in real corn and wheat samples with high accuracy.

μ μ
μ

 
(a) (b) 

Figure 8. Results of real sample detection by IAC-ELISA and LC-MS: (a) AFB1; (b) OTA.

4. Conclusions

In this study, we develop a BsMAb based IAC which could bind AFB1 and OTA
simultaneously, and the binding sites were 1:1 with the two mycotoxins. The coupling
rate and the binding site ratio of AFB1 and OTA are easy to adjust and measure, and
mutual interference could be avoided because of the homogeneity of the antibody structure.
It is more efficient, convenient, and economical than the IACs based on single-specific
antibodies. With satisfactory matrix effect elimination effect and recovery rate, it could be
applied to detect AFB1 and OTA rapidly and effectively, combined with ic-ELISA. Besides,
the application of this anti-AFB1/OTA BsMAb in IAC could provide reference for the
application of other BsMAb in IAC in the future.

The BsMAb prepared in this study demonstrated different cross-reactivities to five
biotoxins with similar structures. It is necessary to further improve the hapten structures
and the screening strategy to prepare a more specific BsMAb if it were to be applied in
the field with higher requirements for specificity. As a mature ELISA detection mode that
could quantitatively determine two analytes simultaneously is unavailable at present, the
ic-ELISA used in this study can just detect AFB1 and OTA respectively. If simultaneous
detection of two toxins in ELISA can be achieved, this study will have more practical
application value.
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Abstract: Albendazole (ABZ) is one of the benzimidazole anthelmintics, and the overuse of ABZ
in breeding industry can lead to drug resistance and a variety of toxic effects in humans. Since
the residue markers of ABZ are the sum of ABZ and three metabolites (collectively referred to as
ABZs), albendazole-sulfone (ABZSO2), albendazole-sulfoxide (ABZSO), and albendazole-2-amino-
sulfone (ABZNH2SO2), an antibody able to simultaneously recognize ABZs with high affinity is in
urgent need to develop immunoassay for screening purpose. In this work, an unreported hapten,
5-(propylthio)-1H-benzo[d]imidazol-2-amine, was designed and synthesized, which maximally
exposed the characteristic sulfanyl group of ABZ to the animal immune system to induce expected
antibody. One monoclonal antibody (Mab) that can simultaneously detect ABZs was obtained
with IC50 values of 0.20, 0.26, 0.77, and 10.5 µg/L for ABZ, ABZSO2, ABZSO, and ABZNH2SO2

in ic-ELISA under optimized conditions respectively, which has been never achieved in previous
reports. For insight into the recognition profiles of the Mab, we used computational chemistry
method to parameterize cross-reactive molecules in aspects of conformation, electrostatic fields,
and hydrophobicity, revealing that the hydrophobicity and conformation of characteristic group
of molecules might be the key factors that together influence antibody recognition with analytes.
Furthermore, the practicability of the developed ic-ELISA was verified by detecting ABZs in spiked
milk, beef, and liver samples with recoveries of 60% to 108.8% and coefficient of variation (CV) of
1.0% to 15.9%.

Keywords: albendazole; metabolites; hapten design; antibody; immunoassay; computational chemistry

1. Introduction

Albendazole (ABZ, shown in Figure 1a), one of benzimidazoles, is an effective an-
thelmintic and often used to control soil-transmitted helminth infection in humans and
animals. ABZ is usually the first choice for treatment of parasitic diseases, such as cystic
echinococcosis and alveolar echinococcosis [1–3], and for eliminating lymphatic filariasis
in endemic areas [4–6]. After administration of ABZ, the kinds of residues that can be
monitored depend on the route of administration, target tissue or the detection time after
treatment. At early periods, the most likely residues are albendazole sulfoxide (ABZSO)
and albendazole sulfone (ABZSO2), while albendazole 2-amino sulfone (ABZNH2SO2)
may be the most persistent residue in tissue at longer withdrawal periods [7,8]. Residues
of ABZ in animal food can lead to embryonic toxicity for consumer, as well as teratogenic
and mutagenic effects [9,10]. The European Union (EU) has set the maximum residue
limits (MRLs) for ABZs (sum of ABZ, ABZSO, ABZSO2, and ABZNH2SO2, Figure 1a) at
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100 µg/kg (L) in milk/muscle/fat, 500 µg/kg in kidney, and 1000 µg/kg in liver [11]. The
U.S. FDA has set different residue limits in different samples, for example, 200 µg/kg in
liver, 50 µg/kg in muscle [12]. The Ministry of Agriculture and Rural Affairs of China has
set the MRLs (GB 31650-2019) for ABZs (sum of ABZ, ABZSO, ABZSO2, and ABZNH2SO2)
at 100 µg/L in milk, and for ABZNH2SO2 at 100–5000 µg/kg in edible tissues of food-
producing species [13]. To ensure food safety, various instrumental methods have been
established for determining ABZs in animal-derived food [14–19]. Although these methods
are highly sensitive, they rely heavily on expensive instruments and skilled personnel,
which often cannot meet the current urgent need for fast screening. Thus, there is great
interest in the development of accurate and fast methods.

μ μ μ
μ

μ

μ μ

)

Figure 1. Chemical structures and synthesis route used in the study: (a) Chemical structure of
four ABZs. (b) Synthesis route of hapten and immunogen. (c) Mass spectrometry characterization
of hapten and (d) Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
characterization of hapten- bovine serum albumin (BSA) conjugates.

Immunoassays, based on antibody-antigen recognition, offer a convenient and rapid
alternative to instrumental methods and are currently the most widely used screening meth-
ods in food safety. Though immunoassay has many advantages including high-throughput,
rapidity, and on-line detection, few studies have been conducted on immunoassay devel-
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opment due to the unavailability of antibody with high affinity and specificity to all ABZs,
especially ABZNH2SO2. There have been only several reports of antibodies production for
benzimidazoles including some of ABZs (Table 1), but all of the antibodies were of limited
affinity to ABZNH2SO2, and the non-specificity binding to various benzimidazoles greatly
constrained its application in detection of ABZs. Hapten design is the key to producing an-
tibody with desired affinity and specificity. In previous studies, the strategy of maintaining
the common moiety of benzimidazoles, carbamate group as the epitope [20–23] was used
to obtain a broad-spectrum antibody. To the best of our knowledge, no report describing
the production of antibody able to sensitively and specifically recognize all four ABZs has
been reported despite of the great demand. In the present study, we described the synthesis
of one new hapten, production of a Mab with highly specificity, exploration of antibody
recognition mechanism, and development of an indirect competitive ELISA (ic-ELISA)
for the determination of ABZ and its metabolites in milk and tissue simultaneously with
improved sensitivity.

Table 1. Specificities of reported antibodies against ABZs in the literatures.

Compounds Haptens&IC50 (µg/L)

[22] [21] [20] This study
μ

 

′ ′

μ

 

′ ′

μ

 

′ ′

μ

 

′ ′

ABZ 1.4 >10,000 0.66 0.2
ABZSO2 1.8 1253.2 5.34 0.26
ABZSO 1.5 2241.4 2.91 0.77

ABZNH2SO2 >10,000 85.2 >1000 10.5
Carbendazim - 1 - 14.84 >312.5
Fenbendazole 3.8 >10,000 0.75 1.68
Fenbendazole

sulfone 8.3 - 6.27 -

Flubendazole 0.63 >10,000 0.37 3.68
Mebendazole 2.4 >10,000 0.3 4.14
Oxfendazole 0.62 >10,000 19.99 >312.5

Oxibendazole 1.4 >10,000 0.64 2.29
Parbendazole - - 1.13 -

Cambendazole >100 - >1000 -
Thiabendazole >100 >10,000 - >312.5

1 Not mentiond or not detected.

2. Materials and Methods

2.1. Reagents and Materials

ABZ, ABZSO, ABZSO2, ABZNH2SO2, fenbendazole, flubendazole, mebendazole, ox-
ibendazole, oxfendazole, triclabendazole, carbendazim, and thiabendazole were purchased
from J&K Chemical Technology (Beijing, China). Carbonyldiimidazole and other chemical
reagents were supplied by Sinopharm Chemical Reagent (Beijing, China). Ovalbumin
(OVA), bovine serum albumin (BSA), hypoxanthine aminopterin thymidine (HAT), com-
plete and incomplete Freund’s adjuvant, poly (ethylene glycol) (PEG) 1500, and fetal bovine
serum were acquired from Sigma–Aldrich (St. Louis, MO, USA). Goat anti-mouse IgG
(HRP labeled) was purchased from Jackson Immuno Research (West Grove, PA, USA).
Cell culture medium (DMEM) was supplied by Thermo Fisher Scientific (Waltham, MA,
USA). TMB (3,3′,5,5′-tetramethyl benzidine) substrate solution and hydrogen peroxide
(H2O2) were purchased from Beyotime (Shanghai, China). Distilled water used in this
study was obtained from a Milli-Q purification system (Bedford, MA, USA). Microplates
for ELISA were acquired from Costar (Cambridge, MA, USA). Flat-bottomed high-binding
polystyrene cell culture plates were obtained from Corning Life Sciences (New York, NY,
USA). Balb/c mice were supplied by Beijing Vital River Laboratory Animal Technology
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(Beijing, China). All of the buffers used in the immunoassay have been listed in
Supplementary Materials.

2.2. Preparation of hapten and conjugates

2.2.1. Synthesis and Identification of Hapten

The hapten synthesis route is shown in Figure 1b and briefly described as follows:
500 mg of ABZ was firstly dissolved in 5.0 mL of ethanol in a round bottom flask with a
magnetic stirrer, and then 10 mL of hydrochloric acid was added and heated to 80 ◦C for
30 min with stirring and monitored by thin-layer chromatography. After reaction, the pH
value of the mixture was adjusted to 9.0 by using 2 M of sodium hydroxide solution, and
extracted twice with 30 mL of ethyl acetate. The organic phase was combined and dried
by using 2.0 g water-free sodium sulfate and the precipitate were removed. Then, 1.5 g
of 100–200 mesh silicon was added to the organic phase and then dried for subsequent
column chromatography (40 g 200–300 mesh chromatography silicone, eluted by petroleum
ether: ethyl acetate 4:1). Finally, the hapten was obtained and vacuum-dried for mass
spectrometry confirmation as shown in Figure 1c.

2.2.2. Synthesis and Identification of Immunogen and Coating Antigen

Amino groups of the acquired hapten were conjugated to carrier proteins by using
carbonyldiimidazole as coupling reagent. Firstly, 9.2 mg of hapten was dissolved in 1.5 mL
of DMF and stirred at 200 rpm for 10 min, then 7.6 mg carbonyldiimidazole was added, and
the solution was stirred at room temperature (500 rpm) for 3 h to obtain activated hapten
for subsequent coupling with carrier protein. Next, 50 mg of BSA was dissolved in 3.5 mL
of 0.1 M of sodium bicarbonate solution, stirred at 200 rpm for 10 min, then cooled down
via ice-bath. The previous activated hapten was then dropped into the protein solution
at a rate of 1.0 mL/min under 1000 rpm stirring, then mixed at 500 rpm for 24 h. The
reaction products were dialyzed for 3 days against phosphate buffer solution (PBS, 0.01 M,
pH 7.2) under 4 ◦C. Finally, the product was centrifuged at 5000 rpm for 6 min to harvest
the purified supernatant and stored at −20 ◦C until use. Immunogen was characterized
by matrix-assisted laser desorption/ionization time-of-flight mass specTrometry (MALDI-
TOF-MS, see Figure 1c) and the conjugation ratio was calculated as follows:

Conjugation ratio = (M (conjugates) − M (BSA))/M (haptens) (1)

Coating antigen was synthesized using the above-mentioned procedure, except OVA
was substituted for BSA.

2.3. Production of Monoclonal Antibody

All animal experiments were conducted in strict accordance with Chinese laws and
guidelines approved by the animal ethics committee of China agricultural university. Eight
Balb/c female mice aged 8 weeks were immunized with immunogen (diluted in PBS
to 1.0 mg/mL) at a dose of 100 µg per mouse on an identical schedule. For primary
immunization, mice were injected subcutaneously with a fully emulsified mixture of equal
volumes complete Freund’s adjuvant and prepared immunogen. For enhancement, mice
were immunized with an emulsified mixture of immunogen and incomplete Freund’s
adjuvant every 3 weeks. A total of 4 immunizations were administered with the last one
given via intraperitoneal injection without the adjuvant. To better monitor the serum
titer and specificity by ic-ELISA, serum was collected 7–14 days after each immunization,
according to results of a dynamics study of the antibody-mediated immune response [24].
Four days after the last boost immunization, mice spleen cells were separated and fused
with PEG 1500 pre-treated sp2/0 myeloma cells to prepare hybridomas according to
procedures described previously [25–27]. The fused cells were cultured in HAT medium
for 7 days and were screened by testing the supernatant using ic-ELISA to determine
the binding ability. The positive and highly sensitive hybridomas were obtained after
subcloning four times using the limiting dilution method. Finally, the hybridomas were
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intraperitoneally injected into mice, and the ascites collected from mice were extracted and
purified with saturated ammonium sulfate to obtain purified Mabs.

