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Food safety is as important as ever, and the safeguards implemented to inspect and
reduce pesticides, veterinary drugs, toxins, pathogens, illegal additives, and other dele-
terious contaminants in our food supply has helped improve human health and increase
the length and quality of our lives. Multiple countries and regions have established a
series of food safety laws and national standards, which has driven the development of
rapid detection methods for the measurement of hazards in food products. Benefiting from
the merits of convenience, high efficiency, and on-site rapid detection, etc., immunoas-
says have achieved mainstream application in the rapid inspection field. As early as the
mid-20th century, the first immunoassays were described for the measurement of insulin
and thyroxine, respectively. Currently, hundreds of immunoassays have been established
for scores of food hazards. Ouyang et al. [1] summarized the immunoassays used to
detect 3,-Agonists, including enzyme-linked immunosorbent assays (ELISA), lateral flow
immunoassay (LFIA), fluorescence immunoassay, chemiluminescence immunoassay, etc.
Generally, immunoassays are based on the principle of the specific recognition of antigens
and antibodies. Antibodies serve as the basic recognition elements for immunological
detection methods. Therefore, the design of hapten with high immunogenicity and prepara-
tion of antibodies with high specificity and affinity has become the most important part of
immunoassays. In addition, improving the detection mode of immunoassays has become a
research hotspot in recent years. Thus, this Special Issue provides some general methods
used for hapten design and for the preparation of recognition elements, as well as an
overview of immunoassay technology in food inspection.

The hapten design is key to the establishment of an immunoassay. The natural
toxins a-solanine (SO) and a-chaconine (CHA) comprise approximately 95% of the total
glycoalkaloid (GA) content in potatoes; ingestion of more than 1 mg of GAs per kg of
body weight is toxic to humans. In order to simultaneously measure SO and CHA, Okada
et al. [2] used solanidine, a chemical compound found in both SO and CHA, as the hapten
for rabbit immunity. Two new polyclonal antibodies (pAbs) that bind to both SO and
CHA were purified and obtained. Xu et al. [3] designed and synthesized a novel hapten of
triazine herbicide atrazine (ATR), namely, 2-chloro-4-ethylamino-6-isopropylamino-1,3,5-
triazine. This hapten maximally retains the characteristic structure of ATR and induces
expected antibody response in the animal’s immune system. After cell fusion and screening,
one monoclonal antibody (mAb) 9F5 was obtained with the isotype of IgG1. For the
standard curve, the ICsy value of the 9F5 mAb was 1.678 ng/L with the working range
(IC20—ICgp) of 0.384 to 11.565 pg/L. In addition, this mAb showed high specificity to ATR
and low cross-reactivity to other triazine herbicides. The prepared 9F5 mAb provided
the core raw material for establishing an ATR immunoassay. In recent years, specific
peptide ligands, such as peptidomimetic and anti-immunocomplex peptides, have been
regarded as promising substitutes for chemical haptens. The peptidomimetic directly
reacts with the antibody, while the anti-immunocomplex reacts with the immunocomplex
between antibody and antigen. You et al. [4] identified thirty sequences of peptidomimetics
and two sequences of anti-immunocomplex peptides for imidacloprid (IMI) from three
phage display libraries, in which the anti-immunocomplex peptides were the first reported
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noncompetitive reagents for IMI. One peptidomimetic and one anti-immunocomplex
peptide were utilized to develop competitive and non-competitive phage ELISA (P-ELISAs),
with ICs of 0.55 ng/mL and 0.35 ng/mL, respectively. Compared to chemical haptens,
peptide ligands are prepared using biological expression. It is attractive to explore the
peptide ligands to derive novel patterns of immunoassay.

In addition to the traditional pAbs and mAbs, more types of recognition elements have
been discovered for immunoassay. Nanobodies, the smallest known functional antibody,
have been used in the field of food safety. Qiu et al. [5] expressed a nanobody from a
naive phage display library and used it as the capture antibody. Quantum dot (QB) was
conjugated with a tnti-Cry2A pAb to serve as fluorescent probe. Then, a sensitive sandwich
fluorescence-linked immunosorbent assay (QB-FLISA) using nanobody was established
to determine the Cry2A toxin in cereal. The detection limit of this assay was 0.41 ng/mL,
which had 19-times higher sensitivity than the traditional colorimetric ELISA. Known as
“chemical antibodies”, aptamer has the advantages of simple preparation, stable properties,
low immunogenicity, and easy modification compared with the antibody. Zhang et al. [6]
used aptamer as recognition element and developed a competitive enzyme-linked aptamer
assay (ELAA) kit to detect Lactoferrin (Lf) in dairy products. In the construction, the Lf
aptamer was conjugated with horseradish peroxidase (HRP) as the recognition probe and
an aptamer complementary strand was anchored onto the microplate as the capture probe.
When TMB substrate appeared in the reaction system, the color shades were negatively
correlated with the Lf concentrations in the sample. Under the optimization conditions,
the aptamer-based ELAA kit achieved a good linear relationship (R? = 0.9901) in the wide
range of 25-500 nM with the detection limit of 14.01 nM and good specificity. In addition,
Wang et al. [7] developed an aptamer-based surface-enhanced Raman spectroscopy (SERS)
analysis for the anti-interference detection of Ochratoxin A (OTA). In this aptasensor, 4-
[(Trimethylsilyl) ethynyl] aniline (TEAE) as an anti-interference Raman reporter, assembled
on AuNPs with OTA-aptamer, served as SERS probes. Meanwhile, Fe304NPs, linked with
complementary aptamer (cApts), were applied as capture probes. The specific binding of
OTA to aptamer hindered the complementary binding of aptamer and cApt, resulting in a
negative correlation between the Raman response at 1998 cm~! and OTA levels. Under the
optimum condition, the aptasensor presented a linear response for OTA detection in the
range of 0.1-40 nM, with a low detection limit of 30 pM.

Many detection approaches have been developed to conduct qualitative/quantitative
analysis of hazards in food samples. Zhu et al. [8] established an indirect competitive
chemiluminescence enzyme-linked immunoassay (CI-ELISA) to detect acetamiprid (ACE)
in the Chinese cabbage and cucumber. The LOD of this assay was 1.26 pg/kg, meeting
the MRL requirements of ACE in vegetables. Subsequently, Zhai et al. [9] compared Cl-
ELISA with colorimetric ELISA (CO-ELISA) for IMI detection in vegetables. The results
indicated that CI-ELISA showed high sensitivity and a rapid detection time, saving costs
(antigen and antibody concentrations) and serving as a more efficient model for the rapid
detection of IMI residue, which provides a theoretical basis for selecting an optical detection
assay. The improvement of the sensitivity of immunoassay has always been the focus of
researchers. Hendrickson et al. [10] developed a cascade-enhanced LFIA to detect okadaic
acid (OA) in seawater, fish, and seafood. In the case of the cascade-enhanced LFIA, the
anti-OA antibodies specifically bound to the OA-BSA on the T line of the strip, followed by
several (at least two) cycles of successive passing gold-labeled goat anti-mouse antibodies
(GAMI-AuNPs) and free donkey anti-goat antibodies (DAGI) that were not specific to OA.
As a result, branched aggregates formed on the T line with a (GAMI-AuNPs-DAGI) x n
structure, where 7 is the number of GAMI-AuNPs/DAGI passing cycles. The LOD of the
cascade-enhanced LFIA enabled the detection of OA at 30 pg/mL, which was two to seven
times higher than the LOD of the LFIA without amplification. Immunomagnetic beads
(IMBs) have been widely used to capture and isolate target pathogens from complex food
samples. Kang et al. [11] proposed a pH-regulated strategy to orient the antibody on the
surface of MBs. This study revealed that the positively charged e-NH, group of lysine on
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the Fc relative to the uncharged amino terminus on Fab was preferentially adsorbed on the
surface of MBs with a negatively charged group at pH 8.0, resulting in the antigen-binding
sites of the antibody being fully exposed. This strategy can efficiently capture and isolate
pathogenic microorganisms from complex food matrices at low cost, thereby improving
the specificity and sensitivity combined with immunoassay.

In summary, this Special Issue provides insights into the recent application of im-
munoassay technology in food inspection. We sincerely hope that readers will find this
Special Issue informative and interesting.

Author Contributions: P.L. and M.]. contributed equally to organizing the Special Issue, to the
editorial work, and to writing this editorial. All authors have read and agreed to the published
version of the manuscript.
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Abstract: 3p-agonists are a group of synthetic phenylethanolamine compounds which are tradi-
tionally used for treating bronchospasm. These compounds can also increase skeletal muscle mass
and decrease body fat. The illegal use of 3;-agonists in food-producing animals results in residue
of By-agonists in edible tissues and causes adverse health effects in humans. Thus, the detection
of Br-agonists at trace level in complex sample matrices is of great importance for monitoring the
abuse of $p-agonists. Many methods have been developed to detect 3,-agonists. Among them, a
variety of antigen—antibody interaction-based techniques have been established to detect 3-agonists
in various samples, including animal feed, urine, serum, milk, tissues and hair. In this review, we
summarized current achievement in the extraction of 3;-agonists from testing samples and detection
of 3;-agonists using immunological techniques. Future perspectives were briefly discussed.

Keywords: 3,-agonist; sample extraction; immunoassay; radioimmunoassay; ELISA; chemiluminescent
immunoassay; lateral flow immunoassay; immunosensor; food safety

1. Introduction

2-agonists are a group of synthetic compounds with phenylethylamine structures,
which are commonly used to treat asthma and chronic obstructive pulmonary disease [1].
They relax the smooth muscle of respiratory tract by combining to 3, adrenoreceptor. 35-
agonists are also powerful anabolic agents which can promote protein synthesis, increase
muscle mass and decrease fat tissue [2]. They are illegally used in food-producing animals
as the growth promoters and nutrient repartitioning agents to escalate lean muscle gain,
increase growth rate and feed efficiency [3-6]. Most countries around the world ban the
use of all 3y-agonistsin livestock feed and have established strict surveillance programs
to ensure the food and feed safety. However, the illegal use of $;-agonists in livestock
still happens, and the poisoning incidents caused by consumption of edible tissues from
livestock bred with (;-agonistsare reported from time to time in countries around the
world [7-12].

In order to monitor the illegal use of 3;-agonists, various techniques have been
developed to detect 3-agonists in animal samples (tissues, milk, urine, hair, etc.), includ-
ing chromatography, spectrometry and related techniques [13,14], immunoassays [13,14],
biosensors [14,15] and 3, adrenoreceptor-based assays [16,17]. Immunoassays are widely
used in the purification and measurement of 3;-agonists. The antibodies against 3,-agonist
can be prepared with y-agonist hapten composed of 3-agonist and a carrier protein, such
as serum albumin from bovine, human and rabbit, ovalbumin, keyhole limpet hemocyanin
and bovine thyroglobulin. In this review, we summarize antigen—antibody interaction-
based methods to purify and determine 3;-agonists, including extraction of 3;-agonists
from samples through immunoaffinity chromatography, immunofiltration and immuno-
magnetic separation, and detection of 3,-agonists by radioimmunoassay, enzyme linked
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immunosorbent assay (ELISA), chemiluminescence immunoassay, lateral flow immunoas-
say, immunosensors and other types of immunoassays.

2. 3-Agonist Antibody-Based Sample Extraction/Cleanup

Extraction and cleanup are important steps for the detection of (3,-agonists in com-
plex biological samples. Various techniques have been developed to extract and cleanup
[-agonists, such as liquid-liquid extraction, solid phase extraction, matrix solid-phase dis-
persion, dialysis, supercritical fluid extraction [13,14,18]; and antibody-based immunoaffinity
chromatography [18-22], immunofiltration [23-25] and immunomagnetic separation [26-29].
Antibody-based techniques provide better cleanup of the samples and higher selectivity
than aforementioned other techniques and were summarized herein.

2.1. Immunoaffinity Chromatography

Immunoaffinity chromatography (IAC) is a technique that relies on antigen—antibody
interactions to extract the analyte(s) of interest. Analyte from the sample is retained on the
column containing immobilized antibody and eluted using minimal amounts of organic
solvent. IAC has been accepted as an extractionpreconcentration procedure for detect-
ing fy-agonists in biological samples owing to its high specificity and sample cleanup
efficiency. IAC has been applied to extract clenbuterol, salbutamol, ractopamine and
its metabolites from urine and tissue samples, respectively. Then, the target compound
was detected using different techniques, including high-performance liquid chromatog-
raphy (HPLC), electrochemical detection and capillary liquid chromatography-tandem
mass spectrometry [19-21]. Lin et al. [22] developed a method to simultaneously detect
clenbuterol, salbutamol, ractopamine and terbutaline in beef by IAC extraction and ultra-
high-performance LC-MS/MS detection of these compounds. The immunoaffinity column
was made by simultaneously covalent coupling of monoclonal antibodies against clen-
buterol, salbutamol and ractopamine, respectively. As the antibodies are not specific for
terbutaline, the limit of detection (LOD) of terbutaline is higher than that of the other three
[2-agonists.

2.2. Immunofiltration

Immunofiltration has been applied for sample cleanup for detecting {3,-agonists.
The antibodies against (3;-agonist are mixed with the samples and incubated in an ultra-
filtration device. After centrifugation, the filter is washed with buffer, and the antibody
bound (;-agonist is freed from the antibody by acetic acid. Immunofiltration was used
to pretreat urine samples for detection of clenbuterol with a biosensor immunoassay [23]
or ELISA [24]. Haasnoot et al. [25] reported that the anti-salbutamol polyclonal anti-
bodies (pAb) recognized several $-agonists, and the combination of immunofiltration of
[32-agonists with the ELISA could detect at least ten [35-agonists in urine with comparable LODs.

2.3. Immunomagnetic Separation

Immunomagnetic separation involves the coupling of biological macromolecules, such
as antibodies and streptavidin, to superparamagnetic particles. When added to a hetero-
geneous target suspension, the magnetic particles bind to the desired target and form a
complex which can be removed from the suspension by using a magnet. Inmunomagnetic
separation has been used as a sample pretreatment technology for purification and enrich-
ment of B;-agonists from samples. Chen et al. [26,27] prepared immunomagnetic beads
using monoclonal antibodies against clenbuterol and salbutamol, respectively, purified
these compounds from animal urine samples and detected them by surface-enhanced
Raman spectroscopy. Peng et al. [28] separated clenbuterol from swine urine samples using
immunomagnetic particles which was prepared by immobilizing biotinylated clenbuterol
monoclonal antibody (mAb) on the streptavidin magnetic nanoparticles through biotin—
streptavidin interaction. Huang et al. [29] modified the fluorescent magnetic nanobeads
with anti-clenbuterol mAb to specifically recognize and capture clenbuterol in swine urine.
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The fluorescent magnetic nanobeads not only served as a carrier for immunomagnetic
separation of clenbuterol but also as a fluorescent probe for fluorescent lateral flow im-
munoassay of clenbuterol.

The advantages and disadvantages of the methods for extracting $,-agonists from
samples using antibodies are summarized in Table 1.

Table 1. Advantages and disadvantages of antibody-based methods for extracting ,-agonists
from samples.

Methods Advantages Disadvantages

Proteases from animal sample
may digest protein A or
antibody on the immunoaffinity

Immunoaffinity Simple, fast; high separation column. The high-affinity

chromatography efficiency and reproducibility binding of antibodies and
antigens may complicate the

elution of the
antigen.

Filters are easily clogged by
large particles in samples.
Immunofiltration Simple, fast, low cost Contaminating proteins that
adhered to the filter will elute
with the antigens.

Commercial immunomagnetic
particles for
{2-agonists extraction are
not available.

Simple, fast, easy to perform;
Immunomagnetic separation high separation efficiency
and reproducibility

3. Immunological Techniques for Detecting (3,-Agonists

Many immunological methods based on an antigen—-antibody interaction have been de-
veloped for qualitative/quantitative analysis of $,-agonists in biological samples, including
radioimmunoassay, ELISA, chemiluminescence immunoassay, lateral flow immunoassay,
immunosensors and other types of immunoassays.

3.1. Radioimmunoassay

The classical radioimmunoassay (RIA) is based on the principle of competitive binding.
The unlabeled antigens and a fixed amount of radiolabeled antigens compete for a limited
amount of antibody to form an antigen—antibody complex. The amount of labeled antigen—
antibody complex formed is inversely related to the concentration of the unlabeled antigen.
RIA has been applied to detect 3,-agonists, such as salbutamol, fenoterol and clenbuterol in
various samples, including plasma/serum, urine, feces and liver tissue [30-34]. If the pAb
against one 3-agonist has cross-reactivity with other $-agonists, the RIA can be applied as a
qualitative method to detect the presence of one or more 3-agonists [33,34], then a confirma-
tory analysis would be performed to determine the concentration of the analyte(s). The use
of RIAs in detecting [3;-agonists has been largely replaced by nonisotopic immunoassays
because of concerns over the safe handling and disposal of radioactive reagents and waste.

3.2. ELISA

ELISA, also referred to as enzyme immunoassay, is a plated-based solid-phase enzyme
immunoassay commonly used to identify the presence and concentration of antibodies
or antigens in liquid samples. Detection of antigens is accomplished by binding enzyme-
antibody conjugates to the antigen in the sample and assessing the enzyme activity via
incubation with a substrate to produce a measurable end product. A number of enzymes
are used in ELISA, including horseradish peroxidase (HRP), alkaline phosphatase (ALP)
and p-galactosidase. ELISA can be classified into direct, indirect, sandwich and competitive
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ELISA. The competitive ELISA is very useful for determining the concentration of small-
molecule antigens in complex sample mixtures. Direct and indirect competitive ELISAs
have been developed to detect 3,-agonist in various samples.

3.2.1. Direct Competitive ELISA

Clenbuterol [35,36], salbutamol [37] and phenylethanolamine A [38] in various sam-
ples (animal urine, blood, hair and tissues) have been measured using direct competitive
ELISA. The mAb or pAb against 3,-agonist is coated onto the microtiter plate, the 3-agonist
in sample and f;-agonist labeled with HRP or ALP competes for binding with the mobi-
lized antibody. Addition of the substrate of the enzyme yields a signal that is inversely
proportional to 3-agonist concentration within the sample. Huang et al. [39] developed a
direct competitive ELISA using bacteria-Au-antibody/HRP composite as a probe to detect
clenbuterol. The clenbuterol in the sample competed with clenbuterol immobilized on a
plate for binding to the limited probe. The use of bacteria as a carrier and Au nanoparticles
as cross-linking agents enriched HRP and reduced the antibody applied, which resulted
in the amplification of signal in detection. The liner range and limit of detection (LOD) of
clenbuterol were 0.02-1.0 ng/mL and 0.03 ng/mL, respectively.

3.2.2. Indirect Competitive ELISA

Indirect competitive ELISAs have been developed to detect 3,-agonists, including
phenylethanolamine A [40], ractopamine [41], zilpaterol [42], clenbuterol [43,44] and
salbutamol [45,46] in various types of samples. In these assays, the 3;-agonist coated
on the microtiter plate competes with 3;-agonist in samples for binding to the primary
anti-3,-agonist antibody. Probe labeled secondary antibody against the primary antibody
was added successively. The signal produced by the secondary antibody is inversely
proportional to 3,-agonist concentration within the sample. Most of the above indirect
competitive ELISAs used HRP to label the secondary antibody. Fang et al. [46] used
Eu®*-labeled secondary antibody in the ELISA to detect salbutamol. Han et al. [41] devel-
oped a gold nanoparticle-based indirect competitive ELISA to detect ractopamine by using
a secondary antibody labeled with catalase through biotin-streptavidin interaction. In the
presence of ractopamine in the sample, gold(Ill) ions are oxidized by H,O; to form red
AuNPs. In the absence of ractopamine, the AuNPs in the solution are purple or blue due to
aggregation. The LOD for ractopamine in urine was 0.35 ng/mL. In general, the primary
antibody specifically against one (3,-agonist was used in the development of the indirect
competitive ELISA. Wang et al. [44,45] developed indirect competitive ELISAs using poly-
clonal R-(-)-salbutamol antibody which could recognize 31 3-agonists and analogues, and
clenbuterol monoclonal antibody which could recognize 23 (3-agonists and analogues, re-
spectively. Holographic and three-dimensional quantitative structure-activity relationship
models were developed for predicting the epitopes on -agonist hapten affecting antibody
specificity, which will contribute to the rational design and control of the immunoassay
specificity of 3p-agonist.

3.3. Chemiluminescence Immunoassay

Chemiluminescence describes the emission of light that occurs as a result of unique
chemical reactions. In a chemiluminescence reaction, energy is released in the form of
photons when electronically excited molecules, produced as a result of the reaction, relax
to a stable ground state. Chemiluminescence immunoassay (CLIA) combines chemilumi-
nescence technique with immunochemical reactions using luminescent chemical which
could generate light emission. In CLIA, the luminescent chemical is used to label antigen,
antibody or used as substrate of enzymes. HRP and ALP are the most widely used en-
zymes. Luminol and AMPPD are common chemiluminescent substrates used for HRP and
AP, respectively.

CLIAs have been developed based on competitive immunoassay to detect salbutamol
and brombuterol, respectively. HRP-labeled secondary antibodies were introduced into
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CLIAs [47,48]. The chemiluminescence intensity was linearly related to the concentration
of salbutamol in the range of 0.5-100 ng/mL with a LOD of 0.15 ng/mL [47]. The LOD of
brombuterol was 0.33 pg/mL [48]. Wang et al. [49] developed a competitive chemilumines-
cence immunosensor based on a microfluidic chip to detect ractopamine in swine urine
samples using HRP-labeled secondary antibody. The immunosensor could provide a liner
range of 0.5-40 ng/mL with a LOD of 0.97 ng/mL for ractopamine detection.

3.4. Lateral Flow Immunoassay

Lateral flow immunoassay (LFIA), also known as immunochromatographic assay, is
a combination of chromatography and immunoassay using a nitrocellulose membrane
as a support to detect labeled antigen—antibody complexes in liquid samples. The signal
produced on the membrane can be evaluated by the naked eye or with the aid of portable
devices. Direct assay (sandwich assay) and competitive assay are two standard formats of
LFIA, which are used to detect large and small molecules, respectively. Competitive tests
have been used to detect 3,-agonists. A variety of tracers that cause color or optical changes
following antigen—-antibody interactions have been used in LFIA to detect 3,- agonists, such
as nanoparticles, fluorescent nanomaterials and upconverted phosphorus nanoparticles.
Compared with traditional detection methods, LFIA possesses significant advantages,
including simple fabrication, low cost, fast and simple analytical procedure.

3.4.1. Colorimetric LFIA

Nanoparticles with specific structures can produce color by assemblies and aggrega-
tions. Various nanoparticles with specific properties have been used as tracers for LFIA to
detect (3,-agonists in samples.

Gold Nanoparticles as Tracers

Colloidal gold or gold nanoparticle is the most widely used label in LFIA for detecting
2-agonists in samples. It has an intense color and no development process is needed for
visualization. Colloidal gold has been used by multiple laboratories to label an antibody
against Bp-agonist and develop LFIA for detecting target (3,-agonist in biological sam-
ples, such as clenbuterol in urine and pork muscle [50,51], salbutamol in urine, meat and
milk [52,53], phenylethanolamine A in urine and pork [40,54] and ractopamine in animal
urine, meat, liver and feed [50,55-58]. Huang et al. [59] used bacteria as a carrier of gold
nanoparticles to construct bacteria-Au-antibody probe in LFIA to detect clenbuterol. Much
fewer antibodies are needed in the probe to produce a clearly visible color. The visual de-
tection limit (VDL) for clenbuterol is 0.1 ng/mL in urine, 0.5 ng/mL in milk and 0.2 ng/g in
swine feed. Wang et al. [60] developed silver-gold nanoparticles (Au-Ag NPs) probe-based
LFIA to detect clenbuterol. The quantitative detection limit of optimized hollow Ag-Au
NPs labeled lateral-flow immunochromatographic test strip approaches to 2 ppb. Com-
pared with Au NPs and Ag NPs-labeled test strips, Ag-Au hollow NPs-labeled test strips
exhibited much higher sensitivity for qualitatively detecting clenbuterol. Chen et al. [61]
established an integrated LFIA to detect clenbuterol using anti-clenbuterol antibody labeled
with colloidal gold and fluorescent nanobeads, respectively. The integrated test strip could
qualitatively and quantitatively detect clenbuterol with VDL of 0.5 ng/mL and LOD of
0.04 ng/mL.

Other Nanoparticles as Tracers

Colored silica nanoparticles (SiNPs) have been used as a visible label for LFIA to
detect Bp-agonists. Zhu et al. [62] developed LFIA to detect clenbuterol using purple
SiNPs labeled anti-clenbuterol antibody. The VDL for clenbuterol were 6 ng/mL and
5 ng/mL in urine and pork, respectively. Yu et al. [63] developed colored SiNP-based
LFIA to detect clenbuterol and ractopamine simultaneously by using anti-clenbuterol
antibody and anti-ractopamine antibody labeled with red and blue SiNPs, respectively. The
visible limit of detections for clenbuterol and ractopamine were 3 ng/mL and 2 ng/mL,
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respectively. Wang et al. [64,65] used selenium nanoparticles to label antibodies against
clenbuterol, ractopamine and salbutamol, respectively, and developed LFIAs to detect these
compounds in swine urine. Zhao et al. [66] developed LFIA for clenbuterol detection using
Prussian blue nanoparticles-labeled antibody against clenbuterol. The VLDs for clenbuterol
were 3.0 ng/mL in pork, 5 ng/g in both swine kidney and bacon samples. Liu et al. [67]
used ultramarine blue nanoparticles as visible labels in LFIAs to detect ractopamine. The
visual limit of detection for ractopamine is 2.0 ng/mL, and 1.0 ng/mL in feed and pork
samples, respectively.

3.4.2. Luminescent LFIA

Luminescent materials, such as fluorescent nanomaterials and up-converting phos-
phorus nanoparticles, have been used as reporter to develop sensitive LFIA for detecting
[2-agonists.