2.4. Development and Optimization of ic-ELISA

An ic-ELISA was established under the following optimized assay conditions: mi-
croplates were coated with 100 µL of coating antigen dissolved in 0.05 M carbonate buffer
and incubated at 37 ◦C for 2 h. The plates were then washed three times for subsequent
blocking. A volume of 150 µL/well of blocking buffer was added and incubated at 37 ◦C
for 1.5 h, after which the buffer was removed. For the competitive step, both 50 µL of
competitor and 50 µL of antibody working solution were pipetted into each well and
incubated at 37 ◦C for 30 min. The plates were then washed three times, 100 µL/well of
goat-anti-mouse IgG-HRP diluted in PBS (1:5000) was added, and the plates were incubated
at 37 ◦C for 30 min. The plates were washed as above, 100 µL/well of newly prepared
substrate solution was added, and the plates were incubated at 37 ◦C for 15 min. Finally,
the chromogenic reaction was terminated with 50 µL/well H2SO4 (2 M). Optical density
(OD) values at 450 nm were measured with a Multiskan FC machine by Thermo Scientific
(Shanghai, China). The OD450 values were plotted against the analyte concentration on
a logarithmic scale, and the generated sigmoidal curve was mathematically fitted to a
four-parameter logistic equation using the OriginPro 8.5 software (OriginLab Corporation,
Northampton, MA, USA).

Y = (A - D)/(1 + (X⁄C)B) + D (2)

where A = response at high asymptote, B = the slope factor, C = concentration corresponding
to 50% specific binding (IC50), D = response at low asymptote, and X = the calibration
concentration.

Several physicochemical factors were optimized to improve the performance of ic-
ELISA, including pH and ionic strength of working solution.

2.4.1. Effect of pH

The effect of varying the pH on the ic-ELISA was tested by dissolving the analytes
and Mabs in PBS buffer at a specified pH and adding them to the antigen coated plates in
equal volumes (50 µL/well). The pH values of 5.5, 6.5, 7.0, 7.4, and 8.5 were tested in the
ic-ELISA incubation step with all other parameters of the assay fixed.

2.4.2. Effect of Ionic Strength

The effect of ionic strength of assay buffer on the ic-ELISA performance was studied
using different NaCl concentrations of 0.05, 0.1, 0.15, 02, 0.4, and 0.8 M in 0.01 M of
phosphate buffer, respectively. The effects of these salt concentrations were evaluated on
the ic-ELISA by comparing the ABZ competition curves measured with each buffer at
pH 7.4.

2.5. Cross-Reactivities and Computational Chemistry Analysis

The specificity of the developed ELISA was assessed using cross-reactivity (CR) deter-
mined under optimal conditions. The CRs of ABZs and other widely used benzimidazole
anthelmintics, such as fenbendazole, oxibendazole, mebendazole, flubendazole, oxfenda-
zole, triclabendazole, carbendazim, and thiabendazole, were calculated according to the
following equation:

CR = IC50 (ABZ, µg/L)/IC50 (analytes, µg/L) × 100% (3)

The computational chemistry method, which can provide electrostatic potential and
conformational information of the molecule regarding antibody recognition, was em-
ployed here to study the CRs of immunoassays and the binding interactions between
small molecules and antibody. All 3D structures were built in Gaussian 09 (Gaussian Inc.,
Wallingford, CT, USA) and then optimized by the density functional theory calculations
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with the M06-2X density functional and TZVP basis set. Basing on the lowest energy
conformations, molecular alignments were materialized by molecular overlay modules
in Discovery Studio 2019 (Accelrys Software, Inc., San Diego, CA, USA). The degree of
molecular superposition was measured by alignment root-mean-square-deviation (RMSD).
The quantitative molecular surface analysis in the Multiwfn software package was then
applied together with VMD to analyze molecular electrostatic potential (ESP) and map
ESP on van der Waals surface [28,29]. The molecule volume, and total polar surface area
(TPSA) were extracted using the Multiwfn 3.7(dev) code. Dipole moment (µ) was extracted
from the Gaussian output file. The Log P was obtained using ChemDraw (PerkinElmer,
Waltham, MA, USA). By analyzing steric and electrostatic contour maps of the region
around the molecule with respect to changes in affinity, the structure–activity relationship
between the drugs and the Mab was studied.

2.6. Sample Preparation

Negative samples (milk, muscle, and liver of bovine) were obtained from the National
Reference Laboratory for Veterinary Drug Residues (Beijing, China). Tissue samples
(muscle and liver) were spiked with ABZNH2SO2, and milk was spiked with ABZ/ABZSO/
ABZSO2/ABZNH2SO2. Three grams (milliliters) homogenized sample were weighed into
a 50-mL centrifuge tube with 1.0 g of sodium sulfate for pretreatment. Two milliliters of
50% NaOH (only tissue sample) and 9.0 mL of ethyl acetate were then added to the above
tube. The mixture was vortexed for 5 min and centrifuged at 4000 rpm for 10 min. Next,
4.5 mL of the supernatant was transferred into a new tube and dried at 60 ◦C under a
nitrogen stream. One milliliter of n-hexane and 0.5 mL of acetonitrile were added to the
dried tube for cleaning and resuspension and followed by centrifugation at 4000 rpm. The
upper n-hexane and commixture was discarded then, and 0.1 mL of the remaining liquid
was pipetted into a new centrifuge tube and mixed with 0.9 mL PBS (0.01 M) (for milk
samples) or 1.9 mL PBS (for tissue samples) for detection. The limit of detection (LOD) was
determined as the 10% inhibition concentration (IC10) calculated from calibration curves.
All measurements were completed in triplicate.

3. Results and Discussion

3.1. Hapten Design and Characterization

Hapten structure determines the specificity and affinity of the resulting antibody [30].
To produce the antibody that could recognize ABZs, the characteristic structure of these
compounds should be maximumly exposed to immune system. Previous studies have
designed hapten by maintaining the carbamate group, which is a common structure in
major benzimidazoles, to prepare antibodies with broad-spectrum specificities [20]. Some
of the obtained antibodies could detect ABZ with affinity of 0.66 to 1.4 µg/L (Table 1), but
showed poor affinity to ABZ metabolites especially ABZNH2SO2, which are critical residue
markers of ABZ. Even worse, the specificities of these antibodies were insufficient because
of the recognition of many other benzimidazoles with CRs of 3% to 88%. A similar result
was also observed in another study, in which the ABZNH2SO2 was directly used as hapten
to produce antibodies against ABZNH2SO2 [21].

In this study, we designed a new hapten of ABZs as shown in Figure 1b and Table 1.
The feature structure of ABZ, the sulfanyl group, was maximumly exposed to immune
system to induce an antibody with specific recognition of ABZs by conjugating with
proteins at the carbamate moiety. Besides the increasing in complexity of epitope (often
means stronger antigenicity) relative to previous ones, another key point in this design is
that the retained sulfanyl group of ABZ could better maintain the characteristic structures
of ABZs, which are structurally different from other benzimidazoles. The hapten was
identified by High performance liquid chromatography-tandem mass spectrometry (HPLC-
MS/MS, as shown in Figure 1c) (Agilent Technologies, Santa Clara, CA, USA) and 1H
nuclearmagnetic resonance spectrometry (NMR, see Figure S1 in Supplementary Materials)
(Bruker, Rheinstetten, Germany), and the molecular ions (m/z) of hapten were 207.98,
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indicating that the hapten was successfully obtained. The hapten-BSA conjugate was
then used as the immunogen, while hapten-OVA as the coating antigen. The immunogen
was characterized by MALDI-TOF-MS (Bruker, Rheinstetten, Germany). The correct
molecular weight of the hapten molecular ion and conjugate were observed (see Figure 1d),
demonstrating that the hapten had been conjugated to the carrier protein, and the calculated
conjugation ratio of hapten to BSA was 8.8:1.

3.2. Development and Optimization of the ic-ELISA

Four ABZs, including ABZ, ABZSO2, ABZSO, and ABZNH2SO2, were used to de-
termine the affinity (expressed by IC50) and specificity (expressed by CR) of antibodies
using homologous coating antigen. The results indicated that the obtained antibodies
12F12, 12H3, and 4E1 could recognize ABZs with varied affinities (IC50 values of antis-
era were from 0.12 µg/L to beyond 100 µg/L). As shown in Figure 2a, the antibody 4E1
exhibited relatively higher affinity to ABZ and ABZSO, but relatively worse recognition
towards ABZNH2SO2; 12H3 had high affinity to three ABZs but unfavorable affinity to
ABZNH2SO2; while the antibody 12F12 showed high affinity to all four ABZs and was
selected for further optimization.

μ μ

(

Figure 2. Optimization of ic-ELISA. The IC50 was calculated when the Amax (Optical density (OD) value of negative control)
ranged from 1.0 to 2.0. (a) Screening of Mab. Each Mab was estimated using four ABZs separately. The effect of (b) pH
value and (c) ionic strength in the ic-ELISA were evaluated using Mab 12F12 and ABZ. (d) Standard curves of ic-ELISA
for ABZs. (e–j) the calibration curves of the ic-ELISA for (e) ABZ, (f) ABZSO2, (g) ABZSO, (h) ABZNH2SO2 in phosphate
buffer solution (PBS) and milk, and of ABZNH2SO2 in extracted (i) bovine liver and (j) beef. Each value represents the
average of three independent replicates.
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The development and optimization procedure were performed according to previous
studies [25,26]. Ionic strength and pH value of working buffer were further optimized.
The Amax (means the OD value of negative control)/IC50 ratio was introduced here to be
a criterion for optimization, and a higher ratio value meant a higher sensitivity. It can be
seen that the ratio of Amax/IC50 was highest at an ionic strength of 0.15 mol/L (Figure 2b)
and pH 7.4 (Figure 2c). Thus, the optimum conditions (pH 7.4 and 0.15 mol/L NaCl in PB
buffer, namely, 0.01 M PBS) were used in subsequent experiments.

The sensitivity of the ic-ELISA was characterized by IC50 values from standard curves
under the optimized conditions, Standard curves of ABZ/ABZSO2/ABZSO were estab-
lished at 27.0, 9.0, 3.0, 1.0, 0.33, 0.11, 0.037, 0.012, 0.004, 0.001, and 0 µg/L in PBS, standard
curves of ABZNH2SO2 were established at 270, 90, 30, 10, 3.33, 1.11, 0.37, 0.12, 0.04, 0.01,
and 0 µg/L in PBS. As shown in Figure 2d, the developed ic-ELISA based on antibody
12F12 could detect ABZ, ABZSO2, and ABZSO with IC50 values below 1.0 µg/L (0.20, 0.26,
and 0.77 µg/L), and ABZNH2SO2 with IC50 values of 10.5 µg/L in PBS buffer, which is of
the highest affinity so far. The results shown that the sensitivities of the developed ic-ELISA
were times better than those of other reported immunoassays for ABZs (Table 1).