Various kinds of fluorescent nanoparticles have been used as probes to develop LFIA
for detecting (3,-agonists. Song et al. [68] used fluorescent nanosilica conjugated mAb
against clenbuterol as a signal probe to build a LFIA for detecting clenbuterol. The
VLD for qualitative detection was 0.1ng/mL and the LOD for quantitative detection was
0.037 ng/mL, which was much better than the colloidal gold-based strip. Huang et al. [29]
developed an LFIA to detect clenbuterol using fluorescent magnetic nanobeads (FMNBs)
to label anti-clenbuterol mAb. The FMNBs-Ab probe worked as a carrier for immuno-
magnetic separation of clenbuterol from sample and as a fluorescent label for the LFIA.
The LOD of clenbuterol in swine urine is 0.22 ng/mL. Wang et al. [69] developed flu-
orescent beads-based LFIA to simultaneously detect 3 3;-agonists. Fluorescent beads
were conjugated with mAb specific for clenbuterol, ractopamine and salbuterol, respec-
tively, and put on the conjugated pad. There were three test lines in the analytical pad,
which contained immobilized clenbuterol, ractopamine and salbuterol, respectively. The
LODs for clenbuterol, ractopamine and salbuterol were 0.10, 0.10 and 0.09 ng/mL, re-
spectively, which were better than that of the colloidal gold-based strip. The same lab
developed an LFIA to detect clenbuterol and its structural analogues in pork, using fluo-
rescent nanoparticle-conjugated anti-clenbuterol antibody which had cross-reactivity with
mabuterol, brombuterol, cimaterol, cimbuterol, bromchlorbuterol and banbuterol [70]. The
established LFIA could screen these seven (3;-agonists in a single run. The LODs for these
compounds in pork were <50 pg/g. Hu et al. [71] compared time-resolved fluorescent
nanobeads, fluorescent submicrospheres, quantum dots and colloidal gold-based LFIA
(TREN-LFIA, FM-LFIA, QD-LFIA, and CG-LFIA) for detection of ractopamine in swine
urine. TREN-LFIA showed the highest sensitivity (LOD 7.2 pg/mL) and a wide linear range
of detection (5-2500 pg/mL). In addition, TREN-LFIA exhibited the shortest detection time
compared with the other LFIAs. Shi et al. [72] developed a fluorescence quenching-based
LFIA for detecting ractopamine. The antibody against ractopamine was labeled with gold
nanoparticles (AuNPs) and loaded on the conjugate pad. The test line was coated with
Rac and fluorescent polymer dots (FPDs). The control line was coated with FPD. Adding
a negative sample resulted in the binding of Ab-AuNPs to ractopamine immobilized on
T-Line, which in turn caused fluorescence resonance energy transfer between the FPDs and
AuNPs and quenches fluorescence. Adding a positive sample caused a reaction between the
ractopamine analyte and Ab-AuNPs and visible fluorescence at the test line. The intensity
of fluorescence at the test line positively reflected the amount of ractopamine in the sample.
The LOD was 0.16 ng/mL.

Wang et al. [73] developed an LFIA based on upconversion phosphor (UCP) for de-
tection of clenbuterol. The mAb against clenbuterol was labeled with UCP beads which
can emit higher energy light under excitation of lower energy light. After reaction, lumi-
nescence from clenbuterol-mAb-UCPs can be detected by a scanning photometer or naked
eyes. The visual limit of detection for clenbuterol was 0.1 ng/mL. An LFIA based on a
time-resolved chemiluminescence was established to detect ractopamine and clenbuterol
simultaneously [74]. Antibodies against ractopamine and clenbuterol were conjugated with
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HRP and ALP, respectively. As the reaction kinetics of HRP and ALP chemiluminescent re-
action systems were different, ractopamine and clenbuterol could be sequentially detected
in different time windows. The LODs for ractopamine and clenbuterol were 0.17 ng/mL
and 0.067 ng/mL, respectively.

3.4.3. Other Types of LFIA

Zhang et al. [75] developed a competitive LFIA to detect clenbuterol in milk, swine
liver and tenderloin using Coomassie Brilliant Blue (CBB)-stained anti-clenbuterol antibody.
The CBB-antibody was used as both a recognition reagent and a chromogenic probe,
enabling the simple but sensitive detection of clenbuterol with LOD of 2 ng/mL.

Surface-enhanced Raman scattering (SERS)-based LFIA has been developed for the
detection of 3;-agonists, such as phenylethanolamine A [76], clenbuterol [77] and brom-
buterol [78]. The principle of this method is similar to the LFIA based on colloidal gold
particles, but the anti-3;-agonist antibody was labeled with Au@Ag core—shell nanoparti-
cles sandwiched with a Raman reporter (4-mercaptobenzoic acid, MBA) [76,77], or with
flower-like gold-silver core—shell bimetallic nanoparticles carrying the MBA [78]. The LOD
values for detection of phenylethanolamine A, clenbuterol and brombuterol were 0.32,
0.24 and 0.5 pg/mL, respectively [76-78].

3.5. Immunosensors

Immunosensors use antibodies as the recognition element and a transducer that con-
verts the antigen-antibody binding event to a measurable physical signal. Surface plasmon
resonance, surface-enhanced Raman scattering, electrochemiluminescence and electrochem-
ical immunosensor are types of immunosensors developed for detecting (3,-agonists.

3.5.1. Surface Plasmon Resonance Sensor

Surface plasmon resonance (SPR) is a phenomenon occurring at metal surfaces when
plane-polarized light hits a metal film under total internal reflection conditions. SPR signal
is directly dependent on the refractive index of the medium on the metal film. The binding
of biomolecules on the metal surface results in changes in the refractive index. As SPR
allows real-time, label-free detection of biomolecular interactions, it has been used as
a powerful tool to study interactions between biomolecules, such as the interaction of
antibody and antigen, ligand and receptor, enzyme and substrate [79].

A number of investigators developed competitive immunoassays to detect 3,-agonists
using SPR sensors. A known concentration of (3;-agonist antibody was mixed with the
sample and injected over the surface of the sensor chip. The (3;-agonist in the sample
bound to the antibody and inhibited it from binding to the 3,-agonist mobilized on the
sensor chip surface and consequently induced an increase in the refractive index at the SPR
sensor surface. SPR sensor has been built to detect salbutamol in swine urine with LOD of
5 ng/mL [80]. Suherman et al. [81] fabricated SPR sensors with covalently immobilized
-albuterolvistion on Au chips for detection of ractopamine and salbutamol, respectively.
The LODs for ractopamine and salbutamol were 10 pg/mL and 5 pg/mL, respectively.
The sensor surface could be regenerated and reused more than 100 times. Wang et al. [82]
developed a SPR to detect ractopamine in swine urine through indirect competitive assay,
with an LOD of 0.09 ng/mL. Kabiraz et al. [83,84] built SPRs sensors to detect clenbuterol
using Au nanoparticles to label the primary antibody against clenbuterol or the secondary
antibody. The LODs were 0.05 pg/mL and 100 fg/mL, respectively, which were lower than
that of unlabeled Ab.

3.5.2. Surface-Enhanced Raman Scattering-Based Immunosensor

Surface-enhanced Raman scattering (SERS) is a powerful spectroscopy technology that
can provide a nondestructive and ultra-sensitive characterization down to single molecular
level. Competitive SERS immunoassay has been applied to detect 3,-agonists, based on
the competition between free ;-agonists in samples and B-agonists immobilized on
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the solid substrate for binding to antibodies on SERS nanoprobes. The intensity of SERS
signal is conversely correlated with the concentration of 3;-agonist in sample. The SERS
nanoprobe is prepared by labeling Au nanoparticles (AuNPs) with Raman reporter and anti-
2-agonist antibody. 4,40-dipyridyl and 2,20-dipyridyland 4-mercaptobenzoic acid (MBA)
have been used as Raman reporters to prepare SERS nanoprobes for detecting clenbuterol
and ractopamine, respectively [85,86]. Gu et al. [87] developed a SERS-based competitive
immunoassay for detecting salbutamol and brombuterol in swine meat, liver and human
urine. The SERS probe was prepared by immobilizing antibody against salbutamol (or
brombuterol) and SERS reporter nile blue (or 3,3',5,5 -tetramethylbenzidine)-labeled DNA
concatemers on gold nanoparticles. The introduction of long DNA concatemers in SERS
probe and stain of the immune complex with Ag nanoparticles after competitive immunore-
action greatly enhanced Raman signals. The LODs for salbutamol and brombuterol were
2.0 pg/mL and 1.0 pg/mL, respectively. Wei et al. [88] developed a SERS-based liquid
magnetic competitive immunoassay to detect clenbuterol. The SERS probe was prepared by
labeling AuNPs with Raman reporter MBA and clenbuterol antibody. Fe304@Au nanopar-
ticles were labeled with clenbuterol. After competitive reaction, the immunocomplex of
SERS probe and Fe304@Au-clenbuterol were enriched by an external magnetic field and
the SERS signal was collected. The LOD for clenbuterol was 0.22 fg/mL. Yao et al. [89]
developed a SERS/resonance Rayleigh scattering (RRS) dual-spectroscopic immunosensor
to detect clenbuterol based on nitrogen/silver-codoped carbon dots (CDN/Ag) catalytic
amplification. CDN/Ag can strongly catalyze trisodium citrate-HAuCy reaction to generate
red nanogold that exhibits a strong RRS signal. After adding Victoria blue B (VBB), the
system also exhibits a strong Raman signal. Electrostatic coupling between CDN/Ag
and Ab inhibits the catalytic activity of CDN/Ag and reduces the Raman signal. In the
presence of clenbuterol, the binding of Ab with clenbuterol reduces the interaction of Ab
with CDN/Ag and restore the catalytic activity of CDN/Ag, which enhances the Raman
signal through increasing gold nanoparticles production. The SERS/RRS immunosensor
detected clenbuterol with an LOD of 0.68 pg/mL.

3.5.3. Electrochemiluminescence Immunosensor

Electrochemiluminescence (ECL) is the process whereby species generated at the
electrode undergo a high-energy electron transfer reaction to form excited states that emit
light. ECL immunosensor combines immunoreaction and ECL, which can be used to
quantitatively measure an antigen or antibody based on the change in ECL signal before
and after immunoreaction. The ECL luminophore is one of the most significant components
during the light generation processes. Various ECL luminophores have been reported,
including organic, metal complexes, nanomaterials, metal oxides and near-infrared ECL
luminophores [90]. Nanomaterials, such as quantum dots (QDs), have been adopted as
final emission species either after direct oxidation reactions or after chemiluminescence
resonance energy transfer.

Cadmium selenide (CdSe) QDs are one of the most popular ECL emitters due to their
intrinsic properties, such as unique luminescent properties and relatively low cost. CdSe
QDs have been used in ECL immunosensor to detect 3,-agonists. CdSe QDs immobilized
on an electrode surface could react with HyO, to produce a high ECL emission. In the
presence of HRP substrate, the consumption of H,O, in the HRP-catalyzed oxidation
process leads to quenching of ECL emission. HRP is conjugated to anti-,-agonist Ab or
the secondary Ab. In the competitive ECL immunoassay, $;-agonist in the sample competes
with 3;-agonist immobilized on the electrode for the primary Ab and reduces the amount
of HRP-containing immunocomplex on the electrode, which alleviates the quenching of the
ECL emission by reducing the consumption of H,O, by HRP. Thus, the ECL intensity was
proportional to the amount of 3;-agonist in sample. ECL immunosensors based on CdSe
QDs and HRP-labeled secondary Ab have been constructed to detect salbutamol in pork
and liver, with an LOD of 8.4 pg/mL [91]. ECL immunosensors based on CdSe QDs and
anti-salbutamol or anti-ractopamine Ab-conjugated AuNPs-HRP have been constructed
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to detect these compounds in pork, liver and feed. AuNPs provided a matrix to anchor a
large amount of HRP which greatly enhanced the electrochemical quenching. LODs for
salbutamol and ractopamine were 17 pg/mL and 1.7 pg/mL, respectively [92,93].

To construct ECL immunosensors to detect (3,-agonist, many researchers used QDs
as probe to label the anti-f3,-agonist antibody and used AuNPs as substrates and electron
transport accelerators. By competitive immunoassay, the 3,-agonist in the sample competes
with the 3-agonist immobilized on the electrode for binding to QDs labeled (3;-agonist
Ab, which results in the reduction in the (3;-agonist-Ab-QDs complex on electrode and
ECL signal. Dong et al. [94] used CdSe@SiO, nanoparticles to label antibody against
salbutamol to construct an ECL immunosensor to detect salbutamol in pork. The detection
range was 0.001-1000 pg/mL with an LOD of 0.17 pg/mL. To amplify the ECL signal,
various chemicals which can carry more QDs have been used to prepare the antibody probe
for detecting 3;-agonists. Dong at al. [95] used polyamidoamine dendrimers (PAMAM)
and silver-cysteine hybrid nanoribbon (SNR) to prepare CdSe QDS-PAMAM-SNR-AD for
detecting brombuterol in pork and feed. Zhu et al. used CdTeQDs-PAMAM-GO-labeled
antibody composite to detect brombuterol [96] and used CdSe QDs/PDDA-GN/AuNPs-
labeled antibody composite to detect ractopamine in pork [97]. The amplification of the
ECL signal increased the sensitivity of these ECL immunosensors and decreased the LOD
for By-agonist to lower pg/mL level.

Li et al. [98] developed an ECL resonance energy transfer (RET) immunosensor to
detect brombuterol residues in pork and swine feed based on competitive immunoassay.
The electrode was modified with graphitic-phase carbon nitride (g-C3N4) which worked
as the ECL emitter. The antibody against brombuterol was labeled with Au-Ag alloy
nanoparticles which were energy acceptors. When there is no brombuterol in the sample,
the Au-Ag antibody binds with brombuterol immobilized on g-C3Njy-coated electrode.
Resonance energy transfer occurs and the ECL emission was quenched. On the contrary,
brombuterol in the sample competed with brombuterol immobilized on g-C3Ny to bind
Au-Ag antibody, g-C3Nj releases a strong ECL signal. The ECL-RET immunosensor for
brombuterol detection exhibited high sensitivity with an LOD of 0.31 pg/mL.

3.5.4. Electrochemical Immunosensor

Electrochemical immunosensors combine highly sensitive electrochemical sensing
technology with highly specific immunological techniques. In electrochemical immunosen-
sor, the antibody and antigen interaction results in the change in electrical signal, such as
current, voltage, resistivity and impedance, that correlates with the concentration of analyte.

Label-Free Electrochemical Immunosensor

Highly sensitive label-free electrochemical immunosensors have been constructed by
immobilizing anti-,-agonist antibody on various types of electrodes which carry a gold
nanostructure and other modifiers for detecting (3,-agonist, such as salbutamol [99], rac-
topamine [100] and clenbuterol [101].The LOD was at pg/mL or fg/mL level. Cui et al. [102]
constructed a sandwich-type electrochemical immunosensor for detecting salbutamol. The
primary salbutamol antibody was immobilized onto sodium dodecylbenzene sulfonate-
functionalized graphene sheets (SDBS-GS) and coated on the electrode. The secondary
salbutamol antibody was conjugated to PdA@SBA-15/BMIM-Br nanoparticles. The electro-
chemical immunosensor exhibited a wide working range from 0.02 to 15.0 ng/mL with an
LOD of 7 pg/mL. Wang et al. [103] constructed a multiplexed electrochemical biosensor
to simultaneously detect ractopamine (RAC), salbutamol (SAL) and clenbuterol (CLB)
through a competitive immunoassay. Artificial antigens of RAC, SAL and CLB were, re-
spectively, immobilized onto three working electrodes by binding to reduced graphene
oxide. The antibody against RAC, SAL or CLB was conjugated with silver-palladium
alloy nanoparticles (AgPd NPs). (;-agonists in the sample competed with RAC, SAL
and CLB on the electrodes for binding antibodies on AgPd NPs. This immunosensor can
simultaneously detect RAC, SAL and CLB ranging from 0.01 to100 ng/mL with LOD of
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1.52, 1.44 and 1.38 pg/mL, respectively. Gu et al. [104] developed three electrochemical
immunosensors. Each can detect six 32-agonists through a competitive immunoassay.
2-agonists in the sample competed with ractopamine (RAC), clenbuterol (CL) or salbuta-
mol (SAL) immobilized on graphene-coated glassy carbon electrode (GCE/GNP) to bind
with pAb against BSA-RAC-CL-SAL antigen. As the antibody had cross-reactivity with
terbutaline, mabuterol and tulobuterol, each immunosensor could detect six 3;-agonists.
All three immunosensors could detect CL with LODs of 0.1 ng/mL. The GCE/GNP/RAC
immunosensor detected the other five 35-agonists with LOD of 0.1 ng/mL, which was
lower than those of the other two immunosensors.

Enzyme-Labeled Electrochemical Immunosensors

Enzymatic-labeled electrochemical immunosensors have been constructed to detect
2-agonist based on competitive immunoassay, using electrode coated with (3;-agonist
or primary (;-agonist antibody/secondary antibody, and enzyme-labeled [3,-agonist an-
tibody or p-agonist. The most commonly used enzymes are HRP and ALP. To enhance
the electroactivity, the electrodes are usually modified with various materials, such as
gold nanoparticles, polyaniline/poly(acrylic acid), colloidal Prussian blue and multiwall
carbon nanotubes. Various nanomaterials are used as carriers of enzyme-conjugated
[32-agonist/antibody to amplify the signal for $;-agonist detection.

Electrochemical immunosensors were developed to detect salbutamol by immobiliz-
ing salbutamol on the electrode modified with gold nanoparticles or other materials, and
conjugating the HRP antibody to graphene, Au hybrid graphene nanocomposite or multi-
wall carbon nanotubes [105-107]. The LODs were between 0.03 ng/mL and 0.06 ng/mL,
respectively. Electrochemical immunosensors have been fabricated to detect clenbuterol by
immobilizing a primary or secondary antibody against clenbuterol on the electrode with
various modifications, and labeling clenbuterol with HRP, ALP or glucose oxidase [108-111].
The LOD of clenbuterol is between 0.008 and 0.25 ng/mL.

3.6. Other Types of Immunoassays

In addition to the aforementioned immunological techniques, other methods based
on the antigen—antibody interaction were also established for detecting 3,-agonists, such
as immune-PCR, gel-based immunoassay, fluorescence polarization immunoassay and
integrated microfluidic immunoassay.

Immuno-PCR is a technique to detect antigens and antibodies through a combination
of an immunoassay and a PCR. In 1992, Sano et al. [112] developed an immuno-PCR
technique based on the direct ELISA, in which the detection enzyme in ELISA was replaced
with a biotinylated reporter DNA bound to the antigen—-antibody complex through a
streptavidin-protein A fusion protein. It combined the antigen detection with ultrasensitive
PCR signal amplification, which greatly increases the sensitivity of detection. In recent years,
immuno-PCR techniques have been developed by combining versatile DN A-antibody
linking methods with real-time PCR (qPCR) to detect 3,-agonists. Lei et al. [113] established
a direct competitive immuno-PCR assay to detect salbutamol in human urine. Each PCR
tube was coated with salbutamol antibody, to which salbutamol labeled with double-
stranded DNA and free salbutamol in the sample are competitively bound. The bound
DNA in tubes was amplified and quantified by qPCR. Under the optimized conditions,
the assay showed a linear range over seven orders of magnitude, whereas the LOD of
salbutamol in the human urine sample was 28 fg/mL. Zhao et al. [114] developed a
complete antigen-bridged DNA strand displacement amplification immuno-PCR assay for
detecting salbutamol. Salbutamol antibodies were immobilized on the immunomagnetic
beads. Salbutamol-BSA was linked to DNA probe 1 or 2 which each contained a split DNA
barcode and a recognition site for cleavage endonuclease and subsequent quantification
by qPCR. Upon binding with salbutamol antibodies on the immunomagnetic beads, the
salbutamol probe 1 and probe 2 were closed and form a full-length DNA amplicon after the
addition of a complementary bridging DNA and ligase. The full-length DNA amplicons
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were separated by magnetic separation and amplified by strand displacement amplification
(SDA) and qPCR. To detect salbutamol, the salbutamol in the sample competes with
salbutamol probes for binding salbutamol antibody, resulting in the reduction in full-
length DNA amplicons necessary to SDA and gPCR. The developed immuno-PCR assay
specifically detected salbutamol with LOD of 0.65 fg/mL. It was successfully applied to the
detection of salbutamol in water and urine samples.

Li et al. [115] developed a gel-based immunoassay for detecting salbutamol and
ractopamine residues in pork. The anti-salbutamol antibody and anti-ractopamine antibody
were immobilized onto the Sepharose 4B gel, respectively. The anti-salbutamol gel and anti-
ractopamine gel were loaded into 1 mL Bond Elut cartridges as the test layers, separated by a
layer of air. The target analytes in the samples would compete with HRP-analyte conjugates
to combine with the antibody in the test layer. After adding the chromogenic substrate, the
negative samples presented a blue color on the respective test layers, while the positive
samples presented no or negligible color. The color of the test layers was visually evaluated
or photographed for color density-based quantitative analysis. The LODs were 0.5 ug/kg
for salbutamol and ractopamine by visual detection. The quantitative LODs of salbutamol
and ractopamine in spiked pork samples were 0.051 pg/kg and 0.02 pug/kg, respectively.

Fluorescence polarization immunoassay (FPIA) is based on measuring the polarization
of light caused by changes in molecular size as a result of antigen—antibody reactions. FPTA
use a fluorescein-labeled antigen to compete with the unlabeled antigen for an antibody. If
the fluorescein-labeled antigen combines with the antibody, emitted light remains polarized
when the incoming light is polarized. As the concentrations of antigen in the sample
increase, free fluorescein-labeled antigen molecules also increase in number. Since the
unbound fluorescein-labeled antigen molecule rotates freely, the polarized light emitted
is reduced. FPIA has been widely applied to small molecule analysis. Zvereva et al. [116]
detected ractopamine through FPIA, using ractopamine-aminomethyl fluorescein conjugate
and mAb against ractopamine. The FPIA demonstrated an LOD of 1 ng/mL, range of
detectable concentrations 2.3-50 ng/mL, and high specificity. It can be effectively used
to test meat products. Dong et al. [117] developed FPIA for the detection of RAC in pork
by synthesizing 10 fluorescein-labeled ractopamine derivatives (tracers) and paring with
two pAbs against ractopamine. After careful selection and comparison, a highly sensitive
and specific FPIA was developed with an LOD of 0.56 ug/kg for ractopamine in pork.

Zuo et al. [118] developed a method to simultaneously detect clenbuterol (CLB),
ractopamine (RAC) and salbutamol (SAL) by hapten microarray-based indirect compet-
itive immunoassay. The BSA conjugates of CLB, RAC and SAL were immobilized on
slides precoated with agarose. The corresponding mAbs against these (3-agonists, and
the standards or samples were introduced for indirect competitive immunoassay. The
antigen—antibody binding on the slide was detected using Cy3 dye-labeled secondary
antibody. The LODs of CLB, RAC and SAL were 0.09, 0.50 and 0.01 pg/L, respectively. The
hapten microarray system can perform high throughput and parallel analysis with high
sensitivity and selectivity.

Kong et al. [119] established an integrated microfluidic immunoassay system for high
throughput detection of clenbuterol. The 3-layer microchip had eight analysis units in
which sample injection, washing, immunoreaction and enzyme catalysis were performed
automatically. The competitive immunoassay for clenbuterol was performed. The free
clenbuterol in the sample competed with HRP-clenbuterol to bind with the anti-clenbuterol
antibody coated on analysis channel. After adding the enzyme substrate, the fluorescence
signal was detected by a linear confocal laser-induced fluorescence scanner. The linear
range and LOD of clenbuterol were 0-5.0 ng/mL and 0.088 ng/mL, respectively.

4. Conclusions and Perspectives

In the past few decades, the illegal use of (3;-agonists in livestock has received contin-
uous attention worldwide due to its potential threat to public health. In this review, we
summarized antibody-based techniques to extract 3;-agonists from samples, and focused
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on the development and application of immunological methods in detecting 3,-agonists
(Table 2). Most of the methods can measure 3;-agonists with high specificity and sensitivity.
RIA is replaced largely by nonisotopic immunoassays, due to the difficulties associated
with the handling and storage of radioactive reagents and disposal of radioactive waste.
ELISA can be used for high-throughput detection of 3;-agonists, but the sensitivity is
moderate and the assay requires a relatively long time. Introduction of nanomaterials in
ELISA as enzyme carriers, enzyme mimics and signal reporters may improve the sensitivity,
stability and measurement time of the assay. Combination of ELISA with other methods,
such as SERS, can also improve the sensitivity of detection. LFIA is fast, easy to perform,
not dependent on special equipment and can be carried out on-site to qualitatively or
semiquantitatively detect (;-agonists. The use of fluorescent nanomaterials, quantum
dots and the upconverting phosphors as probes in LFIA can improve the sensitivity of
detection. SERS-based LFIA further increase the sensitivity for detecting (3;-agonists, but
instrumentation is required. Chemiluminescence immunoassay (CLIA) and immunosen-
sors, such as SPR-, SERS-, ECL- and electrochemistry-based immunosensors, can detect
2-agonists in a short time with high sensitivity, but SPR- and SERS-based immunoassays
require special instruments. Current CLIAs for detecting the 3;-agonist use enzymes to
label the secondary Ab and luminescent chemical as substrate to generate light emission.
The introduction of luminescent nanoparticles as hemiluminescence probe, such as Au
nanoparticles, QDs and magnetic materials, may enhance the sensitivity of the assay. The
conventional SPR immunosensors for detecting ;-agonists are simple and rapid, but the
sensitivity is not adequate. The introduction of Au nanomaterials as labels for Ab and as the
amplification tags immobilized on the sensor surface enhances the SPR signal. Continued
research should be pursued to explore novel nanomaterials to improve the performance, to
generate the SPR chips for recyclable use and exploit miniaturized SPR devices to reduce
cost. SERS immunosensors based on nanoprobes detect 3;-agonists with high sensitivity.
However, their stability and reproducibility need to be further improved. Current ECL
immunosensors for 3;-agonist detection mainly use QDs as probes. Synthesis of new
ECL probes, development of new biointerface construction and new signal amplification
strategies will improve the performance of sensors. In electrochemical biosensors to detect
[32-agonists, nanomaterials, such as gold nanoparticles and graphene, have been used to
modify the electrodes or label antibodies to increase conductivity, electron transfer and
signal generation. The performance of the immunosensors may be improved by the con-
struction of labels with a high loading of signal species, introduction of interfacial reaction
initiated by functionalized nanomaterials and building a synergistic connection between
labels and substrate. More research is needed to develop stable, selective, sensitive, rapid
and portable devices for detecting 3,-agonists.
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Abstract: In this investigation, a new approach for developing a sensitive lateral flow immunoassay
(LFIA) was proposed for the detection of the hazardous marine toxin okadaic acid (OA). It is based on
the indirect format with anti-species antibodies labeled by gold nanoparticles (AuNPs) and cascade
signal amplification. The latter is performed by first passing a mixture of anti-OA antibodies and a
tested sample along the immunochromatographic test strip and then performing several cycles of
the interaction of anti-species antibodies conjugated with AuNPs with free antibodies, which bind
to anti-species antibodies but are not specific to the target analyte. As a result, branched aggregates
are formed, due to which the colorimetric signal intensification occurs. The developed test system
enabled the detection of OA with an instrumental detection limit of 30 pg/mL and a cutoff of
1 ng/mL, which exceeds these characteristics in the LFIA without amplification by 7 and 2 times,
respectively. The OA recoveries from seawater, fish, and seafood varied from 76.9% to 126%. The test
system may be required for point-of-care monitoring of samples for phycotoxin contamination; the
developed principle of signal amplification can be used in cases where highly sensitive detection of
trace amounts of a contaminant is required.

Keywords: phycotoxins; okadaic acid; lateral flow immunoassay; signal amplification; seawa-
ter; seafood

1. Introduction

Among a large number of compounds related to food contaminants, a special place be-
longs to phycotoxins—extremely toxic compounds produced by microalgae and cyanobac-
teria that are part of the plankton and benthos of the world ocean [1-3]. Normally, algae and
cyanobacteria are a necessary component of aquatic ecosystems; however, under favorable
conditions, these organisms actively multiply, which leads to the so-called water bloom
(for example, “red tides”) and changes in ecosystems [4]. Algae and cyanobacteria are an
intermediate link in the food chain, serving as food for macroorganisms such as fish and
shellfish. The transfer of phycotoxins to aquatic animals can lead to significant environ-
mental and economic consequences causing their death and thereby harming fish farming
and fisheries [5]. In addition, water containing phycotoxins is not suitable for drinking
because most of them are thermostable, which causes difficulties for purification in the
water supply. Human consumption of fish and shellfish contaminated with phycotoxins
leads to poisoning, sometimes massive because phycotoxins affect health even in small
concentrations [6,7].

Phycotoxins produced by several species of dinoflagellates and causing diarrheic
shellfish poisoning (DSP) include, in particular, okadaic acid (OA), the mechanism of action
of which is manifested in the inhibition of protein phosphatase activity [8,9]. Because
OA is a lipophilic compound, it accumulates in the fatty tissues of shellfish and fish [9].
DSP, which develops almost immediately after the intake of OA-containing seafood, is
characterized by nausea, vomiting, abdominal pain, and profuse diarrhea [10]. Given the
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high toxicity of OA, its content in food products is strictly regulated. Thus, according to the
European Union regulatory limit, the content of OA in mollusk tissues should not exceed
0.16 nug/kg [11].

Ensuring food quality and safety requires the control of the contamination of raw
materials, semi-finished, and finished food products. This requirement applies in particular
to fish, seafood, and related foodstuffs, which due to their palatability and nutritional value
are included in the diet in many countries and are the basis for standard and gourmet
dishes. Therefore, phycotoxins are included in the list of mandatory controlled food con-
taminants, and analytical methods for their detection are an essential tool to implement
their monitoring. For precise and sensitive determination of phycotoxins, complex ana-
lytical methods such as high-performance liquid chromatography-mass spectrometry are
often used, which require specialized laboratories with complex and expensive equipment
and highly qualified operators [12,13]. These approaches cannot provide a rapid point-
of-care determination of the toxicant, especially for mass screening of samples. From this
point of view, immunochemical methods, particularly the LFIA based on a combination
of chromatography and highly specific interaction of analytes with antibodies, can be an
alternative or addition to complex arbitrage analytical methods. It provides rapid results
(10-20 min) on not only qualitative (phycotoxin presence/absence) but in many cases also
quantitative (its concentration) characteristics [14-16].

It should be noted that the peculiarity of multicomponent food and water matrices
is that before analysis, a sample preparation procedure often associated with multiple
dilutions of samples is required. As a result, the sensitivity of the analysis developed
in model conditions (determination in a buffer) can be insufficient to ensure a reliable
detection in real phycotoxin-containing samples. Therefore, it is necessary to have a
margin in the assay sensitivity that allows for the reliable detection of a phycotoxin in the
sample. Therefore, the creation of approaches aimed at lowering the limit of detection
(LOD) is an extremely popular direction in the development of analytical systems including
LFIAs [17-20].

The LFIA of OA has been described in several studies [21-25]. Most of these works are
based on the routine direct competitive LFIA with AuNPs as a label for specific antibodies.
The reported test systems enable the determination of OA with LODs varying in the range
of 0.1-50 ng/mL. Only one recent study is devoted to the development of an enhancement
strategy based on the catalysis of Au@Pt nanoparticles and horseradish peroxidase [25].
With this approach, the authors achieved an OA LOD of 0.04 ng/mL. The developed LFIAs
were tested for the detection of OA in real samples of shellfish.

In contrast to the studies described above, where the same principle of competitive
interaction and one-stage assembling of a detectable complex are reported, in this study,
a highly sensitive indirect LFIA of OA was developed based on the amplification of the
analytical signal, which is provided by a cascade of interactions between gold-labeled
secondary antibodies and free antibodies having specificity to these secondary antibodies
but not to OA. The achieved analytical characteristics exceed those in all published studies
on OA immunochromatography, including an enhanced LFIA. The developed enhanced
LFIA was applied for the detection of OA in spiked samples of seawater, fish, and seafood.

2. Materials and Methods
2.1. Reagents, Materials, Equipment, and Software

OA, gold (III) chloride hydrate (HAuCly x H,0), sodium azide, methanol, sucrose,
Triton X-100, and bovine serum albumin (BSA) (Sigma-Aldrich, Saint Louis, MO, USA)
were used. Goat anti-mouse immunoglobulins (GAMI) and donkey anti-goat immunoglob-
ulins (DAGI) were purchased from Arista Biologicals (Allentown, PA, USA). Monoclonal
antibodies (MAbs) to OA (clone 7E1) were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). All other compounds were analytically pure.

For the LFIA, a CNPC-5512 nitrocellulose membrane fixed on the plastic support
and a GFB-R4 membrane (Advanced Microdevices, Ambala Cantt, India) were used as a
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working membrane and a sample pad, respectively. As an adsorption pad, a ReliaFlow
319 membrane (Ahlstrom-Munksjo, Helsinki, Finland) was applied.

Transmission electron microscopy (TEM) was performed on a CX-100 microscope
(Jeol, Tokyo, Japan). A Zenyth 3100 vertical photometer (Anthos Labtec Instruments, Wals,
Austria) was used to register the optical density (OD) of gold solutions. An Iso-Flow
dispenser (Imagene Technology, Hanover, NH, USA) was utilized to apply the reagents
on the immunochromatographic working membrane (at a rate of 0.1 pL per mm), and
an automatic guillotine (KinBio, Shanghai, China) was used to cut it into test strips. To
assess bands’ coloration, a CanoScan LiDE 90 scanner (Canon, Tokyo, Japan) and TotalLab
software (Nonlinear Dynamics, Newcastle upon Tyne, Great Britain) were used. Origin
software (OriginLab, Northampton, MA, USA) was applied to estimate the analytical
characteristics of the developed test systems.

2.2. Synthesis of AuNPs and Their Conjugation with GAMI

AuNPs were obtained by the standard approach described in [26] and characterized
by TEM as reported in [27]. To determine the GAMI concentration for conjugation with
AuNPs, a flocculation curve was obtained. The pH of the AuNP solution (ODsy = 1) was
adjusted to 9.0 with 100 mM sodium carbonate. After that, AuNPs (500 uL) were mixed
with GAMI solutions (0.5-200 pg/mL, 50 uL in 10 mM Tris-HCI, pH 8.5) and incubated for
10 min at room temperature. Then, 10% sodium chloride (50 uL) was added and ODsgy
was measured after stirring. Finally, the dependence of ODsgg versus GAMI concentration
was built. ODsgy was chosen because of the changes in spectral characteristics of AuNPs
solution after the aggregation of nanoparticles caused by the addition of the coagulating
agent (NaCl) [28].

To obtain labeled antibodies, GAMI were added to AuNPs (ODsy = 1, pH 9.0) in
the concentration of 6 ug/mL. The mixture was shaken for 45 min at room temperature,
followed by the addition of a 10% water solution of BSA (40:1, v/v) and vigorous stirring
for 15 min. Then, the GAMI-AuNPs conjugate was pelleted by centrifugation at 9500x g
for 35 min at 4 °C. The precipitate was resuspended to an ODsy = 15 in 10 mM Tris buffer,
pH 8.5, containing 1% BSA, 1% sucrose, and 0.1% sodium azide. The conjugate was stored
at4 °C.

2.3. Preparation of Test Strips

In the case of the standard LFIA, test strips were combined from the working mem-
brane, a sample pad, and an adsorption pad. For the enhanced LFIA, the plastic support
was cut until the lower edge of the working membrane. For both formats of the LFIA,
OA-BSA (0.5 mg/mL in PBS) and DAGI (0.1 mg/mL in PBS for the standard LFIA and
0.05 mg/mL for the enhanced LFIA) were applied onto a working membrane to form a test
(T) zone and a control (C) zone, respectively. The multimembrane composite was dried
overnight at room temperature and for 1.5 h at 37 °C and then cut into strips of 3.0 mm
width. The strips were stored at room temperature in a sealed package with silica gel.

2.4. Pretreatment of Seawater and Seafood Samples

A seawater sample was taken from the Aegean Sea (Fethiye region, Turkey) and stored
at 4 °C. Before analysis, Triton X-100 was added to seawater (0.05%). Then, the obtained
mixture was diluted by 10 times with PBST and spiked with known concentrations of OA.

The real seafood samples included fish (trout from the Barents Sea, Russia), tiger
shrimps, and scallops (both from the Sea of Okhotsk, Russia) purchased from local food
stores. For the sample preparation of fish and seafood, the following technique was used:
first, samples were minced into a homogeneous mass using a household blender. Then,
to a 0.5 g sample, OA (50 pL, 1 ug/mL, which corresponds to 100 ng/g), and 5 mL of
the methanol-water mixture (1:1) were added. The mixtures were stirred for 5 min and
centrifuged at 1500x g for 10 min. The supernatants were collected and stored at —18 °C.
Before the LFIA, the extracts were diluted 10 times with PBST.
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2.5. LFIA of OA

For the determination of OA, its solutions (15.2 pg/mL-100 ng/mL, 50 uL in PBST)
were mixed with anti-OA MAbs (0.1 pug/mL, 50 uL in PBST) and GAMI-AuNPs (2.5 uL,
ODsyp = 15) and incubated for 3 min at room temperature. Then, the test strips were
incubated in the obtained solutions for 15 min. To estimate the LFIA results, test strips
were removed from the solutions, blotted and scanned. Then, bands’ coloration in the T
zone was assessed.

2.6. LFIA of OA with Cascade Signal Amplification

OA solutions (0.08 pg/mL-50 ng/mL, 10 uL in PBST) were mixed with anti-OA
MAbs (0.01 pg/mL, 10 uL in PBST) and incubated for 3 min at room temperature. Then,
the test strips were immersed into the mixture and incubated for 5 min. After that, the
test strips were transferred to the solution of GAMI-AuNPs (2 pL in 20 uL of PBST) and
incubated in it. This and all other stages were carried out for 7 min. Then, 2 cycles of signal
amplification were performed. A single cycle included the following steps: the test strips
were transferred to the solution of DAGI (20 pL, 500 ng/mL in PBST) and, after incubation,
were transferred to the solution of GAMI-AuNPs (2 uL in 20 pL of PBST). Finally, the test
strips were processed as described above.

In the case of the enhanced LFIA in real samples, spiked extracts of fish or seafood
or seawater pretreated as described above were added instead of OA buffer solutions. All
other stages of the analysis were the same.

2.7. Evaluation of the Assay Results

The plots of color intensity or OD (y) versus the OA concentrations (x) were built and
fitted to a four-parameter logistic function using Origin software (OriginLab, Northampton,
MA, USA). The LODs, cutoffs, and working ranges were evaluated as described in [28,29].

3. Results and Discussion
3.1. Obtaining the Immunoreagents

To develop the LFIA of OA, colloidal gold was used as a traditional label in im-
munochromatography, which is characterized by a standardized synthetic protocol, long-
term stability, and a high colorimetric signal that provides sensitive and reliable analyte
determination both visually and instrumentally. AuNPs were obtained through the reduc-
tion of HAuCly with sodium citrate [26]. In this study, AuNPs with a diameter of about
30 nm were synthesized as the most optimal marker in the LFIA [30]. TEM characterization
showed that the sample contained homogeneous non-aggregated particles. The average di-
ameter of AuNPs (a sample containing 201 nanoparticles was processed) was 30.9 + 3.4 nm
with a minimum value of 23.5 nm and a maximum value of 39.2 nm; the ellipticity was
1.1 £ 0.06 (Figure 1).

. .
' '™ ... . :
l . . :
. A ’
° o L RO iy :. .
C2100mm:

Figure 1. TEM microphotograph of AuNPs.
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Both the standard and enhanced LFIAs were implemented in an indirect format im-
plying conjugation with a label of not specific (anti-OA MAbs), but anti-species antibodies
(GAMI). Before obtaining the GAMI-AuNPs conjugate, it was necessary to determine the
concentration of antibodies used for complexation. This stage is very important because a
correctly determined quantitative ratio of the marker and antibodies ensures the stability
of the immunocomplex in media with different pH and ionic strength. The choice of GAMI
concentration was carried out with the help of a flocculation curve—the dependence of the
OD of the colloidal gold solution on the concentration of added antibodies in a medium
with a high content of a coagulator (10% NaCl). At an insufficient concentration of antibod-
ies, AuNPs have an unstabilized surface and are likely to aggregate, which is visualized as
a change in the shade of the colloidal gold solution towards violet (a growth of the OD on
the flocculation curve is observed, Figure 2).
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Figure 2. GAMI flocculation curve.

With an increase in protein concentration, the OD decreases reaching a plateau (a
flocculation point), which indicated that the surface of AuNPs becomes steady and their
aggregation stops. An antibody concentration corresponding to (or slightly above) the
flocculation point is usually used to obtain a stable GAMI-AuNPs complex [27]. In our
case, it corresponded to 6 pig of GAMI per 1 mL of AuNPs solution (indicated by an arrow
in Figure 2).

Commercial MAbs were used as a receptor for OA. To confirm their reactivity to-
ward OA, primary characterization (without optimization) was carried out by the indirect
enzyme-linked immunosorbent analysis (ELISA), which showed that the LOD of OA was
0.5 ng/mL (Figure S1).

3.2. Standard LFIA of OA

As it was noted above, the standard LFIA was performed in the indirect format based
on the competition between free OA in the sample and its protein conjugate immobilized
on the immunochromatographic membrane for the binding to anti-OA MAbs. Red-colored
GAMI-AuNPs were used to reveal the immune complexes formed in the test strip. A tested
sample was mixed with OA-specific antibodies and GAMI-AuNPs and incubated for a
short time before dipping the test strip. Then, test strips with immobilized OA-BSA in
the T zone and secondary antibodies specific to GAMI in the labeled conjugate (DAGI)
adsorbed in the C zone were incubated with the reaction mixture. In the presence of
OA, the latter blocks specific antibodies averting the formation of the OA-BSA-MAbs-
GAMI-AuNPs complex in the T zone and thereby preventing the appearance of the colored
band. Contrariwise, in the absence of OA in the sample, MAbs bound with GAMI-AuNPs
interact with the immobilized antigen causing the formation of a colored band. In the C
zone, coloration occurs in any case owing to interaction of an excess of the labeled conjugate
with DAGI adsorbed there. Thus, the intensity of the coloration in the T zone is measured
to assess the concentration of OA in the sample.
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For the correct comparison of the standard and enhanced variants of the LFIA, it was
necessary to optimize both formats in terms of achieving the lowest possible LODs while
maintaining analytical signal amplitudes sufficient for reliable determination. This was
implemented by varying the assay conditions—the duration of its stages and the reagents’
concentrations (Table S1). As a result, it was found that this demand was fulfilled if specific
antibodies were added at a concentration of 0.1 ug/mL (at a lower amount, the intensity of
the analytical signal decreased and did not meet the requirement for the assay accuracy;
at a higher concentration, the LOD undesirably increased). The optimal volume of the
GAMI-AuNPs conjugate added to the sample was 2.5 uL. With a smaller amount of the
marker, the coloration of the zones was too pale, that is, the signal amplitude decreased; a
larger amount slightly increased the brightness of the zones but the background signal and
the consumption of the reagent also increased. The 3-min duration of the preincubation
stage was chosen as sufficient for the progress of homogeneous immune reactions. The
incubation of the test strip with the sample was carried out for 15 min, the time sufficient for
the lateral flow of the reaction mixture along the membrane carriers and the implementation
of all required interactions.

The LFIA optimization allowed achieving high analytical parameters: the instrumental
LOD of OA was 0.2 ng/mL and the working range of the detectable concentrations was
0.31-1.3 ng/mL. Visual LOD (cutoff) was 2 ng/mL. The OA calibration curve and the test
strips corresponding to concentrations plotted on the curve are shown in Figure 3. Ac-
cording to the obtained data, the signal amplitude reached about 2500 relative units (RU).
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Figure 3. Calibration curve of OA in the LFIA (1 = 3) and the corresponding test strips. Concentrations
of OA were 50 ng/mL (1); 16.7 ng/mL (2); 5.6 ng/mL (3); 1.9 ng/mL (4); 0.62 ng/mL (5); 0.21 ng/mL
(6); 69 ng/mL (7); 23 pg/mL (8); 7.6 pg/mL (9).

3.3. LFIA of OA with Cascade Signal Amplification

The proposed method of signal amplification is performed through a cascade of im-
munochemical reactions occurring on the test strip, which leads to the progressive increase
in the intensity of zones’ coloration [31] (see the scheme of the enhanced LFIA in Figure 3).
It consists of passing a solution of specific MAbs mixed with an antigen-containing sample
along the test strip followed by several (at least two) cycles of successive passing gold-
labeled anti-species antibodies (GAMI-AuNPs) and free anti-GAMI antibodies that are not
specific to OA (DAGI). The result of these processes is the formation of aggregates with a
(GAMI-AuNPs — DAGI) x n structure, where 7 is the number of GAMI-AuNPs/DAGI
passing cycles. Theoretically, the number of such cycles (and, accordingly, the number
of layers formed in the T zone) is unlimited, which eliminates stoichiometric restrictions
on the amount of the markers attached to one immunoreagent molecule immobilized on
the membrane.

30



Foods 2022, 11, 1691

Under cascade amplification, the stages of specific interaction with the antigen in the
sample and the introduction of a colored label into the detected complex were separated.
During the first reaction, the MAbs—-OA-BSA complex is formed in the analytical zone.
For its detection, a second reaction is performed: a solution of GAMI-AuNPs is passed
along the test strip, which leads to their binding in the T zone and the appearance of
a colored band. It should be noted that the AuNPs are evenly coated with anti-species
antibodies. Hence, if binding with the MAbs—OA-BSA complex occurs on one side of the
nanoparticle, the opposite side remains free for other interactions. Therefore, it is possible
to carry out additional interactions that increase the incorporation of the marker into the
immune complex. For this purpose, a solution of free antibodies (DAGI, not specific to
the target analyte but binding to anti-species antibodies that are already included in the
complex on the membrane) is passed along the test strip. Then, a solution of GAMI-AuNPs
is again passed to label the resulting new layer of immunoglobulins. As a result, a complex
multilayer structure is formed in the T zone, where one antigen-antibody complex induces
the binding of a large amount of colored marker (Figure 4). The separation of stages enables
independent control of the content of specific antibodies and a colored marker in the system,
which, in turn, allows for increasing the color intensity of the T zone and thereby reducing
the LOD of the analyte.
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Figure 4. Scheme of the LFIA with cascade signal amplification.
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When developing the enhanced LFIA, multifactorial optimization was carried out be-
cause such a format differed significantly from the standard one and required the selection
of many assay parameters. First, it was necessary to establish the number of amplification
cycles that have to be included in the analysis taking into account that the aim of the
development is the maximum decrease in the LOD of OA. According to the principle
described above, it is achieved by increasing the number of amplification cycles. However,
a large number of the assay stages will prolong its total duration. Regarding this, it was
necessary to choose such detection conditions under which the achievement of high ana-
lytical parameters of the test system does not contradict the rapid detection as the basic
advantage of the LFIA.

The enhanced LFIA of OA was initially carried out under the same conditions as the
standard one, i.e., with the same composition of test strips, the volume of the analyzed
sample (100 pL), the concentration of reagents deposited on the working membrane, specific
antibodies (0.1 png/mL), and GAMI-AuNPs in solution (2.5 uL for each cycle). Under these
conditions, one or more amplification cycles were implemented by sequentially as test
strips were incubated in GAMI-AuNPs and DAGI solutions. As a result of the experiments,
several important features were revealed.
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First, at least 12-15 min duration of the incubation of full-size test strips with a 100 uL
reaction mixture is required to ensure maximum liquid absorption and effectiveness of
immune interactions on the membrane. Consequently, the detection with 1-3 amplification
cycles takes approximately 50-100 min, which is comparable to the microplate ELISA and
seriously contravenes the LFIA rapidity. The total time for the liquid movement along
the test strip consists of the durations of movements along its components, including a
sample pad. Therefore, we decided to cut the test strips up to the lower edge of the working
membrane, thus reducing the length of the strip by about one-third. In this case, the sample
volume of 100 pL also became excessive and was reduced. As a result of the experiments
on the selection of the combination of the volume of the reaction mixture and the optimal
time of its incubation with the test strip, the 20 uL sample volume (we varied it in the range
of 15-30 nuL) and 7 min incubation time (we varied in the range of 5-10 min) were chosen.
For the initial incubation of a dry test strip with OA and MAbs-containing sample, 5 min
was sufficient to completely absorb a reaction mixture. Therefore, the total assay duration
was 29 min for one cycle and increased by 14 min for each subsequent cycle. In this case,
it was irrational to carry out more than 2-3 amplification cycles from the point of view of
rapid detection.

Secondly, when using the same concentration of anti-OA MAbs as in the standard
LFIA, the intensity of the colorimetric signal in the enhanced LFIA significantly increased
(up to >10,000 RU) depending on the number of amplification cycles (Figure 5).
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Figure 5. Calibration curves of OA in the standard LFIA (a) and in the enhanced LFIA with 2 (b) and
3 (c) amplification cycles (1 = 3).

For a correct comparison with the standard LFIA, it was advisable to unify the colori-
metric signal generated as a result of detection (~2500 RU). It was achieved by reducing
the concentration of specific antibodies, which, in turn, decreased the OA LOD. In the
enhanced LFIA, the concentration of MAbs was reduced by an order of magnitude (to
10 ng/mL, we varied it in the range from 8 to 40 ng/mL). It should be noted that under this
concentration of MAbs, the coloration in the T zone is absent in the standard LFIA. At the
same time, because the number of incubations with GAMI-AuNPs increases by at least one
(with a single amplification cycle) and at each stage the coloration in the zones becomes
brighter, it becomes possible to reduce the volume of the added GAMI-AuNPs conjugate.
Finally, 2 uL of the GAMI-AuNPs conjugate was added at each amplification stage. On
the one hand, this is slightly less than the volume added in the standard LFIA, but on
the other hand, due to a significant decrease in the concentration of anti-OA MAbs, the
increase in the signal occurs gradually precisely during the cascade amplification. Another
parameter for optimization was the DAGI concentration. The concentration of 500 ng/mL
was chosen as optimal (we varied it in the range of 150-1000 ng/mL). At a lower amount
of DAGISs, the enhancement of zones’ coloration during the cascade was not sufficiently
pronounced; at a higher amount, the background signal increased significantly. Because
during cascade amplification, an increase in the signal also occurred in the C zone of the test
strip, the DAGI concentration there was 2 times reduced compared to the standard LFIA
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(to 0.05 ng/mL). The concentration of the OA-BSA conjugate in the T zone was unchanged
(0.5ng/mL).

Under the conditions chosen during optimization, the LFIAs with one, two, and three
amplification cycles were implemented. With a single amplification cycle, the amplitude
of the analytical signal was too low (<2000 RU), which negatively affected the reliability
and accuracy of the analysis. Therefore, this variant was excluded from the comparison,
and only two- and three-cascade formats were considered. It was demonstrated that at
comparable instrumental LODs, the visual LOD (cutoff) after three amplifications increased.
This can be explained by the growth of the background signal as a result of non-specific
interactions that may occur as a result of a significant increase in the incubation time of
the test strip during multiple steps of the three-stage amplification. In addition, the total
assay duration for three cascades was 57 min. Thus, the LFIA with two cycles of signal
amplification was chosen. The OA calibration curve obtained in the optimized LFIA with
cascade amplification is shown in Figure 6. The OA LOD was 0.03 ng/mL, which is almost
7 times lower than in the standard LFIA; the working range of the detectable concentrations
was 0.07-0.85 ng/mL. Cutoff decreased by 2 times—down to 1 ng/mL. The obtained results
allowed for testing the developed analysis for detecting OA in real samples.
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Figure 6. Calibration curve of OA in the enhanced LFIA (n = 3) and the corresponding test strips.
Concentrations of OA were 25 ng/mL (1); 8.3 ng/mL (2); 2.8 ng/mL (3); 0.93 ng/mL (4); 0.31 ng/mL
(5); 0.10 ng/mL (6); 34 pg/mL (7); 1.2 pg/mL (8); 0.04 pg/mL (9).

3.4. Enhanced LFIA of OA in Seawater, Fish, and Seafood

As real samples, natural seawater as well as samples of fish (trout) and seafood—tiger
shrimps (as a representative of crustaceans) and scallops (as a representative of mollusks)—were
used. In this study, samples of sea trout were used to develop a method for sample prepara-
tion and further LFIA. Freshwater trout can also be contaminated with DSP toxins produced
by dinoflagellates, which are the important group of phytoplankton in marine and fresh
waters [32]. Rapid and simple sample preparation techniques were proposed. Triton X-100
detergent was added to seawater to increase the mobility of the reaction mixture along
the immunochromatographic membrane and decrease the non-specific binding. Then,
seawater was diluted with PBST. For fish and seafood, methanol:water extraction was
applied, followed by the dilution of the extracts with PBST.

Using it, both blank and spiked samples were processed. In the latter case, sample
preparation was aimed not only at reducing the matrix effect on the results of testing, but
also at effective OA extraction. Confirmation of the OA absence in seawater, fish, and
seafood (before spiking) was carried out using OA ELISA kits (EuroProxima, Arnhem, the
Netherlands). OA recovery values calculated on the base of the OA calibration curve in
PBST are presented in Table 1.
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Table 1. Recoveries of OA from seawater, fish, and seafood (1 = 3).

Seawater
Added OA, ng/mL Detected OA + SD ! (ng/mL) Recovery & SD (%)
0.5 0.45 £+ 0.04 89.2 + 8.1
0.75 0.62 + 0.04 82.0+4.7

Fish and Seafood

Detected OA + Recovery + SD Detected OA + Recovery + SD Detected OA + Recovery + SD

Added O, SD (ng/8)/ iy SD(ng/g)/ (%) SD (ng/g)/ (%)
Trout Shrimps Scallops
50 385+ 1.0 76.9 £1.9 478 £5.7 95.60 +11.4 519+21 103.7 +=4.2
100 113.9 £ 10 113.9 + 10 123 £1.2 123 £1.2 126 £15 126 + 15
1 SD—standard deviation, 7 = 3.
The data in Table 1 indicate that the developed LFIA enables the determination of
76.9-126% OA in seawater, fish, and seafood samples. The accuracy of the developed assay
was confirmed using the OA ELISA kits (EuroProxima, Arnhem, the Netherlands). High
correlation coefficients (0.985, n = 10) between the amounts of OA determined by the LFIA
and the ELISA were demonstrated.
3.5. Advantages of the Developed Test System
Comparison with previously reported studies on the LFIA of OA demonstrates that
the achieved LOD (30 pg/mL) and cutoff (1 ng/mL) are the minimum among all reported
studies even that where amplification approach is used (Table 2). The assay sensitivity is
much beyond the official requirements, which allows varying sample preparation condi-
tions, including significant dilution of complex matrix samples. In addition, the proposed
amplification approach is very simple and does not require the synthesis of any new im-
munoreagents and labeled complexes: the enhanced LFIA includes the same set of reagents
as the conventional indirect competitive LFIA. As additional advantages of the developed
test system, a very small volume of the test sample (20 uL) and extremely low consumption
of specific antibodies may be noted.
Table 2. Comparison of the developed LFIA with previous studies in this field.
LFIA Format Label LOD, ng/mL Cutoff, ng/mL Detected Real Samples Reference
Direct competitive Anti-OA MAbs—AuNPs 10 50 Shellfish [23]
Direct competitive Anti-OA MAbs—AuNPs 3.12 6.25 Mussels [20]
Direct competitive ~ Anti-OA MAbs—AuNPs n/p! 5 Clams'asrfglg;};zr‘;““sels' 22]
Direct competitive Anti-OA MAbs—AuNPs 100 1 Shellfish [21]
eni:;aclgrsrint M Abﬁgﬁ@?’tNPS 0.04 n/p Opysters, mussels, and clams [24]
Indirect competitive GAMI-AuNPs 0.03 1 Seawater, fish (trout), tiger This study

shrimps, and scallops

! Not presented.