3.3. Cross-Reactivities and Structure-Activity Relationship Study by Computational Chemistry

In the process of antibody-antigen recognition, cross-reactivity would arise if the
configuration of the antigen matches the active pocket of the antibody [31,32]. As shown in
Table 2, the ic-ELISA exhibited varied CRs with ABZ (100%), ABZSO2 (76.9%), ABZSO
(26.0%), ABZNH2SO2 (1.9%), and other often-used benzimidazoles (fenbendazole, fluben-
dazole, mebendazole, oxibendazole) less than 8%. The relative lower CR value of
ABZNH2SO2 (CR = 1.9%) can easily draw our attention, which shares similar structure
with ABZSO2 (CR = 76.9%), except for the carbamate group on the right of molecule in
the case of ABZSO2. As the sulfanyl group of hapten was exposed to immune system as
a characteristic epitope in primary hapten design, it would be the site for the antibody
recognition. While the remote amide group, which formed after the hapten was coupled
to carrier protein, should be masked by carrier protein and contribute much less for an-
tibody recognition. However, the recognition ability of the obtained Mab seemed not in
accordance with expectation by analyzing only 2D dimension due to the relative poorer
recognition of ABZNH2SO2 without a methoxyamide or carbamate group. Nevertheless,
the benzimidazoles having complex (from a 2D view) side chain groups or phenyl groups
(fenbendazole, flubendazole, mebendazole, oxibendazole, Table 2) surprisingly showed
higher CRs than ABZNH2SO2. Though the ic-ELISA was with high sensitivity for detec-
tion of all ABZs and far better than previous study, it was appealing to further study on
the CR data, and there was considerable interest in understanding at 3D level as well as
quantitative analysis. Therefore, computational chemistry analysis was used to provide 3D
conformations and quantitative information, such as configuration, electrostatic potential,
and hydrophobicity of molecules, to investigate the binding of antibody to compounds.
Based on their optimized lowest energy conformations of ABZs and other benzimidazoles
that showed cross-reactivities, all molecules were aligned while ABZ was selected as the
template. All hydrogen atoms were hidden in the optimized geometric structures for a
concise view.

The hapten design of this work was based on the conjecture that the sulfanyl/sulfonyl
moiety is the characteristic moiety of ABZs, thus should be retained to prepare ABZs
antibodies. Figure 3a shows that when this moiety of the structure is changed, such as S
atom (ABZ, in green) becomes O atom (oxibendazole, in yellow), chain alkyl group (ABZ,
in green) becomes phenyl group (fenbendazole, in light blue), or both (flubendazole in
brick-red, or mebendazole in grey), etc., at least a 10-fold decrease in CRs was observed,
indicating the criticality of the sulfanyl/sulfonyl group of the structure. It can be seen in
Figure 3a that all molecules are well coincided with ABZ, and the RMSD values of the
alignments are from 2.3 × 10−3 of ABZNH2SO2 to 1.3 × 10−2 of ABZSO2 and fenbendazole
(Table 3), demonstrating the extent of the difference of other molecules with ABZ, which
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agreed with CR data on the whole. It can also be seen in Figure 3a, the substitution of
carbon or oxygen atom for sulfur atom in flubendazole (in red), mebendazole (in gray),
or oxibendazole (in gray) causes changes in torsion angle of the left group towards the
benzimidazole ring comparing with that of ABZ (in red), which might be partly responsible
for the 10-fold decrease of Mab recognition. The ABZSO (in blue), ABZSO2 (in purple),
and ABZNH2SO2 (in orange) show almost the same angle, but the difference between CRs
is up to dozens of times. There shall be other factors which influence the recognition of
antibody besides the contribution of molecular conformation.

Table 2. Experimental IC50 values and cross-reactivities of ABZs in optimized ic-ELISA.

Analytes IC50 (µg/L) CR (%)

ABZ

μ

 

− −

0.20 100

ABZSO2

μ

 

− −

0.26 76.9

ABZSO

μ

 

 

− −

0.77 26.0

ABZNH2SO2

μ

 

− −

10.50 1.9

Fenbendazole

μ

 

 

− −

1.68 11.9

Flubendazole

μ

 

 

− −

3.68 5.4

Mebendazole

μ

 

− −

4.14 4.8

Oxibendazole

μ

 

 

− −

2.29 8.7

Oxfendazole

μ

 

− −

>312.5 <0.01

Triclabendazole

μ

 

− −

>312.5 <0.01

Carbendazim

μ

 

− −

>312.5 <0.01

Thiabendazole

μ

 

− −

>312.5 <0.01
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μ

− − − − − − −

Figure 3. (a) The alignment of cross-reactive analytes with ABZ based on lowest energy conformations with all of the
hydrogen atoms hidden. (b) Electrostatic potential energy of analytes. The negative potential areas are indicated in blue;
red coloring indicates positive potential areas, and white indicates relatively neutral areas. The blue and golden globules on
the surface represent the minima and maxima of ESP (kcal/mol) on the van der Waals surface. (c) The calculated surface
area distribution in different ESP ranges on the van der Waals surface.

Table 3. Comparison of cross-reactivities and molecular descriptors of benzimidazoles.

Items ABZ ABZSO2 ABZSO ABZNH2SO2 Fenbendazole Flubendazole Mebendazole Oxibendazole

CR (%) 100 76.9 26.0 1.9 11.9 5.4 4.8 8.7
MW 265.1 297.3 281.3 239.3 299.3 313.3 295.3 249.3

volume(Å3) 320.9 336.4 328.5 201.8 255.3 261.1 256.2 225.0
Log P 2.8 1.2 1.2 1.0 3.4 3.1 2.9 2.4
µ 4.1 7.6 4.7 6.5 4.8 6.6 6.8 1.8

TPSA (Å2) 67.0 101.2 84.1 88.9 67.0 84.1 84.1 76.2
alignment

RMSD 0 1.3 × 10−2 1.1 × 10−2 2.3 × 10−3 1.3 × 10−2 8.5 × 10−3 8.4 × 10−3 5.4 × 10−3

ESP describes the potential energy of a proton placed at a point near the molecule.
As different substituents may affect the electrostatic field, ESP analysis helps to visualize
spatial regions of molecules and to analyze electrostatic interaction between antibody and
antigen [30,33]. The ESP calculations displayed on van der Waals surfaces of global lowest
energy conformation are shown in Figure 3b, positive potential energy is represented by
red areas around the molecules, of which the maxima were marked as golden globule,
and these areas are repulsive to a proton, negative potential energy is represented by blue
areas on the molecules with the minima marked as light blue globule, and these areas are
attractive to a proton. It can be seen that the presence of the oxygen atom causes more
negative potential surface. With consideration of almost identical structure of ABZNH2SO2
(CR = 1.9%) and ABZSO2 (CR = 76.9%), except for the methoxyamide group on the right of
molecule in the case of ABZSO2 and amino group in the case of ABZSO2NH2, less positive
potential surface can be noticed in ABZNH2SO2, and the reduction of electronic effect
associated with the lack of group might influence the recognition by Mab. It is clearly seen
from Figure 3c that the ESP surface area distribution of molecules in different ESP ranges
are similar on the whole but obviously varied locally. Cross-reactive analytes seem to have
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stronger electronic effect (positive or negative area) than ABZ, but do not generate better
CRs. The results imply that the electrostatic potential energy might play a limited role in
the antibody recognition or has been masked by other powerful factors.

Critical molecular descriptors were finally compared as shown in Table 3. Studies have
shown that molecular parameters such as lipid-water partition coefficient (Log P, a widely
used measure of hydrophobicity), dipole moments (µ, represents the polarity of molecule,
the larger the polarity, the stronger the hydrophilicity), and topological polar surface area
(TPSA) of analytes are important factors affecting recognition by antibodies [34–36], and
hydrophobic force was believed to be the main driving force between small molecules and
antibody [30,34]. In this study, Log P was found to be positively correlated with antibody
affinity. The hydrophobicity decreases when the sulfur group in the molecule is replaced
with a sulfone or a sulfoxide groups, resulting in a decrease in CR. Compared with ABZ,
the hydrophobicity of ABZNH2SO2 greatly decreases, which is the lowest among all the
analytes as well as the CR. Other compounds with strong hydrophobic groups do not
show high CRs, which may be due to the co-working conformational factors. Some other
physicochemical parameters that may influence the immunogenicity of haptens, including
MW, SAs, and several hydrophobic parameters has also been calculated and summarized
in Table 3, which shows no significant relationship with the recognition.

In general, hydrophobicity still dominates in the process of recognition in this study,
and conformational factors play a partial role. Changes in the part of what we maintained as
epitope in hapten design, the sulfanyl group, cause decrease in antibody recognition. This
confirms the correctness of the hapten design strategy in this study, that is, the characteristic
moiety of the target molecule should be maximally exposed.

3.4. Matrix Effect and Recovery in Samples

Milk, muscle, and liver samples from bovine were chosen to determine matrix effect
and recovery. Direct dilution following sample extraction was used as a simple way
to eliminate matrix effects for rapid screening purpose. The milk extracts were diluted
5/10/20 times with PBS and the tissue samples extracts were diluted 10/20/40 times with
PBS. The standard curves of ABZs prepared in diluted samples were then compared with
those in PBS to evaluate the matrix effects (Figure 2e–j).

Considering both Amax and IC50 performance, 10-fold dilution of milk samples and
20-fold dilution of tissue samples (beef and liver) in PBS were chosen to establish the
calibration curves. The calculated LODs of ABZ, ABZSO2, ABZSO, and ABZNH2SO2
were at 0.05, 0.05, 0.05, and 0.49 µg/L in milk samples, respectively, and the LODs of
ABZNH2SO2 in beef and bovine liver samples were 1.12 and 0.56 µg/kg, which were
below the MRL of ABZs. Negative foodstuffs were spiked with ABZs at concentrations of
0.5/2.0/10.0 or 10/30/90 µg/kg (L), and the average absorbance values were interpolated
with calibration curves to determine recoveries. The linearity ranges (from IC20 to IC80),
recoveries, and CVs of ABZs in spiked milk samples are shown in Table 4, and that of
ABZNH2SO2 in spiked tissue samples are shown in Table 5. As shown in Tables 4 and 5,
the recoveries ranged from 60% to 108.8%, with CVs less than 15.9%, which confirmed that
the ic-ELISA performed well in various matrices.
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Table 4. Recoveries, CVs, LODs, and linearity range of ABZs in spiked milk samples using ic-ELISA.
(n = 3).

ABZs in Milk Samples

Spiked
Level (µg/L)

Recovery
(%)

CV (%) LOD (µg/L)
Linearity

Range (µg/L)

ABZ 0.5 87.5% 1.0%
0.05 0.08–0.42 82.1% 7.7%

10 78.7% 6.9%
ABZSO2 0.5 94.2% 4.1%

0.05 0.08–0.52 71.4% 10.5%
10 60.0% 6.8%

ABZSO 0.5 105.1% 11.9%
0.05 0.1–2.52 98.7% 9.9%

10 74.5% 7.9%
ABZNH2SO2 10 108.0% 10.3%

0.50 1.5–73.530 76.6% 12.3%
90 75.2% 2.9%

Table 5. Recoveries, CVs, LODs, and linearity range of ABZNH2SO2 in spiked tissue samples using
ic-ELISA. (n = 3).

ABZNH2SO2 in Tissue Samples

Spiked Level
(µg/kg)

Recovery
(%)

CV (%)
LOD

(µg/kg)
Linearity Range

(µg/kg)

Beef 10 84.1% 2.4%
1.12 2.3–25.930 91.6% 4.9%

90 74.2% 6.6%
Liver 10 87.8% 4.5%

0.56 1.3–23.730 106.1% 9.1%
90 108.8% 15.9%

4. Conclusions

In this study, a new hapten was designed by exposing the characteristic sulfanyl
group of ABZ as an epitope. Furthermore, one Mab 12F12 for simultaneously detection of
ABZs including ABZNH2SO2 was prepared for the first time and with the highest affinity
to date. The established ic-ELISA based on the Mab 12F12 presented times lower IC50
values than previously reported and was suitable for the screening of ABZs in foodstuffs.
The molecular recognition mechanism was briefly explained via computational chemistry
analysis and indicated that the hydrophobicity of molecules and conformational factors
might be the key factors that affect the binding between antibody and ABZs in this study,
which might offer guides for antibody preparation to reduce the cost of trial-and-error in
subsequent research.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10123106/s1, Figure S1: 1 H NMR spectra of hapten.
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Abstract: The consumption of shellfish contaminated with brevetoxins, a family of ladder-frame
polyether toxins formed during blooms of the marine dinoflagellate Karenia brevis, can cause neu-
rotoxic poisoning, leading to gastroenteritis and neurotoxic effects. To rapidly monitor brevetoxin
levels in oysters, we generated a broad-spectrum antibody against brevetoxin 2 (PbTx-2), 1 (PbTx-1),
and 3 (PbTx-3) and developed a rapid indirect competitive enzyme-linked immunosorbent assay
(icELISA). PbTx-2 was reacted with carboxymethoxylamine hemihydrochloride (CMO) to generate a
PbTx-2-CMO hapten and reacted with succinic anhydride (HS) to generate the PbTx-2-HS hapten.
These haptens were conjugated to keyhole limpet hemocyanin (KLH) and bovine serum albumin
(BSA) to prepare immunogen and coating antigen reagents, respectively, using the active ester
method. After immunization and cell fusion, a broad-spectrum monoclonal antibody (mAb) termed
mAb 1D3 was prepared. The 50% inhibitory concentration (IC50) values of the icELISA for PbTx-2,
PbTx-1, and PbTx-3 were 60.71, 52.61, and 51.83 µg/kg, respectively. Based on the broad-spectrum
mAb 1D3, an icELISA was developed to determine brevetoxin levels. Using this approach, the limit
of detection (LOD) for brevetoxin was 124.22 µg/kg and recoveries ranged between 89.08% and
115.00%, with a coefficient of variation below 4.25% in oyster samples. These results suggest that our
icELISA is a useful tool for the rapid monitoring of brevetoxins in oyster samples.