Unlike previous works, in our investigation, the analysis of real matrices was not lim-
ited only to seafood. We enlarged a panel of tested samples to seawater as a primary target
for contamination of phycotoxins and representatives of fish (trout), mollusks (scallops),
and crustaceans (tiger shrimps), which additionally confirmed the competitive capabilities
of the test system. The sample processing procedure was very simple and, most importantly,
short: sample preparation of fish and seafood took only 20 min, and for seawater, it was
reduced to a simple dilution with a buffer.

4. Conclusions

An approach for a very sensitive determination of OA as a hazardous marine toxin was
developed. It was based on the indirect lateral flow immunoassay with signal amplification
carried out due to the introduction of a large amount of marker into the test system. Several
successive cycles (a cascade) of the interaction with gold-labeled anti-species antibodies
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ensure the formation of branched structures, thus significantly increasing the amount of the
marker attached to the initial immune complex. The LOD, cutoff, and linear range of the test
system were 0.03, 1, and 0.07-0.85 ng/mL, respectively. The LFIA was successfully applied
to detect OA in spiked samples of seawater, fish, shrimps, and scallops with the recoveries
of 76.9% to 126%, which confirms the promise of this method for the sensitive detection of
phycotoxins in various objects. A comparison of the developed cascade-enhanced lateral
flow immunoassay with already used methods demonstrated that this method required
less time and successfully detected OA.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods11121691/s1, Figure S1: Calibration curve of OA in the
indirect ELISA; Table S1: Parameters varied during optimization.
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Abstract: This study provides the first design and synthetic protocol for preparing highly sensitive
and specific atrazine (ATR) monoclonal antibodies (mAbs). In this work, a previously unreported
hapten, 2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine, was designed and synthesized, which
maximally exposed the characteristic amino group ATR to an animal immune system to induce
the expected antibody. The molecular weight of the ATR hapten was 259.69 Da, and its purity
was 97.8%. The properties of the anti-ATR mAb were systematically characterized. One 9F5 mAb,
which can detect ATR, was obtained with an ICs5j value (the concentration of analyte that produced
50% inhibition of ATR) of 1.678 ug/L for ATR. The molecular weight for the purified 9F5 mAb was
approximately 52 kDa for the heavy chain and 15 kDa for the light chain. The anti-ATR mAb prepared
in this study was the IgG; type. The working range of the standard curve (ICy (the concentration
of analyte that produced 20% inhibition of ATR)_ICg (the concentration of analyte that produced
80% inhibition of ATR)) was 0.384 to 11.565 ug/L. The prepared anti-ATR mAb had high specificity,
sensitivity, and affinity with low cross-reactivity. The prepared anti-ATR mAb could provide the core
raw material for establishing an ATR immunoassay.

Keywords: atrazine; hapten; monoclonal antibody; immunoassay

1. Introduction

Atrazine (2-chloro-4-diethylamino-6-isopropylamino-1,3,5-triazine, ATR) is an exten-
sively used selective systemic triazine herbicide [1]. It resists environmental degradation
owing to a slow photolysis and hydrolysis rate [2]. It disrupts the photosynthetic (energy-
producing) process in broadleaf weeds and annual grasses [3]. ATR has become the most
frequently detected pesticide in surface water and groundwater [4]. It has a long residence
time and a stable structure. Therefore, it remains active for several years, causing environ-
mental pollution [5]. Because of its low toxicity, it allows affected organisms to survive
long-term, inducing subacute damage. Large amounts of pesticide residues thus remain in
crops, water, and soil. This can cause severe damage to living organisms and disrupt the
ecological balance [6]. ATR has carcinogenicity, teratogenicity, and mutagenicity. It affects
the reproductive, endocrine, central nervous, and immune systems [7-9]. Therefore, it is
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imperative to establish a rapid and highly sensitive qualitative and quantitative detection
technique for ATR residues.

Many countries have established residue limits for ATR. The European Food Safety
Authority (EFSA) has assessed the maximum residue limit (MRL) of ATR in cereals to be
0.1 mg/kg. The European Union requires that the mass concentration of a single pesticide
in drinking water should not exceed 0.1 pug/L and that the total mass concentration of all
pesticides should not exceed 0.5 pg/L. In Australia, the MRL for ATR in corn, sugarcane,
and sorghum is 0.1 mg/kg. The US EPA has set the MRL for ATR in fat, meat, and meat
byproducts to 0.02 mg/kg and the MRL for ATR in drinking water and corn to 0.1 ug/kg
and 0.25 mg/kg, respectively. In China, the MRL for ATR in drinking water (GB 5749-2006)
and surface water (GB 3838-2002) is 2 and 3 ug/L, respectively.

The conventional detection methods used for ATR residue analysis include instru-
mental and immunoassay methods. Chromatographic analysis methods include gas
chromatography (GC) [10], gas chromatography-mass spectrometry (GC/MS) [11], high-
performance liquid chromatography (HPLC) [12], liquid chromatography-mass spectrome-
try (HPLC/MS) [13], and ultra high performance liquid chromatography (UHPLC) [14].
These methods are highly accurate and sensitive. However, they require complex sample
pretreatment, expensive instrumentation, and cumbersome operation, which do not allow
for extensive testing. Immunological assays have the advantages of simplicity, rapidity, and
accuracy, meeting the requirements of modern rapid detection techniques. Immunoassays
are based on the principle of the specific recognition of antigens and antibodies. Antibodies
serve as the basis for immunological detection methods. The preparation of antibod-
ies with high specificity, sensitivity, and affinity has become the most important part of
improvements in detection techniques.

This study designed and synthesized an ATR hapten to retain part of its active struc-
ture. The purity, molecular weight, and structure were identified. The prepared ATR
hapten was pure and structurally accurate. The ATR complete antigen was prepared using
the active ester method. Mouse monoclonal antibodies against ATR were obtained by
immunizing mice using immunogen, cell fusion, and hybridoma screening. The anti-ATR
monoclonal antibody prepared in this study was the IgG; type. The availability of mon-
oclonal antibodies can lay the foundation for establishing immunoassays, enabling the
rapid and high-throughput detection of ATR. The high specificity, sensitivity, and affinity
of the murine monoclonal antibody against ATR could meet the requirements for the rapid,
high sensitivity, and selectivity screening of ATR residues in agricultural products and
environmental contamination in the field.

2. Materials and Reagents

Melamine, sodium bicarbonate, ethanol, and dichloromethane were procured from Beijing
Chemical Factory Co. (Beijing, China) N,N-diisopropylethylamine (DIEA) and 3-aminobutyric
acid were acquired from Beijing Evenhe Technology Co. (Beijing, China). The ATR stan-
dard was acquired from First Standard (Tianjin, China). N,N’-Dicyclohexylcarbodiimide
(DMF) was supplied by Tianjin Seans Biochemical Technology Co. (Tianjin, China). 1-Ethyl-
(3-dimethylaminopropyl) carboimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
polyethylene glycol 2000(PEG-2000), cell freezing medium dimethyl sulfoxide (DMSO; serum-
free), hypoxanthine, aminopterin, and thymidine (HAT), hypoxanthine and thymidine (HT)
medium supplements, penicillin, streptomycin, L-glutamine, horse-radish-peroxidase-labeled
goat anti-mouse IgG, complete and incomplete Freund’s adjuvant, TMB (3,30,5,50-tetramethyl
benzidine) substrate solution, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC), bovine serum albumin (BSA), ovalbumin (OVA), 50% (w/v) polyethylene glycol solution,
and dimethyl sulfoxide (DMSO) were provided by Sigma—-Aldrich (St. Louis, MO, USA). Cell
culture medium (Dulbecco’s modified Eagle’s medium; DMEM) and fetal bovine serum (FBS)
were obtained from Gibco BRL (Paisley, Scotland). GIBCO® Australian Premium FBS, GIBCO®
DMEM basic (1X) basal culture medium, penicillin solution, and L-glutamine solution were
picked up from Thermo Fisher Scientific( Waltham, MA, USA). Analytical-grade sodium bicar-
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bonate (NaHCO3), sodium carbonate (Na;CO3), sodium chloride (NaCl), sodium hydrogen
phosphate dodecahydrate disodium hydrogen phosphate dodecahydrate (Na;HPO4-12H,0),
potassium dihydrogen phosphate (KH,PO,), citric acid monohydrate (C¢H;0Os), Tween-20,
hydrogen peroxide (H,0O,), and gelatin were purchased from Sinopharm Chemical Reagent
Co. (Beijing, China). The mouse Sp2/0-Ag14 myeloma cell line was purchased from the Cell
Resource Center of Peking Union Medical College (Beijing, China). Triazine standards (ATR,
terbuthylazine, simetryn, propytryn, terbuthylazine, simazine; 99% purity) were secured from
First Standard (Tianjin, China). Horseradish peroxidase (HRP) was purchased from Jackson Im-
munoresearch Laboratories Co. (West Grove, PA, USA). Cell culture plates (6-well™, 24-well™,
and 96-well™) and a 96-MicroWell™ transparent plate were secured from Costar (Corning,
USA). Cell pipettes (1, 5, and 10 mL) were purchased from Thermo Fisher Scientific (Thermo,
Vantaa, Finland). Syringes (1 and 5 mL) were purchased from Shandong Zhu Pharmaceutical Co.
(Shandong, China). The glassware used in the experiments was strictly cleaned and sterilized
before use. The glassware, tips, and reagents were sterilized by autoclaving. The autoclave was
set at 120 °C, and items were sterilized for 20 min. After sterilization, they were placed in an
oven, allowed to dry, and then used.

3. Methods
3.1. Synthesis of ATR Hapten

The synthesis route of the hapten is shown in Figure 1a. Briefly, the ATR hapten was
first obtained by synthesizing product SM; and then reacting SM; with 3-aminobutyric
acid to obtain the desired hapten. The intermediate SM; was synthesized by dissolving
melamine (0.92 g, 5.0 mmol) in acetonitrile (50 mL). The solution was cooled to 0 °C in an
ice-water bath. The cooled solution was mixed with an aqueous solution of ethylamine
(0.99 mL, 5.0 mmol) and diisopropylethylamine (DIEA) (2.65 mL, 15.0 mmol). The reaction
mixture was stirred at 0 °C for 4 h and then dried by spin evaporation. The crude prod-
uct obtained was separated by silica gel column chromatography (petroleum ether:ethyl
acetate = 5:1) to obtain product SM; (4,6-dichloro-N-ethyl-1,3,5-triazine-2-amine), 780 mg
(81%). SM; was synthesized by dissolving SM; (935 mg, 5 mmol) in 20 mL ethanol. Then,
SM; (515 mg, 5 mmol) and DIPEA (1.94 g, 15 mmol) were mixed. The reaction solution
was heated to 85 °C for 3 h. The complete reaction of SM; was monitored using thin-layer
chromatography (TLC). The solution was then cooled to room temperature at 25 °C and
spin-dried. Saturated aqueous sodium bicarbonate solution (20 mL) was added to the
spin-dried sample and stirred for 20 min. The reaction was completed, and the products
were extracted twice with 20 mL of dichloromethane. The aqueous phase was adjusted
with 1 M HCl (pH = 4). The white precipitate obtained from the reaction was filtered. After
drying, 850 mg of ATR hapten was obtained. The recovery rate from this reaction was
62.5%. Finally, the hapten was characterized for purity, molecular weight, and structure
using high-performance liquid chromatography (HPLC), high-resolution mass spectrome-
try (HRMS), nuclear magnetic resonance hydrogen spectroscopy (\H NMR), and carbon
spectroscopy (1*C NMR).

3.2. Preparation of Immunogen and Coating Antigen of ATR

A small-molecule hapten is only antigenic but not immunogenic. The immunogenicity
of a small molecule hapten is achieved when it is linked to a large molecule (usually a
protein). BSA has stable physical and chemical properties and many free amino groups
and is cheap and easy to obtain. It still maintains great solubility under different pH
values and ionic strengths and contains some organic solvents. It is often used as the
carrier of immunogens. OVA can be used as a carrier protein for antibody screening and
immunoassays because of its weak immunogenicity compared with other proteins. In
this study, BSA and OVA were coupled with ATR hapten to prepare immunogen and
coating antigen. The link between the hapten and carrier protein mainly occurs by coupling
carboxyl and amino groups and other active wave groups. To obtain an ATR complete
antigen with immunogenicity, the carboxyl group of the hapten was activated using the
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activating ester method and coupled to the carrier protein. The structural formulae for the
activation of the hapten and the protein coupling reaction are shown in Figure 1b. The
molar ratio of the hapten to the immunogen was 60:1, and the coating antigen was 50:1. The
specific protocol was to add 3.15 mg (0.012 mmol) 3-(4-chloro-6-(ethylamino)-1,3,5-triazine-
2-ylamino) butanoic acid, 2.79 mg (0.024 mmol) NHS, and 4.60 mg (0.024 mmol) EDC in
0.5 mL DME. The solution was stirred magnetically overnight (10 h) in a refrigerator at 4 °C.
After the reaction was completed, an activation solution containing the ATR hapten was
obtained. This activation solution can be directly used for subsequent coupling with carrier
proteins. After that, 20 mg of BSA (or 10 mg of OVA) was dissolved in 0.01 M PBS buffer
(pH =7.4,10 mg/mL). Activated hapten was added to the BSA and OVA solutions drop
by drop. The reactions were conducted under magnetic stirring at room temperature for
4 h. The resulting reaction solution was then dialyzed six times with 4 L of 0.01 mol/L PBS
(pH 7.4). The dialysis removed unreacted hapten or other small molecules. After dialysis
was completed, the antigen was dispensed at 1 mg/mL, snap-frozen in liquid nitrogen,
and stored at —20 °C.

(a) c c H
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L R
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Figure 1. Synthetic routes of hapten (a) and immunogen and coating antigen (b) of ATR.

Immunogenicity was characterized by matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF-MS). MALDI-TOF-MS measured the conjugation
ratio of the coating antigen and immunogen. This method has the advantages of rapid and
straightforward sample preparation and high sensitivity. The matrix auxiliary solution used for
the measurement was configured as follows: the mixture (acetonitrile:water = 70:30) contained
0.001% trifluoroacetic acid and erucic acid (15 mg/mL). The wavelength of the Yag excitation
light source was 355 nm. The 1/z acquisition range was between 10 and 100 kDa. Each sample
was mixed with the matrix auxiliary solution. After mixing, spot sample 1 was placed on the
sample target of 1 L. After natural drying, the sample was placed under a mass spectrometer
for Yag laser scanning. The conjugation ratio was calculated as follows:

Conjugation ratio = (Mp — Mgtq)/ M.
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where “M,” represents the ATR antigen conjugates, “Mq” represents the BSA/OVA
standard, and “M},” represents the ATR hapten.

4. Production and Characteristics of Anti-ATR mAb
4.1. Buffers and Solutions

(1) Coating buffer solution (CBS, pH 9.6, 0.05 mol/L): 2.93 g NaHCO;3 and 1.5 g
Na;CO3 were weighed and dissolved with Milli-Q water, and the volume was adjusted
to 1 L. (2) Phosphate buffer solution (PBS, pH 7.4, 0.01 mol/L): 0.2 g KHyPOy, 2.96 g
Na;HPO4012H;0, and 8.0 g NaCl were weighed and dissolved in Milli-Q water, and
the volume was adjusted to 1 L. (3) Washing buffer solution (PBST): PBS containing 0.1%
Tween-20. (4) Sample dilution buffer solution (PBSTG): PBST containing 0.1% gelatin.
(5) TMB chromogenic solution: three solutions are currently used and configured. The
formula of each enzyme label plate was as follows: 11 mL matrix buffer (46.04 g potassium
dihydrogen citrate hydrate and 0.10 g potassium sorbate dissolved to 1 L and stored at
room temperature), 200 pL. TMB stock solution (375 mg, 3,3,5,5 -tetramethylbenzidine
dissolved in 30 mL dimethyl sulfoxide) and 101 pL 1% H,O, (1 mL 30% H,O, added to
29 mL Milli-Q water). (6) Termination solution (1 mol/L HCI): 44 mL of 98% hydrochloric
acid was measured, 440 mL of deionized water was slowly added along the beaker wall,
and the mixture was stirred while adding.

4.2. Immunization

Animal experiments were approved by the Experimental Animal Welfare and Ethical
Committee of Institute of Quality Standards and Testing Technology for Agro-Products,
Chinese Academy of Agricultural Sciences (IQSTAP-2021-05). Animal experiments were
conducted in strict accordance with Chinese laws and guidelines. Six female Balb/c mice
(7 weeks old) were immunized with immunogen (1 mL ATR-BSA (1 mg/mL, molar ratio
of 19:1) + 1 mL Freund’s adjuvant (complete/incomplete)). The immunogen was mixed
with Freund’s complete adjuvant for the initial immunization. Subsequent immunizations
were performed by fully emulsifying the immunogen with an equal volume of Freund’s
incomplete adjuvant. The immunization strategy for the mice is shown in Table 1. At
3-5 d after the third injection, the immunized mice were eye-bled, and the sera were
tested for anti-ATR antibody titer and ATR recognition properties using ic-ELISA. The
ic-ELISA protocol, buffers, and solutions were similar to those described previously [15].
The reaction was terminated by adding 50 uL of 1 M HCl per well. Optical density (OD)
values at 450 nm were measured with an Infinite M200 PRO microplate reader (TECAN,
Mainnedorf, Switzerland). The specificity of the developed anti-ATR serum was assessed
using ic-ELISA. The inhibition rate was calculated according to the following equation:

IR (%) = (1 — B/Bg) x 100%

where “IR” represents the inhibition rate, B represents the ODys50nm, value of the inhibition
well, and By represents the ODy50nm Value of the control wells.

Table 1. Immunization strategy in mice.

Number of Imnmunizations Immunization Cycle (Days)  Total Volume of Immunization (mL) Immunization Dose (mg)
First 1 022 0.1
Second 15 02b 0.1
Third 29 02" 0.1
Fourth 43 0.1 0.05

* —complete Freund’s adjuvant, b—incomplete Freund’s adjuvant.

4.3. Ic-ELISA Procedure

Ic-ELISA was applied to screen the serum of mice with the best performance fusion,
detect the positive cell supernatant, and establish the standard curve. The operation steps
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are as follows: (1) Add the coated antigen to the microplate, and incubate each well with
100 uL at 37 °C for 30 min. Then, wash the plate with PBST 3 times. (2) Dilute the standard
sample and antibody with PBSTG to the required concentration, add standard samples of
different concentrations and 50 pL 9F5mAb in the microplate, and incubate at 37 °C for
30 min; wash the plate with PBST 3 times. (3) Add 100 pL IgG HRP diluted with PBSTG to
each well; wash the plate with PBST 3 times. (4)Add 100 uL chromogenic solution to each
well, avoid light at 25 °C for 15 min, and then add 50 uL hydrochloric acid solution to each
well to terminate the reaction. The absorbance value was measured at OD450,,. In the
whole process, 200 uL PBST was added to each well when washing the enzyme label plate.

4.4. Production of Anti-ATR mAb
4.4.1. Preparation of Sp2/0 and Feeder Cells

One week before cell fusion, mice of the same strain used for culture and immunization
were resuscitated and expanded. The specific operation steps of Sp2/0 (obtained from
National Infrastructure of Cell Line Resource, Beijing, China) for myeloma cells are as
follows: quickly transfer the cells from the liquid nitrogen tank to the 37 °C water bath until
the solid is completely melted, and confirm that the cap of the cryopreservation tube has
been tightened to prevent the cap from submerging into the water to prevent ice crystals
from damaging the cell membrane. Preheat the DMEM culture solution to 37 °C in advance,
slowly transfer the melted cell suspension to a 15 mL centrifuge tube containing 10-12 mL
DMEM, blow it and mix it evenly, centrifuge at 1000 rpm/min for 10 min, and discard
the supernatant. The cells were rung and dispersed at the bottom of the centrifuge tube
on the super clean table. Then, 5 mL of 20% complete medium was slowly added to the
cells to avoid too fast dropping acceleration and too large a change in cell osmotic pressure,
resulting in cell wall rupture. After the resuspended cells were blown with a 5 mL pipette,
they were transferred to a six-well plate with 2.5 mL per well and placed in a constant
temperature incubator at 37 °C and 5% CO,. When the cells grew to 80% of the area at the
bottom of the six-well plate, that is, in the logarithmic growth stage, they continued to be
subcultured with 20% complete culture medium. The culture was expanded for two to
three generations, and bone marrow cells with good growth state, uniform size, and good
shading were selected for the subsequent fusion experiment of splenocytes and tumor cells.

A healthy female mouse over 10 weeks old was selected, the eyeball was removed,
bleeding to death occurred, and the mouse was soaked in alcohol for 5 min. Fix the mouse
with a needle on the anatomical table, with the abdomen upward, cut the epidermis with
scissors, clamp the peritoneum with sterile tweezers, inject liquid with a disposable needle
tube, gently squeeze the mouse’s abdomen with tweezers or shake its legs, draw out the
liquid with a needle tube and repeat several times. The liquid was added to the extracted
liquid, the supernatant was centrifuged and discarded, and the cells were resuspended in
culture medium and placed in 96-well culture plates at 100 uL per well.

4.4.2. Cell Fusion and Screening

The spleen cells collected from the mice were fused with the SP2/0 cell line using
PEG-2000 at a ratio of 10:1 spleen:myeloma cells. The serum titer reached 6.4 x 10* at an
OD450 nm value higher than 1.0. This indicated good immunogenicity. The mice with
the best inhibitory effect were selected to enhance immunity. Intraperitoneal injections
of 0.05 mg immunogen (2 mg/mL, 0.025 mL) were conducted for the fusion. Three days
after the last immunization booster, mouse spleen cells were separated and fused with
PEG-2000 pretreated Sp2/0 myeloma cells to prepare hybridomas according to previously
described procedures [16-18]. The cell culture medium formulations are listed in Table 2.
The plates were incubated at 37 °C in a CO, incubator (5% CO; in air). The selective
growth of the hybrid cells occurred in DMEM supplemented with 2% HAT. The fused
cells were cultured in 2% HAT medium for 7 day. Several hybrid cells were screened
seven days after fusion by testing the supernatant using ic-ELISA to determine the binding
ability. Positive hybridomas were cloned by limiting dilution, and clones were further
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selected by ic-ELISA [19-21]. The anti-ATR mAb clone, designated 9F5, which had a high
antibody titer and good sensitivity in the culture supernatant, was expanded in mice to
produce mAb in ascites. The expanded cultured monoclonal cell line was injected into the
abdominal cavity of mice treated with paraffin 1 week in advance to prepare the ascites
antibody. Ic-ELISA was used to detect the efficacy and inhibition rate of mouse ascites.
The antibodies were purified by ammonium sulfate precipitation [22,23]. The best antigen—
antibody concentration was selected through checkerboard ic-ELISA and then established
with the best combination. The standard curve was established to determine the sensitivity
and detection range of the method. The purified antibody was dissolved in 0.01 M PBS and
placed into a dialysis bag. It was dialyzed with 0.01 M PBS four times and PB two times, and
the dialysate was changed every four hours. The dialyzed antibody protein was packed in
a 1.5 mL centrifuge tube, frozen in liquid nitrogen, and vacuum lyophilized. The 9F5 mAb
dissolved the lyophilized antibody powder with 0.01 M PBS and stored at —20 °C. Then,
50% glycerol was added and prepared at 1 mg/mL. This was used to detect the properties
of monoclonal antibodies, including titer, specificity, and type. The assay cross-reactivity
with ATR 9F5 mAb was determined using ic-ELISA. OriginPro 8.5 (OriginLab Corporation,
Northampton, MA, USA) for Windows was used for data analysis. The ODys50nm, 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.

Table 2. Cell culture medium formulations.

Name of Culture

Formulation Volume Ratio (%)

DMEM Basal 50 x HAT

Medium Culture L-Gluta'mme Pen1c1.111n Recovery DMSO Fetal Bovine
. Solution Solution . Serum
Solution Solution

Complete' culture 78 1 1 B B 20
solution

HAT comple'te Culture 76 1 1 2 B 20
solution

Cell lyoph.lhzatlon 69 1 1 B 9 20
solution

*—:no.

5. Results and Discussion

5.1. Identification Results of Hapten, Immunogen, and Coating Antigen of ATR
5.1.1. Identification of Atrazine Hapten

The identification results of the ATR hapten are shown in Figure S1. The theoretical
precise molecular weight [M + *H] of the ATR hapten CoH;4C;N50, was 259.69. According
to the HPLC and HRMS results, the purity of the ATR hapten was 97.8%, as revealed by
the peak area ratio. The peak positions indicated that the correct ATR hapten molecule was
synthesized.

TH NMR (400 MHz, DMSO-d6) §12.16 (s, 1H), 7.86-7.61 (m, 2H), 4.27 (h, ] = 6.8 Hz,
1H), 3.24 (dt, J = 14.1, 6.9 Hz, 2H), 2.60-2.51 (m, OH), 2.32 (dt, | = 15.8, 6.4 Hz, 1H),
1.18-1.02 (m, 6H).

13C NMR (101 MHz, DMSO) § 172.37, 167.53, 165.07, 164.81, 164.54, 43.39, 43.12,
40.27,40.12, 39.91, 39.70, 39.49, 39.28, 39.08, 38.87, 35.01, 34.84, 20.26, 20.00, 19.81, 14.59,
14.36, 14.23.

5.1.2. Identification of Immunogen and Coating Antigen of ATR

The hapten and BSA feed ratios were 40:1, 50:1, and 60:1, respectively. The hapten
and OVA feed ratios were 30:1, 40:1, and 50:1, respectively. The single charge ion peaks
of BSA and OVA standards were 67132.709 and 44587.269, respectively. The molecular
weight of ATR was 259.69. The average number of ATR hapten molecules coupled on
each BSA and OVA by the active ester method can be calculated from the formula. The
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MALDI-TOF-MS results of the immunogen and coated antigen are shown in Figure S2. The
coupling results of coated antigen and immunogen are listed in Table 3. According to the
data, the immunogen selected by immunized mice was 60:1. The coated antigen ratio of
ic-ELISA was 50:1.

Table 3. Identification of the immunogen and coated antigen of ATR.

(A) Identification results for the immunogen.

Hapten to Carrier Molecular Weight of Hapten to Carrier
Protein Dosing Ratio Hapten-BSA (Da) Mass Change Am (Da) Protein Ratio Hapten Number/BSA
40:1 71,131.224 3998.515 14.46 14
50:1 71,413.430 4280.721 16.61 16
60:1 72,205.234 5072.525 19.05 19
(B) Identification results of coated antigen.
Hapten and Carrier Molecular Weight of Hapten to Carrier
Protein Dosing Ratio Hapten-OVA (Da) Mass Change Am (Da) Protein Ratio Hapten Number/OVA
30:1 46,093.340 1415.697 5.45 5
40:1 46,113.244 1473.982 5.68 5
50:1 46,347.978 1727.179 6.65 6

5.2. Characterization and Cross-Reactivity of Anti-ATR mAb
5.2.1. Characterization of Anti-ATR 9F5 mADb

The serum potency and inhibition rate of ATR mice are shown in Table S1 in Supple-
mentary Materials. The serum titer and inhibition rate of the fusion mice are shown in
Table S2. The titer and inhibition rate of mouse ascites before purification are shown in
Table S3. The optimal antibody and coating antigen concentrations for the inhibition of
100 ng/mL ATR were determined using the ic-ELISA method. The determined optimal
concentrations of the antigens and antibodies are shown in Table S4. Both the coated anti-
gen and antibody were diluted to 2 x 10%,4 x 103, 8 x 103, 1.6 x 10%,3.2 x 10%, 6.4 x 10,
1.28 x 105, and 2.56 x 10°. They were used in subsequent experiments. The ATR standard
was diluted to 100, 50, 25, 12.5, 6.25, 3.125, 1.5625, and 0 ng/mL in 0.01 M PBS for use in
subsequent experiments. ICsj values from standard curves characterized the sensitivity
of ic-ELISA under optimized conditions. The curve of ic-ELISA is shown in Figure 2a.
Each value was the average of three independent repetitions. There was a good linear
relationship between the inhibition rate of the antibody and the concentration of ATR. The
ICsp of the anti-ATR 9F5 mAb was 1.678 pg/L, and the working range of the standard
curve (ICy-1Cgp) was 0.384 to 11.565 ug/L.

According to the manufacturer’s instructions, the molecular weight of the antibody
was determined using an SDS-PAGE kit (Solarbio®, Beijing, China). The prepared sepa-
ration and concentrated gel concentrations were 10% and 5%, respectively. The purified
9F5 monoclonal antibody showed two bands with molecular weights of approximately 52
and 15 kDa, that is, the molecular weights of the heavy and light chains of the mAb. Other
miscellaneous protein bands were smaller with a higher antibody purity, indicating that
these could be used to establish an ATR immunoassay method. The SDS-PAGE results
are shown in Figure 2b. The immunoglobulin isotype was determined with a mouse anti-
body isotyping kit (Sigma, St. Louis, MO, USA). Three replicate groups were used in the
experiment. According to Table 4, the type of 9F5 ATR monoclonal antibody is IgG;.
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Figure 2. Ic-ELISA curve of the 9F5 mAb (a) and the SDS-PAGE results (b).
Table 4. ATR 9F5 mAb type.
Antibody Typing = Number of Times 1gGy, I1gGyyp, IgG3 IgM IgA IgGq
1 0.9694 0.9774 0.9715 0.9704 0.9639 14213
ODy50nm Vvalue 2 1.014 1.0106 0.9461 0.9825 0.984 1.4076
3 0.9891 0.9609 0.9363 1.0191 1.0386 1.4222

5.2.2. Cross-Reactivities of Anti-ATR mAb

The structure and cross-reaction rate of seven triazine herbicides are shown in Table 5.
Although the cross-reaction rate between ATR and propazine was 41.50%, the cross-
reactivities with other structural analogs were low. The existence of cross-reactions with
other triazine herbicides is unavoidable because the chemical structures of triazine herbi-
cides are very similar. This shows that the prepared 9F5 anti-ATR mAb had good specificity

for ATR.

Table 5. Structures of triazine herbicides and their cross-reactivity rates.

IC5 (ng/mL) Cross-Reactivity

Analytes Chemical Structure
Cl
N
Atrazine 1.678 100.00%
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Table 5. Cont.

Analytes Chemical Structure IC59 (ng/mL) Cross-Reactivity
X
Propazine )\ NI =N J\ 404 41.50%
~
N N~ 'N
H H
X
N
Atrazine hapten )Nl\ )N\ J\/ 5.47 30.69%
-~ COOH
“ONTONTON
H H
AN
X
Ametryn )\ )NI\ =N 8.90 18.86%
/
N“ONT N
H H
X
T . N™ >N o
erbuthylazine )|\ J< 12.37 13.57%
~
“NONTON
H H
X
N
Simazine N| N 12.27 13.68%
~
“ONTONTONTS
H H
AN
X
Prometryn N™ SN 32.41 5.18%
)\ L7 J\
N~ N N
H H
AN
X
N
Simetryn N /)N\ J 37.93 4.42%
HNk N H
\
1
Terbumeton N 82.81 2.03%

H H

Note: The concentrations of triazine pesticides were 100, 50, 25, 12.5, 6.25, 3.125, 1.5625, and 0 ng/mL.
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6. Conclusions

In this study, a novel 2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine (ATR
hapten) was designed and synthesized. The ic-ELISA method was initially developed,
however, the condition parameters were not optimized. Furthermore, the preliminarily
developed ic-ELISA was not applied for the determination of actual samples. It should
be noted that the prepared anti-ATR mAb can act as a raw material for establishing an
ATR immunoassay.

The hapten retained the chlorine substituent at Ry, highlighting the antigenic determi-
nant. Modifying the isopropylamine substituent at R3 and adding the connecting arm and
active groups to the isopropylamine substituent can effectively reduce the cross-reaction
rate of the antibody to compounds containing isopropylamine substituents to improve the
specific recognition of triazine pesticides by the atrazine antibody.

The molecular weight of the ATR hapten was 259.69 Da, and its purity was 97.8%. The
characteristics of the anti-ATR mAb were systematically investigated. The mAb 9F5, which
can specifically detect ATR, was obtained, and its IC5( value was 1.678 ug/L. The anti-ATZ
mADb prepared in this study is IgG;. The working range of the standard curve (IC»—ICgp)
was 0.384 to 11.565 pg/L. The molecular weights of the heavy and light chains of the
purified 9F5 mAb were approximately 52 and 15 kDa, respectively. The prepared anti-ATR
monoclonal antibody had high specificity, sensitivity, and affinity and low cross-reactivity.

The general structural formula of triazine herbicides is shown in Figure 3. The molec-
ular formula of triazine herbicides that cross-react with mAb 9F5 is shown in Table 6. The
previously reported atrazine hapten selectively introduces a carbon linkage arm and an
active group (-CH)nCOOH) at the R; or R; position. In this study, the cross-reaction with
five other triazine herbicides with similar structures was determined. It can be seen that
the antibody has a high cross-reactivity with propazine and ametryn, which are 41.50%
and 18.86%, respectively. The reason for this is that their structures are very similar. The
two compounds have an isopropylamine substituent at the R3 position. The designed
hapten structure and cross-reaction rate are compared with previous reports, as shown
in Table 7 [24-27]. The atrazine hapten prepared in this paper also has an ethylamine
substituent at the R3 position. Therefore, the ethylamine substituent at the R, position is
a very important antigenic determinant of hapten. Some compounds without isopropy-
lamine substituents and with methylthio or ethoxyl groups instead of Cl substituents at
the Ry position showed low cross-reaction rates. In summary, we can conclude that the
isopropylamine substituent at R3, Cl substituent at Ry, and ethylamine at R, also play a key
role in the antigen—antibody recognition reaction.

R4
PN

A

R, N Rs

Figure 3. General structural formula of triazine herbicides.
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Table 6. Molecular formula of atrazine and triazine herbicides with cross-reaction.

Name R1 Rz R3
Atrazine Cl NHCH,CHj3; NHCH(CHs),
Atrazine hapten Cl NHCH,;CHj; NHCH(CH3),COOH
Prometryne SCHj3 NHCH(CHj3), NHCH(CHj3),
Economicpoison OCHj3; NHCH,;CHj NHC(CH3)3
Simazine Cl NHCH,CHj; NHCH,CHj3;
Terbuthylazine SCHj3 NHCH,CHj3; NHC(CH3)3
Simetryn SCH3 NHCH2CH3 NHCH2CH3

Table 7. Comparison with previously reported atrazine hapten structures and cross-reaction rates.

Hapten Name Hapten Structure

CR(%)

Reference

4-chloro-6- (isopropyl ol
amino)-1,3,5-triazine-2-(6-ami- )\

. . Z
nohexanecarboxylic acid) )\ N ‘N
HN N u COOH

2-mercaptopropionic )\
=

acid-4-ethylamino-6-
isopropylamino-1,3,5-triazine

4-((4-(isopropylamino)-6-methyl-
1,3,5-triazin-2-
yl)amino)butanoic acid

A

2-chloro-4-ethylamino-6-
isopropylamino-1,3,5-triazine

A
e A

propazine (136%)
cyanazine (28%)
terbuthylazine (26%)
AT-1-M8,
AT-2-M1,
and AT-3-M15
simazine (53-78%)
AT-1-M3 MAb
simazine (23%)

Simazine (19%)
Melamine (0.043%)
Chlorpyrifos (0.00012%)
Monocrotophos (7.29 x 10~7%)
Parathion (0.0079%)

Simazine (2.5%)
Propazine (90%)
terbutylazine (5.0%)
trietazine (11%)
desmetryne (0.5%)
ametryne (5.0%)
atratone (6.4%)
hydroxyatrazine (2.1%)
hydroxysimazine (0.3%)
hydroxypropazine (8.2%)
hydroxyterbutylazine (5.6%)
hydroxydesmetryne (0.1%)
Propazine (41.50%)
Atrazine hapten (30.69%)
Ametryn (18.86%)
Terbuthylazine (13.57%)
Simazine (13.68%)
Prometryn (5.18%)
Simetryn (4.42%)
Terbumeton (2.03%)

[24]

[25]

[26]

[27]

In this
work

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods11121726/s1, Table S1: Serum potency and inhibition rate
of ATZ in mice; Table S2: Serum titer and inhibition rate of mouse for fusion experiment; Table
S3: Titer and inhibition rate of mouse ascites before purification; Table S4: Determination of the
optimal concentrations of antigen and antibody; Figure S1: Identification of ATR hapten using HPLC
(a), HRMS (b), 1TH NMR (c), and 13C NMR (d) analysis; Figure S2: MALDI-TOF-MS results of the
immunogen (a) and coated antigen (b).
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Abstract: Acetamiprid (ACE) is widely used in various vegetables to control pests, resulting in
residues and posing a threat to human health. For the rapid detection of ACE residues in vegetables,
an indirect competitive chemiluminescence enzyme immunoassay (ic-CLEIA) was established. The
optimized experimental parameters were as follows: the concentrations of coating antigen (ACE-BSA)
and anti-ACE monoclonal antibody were 0.4 and 0.6 ug/mL, respectively; the pre-incubation time
of anti-ACE monoclonal antibody and ACE (sample) solution was 30 min; the dilution ratio of goat
anti-mouse-HRP antibody was 1:2500; and the reaction time of chemiluminescence was 20 min. The
half-maximum inhibition concentration (ICs), the detection range (IC19-ICgp), and the detection limit
(LOD, ICyp) of the ic-CLEIA were 10.24, 0.70-96.31, and 0.70 ng/mL, respectively. The cross-reactivity
rates of four neonicotinoid structural analogues (nitenpyram, thiacloprid, thiamethoxam, and cloth-
ianidin) were all less than 10%, showing good specificity. The average recovery rates in Chinese
cabbage and cucumber were 82.7-112.2%, with the coefficient of variation (CV) lower than 9.19%,
which was highly correlated with the results of high-performance liquid chromatography (HPLC).
The established ic-CLEIA has the advantages of simple pretreatment and detection process, good
sensitivity and accuracy, and can meet the needs of rapid screening of ACE residues in vegetables.

Keywords: acetamiprid; chemiluminescence enzyme immunoassay; rapid detection; residue;
vegetable

1. Introduction

Acetamiprid (ACE), a new kind of chlorinated nicotinoid insecticide, with strong
contact and stomach toxicity, as well as excellent internal absorption activity, is widely
used in the control of aphid, whitefly, thrips and other pests on vegetables because of its
quick insecticidal effect, low dosage, high activity, wide insecticidal spectrum and long
duration [1,2]. Although ACE is a low-toxicity pesticide, current studies have shown
that it has certain genotoxicity and cytotoxicity, has adverse effects on the nervous sys-
tem and reproductive system of animals, and poses a threat to human health [3-9]. To
limit its use, national and international organizations established maximum residue lev-
els (MRLs) for ACE. In accordance with Annex II of Regulation (EC) No 396/2005, the
MRLs of ACE in Chinese cabbage (code number: 243010) and cucumber (code num-
ber: 232010) were 1.5 and 0.3 mg/kg, respectively [10]. According to China’s national
standards (GB 2763-2021), the MRLs of ACE in different vegetables are 0.02-5 mg/kg
(https:/ /www.sdtdata.com/fx/fmoa/tsLibCard /183688 html, accessed on 18 May 2022).
Therefore, it is of great significance to monitor ACE residual levels in vegetables to ensure
food safety.

At present, the reported methods for detecting ACE residues are mainly focused on
instrumental methods, such as high-performance liquid chromatography (HPLC), gas
chromatography (GC), and chromatography-mass spectrometry (GC-MS) [11-15]. The
instrument methods have high sensitivity, high accuracy, and good selectivity, but the
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equipment is expensive and requires professional laboratory personnel to operate, and the
operation is complex and time-consuming, so it is not suitable for on-site rapid detection of
ACE residues. The immunoassay method is simple, rapid, and can detect a large number
of samples in a short time, which can be used for high-throughput detection of samples in
the field [16]. At present, there are few studies on the use of chemiluminescence enzyme
immunoassay for ACE detection, combining a highly specific immune response with a
highly sensitive chemiluminescence reaction, which can increase the sensitivity by 2-3 fold
compared with the traditional ELISA method [17].

In this study, a highly sensitive indirect competitive chemiluminescence enzyme
immunoassay (ic-CLEIA) for ACE detection was established based on anti-ACE mon-
oclonal antibody by optimizing the concentration of coating antigen and antibody, the
pre-incubation time of anti-ACE monoclonal antibody and ACE (sample) solution, the
dilution ratio of goat anti-mouse-HRP antibody and chemiluminescence reaction time. The
ic-CLEIA was then evaluated by recovery experiment with simple sample pretreatment,
which showed that the method was suitable for the detection of ACE in real samples. This
study provides technical support for the rapid detection of ACE residues in vegetables,
and has certain reference value for the detection of other pesticide residues.

2. Materials and Methods
2.1. Materials, Reagents and Equipment

Chinese cabbages and cucumbers (commercially available). Anti-ACE monoclonal
antibody (anti-ACE mAb, 1.23 mg/mL) and coating antigen (ACE-BSA, 2.2 mg/mL) were
acquired from Shandong Lvdu Bio-sciences and Technology Co., Ltd. (Binzhou, China).
ACE standard (>99%) was purchased from Tiperi Instrument Equipment Co., Ltd. (Nanjing,
China). Goat anti-mouse-HRP antibody was purchased from KPL Inc. (Gaithersburg, MD,
USA). Skim milk were provided by Solarbio Science and Technology Co., Ltd., (Beijing,
China). SuperSignalTM ELISA Pico Chemiluminescent Substrate kit were purchased from
Thermo Fisher Scientific (Thermo, Waltham, MA, USA). HPLC-grade acetonitrile was
purchased from Tedia Company Inc. (Fairfield, OH, USA). The 96-well white plates were
purchased from Corning Inc. (Corning, NY, USA). All other reagents and chemicals used
were of analytical grade.

ACE standard solution: 0.05 g ACE standard was dissolved in 50 mL methanol to
make a solution of 1 mg/mL. CBS solution: 2.93 g NaHCO; and 1.59 g Na,CO; were
weighed and dissolved in double distilled water, constant volume to 1 L, pH 9.6. PBS: 0.2 g
KCI, 8.0 g NaCl, 2.9 g Na,HPO,4-12H,0 and 0.2 g K;HPO, were weighed and dissolved in
double distilled water, constant volume to 1 L, pH 7.4. PBST: 0.5 mL Tween-20 was added
to 1 L PBS. 3% MPBS: 0.3 g skim milk was weighed and dissolved in 10 mL PBS.

Electrothermal constant temperature precision incubator was purchased from Taisite
Instrument Co., Ltd. (Tianjin, China). Multimode reader was purchased from Thermo
Fisher Scientific (Thermo, Waltham, MA, USA). Highspeed freezing centrifuge was pur-
chased from Eppendorf Inc. (Hamburg, Germany). LC-2000 high-performance liquid
chromatograph was purchased from Hitachi Ltd. (Tokyo, Japan). Mili-Q ultrapure water
machine was purchased from Millipore Ltd. (Burlington, MA, USA).

2.2. The Procedure of ic-CLEIA

First, a 96-well white plate was coated with the coating antigen (100 uL/well) in
CBS at 37 °C for 2 h. After washing the plate with PBST (300 uL/well) three times, it
was closed with 3% MPBS (200 uL/well) at 37 °C for 2 h. After washing the plate with
PBST (300 uL/well) three times, the pre-incubation solution (diluted anti-ACE monoclonal
antibody with PBS, mixed 50 uL antibody solution with 50 pL ACE solution, pre-incubated
at 37 °C for a certain time) was added to the 96-well white plate and incubated at 37 °C
for 1 h. After washing the plate with PBST (300 pL/well) three times, it was incubated
with goat anti-mouse-HRP antibody (100 pL/well) in PBS at 37 °C for 1 h. Finally, equal
proportions of chemiluminescence solution A and solution B in the SuperSignal™ ELISA

52



Foods 2022, 11, 2507

Pico Chemiluminescent Substrate kit (100 uL/well) were added to the 96-well white plate.
After incubation in the dark for a certain time, the luminescence value RLU was measured.

2.3. Optimization of ic-CLEIA

According to the previous results of indirect competitive enzyme-linked immunosor-
bent assay (ELISA) and checkerboard titration, the initial concentration of coating anti-
gen was 0.37 pg/mL. The initial concentration of anti-ACE monoclonal antibody was
0.15 ug/mL. The pre-incubation time of anti-ACE monoclonal antibody and ACE (sample)
solution was 20 min. The dilution ratio of goat anti-mouse HRP antibody was 1:5000. The
chemiluminescence reaction time was 10 min.

Then, to improve the detection performance of ic-CLEIA, the effects of the coating
antigen concentration (0.1, 0.2, 0.4, 0.8, and 1.6 pg/mL), antibody concentration (0.0375,
0.075, 0.15, 0.3, 0.6, and 1.2 pg/mL), the pre-incubation time of anti-ACE monoclonal
antibody and ACE (sample) solution (10, 20, 30, and 40 min), the dilution ratio of goat anti-
mouse-HRP antibody (1: 625, 1:1250, 1:2500, and 1:5000), and chemiluminescence reaction
time (5, 10, 15, 20, 25, 30, and 35 min) on the sensitivity of ic-CLEIA were investigated
by single factor experiment. According to the procedure of ic-CLEIA, standard curves
for ACE detection using ic-CLEIA under each condition were established, and RLUmax
(luminescence value without ACE) and the ICs (half maximal inhibitory concentration,
ACE concentration at 50% competitive inhibition) were calculated based on the standard
curves. The RLUmax/ICs ratio was used to evaluate the influence of specific factors on the
detection performance of ic-CLIEA, and the higher the ratio, the higher the sensitivity under
this condition [18]. The optimal reaction conditions of ic-CLEIA were high RLUmax/ICs,
a low ICgsy and moderate RLUmax.

2.4. Establishment of the Standard Curve for ic-CLIEA

Under optimal conditions, the standard curve was drawn with ACE concentration
(200, 100, 50, 25, 12.5, 6.25, 3.125, 1.5625, 0.8, 0.4, 0.2, and 0.1 ng/mL) as the abscissa and
B/B0 (B is the RLU value with ACE and B0 is the RLU value without ACE) as the ordinate.
Finally, the ICs, the detection range (determined according to the standard curve), and
the limit of detection (LOD, ICyg) of the ic-CLIEA method were calculated according to the
standard curve.

2.5. Specificity of ic-CLIEA

The cross-reactivity rate was used to evaluate the specificity of ic-CLIEA method, and
the higher the cross-reactivity rate, the worse the specificity. In this study, four neonicotinoid
structural analogues (nitenpyram, thiacloprid, thiamethoxam, and clothianidin) were
selected and determined by the established ic-CLIEA, then the ICsy and the cross-reactivity
rates (CR%, CR% = ICsy of ACE/IC5( of analogue x 100) were calculated to evaluate the
specificity of ic-CLIEA.

2.6. Sample Pretreatment

The Chinese cabbage and cucumber samples purchased from a supermarket were
first confirmed by HPLC, and the samples without ACE residue were used for the
recovery experiments.

The sample pretreatment used for ic-CLIEA detection was simplified based on previ-
ously reported methods [19]. Briefly, 100 g samples were homogenized and then the juice
was squeezed out. A volume of 2 mL 99.5% acetone was added to the juice and left to
stand for 5 min, then filtered with filter paper and the filtrate was collected. The filtrate was
centrifuged at 6000 rpm for 5 min to obtain the supernatant, and the volume was fixed to
30 mL with sub-boiling water. The solution was passed through a 0.22 um filter membrane
and then determined by ic-CLIEA.

The sample pretreatment used for HPLC detection was performed according to the
previously reported method with minor modification [20]. Briefly, 2 g samples were
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weighed and cut into 50 mL centrifuge tubes, then 10 mL acetonitrile was added to each
centrifuge tube, and the samples were sonicated for 10 min. An appropriate amount of
sodium chloride and anhydrous magnesium sulfate was added to the above mixture, and
the mixture was vortexed and oscillated for 5 min, then centrifuged at 5000 rpm for 5 min.
After centrifugation, 150 mg anhydrous magnesium sulfate and 50 mg primary secondary
amine (PSA) were added to 1.5 mL of the above supernatant, thoroughly mixed by shaking,
and centrifuged at 10,000 rpm for 5 min. The supernatant was passed through a 0.22 um
filter membrane and used for HPLC detection.

2.7. Elimination of Matrix Interference

A dilution method is usually used to eliminate matrix interference. A blank matrix
without ACE is treated according to the sample pretreatment method during ic-CLIEA
detection, and the filtrate is diluted with PBS and used to prepare ACE solution of serial
concentration. Subsequently, ic-CLIEA was used for determination, and the standard
curves were drawn, respectively. The influence of sample matrix on ACE detection was
analyzed by comparing the above standard curve with the standard curve drawn by using
PBS to prepare ACE solution without matrix.

2.8. Recovery Experiments

Since ACE is mostly used in Chinese cabbage, cabbage, cucumber and tomato, Chinese
cabbage and cucumber were selected as actual samples in this experiment.

ACE standard solution was added to the blank samples to make the ACE content 1.5,
6, 30 ug/kg. After sample pretreatment, the established ic-CLIEA and HPLC methods
were used for determination, and the recovery rate and the coefficient of variation (CV)
were calculated.

HPLC conditions: Hypersil ODS (4.6 mm x 250 mm, 5 um). The mobile phase was
acetonitrile:zwater = 30:70 (V1:V2) and the flow rate of the mobile phase was 1.0 mL/min.
The UV detection wavelength was 250 nm, the column temperature was 30 °C, and the
injection volume was 5 pL.

2.9. Data Analysis

When the ic-CLIEA method was used for determination, the ACE concentration in
the sample was calculated from the standard curve according to the RLU value, and then
multiplied by the corresponding dilution ratio, which was the actual concentration of ACE
in the sample. All experiments were repeated three times, and all the data in the results
were the average values of the measured data.

3. Results
3.1. Optimization of Coating Antigen Concentration

Under the fixed concentration of antibody, the luminescence intensity and sensitivity
increased with the increase in the coating antigen concentration, but when the concen-
tration was too high, the steric hindrance increased, and the luminescence intensity and
sensitivity decreased [18]. Therefore, it is necessary to optimize the concentration of coating
antigen. The coating antigen was diluted to 0.1, 0.2, 0.4, 0.8, and 1.6 pug/mL and then
determined by ic-CLIEA, respectively. The influence of the coating antigen concentration
on the detection sensitivity and RLUmax/ICsy was analyzed. The results showed that
RLUmax/ICs increased firstly and then decreased with the increase in the coating antigen
concentration. When the coating antigen concentration was 0.4 and 0.8 ug/mL, the values
of RLUmax/ICsp were larger, and the ICsy gradually increased with the increase in coating
antigen concentration. According to the principle that RLUmax/ICs should be as large as
possible and the ICsj should be as small as possible, the optimal concentration of coating
antigen was selected as 0.4 pg/mL (Figure 1).
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Figure 1. The IC5p and RLUmax/ICs of ic-CLIEA under different coating antigen concentrations for
ACE detection.

3.2. Optimization of Antibody Concentration

The 96-well white plate was coated with the optimal concentration of coating anti-
gen, and anti-ACE monoclonal antibody was diluted to 0.0375, 0.075, 0.15, 0.3, 0.6, and
1.2 ug/mL, followed by ic-CLIEA assay. The influence of antibody concentration on the
detection sensitivity and RLUmax/ICsy was analyzed. As shown in Figure 2, with the
increase in antibody concentration, the RLUmax/ICsj increased first and then decreased.
When the antibody concentration was 0.6 pug/mL, the RLUmax/ICs reached the maximum,
while the ICsy was small. Therefore, the optimal concentration of antibody was determined
as 0.6 ug/mL.
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Figure 2. The IC5y and RLUmax/ICs of ic-CLIEA with different antibody concentrations for
ACE detection.

3.3. Optimization of Pre-Incubation Time

In ic-CLIEA detection, the full binding between antigen and antibody is related to the
pre-incubation time of them, which has great impact on the sensitivity of the detection.
Therefore, the pre-incubation time of anti-ACE monoclonal antibody and ACE solution
should be optimized. As shown in Figure 3, when the pre-incubation time was 30 min,
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RLUmax/ICsy was largest, while the IC5y was the smallest, so the optimal pre-incubation
time between ACE and its mAb was determined to be 30 min.
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Figure 3. The IC5y and RLUmax/IC5 of ic-CLIEA with different pre-incubation time between ACE
and its mAb for ACE detection.

3.4. Optimization of the Dilution Ratio of Goat Anti-Mouse-HRP Antibody

The effect of goat anti-mouse HRP secondary antibody concentration on the sensitivity
of ic-CLEIA was further investigated. Goat anti-mouse HRP secondary antibody (1 mg/mL)
was diluted by 1:625, 1:1250, 1:2500, and 1:5000, respectively, and then determined by ic-
CLIEA. As shown in Figure 4, with the increase in the dilution ratio of goat anti-mouse HRP
secondary antibody, the RLUmax/IC5( increased first and then decreased, while the ICs
gradually decreased. When the dilution ratio of the secondary antibody was 1:2500, the
RLUmax/ICsy was the maximum, while the ICsy was small. Therefore, dilution of 1:2500
was selected as the optimal dilution ratio of goat anti-mouse HRP secondary antibody.
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Figure 4. The IC5) and RLUmax/ICsj of ic-CLIEA with different goat anti-mouse-HRP antibody
dilution ratios for ACE detection.

3.5. Optimization of Chemiluminescence Reaction Time

In ic-CLIEA detection, the luminescence intensity first increased and then decreased
with the extension of time after the addition of luminescent substrate, thus the optimal
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reaction time of chemiluminescence must be selected to ensure the sensitivity and accuracy
of the experiment [18]. The reaction time of chemiluminescence substrate was set as 10,
15, 20, 25, 30, and 35 min, respectively, and the luminescence intensity of each group was
measured. The results showed that the luminescence intensity reached the maximum
value at 20 min, so the optimal reaction time of chemiluminescence was determined to be
20 min (Figure 5).
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Figure 5. RLU values at different chemiluminescence reaction time.