Keywords: brevetoxins; monoclonal antibody; enzyme-linked immunosorbent assay

1. Introduction

Marine biotoxins have negative effects on the seafood industry. Typically, they are
transferred along food chains and affect other organisms, including humans. Different types
of poisoning are induced by marine biotoxins, e.g., puffer fish poisoning, paralytic shellfish
poisoning, scombroid fish poisoning, diarrhetic shellfish poisoning, neurotoxic shellfish
poisoning, ciguatera fish poisoning, and amnesic shellfish poisoning [1]. Brevetoxins
belonging to the neurotoxic shellfish poisoning group are produced by the Florida red tide
organism Karenia brevis and are divided in two groups: (1) those derived from the brevetoxin
A backbone (PbTx-1, PbTx-7, and PbTx-10) and (2) those from brevetoxin B (PbTx-2, PbTx-3,
PbTx-5, PbTx-6, PbTx-9, PbTx-11, and PbTx-12) [2]. PbTx-1 is the most potent, while PbTx-2
is the most highly produced brevetoxin (Figure 1) [3]. K. brevis blooms occur most years in
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the Gulf of Mexico, killing high numbers of fish and marine mammals, including sea turtles
and aquatic birds, and generate economic losses of USD 2–24 million [4]. Physiologically,
brevetoxins appear to activate voltage-sensitive sodium channels causing sodium influx
and nerve membrane depolarization resulting in respiratory distress [5]. Thus, to protect
human health and avoid food poisoning by brevetoxins, a rapid, sensitive, and specific
assay for brevetoxins detection is required.

 

μ
μ

μ

μ

μ

Figure 1. PbTx-1, -2, and -3 structures.

Several analytical methods have been established to detect brevetoxins, including
liquid chromatography–tandem mass spectrometry (LC-MS/MS) and receptor/antibody-
based immunoassays. For example, Shin et al. (2018) developed an LC-MS/MS protocol
for the PbTx-1, PbTx-2, and PbTx-3 brevetoxins with a limit of quantification (LOQ) of
25 µg/kg for each toxin [6]. Similarly, Wunschel et al. (2018) developed an electrospray
LC-MS/MS system for the same brevetoxins with an LOQ of 2.5 µg/kg for each toxin [7].
Dom et al. (2018) established a high-resolution LC-MS system to detect 14 brevetox-
ins, with LOQs of 312 and 324 µg/kg for PbTx-2 in mussel and oyster, respectively [8].
However, these analytical methods are often time-consuming, expensive, and involve com-
plex sample preparation. Therefore, new rapid brevetoxin screening/detection methods
are required. McCall et al. (2012) developed a competitive binding assay based on rat brain
synaptosomes as receptors and BODIPY®-PbTx-2 as competitive fluorescent probes for
brevetoxin analogs [9]. In addition, Murata et al. (2019) developed a chemiluminescent
receptor binding assay based on rat brain synaptosomes and acridinium-PbTx-2, with
a detection limit value of 1.4 amol [10]. However, the synaptosomes were unstable and
required storage at -80◦C, and the assay was a time-consuming process.

Indirect competitive enzyme-linked immunosorbent assays (icELISAs) and lateral flow
immunoassays (LFAs) are antibody-based and are frequently used as screening methods
for small molecules due to their rapid turnaround, low costs, and high sensitivity. Recently,
Zhou et al. (2010) prepared the monoclonal antibody (mAb) 2C4 using the PbTx-2-HS
hapten; it exhibited IC50 values of 6.40, 6.57, and 5.31 µg/kg against PbTx-2, PbTx-1, and
PbTx-3, respectively, with the accompanying icELISA having a limit of detection (LOD) of
0.60 ng/well [11]. Zhou et al. (2009) developed an LFA based on a colloidal gold probe for
the rapid detection of brevetoxins in fish product samples, with a visual detection limit of
20 µg/kg [12]. Lai et al. (2016) developed a novel colorimetric immunoassay for PbTx-2
using an enzyme-controlled Fenton-based reaction and a 3,3’,5,5’-tetramethylbenzidine-
based visual colored system, with an LOD of 0.08 ng/kg [13]. As is known, the preparation
of broad-spectrum antibodies is a key step for developing an immunoassay. Hapten design
is an important feature when preparing antibodies against target compounds. In the
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literature, PbTx-2 always reacted with succinic anhydride (HS) which introduced active
sites as hapten [11,14]. In principle, aldehyde groups from PbTx-2 may be conjugated
with a spacer arm, such as carboxymethoxylamine hemihydrochloride (CMO) and/or
aminobenzoic acid. In addition, molecular modeling has become a powerful tool in guiding
and improving hapten design strategies [15–19]. Therefore, we explored and developed
novel haptens using molecular modeling to prepare mAbs against brevetoxins. We then
developed an icELISA method to detect brevetoxins in oyster samples.

2. Materials and Methods

2.1. Materials and Reagents

PbTx-2, PbTx-1, PbTx-3, microcystins, nodularin (NOD), okadaic acid, keyhole limpet
hemocyanin (KLH), bovine serum albumin (BSA), Freund’s incomplete adjuvant (FIA),
Freund’s complete adjuvant (FCA), PEG1450, hypoxanthine aminopterin thymidine (HAT),
and hypoxanthine thymidine (HT) were purchased from Sigma-Aldrich (St. Louis. MO,
USA). Peroxidase-conjugated goat anti-mouse IgG was obtained from Jackson ImmunoRe-
search Laboratories, Inc. (West Grove, PA, USA). Succinic anhydride (HS), carboxymethoxy-
lamine hemihydrochloride (CMO), N, N’-dicyclohexylcarbodiimide, N-hydroxysuccinimide,
and tetramethylbenzidine were obtained from Aladdin Chemistry Co. Ltd. (Shanghai,
China). Water was obtained from a Milli-Q purification system (Millipore Corp., Billerica,
MA, USA). All other reagents were of analytical grade. Cell culture plates (24 and 96 wells)
were from NEST (Wuxi, China). Polystyrene 96-well microtiter plates were from Costar
Corp. (Cambridge, MA, USA). The absorbance at 450 nm was measured using a SpectraMax
Mk3 microplate reader (Molecular Devices, Silicon Valley, CA, USA).

Coating buffer: Carbonate solution (0.05 mol/L, pH 9.60), 1.59 g Na2CO3, and
2.93 g NaHCO3 were dissolved in 1 L water. Assay buffer: Phosphate-buffered saline
(PBS, 0.01 mol/L, pH 7.4), 8.00 g NaCl, 0.20 g KCl, 2.93 g NaHPO4·12H2O, and 0.20 g
K2PO4 were dissolved in 1 L water. Washing buffer: The washing buffer comprised
PBS containing 0.05% Tween 20 (PBST). Substrate solution: Solution A (pH 5) contained
1.00 g urea hydrogen peroxide, 18.00 g Na2HPO4·2H2O, and 10.30 g citric acid·H2O per
liter of water. Solution B (pH 2.40) contained 0.25 g tetramethylbenzidine, 40 mL N,N-
dimethylformamide, 10.30 g citric acid·H2O, and 960 mL water. Before the assay, solutions
A and B were mixed in a 1:1 ratio [20].

Eight-week-old female BALB/c mice were provided by Vital River Laboratory Animal
Technology Co. Ltd. (Beijing, China) and raised under strictly controlled conditions.
The mice were manipulated according to the China Agricultural University regulations
concerning the protection of animals used for scientific purposes (2010-SYXK-0037).

2.2. Preparation of PbTx-2-Protein Conjugates

PbTx-2 was reacted with CMO to insert a carboxyl group to facilitate coupling to a
carrier protein, as previously described but with modifications (Figure 2A) [21,22]. Briefly,
2 mg PbTx-2 in 5 mL pyridine was reacted with 2 mg CMO at 90◦C for 6 h, after which
the reaction mixture was evaporated to dryness under nitrogen gas. Then, the residue was
dissolved in 5 mL 0.1 mol/L NaHCO3 and extracted by 5 mL ethyl acetate. The aqueous
phase was adjusted to pH 3 with 0.05 mol/L HCl and extracted three times in 5 mL ethyl
acetate. The organic phase was dried under N2 at 40 ◦C to generate the PbTx-2-CMO
hapten. The PbTx-2-HS hapten was similarly synthesized by reacting PbTx-2 with HS as
described (Figure 2B).
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Figure 2. PbTx-2 hapten and antigen synthesis routes. (A) PbTx-2-CMO-KLH/BSA. (B) PbTx-2HS-KLH/BSA.

Then, the PbTx-2-CMO and PbTx-2-HS haptens were conjugated to KLH (immunogen)
and BSA (coating antigen), respectively, via the active ester method [23]. Briefly, the haptens
were respectively redissolved in 0.5 mL N,N-dimethylformamide containing 2 mg N,N’-
dicyclohexylcarbodiimide and 1.5 mg N-hydroxysuccinimide and reacted for 12 h at room
temperature. After centrifugation at 8000× g for 10 min, the supernatant of each active
hapten solution was divided into two and added drop-wise to 4 mL PBS containing 5 mg
KLH and 10 mL PBS containing 10 mg BSA, respectively. Reaction mixtures were stirred at
4 ◦C for 12 h, and the conjugates of PbTx-2-CMO-KLH/BSA and PbTx-2-HS-KLH/BSA
were dialyzed in PBS for 48 h. Antigens were then stored at −20 ◦C.

2.3. Preparation of mAbs

Animal immunization procedures were as follows: twelve female BALB/c mice
were immunized by subcutaneous injection. The immunogens PbTx-2-CMO-KLH and
PbTx-2-HS-KLH (100 µg) were emulsified in Freund’s complete adjuvant for the first
immunizations. After this, the mice were boosted with the same immunogen doses in
Freund’s incomplete adjuvant every 3 weeks. Then, 7–10 days after the last immunization,
serum was collected from the caudal vein. Antibody titers were analyzed by ELISA and
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specificity was characterized by icELISA. Animals with the highest inhibition ratios were
sacrificed for fusion studies [23]. The inhibition ratio was calculated as follows:

Inhibition ratio (%) = (1 − B/B0) × 100%, (1)

where B0 and B correspond to the absorbance value of wells without a standard and the
absorbance value of wells with x µg/kg PbTx-2 standard, respectively. Spleen cells from
animals with the highest inhibition ratios were collected and fused with Sp2/0 myeloma
cells using PEG1450 at a 10:1 ratio. Fusion cells were cultured in hypoxanthine aminopterin
thymidine medium for 7 days. Supernatants from fusion cultures were also assayed for
the titer and the inhibition ratios using ELISA and icELISA. Positive hybridomas were
subcloned three times using the limiting dilution method and injected into BALB/c mice
to produce ascites [23].

2.4. ELISA and icELISA Protocols

ELISA was conducted as previously described [24]. Briefly, (1) 100 µL of coating anti-
gen PbTx-2-CMO-BSA (or PbTx-2-HS-BSA) diluted in coating buffer at 1 µg/mL was added
to the wells of a 96-well plate and incubated at 4 ◦C for 10–12 h. (2) The coating antigen
was then discarded, and the plate was washed three times in wash buffer (250 µL/well).
(3) Then, 200 µL of 2% skimmed milk powder in assay buffer was added per well and
incubated at 37 ◦C for 1 h to reduce unspecific binding. (4) After this, 50 µL 10 mM
PBS and 50 µL anti-PbTx-2 mAb diluted in assay buffer were added sequentially to wells
and incubated at 37 ◦C for 30 min. (5) After further washing, 100 µL/well peroxidase-
conjugated goat anti-mouse IgG (diluted 1:5000) was added and incubated at 37 ◦C for
30 min. (6) The plate was washed five times, 100 µL/well substrate solution was added to
the reaction, and the plate was incubated at 37 ◦C for 15 min. (7) The reaction was stopped
with 50 µL 2 M H2SO4, and the absorbance was detected at 450 nm on a Multiskan MK3
microplate reader.