3.6. The Standard Curve of ic-CLIEA

Based on the optimal ic-CLIEA detection conditions, the ACE concentration was taken
as the abscissa and the B/B0 value as the ordinate, and the standard curve of ACE was
drawn and fitted by Origin 2018. As shown in Figure 6, the standard curve equation was
y =711 + 107.09/[1 + (x/12.09)%8], R? = 0.995. According to the standard curve, the
IC5p was 10.24 ng/mL, the detection range (determined as the 1C;y—ICgg according to the
standard curve) was 0.70-96.31 ng/mL, and the LOD (IC;p) was 0.70 ng/mL. According to
the pretreatment and dilution method in this study, the LOD of ACE in actual sample was
calculated to be 1.26 ug/kg.
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Figure 6. Standard curve of ic-CLIEA for ACE detection.

3.7. Specificity of ic-CLIEA
Four structural analogues of neonicotinoids were selected for cross-reactivity determi-
nation, and the results were shown in Table 1. The cross-reactivity rates of ic-CLIEA for
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nitenpyram, thiacloprid, thiamethoxam, and clothianidin were all less than 10%, indicating
that the ic-CLIEA had good specificity.

Table 1. Cross-reactivity of ACE and its analogues with anti-ACE mAb determined by ic-CLIEA (1 = 3).

Pesticide Structural Formula IC5 (ng/mL) Cross-Reactivity
CHj
PNy
acetamiprid 7 VN 10.24 100
c” NS O
n-CHs
nitenpyram B NP0z 52245 1.96
N kCH3
N-CN

/
thiacloprid ‘ N N /QS 213.78 4.79
e L

/’]‘\:\>ﬂ N-NO,
thiamethoxam c” S <N%/ >10,000 <0.1
N—CHj
o—/
o /'ﬂ\\ N-NO,
clothianidin cl S HN4</ 118.66 8.63
HN—CHs

3.8. Elimination of Matrix Interference

In the process of immunoassay, it is crucial to eliminate matrix interference, because the
pH, ionic strength, and organic matter content of real samples will interfere with the specific
reaction between antigen and antibody, thus affecting the sensitivity of detection [21]. In
this experiment, the extract juice of Chinese cabbage and cucumber were diluted 0, 4, 6,
and 8 fold with PBS solution, respectively. Subsequently, standard curves drawn with the
diluted solution of the matrix juice were compared with those drawn with PBS, and the
appropriate dilution ratio was chosen to eliminate matrix interference. Figure 7 shows
that the extract juice of Chinese cabbage and cucumber has little influence on the standard
curve after 6-fold dilution, so the 6-fold dilution of the sample extract juice was chosen for
the determination of ACE in the subsequent test.
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I 100 —— 0-fold
100 &_g = &J\ —— 4fold
80 F 80 | J
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Figure 7. Matrix effect of Chinese cabbage (A) and cucumber (B) after dilution 0, 4, 6, and 8 fold with
PBS solution.
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3.9. Recovery Experiments

According to the LOD (the LOD in real samples was 1.26 ug/kg) and the detection
range (the detection range in real samples was 1.26-173.36 ng/kg) of the ic-CLIEA, the
added concentration of ACE in real samples was set as 1.5, 6, and 30 ug/kg. As shown in
Table 2, the average recovery rate of ACE in Chinese cabbage and cucumber determined by
ic-CLIEA was 82.7-112.2% with CV less than 9.19%, and the average recovery rate of ACE
determined by HPLC was 80.7-118.00% with CV less than 9.08%. The results showed that
the established ic-CLIEA method was accurate and reliable, and had a good correlation
with HPLC, which could be used for the detection of ACE residue in vegetables.

Table 2. Recoveries of acetamiprid in Chinese cabbage and cucumber (1 = 3).

ic-CLIEA HPLC
Sample Spiked
Level/(ug/kg) Found/ Average CV/% Found/ Average V%
(ug/kg) Recovery/% (ug/kg) Recovery/%
1.5 1.24 82.7 271 1.77 118.0 497
Chinese cabbage 6 5.54 923 5.68 6.70 111.7 9.08
30 33.67 112.2 8.48 31.71 105.7 6.10
15 1.29 86.0 9.19 1.21 80.7 3.21
Cucumber 6 5.14 85.7 4.01 4.86 81.0 2.01
30 29.78 99.3 420 28.89 96.3 0.80
3.10. Comparison of Some Published Results for ACE Rapid Detection
In recent years, many rapid methods for ACE residue detection have been reported.
Comparing the results of this research with the published results, it was shown that the
ic-CLIEA method established in this study does not require the synthesis of any materials,
the detection materials and reagents are easily available, the pretreatment and operation
procedures are simple, as well as has a wide linear range and a low detection limit, which
is suitable for ACE detection (Table 3).
Table 3. Comparison of some published results for ACE detection with this research.
Methods Synthesis of Materials Linear Range (ng/mL) LOD (ng/mL)
lateral flow assay [22] no need no 1
lateral flow assay [23] AuNPs@polyA-cDNA no 0.33
colorimetric [24] gold nanoparticles (AuNPs) 5567-66803 848
surface-enhanced Raman [25] Ag-coated cellophane no 1000
colorimetric and fluorescence [26] AuNPs 5.56-222 0.08
fluorescence [27] Cationic carbon dots (cCDs) 0.357-26.8 0.067
chemiluminescence sensor [28] graphene oxide (GO) and AuNPs 0.0047-2 0.002
this work no need 0.70-96.31 0.70

4. Discussion

In the immunoassay, the sensitivity and stability of the method mainly depend on the
balance of the specific reaction and reversibility reaction between antigen and antibody [29].
Therefore, a series of conditions affecting the sensitivity of ic-CLIEA were optimized in
this study, including the concentration of coating antigen, antibody concentration, the
pre-incubation time of anti-ACE monoclonal antibody and ACE (sample) solution, the
dilution ratio of goat anti-mouse HRP antibody, and chemiluminescence reaction time.
The results showed that the concentrations of antigen and antibody were the key factors
affecting the reaction balance. If the concentrations of antigen and antibody are too low,
the reaction is not complete, and if the concentrations of antigen and antibody are too
high, it is easy to cause multilayer adsorption, which leads to the mutual cover of the
antigenic determinants, thus affecting the stability and sensitivity of the analytical method.
In addition, the reaction time of antigen and antibody is also an important factor affecting
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the sensitivity and accuracy of the method. With the extension of the reaction time, the ICs
of the method shows a trend of decreasing first and then increasing, which may be because
too short a reaction time will lead to incomplete binding between antigen and antibody,
and too long a reaction time will easily cause non-specific adsorption. Therefore, only
appropriate reaction time can make the sensitivity of the method reach the best. Matrix
effect refers to the non-specific reaction to the substance in the extract during immunoassay,
which may lead to inaccurate results in actual sample analysis. Usually, matrix effects can
be eliminated by simple dilution prior to analysis. The dilution ratio at which there is
no significant difference between the absorbance of the extract solution with or without
sample matrix should be confirmed to manage the matrix effect [30].

Finally, a highly sensitive ic-CLIEA for ACE detection was successfully established,
with an ICs of 10.24 ng/mL, a detection range (IC;9—-ICqp) of 0.70-96.31 ng/mL, and a
LOD (ICqp) of 0.70 ng/mL (according to the pretreatment and dilution method in this
study, the LOD in real samples was 1.26 ng/kg). Although the LOD of the established
ic-CLIEA in this study is not the lowest among all reported methods, the materials and
reagents used in this method are easily available, the accuracy and selectivity are high,
the detection sensitivity can meet the MRL requirements of ACE in vegetables, and the
quantitative detection can be achieved. Most importantly, the pretreatment method is very
simple and suitable for rapid high-throughput screening of ACE residues in vegetables,
which has a good application prospect. In addition, the detection method established in
this study is also suitable for the rapid detection of other compounds and pesticides, but
the experimental parameters need to be re-optimized to improve the detection sensitivity.
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Abstract: In this study, a quantum-dot-bead (QB)-based fluorescence-linked immunosorbent assay
(FLISA) using nanobodies was established for sensitive determination of the Cry2A toxin in cereal.
QBs were used as the fluorescent probe and conjugated with a Cry2A polyclonal antibody. An
anti-Cry2A nanobody P2 was expressed and used as the capture antibody. The results revealed that
the low detection limit of the developed QB-FLISA was 0.41 ng/mL, which had a 19-times higher
sensitivity than the traditional colorimetric ELISA. The proposed assay exhibited a high specificity for
the Cry2A toxin, and it had no evident cross-reactions with other Cry toxins. The recoveries of Cry2A
from the spiked cereal sample ranged from 86.6-117.3%, with a coefficient of variation lower than 9%.
Moreover, sample analysis results of the QB-FLISA and commercial ELISA kit correlated well with
each other. These results indicated that the developed QB-FLISA provides a potential approach for
the sensitive determination of the Cry2A toxin in cereals.

Keywords: Cry2A; nanobodies; QBs; FLISA

1. Introduction

Cry toxins are a group of parasporal crystal proteins produced by Bacillus thuringiensis
during its sporulation phase, exhibiting excellent insecticidal activity [1-3]. At present,
its mechanism of action is still unclear. The main proposed mechanism is that Cry toxins
combine with the receptors on the midgut cell membrane of insects, forming dissolved
pores and resulting in cell lysis, eventually leading to insect death [4,5]. Due to their high
toxicity and specificity to insects, Cry-toxin-based insecticides are still the most commonly
used biological insecticides since the commercial Cry-toxin-based insecticides were firstly
produced in 1938 [6,7]. In addition, Cry toxins are widely introduced into genetically
modified (GM) crops for protection against insect pests [8,9]. However, the safety of Cry
toxins has not been universally recognized and accepted, and the widespread use of Cry
toxins may pose potential threats to the eco-environment and public health [10,11]. Many
countries have established mandatory labeling policies for GM products with a threshold
level of 0-5% [12]. Therefore, detecting and quantifying Cry toxins in agricultural products
and the environment are necessary and important.

Various methodologies, including bioassays, mass spectrometry, surface plasmon reso-
nance (SPR) biosensors, electrochemical immunosensors, real-time PCR, and enzyme-linked
immunosorbent assays (ELISAs), have been established for Cry toxins” analysis [12-15].
The ELISA methods are appropriate for the on-site determination of Cry toxins with the
advantages of being convenient, rapid, and cost efficient [16]. Among them, the most
frequently used format is double-antibody sandwich ELISAs (DAS-ELISAs), which gen-
erally depend on the traditional polyclonal antibodies (PAbs) and monoclonal antibod-
ies (MAbs) [17,18]. Besides, genetically engineered antibodies (e.g., ScFvs) and phage-
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displayed peptides have been applied in DAS-ELISA for Cry toxin analysis [19,20]. How-
ever, ScFvs and peptides usually exhibited relatively low affinity and poor stability [21,22].

Nanobodies, which were first discovered by Hamers-Casterman in 1993, have attracted
much attention in recent years [23-26]. They are a class of single-domain antibodies derived
from heavy-chain antibodies of camelid or related species. Nanobodies are the smallest
known functional antibodies, having a low molecular weight of approximately 15 kDa and
a small size of 2.5 x 4 nm [27]. Due to their small size and unique structure, nanobodies
exhibit many advantageous characteristics, including the ease of manipulation, the ability
to recognize inaccessible epitopes, high affinity, and high stability.

Besides, the sensitivity of immunoassays is greatly affected by the signal probes. To
date, many fluorescent probes (e.g., quantum dots (QDs), up-conversion nanoparticles,
and lanthanide ions) instead of traditional enzymes have been applied to enhance the
sensitivity of immunoassays [28-35]. Among them, QDs are ideal fluorescent materials
because of their narrow emission spectra, broad excitation, high fluorescent intensity, and
high stability [36,37]. In addition, QBs are prepared by embedding plenty of QDs in a
polymer matrix, and they show stronger fluorescent intensity than QDs. Li et al. [38]
established an immunochromatographic assay using QBs (QBs-ICA) for the detection of
cyproheptadine hydrochloride with an ICsg of 1.38 ng/mL. The sensitivity of QBs-ICA was
10-times higher than previously report. Qie et al. [39] developed a CdSe/ZnS-QB-based
lateral flow immunoassay (LFI) for the T-2 toxin with an LOD of 10 fg/mL, showing an
eight-fold higher sensitivity than traditional LFI system.

In our previous work, several phage-displayed nanobodies against the Cry2A toxin
were isolated from a naive nanobody library [40]. In this study, the anti-Cry2A nanobody
P2 was expressed and purified as the capture antibody. QBs were used to couple with the
anti-Cry2A PADb to serve as the fluorescent probe. Then, a sensitive QB-based sandwich
fluorescence-linked immunosorbent assay (FLISA) using nanobodies was established for
the analysis of the Cry2A toxin (Figure 1). The sensitivity and selectivity of the established
assay were investigated. In addition, the QB-FLISA and commercial ELISA kit were used
to detect the Cry2A toxin in cereal samples. The established QB-FLISA has the potential to
be a reliable method for detecting the Cry2A toxin in cereals.

365 nm 622 nm

Nanobody expression Q_/)

EDC B
'

0 Nanobody €9 cry2a ) aBs )\ Anti-cry2aPAb i QBs-PAb

Figure 1. Schematic diagram of the nanobody-based QB-FLISA.
2. Materials and Methods
2.1. Chemicals and Reagents

Cry toxins (Cry2A, Cry1Ab, Cry1B, and Cry3Bb) and the Cry2A commercial ELISA
kit were purchased from You Long Bio. Co., Ltd. (Shanghai, China). QBs were purchased
from Kundao (Shanghai, China). Phage-displayed nanobody P2 and anti-Cry2A PAb
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were prepared previously [40]. HRP-labeled goat anti-rabbit antibody was purchased
from Solarbio (Beijing, China). Restriction enzymes Not I, Nco I, T4 DNA ligase, and
TagDNA polymerase were purchased from Takara Co. (Dalian, China). Isopropylthio-f3-
D-galactoside (IPTG), 96-well microplates, and nickel-nitrilotriacetic acid (Ni-NTA) resin
were purchased from Sangon Biotech (Shanghai, China). Bovine serum albumin (BSA) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). The TMB substrate was purchased
from Beyotime (Shanghai, China).

2.2. Expression and Purification of Anti-Cry2A Nanobodies

A gene fragment of the anti-Cry2A nanobody P2 was amplified by PCR (94 °C for
3 min, followed by 30 cycles of 94 °C for 30's, 55 °C for 30 s, and 72 °C for 30 s) and digested
by restriction enzymes Not I and Nco I. Then, the gene fragment of the nanobody P2 was gel
purified and inserted into the pET-26b(+) vector. The recombinant vectors were transferred
into E. coli DH5x-competent cells. After confirmation was achieved by PCR and sequencing,
the target recombinant vector was transferred into E. coli Rosetta (DE3). The recombinant
E. coli strains were spread on the LB plate supplemented with 40 p1g/mL kanamycin, and
individual colonies were incubated in LB liquid medium by shaking overnight. Then, the
cultured bacteria were inoculated into 100 mL of fresh LB-kanamycin liquid culture and
incubated to an OD600 of 0.5. The recombinant cells were induced with IPTG at 0.2 mM by
shaking (200 rpm) for 12 h and harvested by centrifugation (8000 g, 15 min). Subsequently,
the cell suspensions were broken by sonication and separated by centrifugation (10,000 x g,
15 min). Then, supernatants were collected and filtered through a 0.22 um membrane.
The soluble nanobody with a 6 x His-tag was purified by the Ni-NTA affinity column.
The purified nanobodies were confirmed by SDS-PAGE in accordance with the standard
protocol. The concentration of purified nanobodies was measured using a Nanodrop 1000
(Thermo, Waltham, MA, USA).

2.3. Preparation of QBs-PAb

QBs-PAb conjugates were synthesized according to the published procedure with
some modification [41]. In brief, 10 puL of QBs (10 mg/mL) and 5 pL. of EDC (10 mg/mL)
were added to 500 pL of PB buffer (10 mM, pH 6.0) and mixed at RT for 30 min. After these
reaction mixtures were separated by centrifugation (10,000 g, 10 min), the precipitate was
collected and resuspended in 400 pL PB buffer. Subsequently, 50 uL of anti-Cry2A PAbs
(2.0mg/mL) was added into the buffer and mixed at RT for another 30 min. Afterwards, the
mixture was blocked by 1% BSA solution for 1 h incubation. After centrifugation (10,000x g,
10 min), the precipitate was resuspended in 10 mM PBS buffer with 1% BSA and 0.5%
Tween-20. Finally, the QBs-PAb conjugates were stored at 4 °C for further use. Transmission
electron microscopy (TEM) images were recorded by an electron microscope (JEOL, Tokyo,
Japan) operated at 200 kV. Fluorescence spectra (excitation at 365 nm) were recorded
with a fluorescence microplate reader (Tecan, Mdnnedorf, Switzerland). Dynamic light
scattering (DLS) analysis was carried out on a particle size analyzer (Malvern Instruments,
Malvern, UK).

2.4. QBs-Based FLISA

Using nanobodies as the capture antibody, a double-antibody sandwich FLISA (DAS-
FLISA) based on QBs for detecting the Cry2A toxin was developed. First, the nanobody P2
(5.0 pg/mL, 100 pL/well) was added to the black microplate. After incubation overnight at
4 °C, the plates were washed three times in 0.05% PBST, and the excess binding sites were
blocked for 2 h in blocking buffer (3% BSA in 0.1% PBST). Subsequently, the microplate
was washed three times with 0.05% PBST, and different concentrations of Cry2A toxins
(0-1000 ng/mL, 100 uL/well) were added to the washed wells for incubation at 37 °C for
1 h. Next, QBs-PAb probes were added to the microplate and incubated for 1 h. Finally, un-
bound QBs-PAb probes were discarded by washing six times, and the fluorescence intensity
of each well was measured by a multimode microplate reader (Tecan, Mannedorf, Switzer-
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land). The working concentrations of the nanobody P2 and QBs-PAb were optimized in
advance to obtain the best performance of the QB-FLISA.

2.5. Cross-Reactivity

The specificity of the QB-FLISA was evaluated against the Cry1Ab, Cry1B, and Cry3Bb
toxins. Briefly, 100 uL of the nanobody P2 per well was added to black microtiter plates
and incubated overnight at 4 °C. After the plates were blocked with blocking buffer and
washed thrice with 0.05% PBST, 100 uL of different Cry toxins (1000 ng/mL) was added
into the microtiter plates for 1 h incubation. The following steps were the same as those
described above. Each assay was performed in three replicates for each toxin.

2.6. Analysis of Spiked Cereal Samples

The accuracy and precision of the established QB-FLISA were estimated by calculating
the recoveries and coefficients of variation of the intra- and inter-assays. Intra-assays
were conducted within 1 day in three replicates on each spiked sample. Inter-assays were
performed in three replicates on each sample once per day for 3 consecutive days. Cry2A-
free cereal samples (corn and rice) were collected from a local farm (Hangzhou, China).
The blank cereal sample was spiked with the Cry2A toxin at different concentrations of
200, 1000, and 5000 ng/g. The cereal sample extraction procedure was operated according
to the reported method with slight modifications [42]. In brief, 5.0 g of the cereal sample
was crushed by a blender. Then, 1.0 g of the cereal sample was weighed and added into
2 mL of extraction buffer (0.2% BSA in 0.1% PBST). After the mixture was gently shaken for
30 min at RT, it was separated by centrifugation (10,000 g, 15 min). The supernatant was
collected and further diluted 10 times with extraction buffer for QB-FLISA analysis.

3. Results and Discussion
3.1. Preparation and Characterization of the Anti-Cry2A Nanobody

Recombinant expression vector pET-26b(+)-P2 was constructed and confirmed by
colony PCR and sequencing. Then, the positive recombinant vector was transformed into
E. coli Rosetta (DE3). The protein of the nanobody P2 was expressed by IPTG induction and
purified on a Ni-NTA affinity chromatography. Subsequently, the expressed and purified
nanobody was characterized by SDS-PAGE. Figure 2A shows a target band around 17 kDa
observed in the induced E. coli cells. The amount of nanobody expressed in the supernatant
was obviously higher than that expressed in the inclusion body. The purity of the purified
nanobody P2 was over 90%, and the expression yield of the nanobody in the LB culture
medium was approximately 30 mg/L.

M1 2 3

0.8

0.6

0OD450

0.4+

0.2
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Cry2A Concentration (ng/mL)

Figure 2. (A) SDS-PAGE analysis of the nanobody P2. Lane M: protein marker; Lane 1: the super-
natant proteins of the induced E. coli cells after sonication; Lane 2: the precipitated protein of the
induced E. coli cells after sonication; Lane 3: the purified nanobody P2. (B) Standard curve (logistic
fit) for the Cry2A toxin in the nanobody-based DAS-ELISA. The error bars represent the standard
deviation (n = 3).
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3.2. Nanobody-Based DAS-ELISA

The purified nanobody P2 was applied to establish a DAS-ELISA for Cry2A toxin
analysis. Briefly, 100 uL of the purified nanobody P2 (3.0 ug/mL in PBS) was added into
microtiter plates and coated at 4 °C overnight. After blocking was conducted with blocking
buffer (3% BSA in 0.1% PBST), serial concentrations of the Cry2A toxins (0-500 ng/mL,
100 pL/well) were added to the microplate and incubated at 37 °C for 1 h. Next, the
anti-Cry2A PAb was transferred into the microplate for 1 h of incubation. Then, the plate
was washed five times with 0.05% PBST, and 100 uL per well of HRP-labeled goat anti-
rabbit antibody was transferred into the plate for another 1 h incubation. Finally, TMB
substrates (100 uL/well) were added and incubated for 15 min at 37 °C. The OD450 values
were detected by a microtiter plate reader. The results showed that the OD450 value
increased with the increase in the concentration of the Cry2A toxin, indicating the good
binding activity of the nanobody P2. Meanwhile, a standard curve of the DAS-ELISA was
constructed, and the low detection limit (LOD) of the method, calculated as three-times the
standard deviation of the blank signal, was 7.83 ng/mL (Figure 2B).

In general, the establishment of the DAS-ELISA depends on conventional MAbs and
PAbs. However, the MADb preparation process is complicated and needs a long produc-
tion period (5-6 months), whereas PAbs cannot achieve the demand of large batches and
continual production [43]. Several recognition elements (e.g., nanobodies, peptides, and ap-
tamers), which have emerged in recent years, have been used as substitute for conventional
antibodies for the development of immunoassays. Nanobodies can be isolated from a naive
phage-displayed nanobody library and further expressed and purified within two weeks,
greatly improving the preparation efficiency of antibodies. In addition, nanobodies have
excellent characteristics, including high affinity, stability, solubility, and reproducibility,
which make them a promising reagent in immunoassays.

3.3. Characterization of QBs-PAb Conjugates

The morphology of the QBs was characterized by TEM. As shown in Figure 3A,
the QBs were round and distributed uniformly, with numerous QDs encapsulated in the
polymer matrix. The QBs-PAb probe was characterized by fluorescence spectra and DLS
analysis. The results showed that the maximum emission wavelength of QBs was 626 nm,
while that of the QBs-PADb exhibited a slight blue shift to 622 nm (Figure 3B). In addition,
the fluorescence intensity of the QBs-PAb probe slightly decreased compared with that of
the QBs, indicating that the PAb modification did not significantly affect the fluorescence
emission properties of the QBs. The particle size analysis of the QBs and QBs-PAb is
presented in Figure 3C. The average hydrodynamic diameter of the QBs-PAb (154 nm) was
larger than the diameter of the QBs (129 nm), indicating that the PAb was coupled on the
surface of the QBs. Therefore, these results demonstrated that the QBs-PAb fluorescent
probe was successfully synthesized.
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Figure 3. Characterization of QBs and QBs-PAb. (A) TEM image of the QBs. (B) Fluorescence
spectroscopy of QBs and QBs-PAb. (C) Hydrodynamic diameter of QBs and QBs-PAb.

3.4. Development of QB-FLISA

A nanobody-based QB-FLISA was established for the determination of Cry2A. The
nanobody P2 was used as the capture antibody, and the QB-labeled anti-Cry2A PAb served
as the detection probe. Different concentrations of the nanobody P2 (10, 5.0, 2.5, and
1.25 ug/mL) and QBs-PAD (2.0, 1.0, 0.5 and 0.25 p1g/mL) were optimized to improve the
performance of the proposed QB-FLISA. The LOD value and signal-to-noise ratio were
used to evaluate the assay’s performance. As shown in Figure 4A, the assay’s performance
was similar in the P2 concentrations of 10 and 5.0 ug/mL, so the optimal concentration of
the nanobody P2 was determined to be 5.0 ug/mL. The fluorescent intensity reduced as
the concentration of the QBs-PAb decreased from 2.0 ug/mL to 0.25 pg/mL (Figure 4B).
Thus, the concentration of 2.0 ug/mL was selected as the optimal concentration of the
QBs-PADb. Subsequently, a nanobody-based QB-FLISA for Cry2A was developed under
the optimum experimental conditions. As shown in Figure 5, the developed nanobody-
based QB-FLISA exhibited good linearity in the range of 2.6-1000 ng/mL. The LOD value
calculated as three-times the standard deviation of the blank signal was 0.41 ng/mL, which
was 19-times lower than conventional colorimetric ELISA. This finding indicated that QBs
are a favorable fluorescent marker for improving sensitivity in immunoassays for the Cry2A
toxin. Comparisons of the proposed QB-FLISA with previously reported methods revealed
that the QB-FLISA exhibited a good sensitivity and linearity for Cry2A analysis (Table 1).
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Figure 5. Standard curve (logistic fit) of nanobody-based QB-FLISA for Cry2A toxin analysis under
optimized conditions. The error bars represent the standard deviation (1 = 3).

Table 1. Comparison of some published methods for Cry toxins’ detection.

Detection Method Antibody LOD Working Range Cry Toxin Matrix Reference
. . Traditional .
Colorimetric ELISA antibody 0.27-0.51 ng/mL 0.45-15.71 ng/mL Cry 1le maize [2]
Human domain CrylAb, CrylAc,
Colorimetric IC-ELISA . 0.029-0.074 ug/mL  0.258-1.407 ug/mL  Cry1B, CrylC, wheat [8]
antibody
and Cry1F
Electrochemiluminescent  Traditional rice and
immunosensor antibody 3.0 pg/mL 0.010-1.0ng/mL. CrylAb maize (1ol
. . Traditional .
Colorimetric ELISA antibody 0.47 ng/mL 2.5-100 ng/mL CrylAb rice [16]
. . Traditional
Colorimetric ELISA antibody 15 ng/mL 0.015-32 pg/mL Cryl - [18]
. . CrylAa, CrylAb,
Colorimetric ELISA ScFv 4.6-9.2ng/mL 12-250 ng/mL and CrylAc [19]
Colorimetric ELISA g:;gz:hsﬂayed 8ng/mL 10-50.625ng/mL  Cry2Ad2-3 corn [20]
QB-FLISA Nanobody 0.41 ng/mL 2.6-1000 ng/mL Cry2A corn and rice This work
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3.5. Cross-Reactivity

The cross-reactivity of the developed QB-FLISA was estimated against other Cry
toxins (1000 ng/mL), including CrylAb, Cry1B, and Cry3Bb (Figure 6). The results showed
a strong fluorescent intensity at 622 nm measured for the Cry2A toxin, but no positive
signal was found for the other Cry toxins (Cry1Ab, Cry1B, and Cry3Bb), indicating that the
proposed method has no cross-reactivity with the other Cry toxins (1000 ng/mL). These
results indicated the good specificity of the developed nanobody-based QB-FLISA for the
Cry2A toxin.

40,000

30,000 A

20,000 A

10,000 A

Fluorescence Intensity (a.u.)

- N Y
Cry2A CrylAb CrylB Cry3Bb  Negative
Cry toxins

Figure 6. Cross-reactivity of the QB-FLISA with the other Cry toxins (1000 ng/mL).

3.6. Sample Analysis and Validation

Matrix interference is a universal phenomenon in real sample analysis. The dilution
of sample extracts is a simple and practical method to eliminate matrix interference. The
matrix effect of cereal samples (corn and rice) was estimated at different dilution ratios
(1:5, 1:10, 1:20, and 1:40). No evident difference was observed between the 20-fold dilution
of extracts and the extraction buffer (Figure 7). Thus, the 20-fold dilution of extracts was
selected and used for cereal samples’ (corn and rice) analysis.

A spike-and-recovery experiment was conducted to estimate the accuracy and preci-
sion of the developed nanobody-based sandwich QB-FLISA. The Cry2A-free cereal sam-
ples (corn and rice) spiked with different concentrations of Cry2A toxin (200, 1000, and
5000 ng/g) were tested. As shown in Table 2, the average recoveries of Cry2A in the corn
sample ranged from 89.6% to 117.3%, with a coefficient of variation (CV) in the range of
5.5-7.7%. Meanwhile, the recovery in the rice sample ranged from 86.6-109.5%, with a CV
in the range of 6.2-8.2%. The Cry2A commercial ELISA kit was used to validate the results
of the QB-FLISA. Overall, the results from the two methods correlated well with each other.
These results demonstrated that the proposed QB-FLISA is applicable for the detection of
Cry2A in cereal samples.
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Figure 7. Estimation of the matrix effect in corn and rice samples.
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Table 2. Recoveries of Cry2A toxin spiked in cereal samples by nanobody-based QB-FLISA.

Intra-Assay (1 = 3)

Inter-Assay (n = 3)

Commercial ELISA Kit (1 = 3)

Matrix Spike Level
(ng/g) Mean + SD Recovery o Mean + SD Recovery o Mean + SD Recovery o
(ng/g) o Vo (ng/g) %) Ve (ngfg) %) Ve
200 2312+ 16.6 115.6 72 22354157 117.3 7.0 2228 +152 111.4 6.8
Corn 1000 962.4 + 52.8 96.2 5.5 941.1 + 64.5 94.1 6.9 976.2 + 57.5 97.6 59
5000 4545 + 327 90.9 72 4480 =+ 346 89.6 7.7 4525 + 371 90.5 82
200 210.8 = 16.5 105.4 7.8 2219 +18.3 109.5 82 233.8 +20.4 116.9 8.7
Rice 1000 1027 £76.2 102.7 74 1018 £76.1 101.8 7.5 1082 £72.6 108.2 6.7
5000 4330 =+ 269 86.6 6.2 4412 4 301 88.2 6.8 4635 =+ 329 92.7 7.1

4. Conclusions

In this work, an anti-Cry2A nanobody P2 was prepared and applied to develop a
DAS-FLISA that was based on QBs for sensitive detection of the Cry2A toxin. The linearity
range of the developed nanobody-based QB-FLISA was determined to be 2.6-1000 ng/mL.
The LOD of the method was 0.41 ng/mL, which exhibited a 19-fold higher sensitivity
compared to the traditional colorimetric ELISA. The spike-and-recovery experiment results
showed that the developed method achieved acceptable recoveries (86.6-117.3%) and CVs
(5.5-8.2%) for Cry2A detection in cereal samples. These results demonstrated that QBs
could be a favorable probe for improving sensitivity in immunoassays. The proposed
nanobody-based QB-FLISA may have potential for the sensitive detection of the Cry2A
toxin in cereals.
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Abstract: As the most widely used neonicotinoid insecticide, it is of great significance to explore
the immunoreagents and immunoassays for imidacloprid (IMI) residue. In immunoassays, spe-
cific peptide ligands, such as peptidomimetic and anti-immunocomplex peptides, are regarded as
promising substitutes for chemical haptens. In the present work, we identified thirty sequences of
peptidomimetics and two sequences of anti-immunocomplex peptides for IMI from three phage pVIII
display cyclic peptide libraries, in which the anti-immunocomplex peptides are the first reported
noncompetitive reagents for IMI. The peptidomimetic 1-9-H and anti-immunocomplex peptide 2-1-H
that showed the best sensitivity were utilized to develop competitive and noncompetitive phage
enzyme-linked immunosorbent assays (P-ELISAs), with a half inhibition concentration of 0.55 ng/mL
for competitive P-ELISA and a half-saturation concentration of 0.35 ng/mL for noncompetitive
P-ELISA. The anti-immunocomplex peptide was demonstrated to greatly improve the specificity
compared with competitive P-ELISA. In addition, the accuracy of proposed P-ELISAs was confirmed
by recovery analysis and HPLC verification in agricultural and environmental samples. These results
show that the peptide ligands identified from phage display library can replace chemical haptens in
the immunoassays of IMI with the satisfactory performance.

Keywords: imidacloprid; anti-immunocomplex peptide; peptidomimetic; noncompetitive immunoas-
say; competitive immunoassay

1. Introduction

Immunoassay plays an increasingly important role in pesticide residue detection.
Although the precision and reliability of chromatography-based methods are apparent, the
advantages of immunoassay, such as its low-cost, simple operation and portable detection
device, make it the preferable approach for screening large samples and for on-site detection.
The establishment of immunoassay is realized by the recognition between immunorecogni-
tion reagents (antibody and antigen) [1,2]. The chemical hapten and monoclonal antibody
(mAb) are the classic combination of immunorecognition reagents, which has achieved
great success in the immunoassays for pesticide residue [3,4]. Even though there is still
no clear design rule for high quality hapten, trial and error are the commonly used meth-
ods [5-7]. Given the great variety of pesticides, preparation of high quality hapten for each
pesticide means a tremendous amount of work. Besides, the competitive immunoassay
based on chemical hapten generates a negative correlation signal that makes the detection
results not intuitive.

In recent years, the specific peptide screened from the phage display peptide library
has shown the potential to replace chemical hapten as the next-generation immunoreagent
in pesticide residue immunoassay [8]. The peptides can work in two different ways.
One way is the same as with chemical haptens, which directly reacts with the antibody
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(called peptidomimetic) [9]. The other way is more special, in which the peptide reacts
with the immunocomplex between antibody and antigen (called as anti-immunocomplex
peptide) to establish the noncompetitive immunoassay [10]. The noncompetitive format
provides a positive correlation signal that makes the detection results more friendly. Unlike
open sandwich immunoassays or the noncompetitive immunoassay based on an anti-
idiotype antibody, anti-immunocomplex peptide is easier to obtain so that it is increasingly
being reported in pesticide residue immunoassay [11-14]. These two types of peptides
generally improved the sensitivity or specificity of immunoassays in previous reports.
More importantly, the screening procedure can be completed within a week in a basic
biology laboratory, which is of great significance to preparing the immunoreagent of
various pesticides.

Imidacloprid (IMI) is the first registered and most widely used neonicotinoid. It
acts on the nicotinic acetylcholine receptors of pests so that it disturbs the normal nerve
conduction, it is mainly used against Homoptera, Thysanoptera, Coleoptera, Diptera
and Lepidoptera pests. Although IMI has been completely banned from outdoor use
by the European Commission (EU) to protect honeybees, it is still registered and used
globally in crop and ornamentals protection, urban pest control, veterinary applications,
and fish farming, owing to its excellent systemic and contact activity. The widespread
use and persistence property render IMI detectable in all kinds of agricultural, water,
and soil samples worldwide [15-17]. Besides the high toxicity to honeybees, there is
some research which showed that IMI exposure was positively correlated with several
diseases in newborns [18-20] and oxidative DNA damage in adults [21-23]. Governments
regulate the maximum residue limits (MRLs) of imidacloprid in various food. China has
regulated the MRLs of imidacloprid in 123 kinds of foods, which range from 0.01 mg kg~ to
10 mg kg*1 (GB2763-2021). The EU has regulated the MRLs of imidacloprid in 381 kinds of
food with the range of 0.01 mg kg~ ! to 15 mg kg~! (EU 2021/1881). The U.S. Environmental
Protection Agency has regulated the MRLs of imidacloprid in 134 kinds of food with the
range of 0.02 mg kg ! to 240 mg kg~ !. Even though IMI has been banned from outdoor
use in EU, it is still necessary to monitor IMIs concentration in the environment. So, it is
desirable to develop the analytical method for imidacloprid residue. Currently, dozens
of immunoassays for IMI residue have been reported, most of which are competitive
immunoassays based on chemical haptens [24-29], but there is no reported noncompetitive
immunoreagent for IMI

In our recent study, we optimized the pVIII phage display peptide system to improve
the panning success rate [13]. In the present work, IMI was determined as a target and an
anti-IMI mAb 3D11B12E5 was employed to screen above the pVIII phage display peptide
libraries. Then, peptidomimetic and anti-immunocomplex peptides were used to develop
competitive and noncompetitive phage enzyme-linked immunosorbent assays (P-ELISAs)
for IMI, and then the sensitivities and specificities of the P-ELISAs were compared. Finally,
the competitive and noncompetitive P-ELISAs were utilized to test the IMI spiked samples,
which the results were verified with high performance liquid chromatography (HPLC).

2. Materials and Methods
2.1. Reagents

Imidacloprid (99.5%) and imidaclothiz (97.8%) were obtained from Dr. Ehrenstorfer
(Augsburg, Germany) and from Jiangshan Agrochemical and Chemicals Co., Ltd. (Nan-
tong, China), respectively. Other compounds for specificity test were all purchased from
Dr. Ehrenstorfer (Augsburg, Germany). The ER 2738 and helper phage M13KO7 were pur-
chased from New England Biolabs (Ipswich, UK). Tween-20 was purchased from Solarbio
(Beijing, China). Skimmed milk was purchased from Bio-Rad (Hercules, CA, USA). The
HRP labelled anti-M13 antibody was purchased from SinoBiological (Beijing, China). The
ninety-six-well microplates were purchased from Corning Costar (Corning, NY, USA). The
mADb 3D11B12E5 purified by protein A column and phage-displayed cyclic 8, 9, 10-residue
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random peptide libraries were prepared and stored in our own laboratory [13,30]. The
sequencing primer was synthesized by Genscript Bio. (Nanjing, China).

2.2. Biopanning

Anti-IMI mAb 3D11B12E5 diluted in PBS was added to nine wells of microplate at
4 °C overnight (100 uL/well). The plate was washed three times by PBST (PBS containing
tween-20) and blocked with 300 pL 5% skimmed milk (dissolved in PBS) at 37 °C for
2 h. For peptidomimetic panning, 100 uL/well mixture of phage-displayed cyclic 8-, 9-,
10-residue random peptide libraries was diluted using 5% skimmed milk, and added to
three coated wells, and incubated at room temperature for 1 h. The plate was washed ten
times with PBST, incubated with PBS for 30 min, and then washed ten times with PBS. After
washing, 100 uL/well IMI standard solution was added and incubated at room temperature
for 1 h to competitively elute the bound phage. For immunocomplex panning, 100 uL/well
IMI standard solution (10 pg/mL) was firstly injected to form immunocomplex for 1 h.
After discarding the excess IMI, the mixture of phage-displayed peptide libraries used
in peptidomimetic panning was added and incubated at room temperature for another
1 h. After washing, the bound phage was eluted by an elution buffer (0.2 M Gly-HCl
containing 1 mg/mL BSA, pH 2.2) for 15 min, and immediately neutralized to pH 7.4 using
1 M Tris-HCI (pH 9.1). The eluted phages were titer-determined and amplified [13] for
subsequent panning.

A total of three rounds of panning were performed under different panning conditions.
The concentrations of PBST used in the first, second, and third rounds were 0.1%, 0.3%, and
0.5%. The coating concentrations of mAb were 10, 5, and 2.5 pug/mL for the first, second,
and third rounds. The quantities of phage inputted in the first, second, and third rounds
of panning were 3 x 101, 3 x 101% and 3 x 10'° pfu. The concentrations of IMI standard
solution in peptidomimetic panning were 10, 5 and 2.5 pg/mL. After three rounds of
panning, a total of 32 clones from the last titer-determining plate were picked and amplified
for the identification of positive clones using P-ELISAs.

2.3. P-ELISAs

100 uL/well mAb 3D11B12E5 diluted in PBS was coated in the microplate at 4 °C
overnight. After being washed three times with 0.5%. P BST, the plate was blocked with
300 pL/well 5% skimmed milk (diluted in PBS) at 37 °C for 1.5 h. After washing, fifty
microliters of IMI standard or sample solution and fifty microliters of phage-displayed
peptide diluted using 5% skimmed milk was added to the plate, and reacted at 37 °C for
1 h. After washing, 100 uL anti-M13 antibody (HRP) diluted with 0.05% PBST (0.2 pg/mL,
containing 0.5% skimmed milk) was added to the recognized phage particles. After wash-
ing, 100 uL of peroxidase substrate (10 mL 0.1 M citric acid and dibasic sodium phosphate
buffer (pH 5.5), 32 uL 0.75% HpO,, and 100 uL 10 mg/mL TMB in dimethyl sulfoxide) was
added and reacted at 37 °C for 15 min, then stopped with 50 pL 2 M H;SOy. The optical
density at 450 nm (ODy50) was determined with a SpectraMax M5 microplate reader. The
dose-response curve was fitted by logistic equation using the IMI concentration on the X
axis and ODys5( value on the Y axis.

2.4. Optimization of P-ELISAs

The optimal concentrations of mAb 3D11B12E5 and phage-displayed peptides were de-
termined by the checkboard method, in which a series of concentrations of mAb 3D11B12E5
were combined with various quantities of phage-displayed peptides to run P-ELISAs, re-
spectively. For determining the optimal buffer, the dose-response curves of P-ELISAs were
created in various PBS buffers, which contained different Na* concentrations (from 0.035
to 2.4 mol/L), pH values (from 5.0 to 9.0), and methanol contents (from 1.25% to 10%).
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2.5. Specificity

The specificities of P-ELISAs, defined as the cross-reactivities (CRs) with other analogs
of IMI, were calculated as follows: CR = [ICsp (or SCsp) mv1/1Csp (0r SCs0) analogs] * 100%.

2.6. Analysis of Spiked Samples

The accuracies of proposed P-ELISAs for IMI detection in various agricultural (wheat,
brown rice, potato, cabbage, pear, and orange) and environmental samples (paddy water
and soil) were evaluated. The samples were collected from Nanjing, China. The agricultural
samples were chopped and homogenized. The paddy water samples were filtered, while
the soil samples were air-dried, crushed, and passed through a 2 mm sieve. All of the
samples were stored at —20 °C. The samples were confirmed not to be contaminated with
IMI by HPLC.

The samples were spiked with various concentrations of IMI standard solutions and
stood overnight. Before the analysis of the spiked samples, their matrix effect on P-ELISAs
were firstly investigated by preparing the dose-response curves in series diluted blank
extracts, then compared with the PBS-based standard curve to determine the dilution
factors. After dilution, the paddy water was directly detected without further processing.
For other solid samples, 5 g samples were added to a 50 mL centrifuge tube, then extracted
by 10 mL optimized PBS containing 45% methanol. The tube was vortexed at 300 rpm for 5
min, sonicated for 15 min, then vortexed for another 5 min. After centrifuging at 4000 rpm
for 5 min, the extracts were collected, and the extracts of cabbage, pear, potato, and orange
were adjusted to 15 mL by PBS. The extracts of spiked samples were tested by P-ELISAs
after proper dilutions.

2.7. Verification of P-ELISAs by HPLC

IMI standard solutions with unknown concentrations were spiked into pear and soil
samples, respectively. For P-ELISAs, the samples were processed and analyzed as above.
For HPLC, the samples were processed and analyzed as previously described [9].

3. Results
3.1. Panning Results

The peptide libraries used in this study are displayed on phage pVIII in high-density,
whose expressions are controlled by the lac promoter/operator. Such a display strategy
may increase the apparent affinity and weaken the growth bias among different phages,
thus serving as a footstone for the blended panning strategy using mixed libraries [13].

The phage titer of each panning is shown in Table S1. While the screening condition
got more stringent, the titers showed an increase of 100-1000 fold after the third round of
panning, indicating an enrichment of desired peptidomimetics or anti-immunocomplex
peptides. After identification, thirty clones showed decreased signals in the presence of
IMI (Figure 1a), and twenty eight clones showed enhanced signals in the presence of IMI
(Figure 1b). The sequences of these positive clones are shown in Table 1, in which a total of
thirty sequences of peptidomimetics and two sequences of anti-immunocomplex peptides
are identified. Most sequences of peptidomimetics contained the consensus motif TPAG,
while there is no consensus motif among the anti-immunocomplex peptides. While the 8-,
9-, 10-residue peptide libraries were mixed equally for panning, peptides from the 9-residue
peptide library were not included in the anti-immunocomplex peptides. It's a common
fact that peptides bound to the immunocomplex of a given target may not exist in one
particular library. Panning through multiple libraries is necessary to increase the chance,
and a blended manner will help reduce the heavy workload.
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Figure 1. Panning results. (a) The screen of peptidomimetics. (b) The screen of anti-immunocomplex
peptides. (c) Dose-response curve of different peptidomimetics. (d) Dose-response curve of different
anti-immunocomplex peptides.

Table 1. Sequence of isolated peptidomimetics and anti-immunocomplex peptides.

Amino Acid Amino Acid Amino Acid Amino Acid
Clone . Clone .
Quantity Sequence Quantity Sequence
Peptidomimetics (consensus TPAG)
1-9-A 8 CFETPAGLMC 1-11-A 8 CTMPDPAGMC
1-9-B 8 CEMTPAGWLC 1-11-B 8 CLETPAGLAC
1-9-C 10 MSPAGIWDAQC 1-11-C 8 CVASPAGLVC
1-9-D 8 CESTPAGYFC 1-11-D 8 CAATPAGLVC
1-9-E 9 CTDPAGMLASC 1-11-E 8 CHSSPAGFVC
1-9-F 9 CTFTPSVRRIC 1-11-F 8 CVETPAGFYC
1-9-G 8 CSMSPAGPIC 1-11-G 8 CEWTPAGWVC
1-9-H 8 CVPTPAGDFC 1-11-H 8 CVDTPAGLYC
1-10-A 8 CVSTPAGLTC 1-12-A 8 CPLTPAGPVC
1-10-C 8 CVMSPAGPVC 1-12-B 8 CEMTPAGLAC
1-10-D 8 CVSSPGGLVC 1-12-C 8 CEMTPAGPVC
1-10-E 8 CEQTPAGLVC 1-12-D 9 CEMNPAGIRIC
1-10-F 8 CEYSPAGVIC 1-12-E 8 CEDSPAGWIC
1-10-G 8 CLMTPAGPSC 1-12-G 8 CHESPGGMIC
1-10-H 8 CEQTPAGLMC 1-12-H 8 CTMSPGGWIC
Anti-immunocomplex peptides (No consensus sequence)
2-1-A 8 CWCIEDCSNC (18) ! 2-1-H 10 CVWDGDVGIMYC (9) !

! Quantity of same sequence clones.

3.2. Optimization of P-ELISAs

The sensitivities of seven peptidomimetics (1-9-G, 1-9-H, 1-10-F, 1-10-H, 1-11-H, 1-
12-A, 1-12-C) that showed enhanced signal differences in the presence of IMI, and all
anti-immunocomplex peptides (2-1-A, 2-1-H), were evaluated by P-ELISAs. The optimal
concentration of mAb and input quantities of phage-displayed peptides were firstly deter-
mined. The dosages of mAb 3D11B12E5 and phage-displayed peptides that generated the
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ODysp ~ 1 were chosen to develop dose-response curve for competitive P-ELISA (Table
S2 and Figure 1c). The dosages that produced the highest S/N were chosen to develop
dose-response curves for noncompetitive P-ELISA (Figure S1 and Figure 1d). The pep-
tidomimetics 1-9-H showed the lowest IC5p and the highest maximum ODy5p (ODmax)/ICso
were selected for subsequent experiments, while the anti-immunocomplex peptides 2-1-H
were selected.

The binding between antigen and antibody is mediated by Van der Waals, hydrogen
and ion force, which will be influenced by the pH and ionic strength in reaction environ-
ment [31]. As an effective solvent for pesticide extraction, methanol is also inevitable in
their immunoassays. To achieve the best sensitivity, these conditions in P-ELISAs were
subsequently optimized. The conditions that generate the dose-response curve with the
lowest ICsg (or SCsp) and the highest ODmax/ICs0 (or ODmax/SCsp) were considered as the
optimums. As shown in Figure 2, the PBS buffer containing 0.14 M Na* and pH 6.0 was
chosen to develop competitive P-ELISA, and the PBS buffer containing 0.07 M Na* and
pH 8.0 was chosen to develop noncompetitive P-ELISA. Reaction between the antibody
and phage display peptides was significantly disturbed when the methanol concentrations
in the buffer were higher than 2.5% (Figure 2e,f), so the maximum tolerance of P-ELISAs
to methanol was 2.5%. In order to avoid the interference caused by different methanol
concentrations in the pretreatment of various samples, the methanol concentrations were
all determined as 2.5%.
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Figure 2. Optimization of P-ELISAs. (a,c,e) The concentration of Na*, pH and methanol for competi-
tive P-ELISA. (b,d,f) The concentration of Na*, pH and methanol for noncompetitive P-ELISA.
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3.3. Sensitivity of P-ELISAs

The dose-response curves of two P-ELISAs are shown in Figure 3. The IC5) of com-
petitive P-ELISA was 0.55 ng/mL, with the limit of detection (LOD, ICg) of 0.30 ng/mL
and detection range (IC;p—ICy) of 0.30-1.00 ng/mL, while the SCsy of noncompetitive
P-ELISA was 0.35 ng/mL, with the LOD of 0.15 ng/mL and detection range (5C19—SCyp)
of 0.15-0.80 ng/mL. The noncompetitive P-ELISA showed slightly improved sensitivity
than competitive P-ELISA. We have summarized the reported sensitivities of the basic
immunodetection, that is ELISA, for the detection of IMI (Table S3). Except for the P-
ELISAs reported here, there are two other competitive P-ELISAs using phage displayed
peptidomimetics [9,32] and six competitive ELISAs using chemical haptens [24-29]. The
proposed P-ELISAs showed better sensitivities than most reported ELISAs, just lower than
another competitive P-ELISA using a pllI displayed linear 12-amino acid peptidomimetic.
The latter immunoassay, which was reported by Du et al. [9], achieves the highest sen-
sitivity (ICs59 = 0.067 ng/mL). The HRP labelled anti-M13 antibody used in this work is
targeted at phage pVIII, whose binding may be hampered by the phage pVIII displayed
peptides, thus causing a lower signal amplification effect and leading to the poor sensitivity
of P-ELISAs. It is worth mentioning that isolated peptides here are cyclic peptides, which
may mean better stability. Moreover, the noncompetitive immunoreagent for imidacloprid
is reported for the first time, which can derive a series of noncompetitive immunoassays for
imidacloprid with more intuitive detection results. It has advantages in the development
of visual detection.

307, Competitive P-ELISA

5 e |® Noncompetitive P-ELISA

2.0+

1.5+

OD 5

1.0+

0.54

0.0+

=
Concentration of IMI (ng/mL)

Figure 3. Standard curve of P-ELISAs.

3.4. Specificity of P-ELISAs

The specificity of P-ELISAs, defined as CR, is shown in Table 2. Due to the similar
structure of neonicotinoids, the competitive P-ELISA has 105.8%, 70.5%, 27.1%, 14.8%
and 11.6% CRs to imidaclothiz, clothianidin, thiacloprid, nitenpyram and acetamiprid.
Meanwhile, thanks to the two-site recognition pattern of anti-immunocomplex peptides, the
noncompetitive P-ELISA greatly reduces the CRs of clothianidin, thiacloprid, nitenpyram
and acetamiprid to <0.1%, 21.7%, and <0.1% and 6.8%. The CRs to imidaclothiz is a
widespread problem in the immunoassays for imidacloprid [33]. Regrettably, the utilization
of anti-immunocomplex peptides has not solved this problem either.
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Table 2. CR of P-ELISAs with other neonicotinoids (1 = 3).

Competitive P-ELISA Noncompetitive P-ELISA

Compound Chemical Struct
P emical Structure ICsg (ng/mL) CR (%) SCso (ng/mL) CR (%)
Cl
|
Imidacloprid N Ny 055 100.0 0.35 100.0
HN o,
<O
c— ]V
Imidaclothiz s N\( 0.52 105.8 031 112.9
HN.No,
Cl
Il N %
Thiacloprid AN m/ 2.03 27.1 1.61 21.7
~CN
c =z Me
Acetamiprid NN e 4.75 11.6 5.15 6.8
pri \’J . . . .
~CN
N H H
c— ]\/N N
Clothianidin S \J ~ 0.78 70.5 >10,000.00 <0.1
*NO,
Cl x (
. Z N H
Nitenpyram 7 N 3.71 14.8 >10,000.00 <0.1
HC,
NO,
o)
N
o 1_{ )
Thiamethoxam S ‘ “Me >10,000.00 <0.1 >10,000.00 <0.1
N‘Noz
Dinotefuran Y Me >10,000.00 <0.1 >10,000.00 <0.1
N.
NOZ

3.5. Recoveries of Spiked Samples

The matrix effect that would cause the false result has to be solved before testing actual
samples. Owing to the high sensitivity of immunoassays, the matrix effects of extracts can
simply be eliminated by the dilution method. To evaluate their influence, series diluted
matrix extracts were used to replace the optimal buffer and run the dose-response curves
of P-ELISAs. When the dilution fold produces a similar curve to the standard curve, the
matrix effect is considered to be eliminated. As shown in Figures S2 and S3, the effect of
matrix extracts on competitive P-ELISA can be eliminated after 2-fold dilution of paddy
water, total 36-fold dilution of soil and pear, 72-fold dilution of orange and brown rice,
and 144-fold dilution of cabbage, potato, and wheat, while the effect on noncompetitive
P-ELISA can be eliminated after 2-fold dilution of paddy water, 36-fold dilution of potato
and orange, 72-fold dilution of soil, wheat, cabbage, and pear, and 144-fold dilution of
brown rice.

After the elimination of matrix effects, the IMI concentrations in the spiked samples
were determined (Table 3). The average recoveries of competitive and noncompetitive
P-ELISAs were 75.1-103.5% and 73.8-101.0%, with relative strand deviations (RSDs) of
1.7-7.8% and 2.0-9.3%, respectively. The results agreed with the IUPAC standard [34]
regulation, “average recoveries among 70-120%, RSD < 20%”.