For the icELISA procedure, the 50 µL 10 mM PBS was replaced by 50 µL series
concentration of PbTx-2 standard solution at step 4.

We characterized mAb properties using IC50 and cross-reactivity (CR) values.
Sensitivity was assessed using IC50 values, with the concentration of the competitor result-
ing in the inhibition ratio reaching 50%, and specificity was evaluated by CR based on the
following formula [24]:

CR (%) = (IC50 of PbTx-2/IC50 of competitors) × 100% (2)

We selected several marine toxin compounds as competitors, including PbTx-1 (100 µg/kg),
PbTx-3 (100 µg/kg), domoic acid (1000 µg/kg), microcystins (1000 µg/kg), nodularin
(1000 µg/kg), neosaxitoxin (1000 µg/kg), and tetrodotoxin (1000 µg/kg).

2.5. Sample Preparation

Blank oyster samples from a local supermarket were confirmed using the HPLC-
MS/MS method [6]. The blank oyster samples were spiked with 200, 400, and 800 µg/kg.
Then, brevetoxins were extracted from the oysters based on a previously described method
with some modifications [6]. Briefly, 5 g homogenized sample was extracted in 5 mL
80% methanol by vortexing for 5 min and then ultrasonication at 60 ◦C for 10 min.
After centrifugation at 2400× g for 10 min, the supernatant was diluted 15-fold in assay
buffer to eliminate matrix interference. The LOD value in oyster samples was calculated
based on 20 blank samples, accepting no false positive rates, with an average value plus
triple standard deviation (SD), then multiplied by 15 (the diluted ratio) [23]. The recovery
was calculated as the following equation [23]:

Recovery (%) = (measured value (µg/kg)/spiked values (µg/kg)) × 100% (3)
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2.6. Molecule Alignment and Electrostatic Potential Analysis

PbTx-2, PbTx-2-CMO, and PbTx-2-HS structures were constructed using Gaussian
09 software (Gaussian Wallingford, CT, USA) according to PbTx-2 configurations in the
PubChem database [15]. PbTx-2 was selected as the template to align PbTx-2-CMO and
PbTx-2-HS haptens using Discovery Studio 2016 software (Accelrys Software, Inc., San
Diego, CA, USA). Both Gaussian 09 and Gaussian View 5 packages were used to conduct
molecular electrostatic potential (ESP) analysis.

3. Results and Discussion

3.1. Hapten Design, Synthesis, and Conjugate Preparation

Hapten design is key to generating excellent antibody performances against small
molecules [25]. Generally, haptens should mimic the target molecule in terms of size,
shape, electronic properties, and insert functional groups such as, carboxyl, amino, and
sulfhydryl groups for carrier protein coupling [16,17]. In principle, there are two ways to
synthesize PbTx-2 haptens. First, the hydroxy group of PbTx-2 is reacted with HS, which
introduces active sites to construct the PbTx-2-HS hapten (Figure 2A) [11,14]. Moreover,
the PbTx-2 aldehyde group is an active site which potentially reacts with an amino group
with the objective of obtaining a probe or hapten. For example, McCall et al. (2012) used
the active site of the aldehyde group of PbTx-2 to couple with BODIPY® to synthesize the
BODIPY®-PbTx-2 fluorescence probe [9]. Murata et al. (2019) also used this site to prepare
the acridinium-PbTx-2 fluorescence probe [10]. Thus, PbTx-2 was reacted with CMO to
prepare the hapten of PbTx-2-CMO (Figure 2B).

To further design the optimal hapten, PbTx-2 was selected as the template molecule to
align the haptens of PbTx-2-CMO and PbTx-2-HS based on their lowest energy conforma-
tion. As shown in Figure 3A, the PbTx-2-CMO and PbTx-2-HS haptens were exposed on the
left side of the structure to animal immunity. In addition, the introduction of spacer arms
at the O57 or O61 position of PbTx-2 barely influenced the atom partial charges feature
of PbTx-2 (Figure 3B). However, the introduction of HS hapten caused the spacer arm to
form a certain angle with the parent structure of PbTx-2 (Figure 3A). To further explain the
difference between PbTx-2-CMO, PbTx-2-HS, and the target compound PbTx-2 in terms of
conformation and electron distribution, the ESP displayed on the van der Waals surfaces
of global lowest energy conformation for PbTx-2, PbTx-2-CMO, and PbTx-2-HS is shown
(Figure 3C). The PbTx-2-CMO conformation had the most similar structure to the target,
PbTx-2 (Figure 3C, points A and B). The spacer HS arm of PbTx-2-HS formed a specific
spatial conformation with the parent nucleus structure (Figure 3C, point C), non-conducive
to the production of high-affinity antibodies against the target. Thus, PbTx-2-CMO was
the ideal hapten to be used for antibody production against PbTx-2. To further verify the
quality of haptens, PbTx-2-CMO and PbTx-2-HS were synthesized and conjugated with
the carrier protein as complete antigens.

PbTx-2-CMO and PbTx-2-HS were activated by DCC and NHS and then conjugated
with KLH and BSA as an immunogen and a coating antigen, respectively. The UV–visible
absorption spectra of the immunogens, PbTx-2-CMO-KLH and PbTx-2-HS-KLH, and the
coating antigens, PbTx-2-CMO-BSA and PbTx-2-HS-BSA, are shown (Figure 4). PbTx-2 had
an absorbance peak at 264 nm, KLH at 280 and 350 nm, and BSA at 279 nm. The maximum
absorbance peaks for PbTx-2-CMO-KLH, PbTx-2-HS-KLH, PbTx-2-CMO-BSA, and PbTx-
2-HS-BSA were 275, 277, 274, and 278 nm, respectively. The maximum absorbance peaks
between conjugates and PbTx-2 had shifted, thus indicating the successful synthesis of
complete antigens. The calculated molar ratio of hapten to carrier protein was 1.5 for
PbTx-2-CMO-KLH, 0.9 for PbTx-2-HS-KLH, 1.2 for PbTx-2-CMO-BSA, and 0.6 for PbTx-2-
HS-BSA. It is accepted that the coupling ratio is an important factor affecting generated
antibodies; higher coupling ratios could induce higher antibody titers [17]. In the litera-
ture, appropriate coupling ratios ranged from 3 to 15 [16,17,21]. The coupling ratios of
PbTx-2-CMO-KLH/BSA and PbTx-2-HS-KLH/BSA were relatively low due to the lower
reaction molar ratio (hapten to carrier protein). However, the conjugation of PbTx-2-CMO-
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KLH/BSA and PbTx-2-HS-KLH/BSA was successful according to the UV–visible absorp-
tion spectra (Figure 4). Therefore, these antigens were used for immunization studies.

 

Figure 3. Molecular modeling results. (A) Overlap of PbTx-2 (gray), PbTx-2-CMO (green), and PbTx-2-HS (violet) structures.
(B) Calculated partial atomic charges of PbTx-2, PbTx-2-CMO, and PbTx-2-HS structures. (C) ESP for PbTx-2, PbTx-2-CMO,
and PbTx-2-HS structures. Red and blue areas indicate negative and positive potentials, respectively.

 

Figure 4. UV–visible absorption spectra of PbTx-2-CMO-KLH (A), PbTx-2-CMO-BSA (B), PbTx-2-CMO-KLH (C) and
PbTx-2-CMO-BSA (D).
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3.2. Antibody Production and Characterization

The two immunogens PbTx-2-CMO-KLH and PbTx-2-HS-KLH were used to generate
antibodies against PbTx-2. After a third immunization, serum was collected and character-
ized using ELISA and icELISA (Table 1). Mice immunized with both complete antigens
produced antiserum against PbTX-2; the immune response to PbTx-2-CMO-KLH was
superior to that to PbTx-2-HS-KLH from an inhibition rate perspective. However, the PbTx-
2-HS-KLH antibody titer was higher than that for PbTx-2-CMO-KLH, possibly suggesting
the spacer HS arm of the PbTx-2-HS molecule that formed based on molecular modeling
(Figure 3A,C), a specific spatial conformation with the parent nucleus structure conduced
to the production of high-titer antibodies. Additionally, all the antiserum titers from mice
were low due to the lower coupling ratios of the hapten to the carrier protein. Finally,
mouse No. 1 (PbTx-2-CMO-KLH) and mouse No. 5 (PbTx-2-HS-KLH) were sacrificed for
fusion studies as they exhibited a higher inhibition ratio and antiserum titer.

Table 1. Immunization with PbTx-2-CMO-KLH and PbTx-2-HS-KLH.

Immunogen: PbTx-2-CMO-KLH/Coating Antigen PbTx-2-CMO-BSA a

No. 1 2 3 4 5 6

Absorbance of PbTx at 0 mg/kg 1.64 ± 0.06 0.52 ± 0.07 0.74 ± 0.07 0.76 ± 0.08 0.98 ± 0.07 1.542 ± 0.06
Absorbance of PbTx at 0.10 mg/kg c 0.51 ± 0.02 0.15 ± 0.01 0.17 ± 0.01 0.20 ± 0.03 0.29 ± 0.05 0.63 ± 0.06
Absorbance of PbTx at 1.00 mg/kg c 0.11 ± 0.02 0.07 ± 0.01 0.08 ± 0.02 0.09 ± 0.01 0.11 ± 0.01 0.14 ± 0.01

Inhibition ratio by 0.10 mg/kg 68.90% 71.15% 77.03% 84.80% 70.41% 59.14%
Inhibition ratio by 1.00 mg/kg 93.29% 86.54% 89.19% 88.16% 88.78% 90.92%

Immunogen: PbTx-2-HS-KLH/Coating Antigen PbTx-2-HS-BSA b

No. 1 2 3 4 5 6

Absorbance of PbTx at 0 mg/L 2.39 ± 0.05 0.71 ± 0.04 0.28 ± 0.01 1.07 ± 0.08 1.68 ± 0.14 0.79 ± 0.01
Absorbance of PbTx at 0.50 mg/L c 2.13 ± 0.07 0.63 ± 0.05 0.17 ± 0.01 0.59 ± 0.01 1.14 ± 0.07 0.69 ± 0.04
Absorbance of PbTx at 5.00 mg/L c 1.77 ± 0.03 0.58 ± 0.07 0.16 ± 0.05 0.34 ± 0.06 0.96 ± 0.06 0.49 ± 0.01

Inhibition ratio by 0.50 mg/kg 10.88% 14.86% 39.29% 44.86% 32.14% 12.66%
Inhibition ratio by 5.00 mg/kg 25.94% 18.31% 42.86% 68.22% 42.86% 37.97%
a The concentration of coating antigen was 1.00 µg/mL, and the antibody titer was 1:200. b The concentration of coating antigen was
0.50 µg/mL, and the antibody titer was 1:1000. c The competition compound was PbTx-2.

After cell fusion, the 1D3 cell line from mouse No.1 (PbTx-2-CMO-KLH) and the
cell lines 6D8 and 9E8 from mouse No. 5 (PbTx-2-HS-KLH) were identified as secreting
antibodies against PbTx-2. Thus, all three cell lines were used for antibody production,
and ELISAs and icELISAs were used to characterize mAbs (Table 2). All mAbs recognized
PbTx-2, PbTx-1, and PbTx-3. Additionally, the IC50 value for the 1D3 mAb was lower than
that for the 6D8 and 9G8 mAbs, consistent with the molecular modeling data (Figure 3).
Those results also indicated that PbTx-2-CMO was the best hapten for brevetoxin produc-
tion, and the PbTx-2-HS-BSA coating antigen improved 1D3 mAb sensitivity.

Table 2. IC50 values (µg/kg) and cross-reaction (CR) of monoclonal antibodies.

Compound PbTx-2 CR (%) PbTx-1 CR (%) PbTx-3 CR (%)

mAb 6D8 a 786.72 100 806.52 97.92 726.51 108.29
mAb 9G8 a 434.54 100 424.61 102.33 398.62 109.01
mAb 1D3 b 78.53 100 80.62 97.41 69.84 112.44
mAb 1D3 c 60.71 100 52.61 115.40 51.83 117.13

a The concentration of coating antigen PbTx-2-HS-BSA was 0.20 µg/mL, and the antibody titer was 1:1 × 105.
b The concentration of coating antigen PbTx-2-CMO-BSA was 1.00 µg/mL, and the antibody titer was 1: 1 × 104.
c The concentration of coating antigen PbTx-2-HS-BSA was 0.20 µg/mL, and the antibody titer was 1: 3 × 104.

Next, PbTx-2-HS-BSA and 1D3 mAb were used to establish a standard curve in buffer
assay. As shown (Figure 5), the curves that were based on the PbTx-2, PbTx-1 and PbTx-3
gave IC50 values of 60.71 µg/kg, 52.61 µg/kg and 51.83 µg/kg, respectively. The mAb 1D3
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exhibited a CR = 100% toward PbTx-2, CR = 115.40% toward PbTx-1, and CR = 117.13%
toward PbTx-3. The LOD in assay buffer was 6.11 µg/kg, and the linearity range (IC10–IC90)
was between 7.46 and 127.00 µg/kg. In addition, the mAb did not exhibit a measurable CR
with other marine biotoxins, including domoic acid, microcystins, nodularin, neosaxitoxin,
and tetrodotoxin. These data indicated that mAb 1D3 was a broad spectrum homogeneous
antibody for brevetoxins.. The sensitivity of the mAb 1D3 icELISA was lower than that
for the mAb 2C4 (IC50 value of 5.3 µg/L towards PbTx-2) [11]. In this study, the lower
coupling ratios of PbTx-2-CMO to the carrier protein was because of the lower feed ratios
(2 mg PbTx-2 reacted with 2 mg CMO), resulting in lower antibody titer immunized by
PbTx-2-CMO-KLH. Ultimately, this affected the performance parameters of the mAb 1D3.
More sensitive antibodies can be obtained if the ratios of haptens (PbTx-2-CMO) to carrier
proteins are improved.

μ

μ
μ

μ

μ
μ

Figure 5. The brevetoxin icELISA standard curve using the mAb 1D3 with the PbTx-2-HS-BSA
coating antigen.

The recoveries for PbTx-2, PbTx-1, and PbTx-3 from spiked oyster samples at three
dose levels (200, 400, and 800 µg/kg) are shown in Table 3 and were 91.21–108.33%,
91.04–115.00%, and 89.08–113.17%, respectively. The LOD in the oyster sample was calcu-
lated at 124.22 µg/kg. The sensitivity of this icELISA was higher than the high-resolution
LC-MS sensitivity (LOQ of 324 µg/kg for PbTx-2 in oyster samples) [8] and similar to that
of the LFA based on colloidal gold probe (visual detection limit of 20 µg/kg in fish product
samples) by Zhou et al. [12].

Table 3. Toxin recoveries from spiked oyster samples.

Toxin Concentration (µg/kg) Recovery of Toxins from Oyster

PbTx-2
200 108.33 ± 3.82%
400 91.25 ± 3.31%
800 91.21 ± 1.25%

PbTx-1
200 115.00 ± 5.00%
400 92.92 ± 3.82%
800 91.04 ± 3.21%

PbTx-3
200 113.17 ± 4.25%
400 94.42 ± 3.12%
800 89.08 ± 1.12%
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4. Conclusions

Using molecular modeling and experimental analyses, the PbTx-2-CMO hapten pro-
duced acceptable antibody characteristics against brevetoxins. The IC50 values against
PbTx-2, PbTx-1, and PbTx-3 were 60.71, 52.61, and 51.83 µg/kg, respectively. The LOD
was 124.22 µg/kg, and PbTx recoveries from oysters ranged from 89.08% to 115.00%.
This icELISA will be a useful method for monitoring PbTxs in oyster samples.
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Abstract: An immunized mouse phage display scFv library with a capacity of 3.34 × 109 CFU/mL
was constructed and used for screening of recombinant anti-ciprofloxacin single-chain antibody
for the detection of ciprofloxacin (CIP) in animal-derived food. After four rounds of bio-panning,
25 positives were isolated and identified successfully. The highest positive scFv-22 was expressed in
E. coli BL21. Then, its recognition mechanisms were studied using the molecular docking method.
The result showed the amino acid residue Val160 was the key residue for the binding of scFv to CIP.
Based on the results of virtual mutation, the scFv antibody was evolved by directional mutagenesis
of contact amino acid residue Val160 to Ser. After the expression and purification, an indirect
competitive enzyme-linked immunosorbent assay (IC-ELISA) based on the parental and mutant
scFv was established for CIP, respectively. The IC50 value of the assay established with the ScFv
mutant was 1.58 ng/mL, while the parental scFv was 26.23 ng/mL; this result showed highly
increased affinity, with up to 16.6-fold improved sensitivity. The mean recovery for CIP ranged
from 73.80% to 123.35%, with 10.46% relative standard deviation between the intra-assay and the
inter-assay. The RSD values ranged between 1.49% and 9.81%. The results indicate that we obtained
a highly sensitive anti-CIP scFv by the phage library construction and directional evolution, and the
scFv-based IC-ELISA is suitable for the detection of CIP residue in animal-derived edible tissues.

Keywords: scFv; ciprofloxacin; recognition mechanism; directional mutagenesis; IC-ELISA

1. Introduction

Ciprofloxacin (CIP) is a synthetic third-generation fluoroquinolone (FQ) antibiotic
that has been developed and is widely used to treat bacterial infections in humans and
animals. This antibiotic exerts effects by inhibiting DNA gyrase or topoisomerase II in
susceptible bacteria and exhibits high activity against a broad spectrum of Gram-negative
and Gram-positive bacteria [1]. However, the unreasonable and extensive use of antibiotics
has resulted in the potential for residual antibiotics in food of animal origin, which can
damage multiple systems in the body [2,3] and cause bacterial resistance [4,5]. Therefore,
the European Union, the Joint FAO/WHO Expert Committee on Food Additives (JECFA,
Rome, Italy) and China established maximum residue limits of CIP in animal-derived food
to prevent the accumulation of antimicrobial residues, e.g., 100 µg/kg in milk and meat.

By now, many physicochemical methods have been reported for the detection of
residues of FQs in foods of animal origin. These analytical methods are highly sensitive
and dependable; however, such methods require specialized instrumentation, trained
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personals, and are time consuming. They are unsuitable for the rapid evaluation of large
numbers of samples. Immunoassays, especially the indirect competitive enzyme-linked im-
munosorbent assay (IC-ELISA), which is based on the principle that antibodies specifically
bind to antigens, are considered the most reliable method for detecting antibodies [6,7]. In
previous studies, researchers have developed IC-ELISA based on monoclonal antibodies
(MAbs) to determine fluoroquinolone in food of animal origin [8–10]. Although ELISA is a
mature and widely used method, it has many rigorous programs for preparing traditional
antibodies (PAbs and MAbs) from antigen-immunized animals [11]. Hence, a simple, rapid,
and effective technology for preparing novel antibodies must be developed.

The development of gene engineering techniques facilitated the production of various
gene recombinant antibodies, and single-chain variable fragment (scFv) is the most popular
format of recombinant antibody that has been successfully constructed by assembling the
variable-heavy (VH) region and light chain (VL) domain of an antibody with a flexible
linker [12]. The intrinsic properties of scFv antibodies can be improved by various mu-
tagenesis techniques [13]. The recognition property of an scFv antibody can be evolved
in vitro [14]. For the evolution of the scFv antibody, its recognition mechanism should be
studied first, and binding sites, contact amino acids, and intermolecular forces should be
determined [15]. In recent years, molecular docking has been used in analyzing the inter-
actions between ligands and scFv antibodies, and random mutagenesis and site-directed
mutagenesis have been used in obtaining scFv mutants [16,17].

Phage display technology (PDT) is the integration of foreign genes into specific coat
protein genes of phage and fusion, with coat protein to promote ligand recognition and
binding [18,19]. It is considered to be the most suitable technology for the production of
single-chain antibodies. The phage antibody library uses genetic engineering methods to
amplify VH and VL genes. After random combination, it is inserted into the phage coat
protein gene and fused and expressed on the surface of the phage [20]. Specific single-chain
antibodies are obtained through specific panning, which is extensively used for preparing
antigen-specific artificial antibodies in biomedicine, environmental pollutants analysis, and
food safety detection fields. For example, Xu et al. [21] and Zhao et al. [22] obtained the
broad-specificity domain antibodies for Bt Cry toxins and pyrethroid pesticides by rounds
of specific phage library biopanning, respectively, which are all based on phage antibody
library technology.

In this study, an immunized mouse phage display scFv library for screening of anti-
CIP phage scFv particles was constructed. Then, we transfected the phage to E. coli BL21 for
expression, to obtain a highly sensitive anti-CIP scFv. The scFv recognition mechanism was
studied through molecular docking, and the sensitivity and cross-reactivity were improved
through targeted mutagenesis. Then, IC-ELISA was developed based on the scFv mutant
to detect the CIP in animal-derived edible tissues.

2. Material and Methods

2.1. Reagents and Chemicals

Ciprofloxacin (CIP), enrofloxacin (ENR), sarafloxacin (SAR), difloxacin (DIF), lome-
floxacin (LOM), enrofloxacin (ENO), norfloxacin (NOR), amifloxacin (AMI), marbofloxacin
(MAR), danofloxacin (DAN), fleroxacin (FLE), ofloxacin (OFL) and pefloxacin (PEF) were
obtained from the China Institute of Veterinary Drug Control (Beijing, China). All chemi-
cals and reagents used in this study were at least analytical grade or better. The standard
stock solutions of these FQs were prepared with methanol (10 µg/mL), and their work-
ing solutions with series concentrations (0.1–200 ng/mL) were diluted from the stock
solutions with PBS. All the standard solutions were stored at 4 ◦C to remain stable for
8 weeks. N-hydroxy succinimide (NHS), γ-aminobutyric acid (4AS), bovine serum albumin
(BSA), ovalbumin (OVA), 1-ethyl-3- (3-dimethylaminopropyl)-carbodiimide (EDC), goat
anti-mouse IgG horseradish peroxidase conjugate (HRP-IgG), Freund’s complete adjuvant
(FCA) and Freund’s incomplete adjuvant (FIA) were from Sigma (St. Louis, MO, USA).
PBS (pH 7.2) was prepared by dissolving 0.2 g of KH2PO4, 0.2 g of KCl, 1.15 g of Na2HPO4,
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and 8.0 g of NaCl in 1000 mL of deionized water. Washing buffer (PBST) was PBS buffer
containing 0.05% Tween. Coating buffer was 5% MPBS (5% Skim milk powder in PBS).
Substrate buffer was 0.1 mol/L citrate (pH 5.5). The substrate system was prepared by
adding 200 µL of 1% (w/v) TMB in DMSO and 64 µL of 0.75% (w/v) H2O2 into 20 mL of
substrate buffer.

All the restriction enzymes and DNA modification enzymes were molecular biology
grade. The RNase prep pure Cell/Bacteria Kit was from Tiangen Biotech Co. Ltd. (Beijing,
China). The Prime script RT-PCR Kit, IPTG (isopropyi-β-D-thirgalactopyranoside), X-
Gal, pCANTAB5E Vector Cloning kit, horseradish peroxidase-labeled goat anti-GST-tag
antibody, restriction enzymes (Sfi I and Not I) and T4 DNA Ligase were from Takara
Company (Dalian, China). The EasyPure Quick Gel Extraction Kit, Easy Pure Plasmid
Miniprep Kit, express vector PET-32a competent cell BL21(DE3), Fast MultiSite Mutagenesis
System and Luria–Bertani culture medium (liquid and solid) were from TransGen Biotech
(Beijing, China). The DNA Purification Kit and SDS-PAGE gel preparation kit were from
Beijing ComWin Biotech Co. Ltd. (Beijing, China). The synthesis of primers and the analysis
of gene sequence were performed at Sangon Biotechnology Co. Ltd. (Shanghai, China).

2.2. Synthesis of Antigen

The immunogens CIP-BSA and coating antigens CIP-OVA were synthesized in this
study. The details are described below. A mixture of CIP (30 mg), NHS (25 mg) and EDC
(30 mg) in 1.5 mL of N, N-dimethylformamide (DMF) was stirred at room temperature
overnight. Then, the activated CIP was centrifuged for 15 min (5000 rpm), and the super-
natant was added dropwise to 70 mg of BSA dissolved in a solution consisting of 10 mL
of PBS and 1 mL of DMF under stirring. The conjugation mixture was stirred at 4 ◦C for
5 h, and then centrifuged for 10 min (5000 rpm). The supernatant was dialyzed against
0.01 mol/L PBS for 72 h. The dialysis solution was stored at −20 ◦C. The coating antigens
CIP-OVA were prepared as described in the CIP-BSA synthesis section, except that BSA
was replaced by OVA.

2.3. Immunization

All animal experiments in this study adhered to the Zhengzhou University animal ex-
periment center guidelines and were approved by the Animal Ethics Committee. Six Balb/c
female mice (8 weeks old) were induced to express anti-CIP MAbs by immunizing the mice
with five rounds of subcutaneous injection of CIP-BSA conjugates. In the first round of
immunization, 250 µg of CIP-BSA with FCA was emulsified for subcutaneous multipoint
injection, then four subsequent injections were given at 14-day intervals that were emulsi-
fied in FCA. Antisera were collected 7 days after the third and fourth immunization, and
the antibody titer was determined through indirect ELISA. A week after the fourth round
of immunization, booster immunization with 150 µg of CIP-BSA was performed. After
5 days, blood and spleen samples were collected for the construction of the phage display
scFv library.

2.4. Phage Display scFv Library Construction

Total RNA was extracted from mouse tissues with TRIzol reagent according to the
manufacturer’s instructions. Then, total RNA was used as a template in the reverse
transcription of cDNA. The sequences of the primers were used in the amplification of the
cDNAs of VH and VL genes for scFv construction. The primers used for the amplification
of scFv coding sequences were designed according to Table 1 and then spliced to a whole
scFv gene through splicing overlap extension PCR (SOE-PCR). The system conditions
were as follows: 94 ◦C for 5 min, 30 cycles at 94 ◦C for 45 s, 58 ◦C for 60 s, and 72 ◦C for
45 s, and final extension at 72 ◦C for 10 min. Gene fragments encoding VH and VL were
amplified and spliced to a single gene by using a DNA linker encoding a pentadeca peptide
(Gly4Ser) 3 through primary PCR. The system conditions were 94 ◦C for 5 min, 30 cycles of
at 94 ◦C for 45 s, 60 ◦C for 60 s, 72 ◦C for 45 s, and final extension at 72 ◦C for 10 min. PCR
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products were verified through agarose gel electrophoresis, and the relevant fragments
were sequenced. The gene fragments were then digested with Sfi I and Not I restriction
endonuclease and ligated into pCANTAB5E phagemid vectors. The recombinant vectors
were then transformed into E. coli TG1 cells. Serial dilutions of 10−1−10−8 were plated
onto SOB plates (2% tryptone, 0.5% yeast extract, 0.05% NaCl, 2.5 mM KCl, 10 mM MgCl2,
and 1.5% Agar powder) that contained 100 µg/mL Amp and 2% Glu. After inoculation,
all the plates were incubated overnight in a previously set incubator at 30 ◦C, then clones
were randomly selected and screened for inserts by performing another round of PCR.
Finally, the colonies were scraped into 20 mL of 2YT (1.6% Tryptone, 1% yeast Extract, and
0.5% NaCl), named the original antibody library, and stored at −80 ◦C in 20% glycerol.

Table 1. Nucleotide primer sequences.

Primer Names Nucleotide Sequences (5′→3′)

VH for GCGGCCCAGCCGGCCATGGCCGARGTGAAGCTGGTGGARTCTGGR
VH back AGCGGCGGTGGCGGTTCTGGAGGCGGCGGTTCTGAYATGCAGATGACMCAG

VL for AGCGGCGGTGGCGGTTCTGGAGGCGGCGGTTCTRAMATTGTGMTGACCCAATC
AGCGGCGGTGGCGGTTCTGGAGGCGGCGGTTCTGAYATGCAGATGACMCAGWC

VL back ACTAGTCGCGGCCGCGTCGACAGCMCGTTTBAKYTCTATCTTTGT
ACTAGTCGCGGCCGCGTCGACAGCMCGTTTCAGYTCCARYTT

scFv for CGCAATTCCTTTAGTTGTTCCTTTCTATGCGGCCCAGCCGGCCATGGCC
scFv back GGTTCCAGCGGATCCGGATACGGCACCGGACTAGTCGCGGCCGCGTCGAC

2.5. Phage scFv Particle Enrichment and Screening

The phage library underwent four rounds of biopanning with coat antigen CIP-BSA
for phage scFv particle enrichment. A sterile cell flask was coated with 2 mL of CIP-OVA
(the first round was 50 µg/mL, and the remaining three rounds were 25, 12, and 6 µg/mL)
in PBS solution at 4 ◦C and left to stand overnight. The flask was washed five times
with PBST solution and blocked with MPBS at 37 ◦C for 2 h. After being washed with
PBST solution, 1 mL of library phage particles was added into a flask for shaking for 1 h
at 150 rpm at room temperature, then left to stand for 1 h. The CIP-OVA-bound phage
scFv particles were washed with PBST solution and eluted with 1 mL of trypsin solution
(1 mg/mL in PBS). The eluent was the first round of enrichment library, and the phage
scFv particles were amplified for the next round of enrichment. Four rounds of biopanning
were performed. The fourth round of enriched anti-CIP phage particles was infected with
E. coli TG1 and spread on a TYE-AG medium (contains 100 µg/mL Amp and 1% Glu) for
culturing overnight at 37 ◦C. Individual colonies were randomly picked and grown in
2 × TY-AG medium glucose with 100 µg/mL ampicillin for 16 h at 37 ◦C and 200 rpm. The
next day, 10 µL of culture per well was transferred into another 96-well plate for culturing
for 2 h at 37 ◦C and 200 rpm, and M13KO7 helper phages were added to rescue for 2 h at
37 ◦C and 200 rpm. The plate was centrifuged at 3300 rpm for 20 min at 37 ◦C, and the
pellets were resuspended with 250 µL/well of 2 × TY-AK medium and cultured overnight
at 30 ◦C and 200 rpm. Finally, the plate was centrifuged at 4 ◦C and 3300 rpm for 30 min,
then the supernatant was used in the monoclonal phage ELISA for CIP.

2.6. Colony PCR and Sequencing

The positive phage scFv colonies were cultured in a 2 × TY-AG medium until the
logarithmic phase for colony PCR, and the PCR products were examined by 1% agarose
gel electrophoresis. The selected positive monoclonal phages were sequenced by Sangon
Biotechnology (Shanghai, China) Co., Ltd.

2.7. Expression and Purification of scFv

The target gene and prokaryotic expression vector pET-32a were digested with NcolI
and NotI restriction enzymes and linked using T4 DNA ligase. Then, the positive recom-
binant plasmid was used in producing E. coli strain BL21 (DE3). The mixture was heat
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shocked for 90 s at 42 ◦C, and cultured in a Luria−Bertani (LB) medium (1% tryptone,
0.5% yeast extract, and 1% NaCl) containing 100 µg/mL kanamycin at 37 ◦C overnight.
After the OD600 of the bacterium solution reached 0.6–0.8, 1 mmol/L IPTG was added to
the culture to induce the expression of scFv. The culture was further grown at 37 ◦C for 16 h.
The supernatant was collected and concentrated 100-fold by using MWCO: 8000–14,000 Da
of dialysis bag in PEG/NaCl. The collected pellets were resuspended with PBS for the
production of a periplasmic lysate and lysed through sonication for the production of the
whole-cell lysate. The supernatant and periplasmic and whole-cell lysates were used in
analyzing the solubility of the proteins through SDS-PAGE. Finally, BioMag-SA GST-tag
Protein Purification magnetic beads were used to purify the anti-CIP scFv protein.

2.8. Denaturation and Renaturation of the scFv Protein

The inclusion bodies were washed five times with PBS containing 0.1% TritonX-100
and 2 mol/mL urea at 2 h intervals; then, the inclusion bodies were solubilized in 20 mL of
8 mol/mL urea solutions and slowly stirred at 4 ◦C for 16 h. The solubilized solution was
centrifuged for 20 min (12,000 rpm). Finally, the solution containing denatured scFv was
dialyzed in PBS at 4 ◦C for 48 h for the removal of urea from the protein solutions.

2.9. Characterization of scFv Antibody

Western blot. A volume of scFv solution was added to a nitrocellulose membrane
immersed in blocking buffer (4% BSA in PBS (w/v)) for 1 h. Then, a volume of horseradish
peroxidase-labeled anti-GST-tag antibody (1:2000) was added to the block point, and the
membrane was incubated for 2 h at room temperature. Finally, a volume of substrate
solution (4-chloro-1-naphthol) was added for the visualization of the result.

Indirect competitive ELISA. The purified anti-CIP scFv was used in establishing IC-
ELISA. Briefly, 100 µL/well of CIP-OVA solution was coated into 96-well plates overnight
at 4 ◦C; then, the plates were washed with PBST solution and blocked with 300 µL per
well of 5% MPBS at 37 ◦C for 1 h. scFv (100 µL/well) previously diluted with PBS and a
series of CIP standard concentrations (200, 100, 80, 50, 20, 10, 5, 2, 1, and 0.1 ng/mL) were
washed with PBST and then mixed. The plates were incubated at 37 ◦C for 1 h, then washed
with PBST. Avidin conjugated with horseradish peroxidase (100 µL/well; 1/2000 dilution
in PBS) was added to the wells and incubated at 37 ◦C for 30 min. The wells were then
washed five times with PBST, and 100 µL/well of TMB substrate was added and incubated
for 10 min in the dark at room temperature. Color reaction was stopped with the addition
of sulfuric acid (2 mol/L, 50 µL/well). Finally, absorbance was measured at 450 nm with an
automatic microplate reader (Thermo, Waltham, MA, USA). The IC50 value, assay dynamic
range, and limit of detection (LOD) served as the criteria for evaluating IC-ELISA. The
inhibition ratios of anti-CIP scFv, IC10, IC20, IC50, and IC80 were calculated using the
formula [(P-S-N)]/(P-N)] × 100%, where P is the OD450 value of the positive sample (50 µL
of anti-CIP scFv mixed with 50 µL of CBS), S is the OD450 value of the standard (50 µL of
scFv mixed with 50 µL of the serial concentration of CIP), and N is the OD450 value of the
negative control (100 µL of CBS).

2.10. Homology Modeling and Molecular Docking

In this experiment, the possible template sequences of the anti-CIP scFv model were
searched in the NCBI database (https://www.ncbi.nlm.nih.gov/ (accessed on 1 February 2021)),
and sequence comparison was performed in the BLAST section for a selection template of
a high consistency with the anti-CIP scFv model. The anti-CIP scFv template sequence is as
follows: (sense): 5′-TCAAGTGTAAGTTACATGCCATGGTACCAGCAG-3′ and (antisense):
5′-TCTTGGCTTCTGCTGGTACCATGGCATGTAACTTACACT-3′. The sequence with a
high score and low e-value was used as a template sequence for anti-CIP scFv model
building. Then, the SWISS MODEL online server was used in the homology modeling of
anti-CIP scFv. To verify the reliability of the homology modeling results and determine the
best model structure, we used Procheck, Verify3D, and ERRAT programs in the evaluation
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of the consistency of the constructed an anti-CIP scFv homology model and selected the
best receptor model for further molecular docking study. To study the binding mode of CIP
with anti-CIP-scFv and find key residues, we used MOE 2015.10 in exploring the molecular
docking of CIP with scFv. In the Dock module, CIP was docked into the active site of
anti-CIP-scFv through the method of Induced Fit and under Amber10: EHT forcefield. The
docking ligand, which had 30 docking conformations after default parameters were used,
were used for further analysis.

2.11. Directional Mutagenesis of scFv Antibody

The binding affinity of CIP with scFv-CIP antibody was improved through the virtual
mutation of the potential key residues of scFv-CIP. The process was based on the study of
the binding mode of anti CIP scFv with CIP. MOE 2015.10 software was used in conducting
the virtual mutation of amino acid residues that affect the binding of CIP with scFv and
directly replace them with other amino acids. In this study, Ser was used to replace Val160
for the production of the mutant of scFv-CIP antibody. Then, the structure of the virtual
mutation scFv model was optimized, and a stable scFv mutation model was obtained.
Subsequently, the docking study of CIP with scFv mutation was performed through the
method of Induced Fit, and 30 conformations were obtained using the default parame-
ters. During the experiments, the scFv gene in the express vector scFv-pCANTAB5E was
mutated directly for the production of a mutated express vector with a fast-multisite muta-
genesis system according to the manufacturer’s recommended protocol. Then, the mutated
express vector was expressed for the production of scFv mutant using the procedures
described above. The scFv mutant was identified and analyzed through SDS-Page and
IC-ELISA [6].

2.12. Sample Preparation and Cross-Reactivity Analysis

Beef, pork, milk, and chicken samples were obtained from a local market. CIP
(1000 µg/mL, prepared in PBS) was added to each sample for the production of spiked con-
centrations of 0, 50, 100, and 200 µg/kg. Aliquots of the homogenized tissue samples (1 g of
wet mass) were transferred to a 50 mL centrifuge tube. Exactly 5 mL of 5% trichloroacetic
acid and 10 mL of 0.2 M PBS were mixed with the tissue sample, and the mixture was
incubated for 1 h at 60 ◦C. Subsequently, the suspension was centrifuged at 5000× g for
20 min. The supernatant was separated and diluted tenfold with deionized water. The
aliquots (100 mL each) were distributed into the microtiter plate. The CIP standards of
different concentrations (0, 50, 100, and 200 µg/L) were added to milk samples, which
were then defatted by centrifugation at 5000× g for 20 min at 4 ◦C. After 60 µL of sodium
nitroprusside (0.36 mol/L) and 60 µL of zinc sulfate (1.04 mol/L) were added to 2 mL of
each defatted milk sample, the samples were vortexed for 1 min and then centrifuged at
5000× g for 20 min at 4 ◦C. The supernatant was removed and diluted tenfold with PBS
for analysis. Recoveries were calculated on the basis of the standard curve constructed
by IC-ELISA.

The specificity of the scFv under optimized conditions was evaluated by measuring
cross-reactivity (CR) with a group of structurally related compounds, including 12 other
analogs such as enrofloxacin, danofloxacin, and fleroxacin. The CRs of anti-CIP scFv
for CIP analogues were calculated using the formula: [CR (%) = IC50 (CIP)/IC50 (CIP
analogue)] × 100%.

2.13. Statistical Analysis

The statistical software SPSS 16.0 and data processing system 14.0 (DPS) were used
for statistics. Values are expressed as mean ± standard deviation. All data are suitable for
analysis without any conversion.
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3. Results and Discussion

3.1. Construction of Phage Display scFv Library

Compared with conventional antibodies (monoclonal antibodies and polyclonal anti-
bodies), scFv can be produced on a large scale in prokaryotic and eukaryotic systems, so it is
cheap and saves time [23,24]. In addition, the scFv antibody can be studied at the molecular
level (homologous modeling and molecular docking), and its antigen binding affinity can
be improved through gene mutation and gene reforming [15]. In this study, a scFv library
for mouse phage display was constructed, and total RNA was extracted from the spleen of
immunized mice and then reverse-translated to cDNA. The VH and VL coding sequences
were amplified using the cDNA as the template, and a complementary linker sequence
was added. The amplified and purified NcoI-VL-linker and linker-VH-NotI were spliced
to whole scFv genes through SOE-PCR. As shown in Figure 1, the amplified VH, VL, and
scFv DNAs were approximately 350, 330, and 780 bp long, respectively. The purified scFv
and pCANTAB5E vectors were digested with SfiI and NotI. T4 DNA ligase was used to
ligate the products, and recombinant plasmids were translated into E. coli TG1 cells, and a
library with a capacity of 3.34 × 109 CFU/mL was constructed successfully.

Figure 1. Amplification of heavy and light chains. Agarose gel electrophoresis of the amplified
antibody variable fragments. (A) PCR amplification of VH and VL. Lane 1: PCR products of VH,
about 350 bp. Lane 2. Lane 3 and Lane 4: PCR products of VL, about 330 bp. (B) Amplification of
scFv by overlap PCR, about 780 bp.

3.2. Panning of Phage-Displayed Antibody Libraries

For the production of highly specific antibodies, the washing steps were progressively
increased, whereas the concentrations of coated CIP-OVA were decreased (Table 2) as
described by Li et al. [6]. It can be seen from Figure 2A that after the first three rounds of
panning, the antibody response signal gradually increased, and decreased after the fourth
round of panning, indicating that the phage antibody library was effectively enriched with
specific phage particles after four rounds of panning. On the plate after the fourth round
of panning, 25 phage colonies were randomly selected for Phage-ELISA to analyze the
binding ability of ciprofloxacin. The results are shown in Figure 2B. Clone scFv-22, which
showed relatively stable and high binding abilities, was selected for further study.
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Table 2. The library size and phage titer of each panning.

Rounds
Coated

Antigen
Coating Concentrations

(µG/WELL)
Input Output Output/Input

1 CIP-OVA 50 4 × 1011 2.9 × 105 7.55 × 10−7

2 CIP-OVA 25 4 × 1011 5.6 × 106 1.65 × 10−5

3 CIP-OVA 12 4 × 1011 2.9 × 108 5.9 × 10−4

4 CIP-OVA 6 4 × 1011 3.34 × 109 6.15 × 10−3

−

−

−

−

 

(A) 

(B) 

Figure 2. Phage-ELISA. (A) The enrichment of specific scFv in each library after four rounds panning.
(B) Binding activity of scFv antibodies to CIP. 1–25: scFv antibodies from randomly selected clones
from the 4th panning; C: blank control; N: negative control, BSA; P: positive control, cell supernatant.

3.3. Expression, Purification of the scFv-22

As is well known, IPTG concentration, post-induction time, and incubation tem-
perature are the main factors for optimizing protein expression [25]. In the preliminary
experiments of this study, the highest scFv expression level was obtained at the following
conditions: 37 ◦C, 16 h, and 1 mM IPTG. Under optimal expression conditions, the scFv-
22 antibody fragments were expressed in E. coli HB2151, and proteins were determined
through Western blotting, as shown in Figure 3. The results indicated that the scFv-22
antibody (approximately 47 kDa) was expressed successfully. Anti-CIP scFv proteins
were purified using BioMag-SA GST-tag Protein Purification magnetic beads according
to the manufacturer’s instructions. The purity of protein solution was confirmed through
SDS-PAGE, as shown in Figure 4, and then the purified protein was stored at −2 ◦C.
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−

 
Figure 3. Analysis of scFv-22 by Western blot. Lane 1–3: scFv-22 induced expression. Lane M: Protein
180 marker.

−

Figure 4. Analysis of scFv by SDS-PAGE. Lane M: Protein 180 marker. Lane 1: PET-32a vector.
Lane 2–3: After induction of expression, the supernatant and precipitate obtained by sonication.
Lane 4–5: The supernatant obtained after combining with the magnetic beads. Lane 6–9: Supernatant
after washing with 20 mM, 100 mM, 200 mM, 250 mM imidazole, respectively.

3.4. IC-ELISA for CIP and Its Analogues Based on scFv-22

The performance of the purified scFv-22 was evaluated using IC-ELISA. The optimum
concentration of scFv-22 was 0.25 µg/mL, producing an OD450 of 1.0 at 4 µg/mL of CIP-
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OVA coating concentration through checkerboard titration. Under the optimal conditions,
the regression curve equation of CIP-scFv was y = −0.4517x + 1.1409 (R2 = 0.9877), as
shown in Figure 5. The IC50 value of the assay established with scFv-22 was 26.23 ng/mL,
demonstrating that scFv can be used in detecting CIP. The linear range of the assay estab-
lished with scFv ranged from 5.68 ng/mL to 201.55 ng/mL.

−

Figure 5. Standard curves of the competitive ELISA for CIP. X-axis shows the logarithm concentration
of CIP, Y-axis represents the inhibition rate (B/B0). B0 and B are the absorbance values obtained from
binding at zero and certain concentrations of CIP standard.

3.5. Homology Modeling and Molecular Docking

In this experiment, given the results of parameter evaluation, such as sequence identity
and structural similarity, the protein PDB ID: 3UZQ was selected as the template sequence,
which has the highest sequence identity (78.8%) with the target sequence anti-CIP-scFv.
Subsequently, a stable model of single-chain antibody was established using the SWISS
MODEL homology modeling software. The single-chain antibody of anti-CIP-scFv was
connected by VH and VL through three connecting peptides (Gly4Ser) and had a typical
single-chain antibody structure with anti-parallel β-sheet and loop regions.

We evaluated the model to verify its reliability. The Procheck program was used in
evaluating the three-dimensional structure of the anti-CIP-scFv model. The Ramachandran
plot showed that 91.7% of the amino acids residues in the model were located in the core
region, 7.8% in the allowable region, and only 0.5% in the forbidden zone of the twist
angle. The results showed that the dihedral angles of 99% of protein residues in scFv model
were within the reasonable range and conformed to the rule of stereochemical energy. The
result of Verify-3D showed that the average 3D–1D score of 99.58% of amino acid residues
in the scFv model was greater than 0.2, and the model passed the Verify-3D test. The
Errat result showed that the overall quality factor was 87.82. Therefore, the experimental
model of anti-CIP-scFv has high reliability and can be used in the molecular docking of the
CIP antigen.

The docking result of scFv-22 with CIP is shown in Figure 6. The active site of scFv-
22 consists of residues Gln153, Pro155, Ala156, Leu158, Val160, Ile168, Val229, Asp233,
Ala234, Ala235, Thr236, and Tyr237. The carboxyl group of CIP can form a 2.78 Å and
3.15 Å hydrogen bond with the residue Gly251. The quinoline structure is located in the
hydrophobic cavity formed by residues Gln153, Pro155, Ala156, Ile168, Gly251, and Thr236.
The cyclopropyl group can interact with the residues Ala235 and forms hydrophobic
interaction with Tyr238. Thus, these forces may be the main reason for the increased ability
to bind to CIP. However, the hydrophilic carboxyl group in CIP and the carbonyl group on
the quinoline are close to the hydrophobic residue Val160. We preliminarily speculated
that if the residue Val160 is transformed to a hydrophilic amino acid, it will promote
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the combination of CIP to scFv. When Val160 was substituted by Ser, the total binding
energy decreased from −5.23 to −7.91 kcal/mol, and the number of hydrogen bonds
and the amino acids forming hydrophobic interaction all increased in the binding site
(Figure 6B,D), indicating that the intermolecular forces of scFv-CIP increased. Therefore,
Val160 was substituted with Ser for the directional mutagenesis of the scFv antibody in the
present study.

−

Figure 6. (A) The binding mode between parental scFv and CIP, (B) the interaction between parental scFv and CIP binding
site; (C) the binding mode between scFv mutant and CIP, (D) the interaction between scFv mutant and CIP binding site.

3.6. Characterization of Mutant scFv

The performance of purified scFv mutant was evaluated through SDS-PAGE and
IC-ELISA. Under the same conditions as the parental scFv, the regression curve equation
of the mutant scFv was y = −0.1865x + 0.558 (R2 = 0.9899), as shown in Figure 5. The
IC50 value of the assay established with the scFv mutant was 1.58 ng/mL, indicating that
the affinity of the scFv mutant increased 16.6 times compared with that of the parental
scFv. The mutant had a higher affinity and better sensitivity than the original antibody,
indicating that the parental scFv antibody was evolved successfully.

3.7. Precision and Recovery

Spiking and recovery tests were conducted for the assessment of the feasibility of IC-
ELISA. During the tests, the mutant scFv was used in detecting CIP in spiked samples, and
no positive results were obtained for the non-spiked samples. All samples spiked with CIP
showed good agreement between the spiking level and concentration detected, as shown
in Figure 3. In the intra-assay, the mean recovery for CIP ranged from 73.80% to 121.58%
and the RSD values ranged between 2.01% and 7.35% (based on triple measurements
within a day). In the inter-assay, the mean recovery for CIP ranged from 75.29% to 123.35%,
and RSD values ranged between 1.49% and 9.81% (based on triple measurements in
3 days). As demonstrated with the samples spiked with CIP, the IC-ELISA method provided
satisfactory results for the detection of CIP residues in milk and food animal tissues. The
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cross-reactivity of the CIP-scFv with danofloxacin, enrofloxacin, and fleroxacin and many
more were tested through IC-ELISA. As shown in Figure 4, the CIP-scFv showed low
cross-reactivity with other fluoroquinolones, indicating that scFv is highly specific for CIP.

4. Conclusions

A highly sensitive anti-CIP single-chain antibody was obtained through phage display
and directional evolution, and a rapid and highly sensitive IC-ELISA method for detecting
CIP residues in products of animal origin was developed. The method showed good
stability, reproducibility, and accuracy for detecting CIP, indicating a wide application
prospect for the rapid and sensitive detection of antibiotic residues in animal-derived food.
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