82



Foods 2022, 11, 3163

Table 3. Recoveries of spiked samples for IMI (1 = 3).

Spiked Competitive P-ELISA Noncompetitive P-ELISA
Matrix Lo Measured + SD Avera M d + SD A
N ge o easure verage o
(ng/g) (ng/g) Recovery (%) RSD (%) (ng/g) Recovery (%) RSD (%)
2 1.81 +0.07 90.7 4.1 1.77 £0.07 88.5 4.1
Paddy water 4 3.69 £ 0.10 92.3 2.8 3.56 + 0.23 88.9 6.4
8 8.27 £ 0.49 103.4 59 7.78 £0.41 97.2 53
50 42.81 4+ 0.95 85.6 2.2 4491 + 2,51 89.8 5.6
Soil 100 90.02 + 2.66 90.0 3.0 101.01 £ 4.01 101.0 4.0
200 185.63 +4.11 92.8 22 186.59 +=11.78 93.3 6.3
50 3829 £2.28 76.6 6.0 42.34 £ 341 84.7 8.1
Wheat 100 81.17 £ 1.42 81.2 1.7 84.52 +7.89 84.5 9.3
200 181.40 + 6.84 90.7 3.8 165.99 = 11.78 83.0 7.1
50 42.04 +£2.40 84.1 5.7 45.39 £1.92 90.8 42
Brown rice 100 85.22 + 6.64 85.2 7.8 89.86 £+ 8.17 89.9 9.1
200 173.29 +12.48 86.6 7.2 192.07 + 6.66 96.0 35
50 4494 +1.89 89.9 4.2 4047 £245 80.9 6.0
Cabbage 100 84.36 £3.23 84.4 3.8 81.74 £ 4.04 81.7 49
200 164.56 + 8.82 82.3 54 183.67 + 5.59 91.8 3.0
50 44.2 +3.04 88.4 6.9 46.79 £ 2.00 93.6 4.3
Potato 100 88.15 £ 4.15 88.2 47 86.62 + 6.84 86.6 79
200 182.38 + 4.89 91.2 2.7 178.69 + 8.36 89.3 47
50 37.56 + 1.38 75.1 3.7 38.28 +1.35 76.6 3.5
Pear 100 79.41 £2.85 79.4 3.6 85.37 £ 1.82 85.4 2.1
200 173.86 + 11.52 86.9 6.6 193.77 +3.94 96.9 2.0
50 46.63 +2.11 93.3 45 36.91 £1.93 73.8 52
Orange 100 99.92 + 6.06 99.9 6.1 85.36 + 3.14 85.4 3.7
200 207.07 £5.82 103.5 2.8 180.38 = 10.15 90.2 5.6

3.6. Verification by HPLC

As a gold standard for pesticide residue detection, HPLC was used to further verify the
accuracy of the proposed P-ELISAs. The blind samples of pear and soil were simultaneously
detected by HPLC and the P-ELISAs. The results are shown in Figure 4. The correlation
equations between competitive P-ELISA and HPLC are y = 1.11x + 0.65 (R? = 0.9739) for
pear and y = 0.98x + 5.07 (R? = 0.9837) for soil, while y = 0.86x + 29.82 (R? = 0.9629) for pear
and y = 0.94x + 8.13 (R? = 0.9964) for soil between noncompetitive P-ELISA and HPLC. The
slope and R? of the equations are close to 1, which indicates a good correlation between
HPLC and the immunoassays.

= Pear, y=1.11x10.65, R*=0.9739

= Pear, y=0.86x+29.82, R2=0.9629
4000 e Soil, y=0.98x+5.07, R%=0.9837 + +
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Figure 4. Blind samples tested by P-ELISAs and HPLC. (a) Competitive P-ELISA. (b) Noncompetitive
P-ELISA.
4. Conclusions

In this study, thirty sequences of peptidomimetics and two sequences of anti-immuno-
complex peptides for IMI were isolated from phage display peptide libraries, among which
the anti-immunocomplex peptides were the first reported noncompetitive reagent for IMI.
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The peptidomimetic 1-9-H and anti-immunocomplex peptide 2-1-H that showed the best
sensitivities were utilized to develop competitive and noncompetitive P-ELISAs. The
ICs50 and LOD of competitive P-ELISA were 0.55 ng/mL and 0.3 ng/mL, compared with
0.35 ng/mL and 0.15 ng/mL for noncompetitive P-ELISA. The sensitivities of P-ELISAs
were better than most reported immunoassays for IMI, which can be further improved by
collaborating with other tracers. Moreover, the two-site recognition pattern of anti-immune
complex peptides in noncompetitive P-ELISA greatly improved the specificity compared
with competitive P-ELISA. As confirmed by the recoveries analysis and HPLC verification,
the proposed P-ELISAs can detect IMI in agricultural and environmental samples accurately
and reliably. IMI residue has always been the focus of attention due to IMIs wide use. So,
we believe that the specific peptide sequences and methods reported here are helpful to
detect IMI residue. Further, unlike chemical hapten, peptide ligands can be prepared using
a biological expression, so it is attractive to explore the peptide ligands to derive novel
patterns of immunoassay, such as label-free immunoassay.
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Abstract: Avoiding interference and realizing the precise detection of mycotoxins in complex food
samples is still an urgent problem for surface-enhanced Raman spectroscopy (SERS) analysis tech-
nology. Herein, a highly sensitive and specific aptasensor was developed for the anti-interference
detection of Ochratoxin A (OTA). In this aptasensor, 4-[(Trimethylsilyl) ethynyl] aniline was em-
ployed as an anti-interference Raman reporter to prove a sharp Raman peak (1998 cm™') in silent
region, which could avoid the interference of food bio-molecules in 600-1800 cm 1. 4-TEAE and
OTA-aptamer were assembled on Au NPs to serve as anti-interference SERS probes. Meanwhile,
Fe304 NPs, linked with complementary aptamer (cApts), were applied as capture probes. The specific
binding of OTA to aptamer hindered the complementary binding of aptamer and cApt, which inhib-
ited the binding of SERS probes and capture probes. Hence, the Raman responses at 1998 cm~! were
negatively correlated with the OTA level. Under the optimum condition, the aptasensor presented
a linear response for OTA detection in the range of 0.1-40 nM, with low detection limits of 30 pM.
In addition, the aptasensor was successfully applied to quantify OTA in soybean, grape and milk
samples. Accordingly, this anti-interference aptasensor could perform specific, sensitive and precise
detection of OTA in real samples, and proved a reliable reference strategy for other small-molecules
detection in food samples.

Keywords: SERS; 4-TEAE; aptamer; silent region; OTA; anti-interference

1. Introduction

Ochratoxin A (OTA) is a naturally occurring mycotoxin that is one of the most toxic
contaminants in dairy products, crops and alcoholic beverages, with a long half-life and
high chemical stability [1]. OTA has nephrotoxicity, hepatotoxicity, and immunotoxicity for
humans; hence, many countries have regulations for OTA limits. According to European
Commission regulations, the maximum level for OTA in grains, grape juice and wine are
5 ug/kg, 2 ug/kg and 2 ug/kg, respectively [2]. To avoid the hazards of OTA for human
health, quantifying the contaminated level of OTA in agricultural products is of great signif-
icance. In recent decades, instrumental methods [3] and antibody-based methods [4] have
developed to be prevalent methods for OTA detection. However, expensive instruments
and the demand for trained technicians limit the development of instrumental methods. In
addition, high prices and the stringent conditions of transportation and storage limit the
practical applicability of antibody-based methods [5]. Therefore, it is highly desirable to
explore simple, low-cost and sensitive OTA detection methods.

In recent years, surface-enhanced Raman spectroscopy (SERS)-based biosensor has
acted as a promising alternative in food safety, due to its high sensitivity, specificity and
multiplexing detection ability [3,6]. As the core component of SERS-based biosensor, SERS
probes are normally composed of metal nanostructures (enhanced substrates), such as gold
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nanoparticles (Au NPs) and Raman reporters (RRs) [7]. RRs (such as 4-mercaptobenzoic
acid, 4-mercaptopyridine, 4-nitrothiophenol, etc.) are easily and firmly attached to the
surface of metal nanostructures, which could enhance the inherent Raman emissions
of RRs to 10°~10'* times under the action of electromagnetic mechanism and chemical
enhancement [8]. SERS probes provide clear, strong and steady Raman signals of RRs,
which could perform high sensitivity and high fidelity analysis [9]. In recent years, some
biosensors based on SERS probes for the quantitative analysis of mycotoxins (such as
zearalenone and aflatoxin B1) [10,11] have been developed. However, there are still some
problems that hindered the practical application of SERS-based biosensors in food analysis.
In particular, the Raman emission of food biomolecules and traditional RRs are formed in
the region of <1800 cm~!; resulting Raman interference could seriously affect the accuracy
of the detection results. Therefore, it is urgent to develop an anti-interference RRs for food
analysis [12,13].

Recently, researchers have reported some new RRs, which contain C=C, C=0 and C=N
groups [14-16]. Those RRs displayed narrow peak in the silent region (1800-2800 cm 1),
which can effectively avoid the Raman interference of food biomolecules. As new RRs are
created, those anti-interference RRs have been applied in SERS technology, such as biosensors,
cell imaging, biomedicine and other fields [17-20]. As a major classification of anti-interference
RRs, alkynyl-containing RRs have unique Raman shift in the silent region. The exploration of
alkynyl-containing RRs is helpful to the development of Raman silent region tags and expand
the application potential of anti-interference RRs. However, thus far, there are no reports
about applying alkynyl compound as anti-interference RRs in the food safety field.

Therefore, we present an alkyne-mediated SERS-based aptasensor for OTA detection in
real samples (soybean, grape and milk). As shown in Figure 1, 4-[(Trimethylsilyl) ethynyl]
aniline (4-TEAE) was applied as anti-interference Raman reporter; gold nanoparticles (Au
NPs) linked with aptamers and 4-TEAE were used as Raman probes (4-TEAE/AuNPs/Apt).
Meanwhile, Fe304 nanoparticles (Fe3O4 NPs) conjugated with cApt served as capture
probes (FesO4 NPs/cApt). OTA could specifically interact with aptamer, which inhibited
the conjunction between Raman probes and capture probes. Thus, the Raman intensity of
4-TEAE/AuNPs was inverse, correlating with the concentration of OTA. In order to verify
the practicability of the aptasensor, we detected OTA in soybean, grape and milk samples,
and compared the recovery rates with HPLC-MS/MS.
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Figure 1. Schematic representation of the principle for the alkyne-mediated SERS aptasensor for
anti-interference Ochratoxin A detection.
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2. Materials and Methods
2.1. Materials and Reagent

Ochratoxin A, chloroauric Acid (HAuCly), trisodium citrate, 4-[(Trimethylsilyl) ethynyl]
aniline, Tris (2-carboxyethy1) phosphine (TCEP), phosphate buffer saline (PBS), ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), and N-Hydroxysuccinimide
(NHS) were purchased from Aladdin Industrial Inc (Shanghai, China). Fe3O4 nanoparticles
bonded with -COOH (10 mg/mL) were bought from Sigma-Aldrich (Beijing, China).

According to previous research [21], the sequences of aptamer and cApt are as follows:
5-SH-GATCGGGTGTGGGTGGCGTAAAGGGAGCATCGGACA-3' (aptamer), 5'-NH2-
(CH,)4-CCTTTACGCCACCCACACCCGATC-3’ (cApt). All synthetic nucleotide sequences
were acquired from Sangon Biotech Co., Ltd. (Shanghai, China)

2.2. Instruments

The synthesis of Au NPs was carried out by Magnetic electric heating sleeve (IKA,
staufen, Germany). The recording and comparison of Raman spectrums were performed
by miniature handheld Raman spectrometer (QEPro, Ocean Insight, Dunedin, FL, USA),
and the laser power and laser wavelength of spectrometer were 390-410 mW and 785 nm,
respectively. UV-vis spectra (synergy HTX, Biotek, Winooski, VI, USA) was applied to
get ultraviolet visible (UV) absorbance. The morphology of nanoparticles were charac-
terized by Transmission electron microscope (TEM) (JEM1200EX, JEOL, TKY, Nagoya,
Japan). The chemical composition and relative content of the probes were obtained by the
energy-dispersive X-ray (EDX) spectroscopy facility of scanning electron microscopy (SEM)
(SU8020, Hitachi, TKY, Japan). Ultra-pure water was prepared by purification system
(Millipore, Bedford, MA, USA) and used throughout this work.

2.3. Preparation of SERS Probe

Au NPs (25 nm) were synthesized by the sodium citrate reduction method [22]. First,
100 mL ultra-pure water was heated to boiling with a heating sleeve; 1 mL (0.01 g/mL)
trisodium citrate solution was then added. After 1 min, 0.1 mL (0.1 g/mL) chloroauric
acid solution was added to the boiling solution, and the color of the boiling liquid quickly
changed from colorless to transparent wine red. After the color of Au NPs solution was
stable and no longer changed, heating ceased and continuous stirring was performed for
20 min. After naturally cooling to room temperature, the Au NPs solution was stored at
4 °C for further use.

OTA aptamer was dissolved to 100 uM with TCEP solution and then diluted to 10 uM
with PBS solution for further use. The 0.87 mL Au NPs solution was mixed with 100 puL
4-TEAE in a scroll oscillator for 1 h. The resulted solution was centrifuged under 6000 rpm
for 15 min and washed with ultra-pure water three times to obtain 4-TEAE fixed Au NPs
(Au NPs-4-TEAE). Then, 30 pL (10 uM) OTA aptamer was co-incubated with Au NPs-4-
TEAE solution at room temperature for 4 h. Finally, the Au NPs-4-TEAE/Apt solution
was centrifuged under 6000 rpm for 15 min, washed with ultra-pure water three times
and re-dissolved in PBS solution to obtain anti-biomolecule interference SERS probes, and
stored at 4 °C.

2.4. Preparation of Capture Probes

The surface of MNPs was immobilized with cApt and the capture probes were pre-
pared. Briefly, 100 uL. MNPs (10 mg/mL) solution was mixed with 7.9 mL ultra-pure
water; 1 mL EDC (16 mM) and 1 mL NHS (4 mM) were added to protect the carboxyl
groups on the surface of MNPs. After 30 min, MNPs solution was separated by magnet,
washed with ultra-pure water three times, and then redissolved to 9.7 mL with PBS solution.
Subsequently, 0.3 mL of cApt (10 M) solution was added to the carboxyl-protected MNPs
solution and vibrated for 1 h to prepare capture probes. After magnetic separation and
removing the excess cApt, the capture probes were re-dissolved by PBS solution and stored
at 4 °C for subsequent use.
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2.5. Interference-Free Aptasensors for OTA Detection

Firstly, 1 mg/mL OTA acetonitrile solution was diluted with ultra-pure to 0.1-70 nM
for further use. Secondly, a competitive binding system was constructed to link the OTA
concentration with the SERS intensity at 1998 cm~!. Briefly, 500 uL anti-interference SERS
probe and 500 pL capture probe were mixed for 15 min, and then 20 pL. OTA solution of
different concentrations were added to the mixed solution and incubated with vibration for
25 min to fully react. Finally, the SERS probes that were bound to the capture probes were
removed by magnetic separation and washed with ultra-pure water two times, and the
remaining probes were suspended in the 1 mL of ultra-pure water for SERS measurement.

Finally, the SERS response at different OTA concentrations was measured by miniature
handheld Raman spectrometer (laser wavelength = 785 nm and spectrometer
power = 390-410 mW), and the response results to different OTA concentrations were
obtained by the statistical results of three parallel measurements.

2.6. Procedures for OTA Residues Detection in Real Samples

To verify the practicability of the aptasensor, soybean, grape and milk were purchased
from the supermarket and tested as real food samples. The pretreatment methods of food
samples were referred to in previous reports [23-25]. The actual samples were added 1 nM,
5nM and 10 nM of OTA, respectively. The extracted samples were added to the aptasensor
system to complete the detection.

2.7. Specificity Analysis

In this work, AFB1, aflatoxin M1 (AFM1), zearalenone (ZEN), deoxynivalenol (DON)
and trichosporene 2 (TMAE 2) were selected to verify the specificity of the aptasensor.
Under the same conditions, these mycotoxins of 300 nM were simultaneously detected by
the aptasensor with the OTA of 30 nM. The assays were repeated three times, and the SERS
intensities at 1998 cm ! were compared.

2.8. Statistical Analysis

All results were obtained from cubic parallel experiments, and standard deviation
(SD) were represented with error bars one. Statistical analysis was performed with Origin
9.5. Ultimately, the limit of detection (LOD) was computed as LOD =3 x SD/blank.

3. Results and Discussion
3.1. Synthesis and Characterization of 4-TEAE/Au NPs

In this study, 4-TEAE was applied as anti-interference Raman reporter to prove a
strong and stable Raman signal at 1998 cm™~!, with the following reasoning: (1) Alkynyl
linking with benzene ring presents sharp Raman scattering as the large Raman cross section
of aromatic ring [26]. (2) 4-TEAE possesses a distinct Raman scattering at 1998 cm ! due
to the stretch of C=C bond, achieving the anti-interference OTA detection in the complex
samples. The Raman shifts of other Raman peaks of 4-TEAE, such as 1601 cm~! and
1174 cm~!, were not adopted because of the interference of the food biomolecules in the
range of <1800 cm ™~ (Figure 2d).
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Figure 2. Characterization of the anti-interference SERS tag: (a) EDS spectroscopy of Au NPs.
(b) EDS spectroscopy of 4-TAAE/Au NPs. (c) UV—vis spectrum of 4-TEAE/Au NPs (red), Au
NPs (black). (d) Raman scatterings of conventional RRs and anti-interference SERS probe (black).
(e) Raman scatterings of food samples and anti-interference SERS tag (black). (f) Stability of SERS tag
for ten days.

The sharp Ramam scattering in 1998 cm ™! contributed to the combination of SERS
enhanced substrate (Au NPs) and Raman reporter (4-TEAE). TEM was applied to image the
combination of 4-TEAE/Au NPs. The synthesized Au NPs were spherical, with a particle
size of 25 nm (Figure Sla). After linked with 4-TEAE, the nanoparticles were wrapped
by a shadow with the thickness of 1.5 nm (Figure S1b). The combination of Au NPs and
4-TEAE was further identified by UV-vis spectra and EDX. UV-vis spectra confirmed that
the absorption peak of Au NPs was red shifted after being coated by 4-TEAE. As shown
in Figure 2¢, the absorption peak of Au NPs presented at 524 nm, while the absorption
peak of 4-TEAE/Au NPs was located at 526 nm. As revealed by Figure 2a,b, the EDX
spectroscopy of Au NPs only possessed the peaks of Au, while the Au, C and N elements
were co-existent in the 4-TEAE/Au NPs sample.

In order to verify the anti-interference ability of 4-TEAE, three traditional RRs
(2,2’-Bipyridyl, Rhodamine 6G, 4-mercaptopyridine) were selected as Interfered control.
The Raman scatterings of these RRs and food biomolecules were overlapping in the range
of <1800 cm~!. While 4-TEAE presented a distinct Raman signal in the silent region.
2,2 -Bipyridyl was chosen as the representative of traditional RRs and tested for the anti-
interference ability of 4-TEAE. As shown in Figure 2d,e, the characteristic peaks of 2,2-
Bipyridyl (766 cm™!, 1015 cm~?, 1306 cm~! and 1428 cm ') were severely overlapped with
the spectral bands of Rhodamine 6G and 4-mercaptopyridine. Meanwhile, traditional RRs
were interfered by food samples, especially soybeans and grapes. By contrast, 4-TEAE
possessed a highly distinguished and stable peak at 1998 cm~!, which gifted 4-TEAE
superior anti-interference ability to the traditional RRs.

In summary, anti-interference SERS tags were successfully synthesized. To test the
stability of anti-interference SERS tags, three portions of freshly prepared 4-TEAE/Au NPs
solution were detected by Raman spectrometer at the same time every day for 10 days. As
shown in Figure 2f, the anti-interference SERS tags presented a slight fluctuation in the
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characteristic peak (1998 cm~!), with a Raman intensity deviation (RID) of less than 6%.
Thus, the proposed anti-interference SERS tags were stable enough for OTA detection.

3.2. Characterization of SERS Probe and Capture Probe
3.2.1. Characterization of SERS Probe

SERS tags link with special single-stranded DNA (OTA-aptamer), which can specifi-
cally interact with OTA, gifting SERS probes with specific recognition ability to OTA. To
achieve this, 4-TEAE/Au NPs was coated with aptamer via Au-S bond. As shown in
Figure 3b, the EDX spectroscopy of 4-TEAE/Au NPs presented multiple peaks, which
represented Au, C, N and S elements, respectively. Therefore, the SERS probes with specific
recognition of OTA were successfully produced. The result of UV-vis spectra also confirmed
the preparation of SERS probes. As shown in Figure 3a, the maximum absorption of Auwas
red shift from 526 nm to 530 nm, while 4-TEAE/Au NPs were linked with OTA-aptamers.
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Figure 3. (a) UV —vis spectrum of 4-TEAE/Au NPs (red) and 4-TEAE/Au NPs/Apt (blue). EDS
spectroscopy of (b) 4-TEAE/Au NPs/Apt, (c) Fe304 NPs and (d) and Fe304 NPs/cApt.

3.2.2. Characterization of Capture Probes

Fe304 NPs were selected as adsorption substrate, due to the large surface area, and
it was easily separated and aggregated by external magnet. Furthermore, highly stable
and biocompatible Fe304 NPs combined with cApt to form efficient and sensitive capture
probes. TEM was applied to describe the form and size of Fe3O4 NPs. As shown in
Figure S2, the Fe30,4 NPs are spherical, with an average size of 20 nm. Meanwhile, EDX
spectroscopy provided sufficient proof for cApt binding to Fe3O4 NPs. As shown in
Figure 3c¢,d, the characteristic peaks of Fe and O appeared in the spectrum of Fe3O4 NPs
sample, while the characteristic peaks of Fe, O, C and P were observed in the spectra
of Fe304 NPs/cApt. Thus, the capture probe with strong separation ability and high
specificity was successfully fabricated.
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3.3. Optimization of Experiment Conditions

The conditions of probes synthesis and competitive reaction conditions are vital to
the sensitivity and specificity of aptasensor. Five key factors of aptasensor (concentration
of 4-TEAE, concentration of aptamer, concentration of cApt, pH, and time of competitive
reaction) were optimized to the best performance of OTA detection.

3.3.1. Optimization of Probe Synthesis

Firstly, the concentrations of 4-TEAE were altered from 10 to 80 uM, and the Raman
intensities of different 4-TEAE concentrations at 1998 cm~! were obtained by counting the
results of three experiments. As shown in Figure 4a, the Raman intensity of 4-TEAE at
1998 cm ™! increased to the maximum when the concentration of 4-TEAE increased from
10 uM to 50 uM, while it reduced as the concentration of 4-TEAE increased to 80 uM. It
could be clearly distinguished in Figure 4a, when the concentration of 4-TEAE reached
50 nM, the Raman intensity at 1998 cm~! was much higher than that of other concentrations.
Thus, the optimum concentration of 4-TEAE was selected as 50 nM.
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Figure 4. Raman intensity detected at 1998 cm ™! for the optimization of (a) 4-TEAE concentration,
(b) Apt concentration, (¢) cApt concentration and (d) competitive reaction time.

To investigate the effect of aptamer concentration on aptsensor performance, SERS
probes with different concentrations (100-500 nM) of aptamers were combined with capture
probes and separated by external magnets. Three parallel SERS intensities among different
aptamer concentrations (100-500 nM) were counted and compared. In Figure 4b, the Raman
intensity at 1998 cm~! increased when the concentration of aptamer increased in the range
of 100-300 nM, while it declined as the concentration of aptamer increased from 300 to
500 nM. When the level of aptamer was too little or reached excessive levels, the aptasensor
performances were much lower than that at 300 nM. Therefore, the optimum aptamer
concentration was 300 nM.

Finally, the optimal load of cApt to capture probes was analyzed by comparing the
SERS performances of capture probes with different cApt concentrations. As depicted in
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Figure 4c, the Raman intensity continuously enhanced until cApt concentration increased
to 300 nM, while it decreased as the cApt concentration increased to 500 nM. Hence, the
optimal concentration of cApt was set as 300 nM.

3.3.2. Optimization of Competitive Reaction Conditions

The time of competitive reaction has an important effect on aptasensor performance.
In order to get the optimal reaction time, a series of reaction times (5, 10, 15, 20, 25, 30 min)
were selected to determine the best reaction time. As shown in Figure 4d, with the increase
of time, more SERS probes were separated from capture probes due to the presence of OTA.
The Raman intensity of SERS probe showed a downward trend, and the Raman intensity
was stable at 25 min, which was recorded as the optimal reaction time.

pH and temperature are the other two key factors of the competitive reaction, which,
in turn, become the key factors affecting the sensitivity of the aptasensor. As shown in
Figure S3, with the increase of OH~, more bindings of SERS probes and capture probes
were destroyed by OTA. Raman intensity declined, and reached the minimum at the con-
centration of H* was 1077 M. In addition, owing to the high temperature inflicting damage
to probes, referring to the relevant experiments [27,28], we determined that the competitive
reaction should be carried out at 37 °C. Hence, a pH value of 7 and a temperature of 37 °C
were the optimal conditions for the competitive reaction.

3.4. Analytical Performance of the Aptasensor

The aptasensor was performed for OTA detection under the optimal conditions,
and the Raman responses to different concentrations of OTA were measured three times.
Figure 5a depicted the negative correlation between Raman intensity and OTA concen-
tration. In Figure 5¢, the Raman response of 4-TEAE decreased with the concentration of
OTA increasing from 0 to 40 nM. Figure 5b showed that the Raman intensity at 1998 cm !
possessed a good linear relationship with the OTA concentration in the range of 0.1-40 nM.
The correction curve is y = 2152.14 — 46.73x, R? = 0.991, with the LOD of 30 pM.
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Figure 5. Analytical performance of the aptasensor: (a) SERS intensity difference at the peak of
1998 cm™! with the different OTA concentrations, (b) linear relationship between SERS intensity and
OTA concentration, (c) SERS spectra for OTA detection in the concentration range of 0—40 nM.

3.5. Quantification of OTA in Real Samples

To validate the practicability of the aptasensor, OTA detection was performed in real
samples (soybean, grape and milk) for the recovery rate. In Table 1, different concentrations
of OTA were added to those samples; the samples were pre-treated according to Section 2.6
and a recovery assay was carried out. The recovery rates of the OTA in these samples
were found to be 83.3-100.8%, with relative standard deviations (RSDs) of 1.5-8.3%. The
obtained results were in good agreement with those determined by the HPLC-MS/MS

method, indicating that the aptasensor presents great practicability and reliability for OTA
detection in real samples.
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Table 1. Results of OTA Residues Detection in Real Samples by Aptasensor.

SERS HPLC—-MS/MS

Sample Added (nM) Found (nM) Recoveries/RSD (%) Found (nM) Recoveries/RSD ! (%)
1 0.951 95.1/2.1 0.991 99.1/8.1
soybean 5 4.68 93.6/3.5 4.97 99.4/5.2
10 10.08 100.8/5.3 9.87 98.7/4.1
1 0.997 99.7/2.8 0.981 98.1/5.2
grape 5 4.56 91.2/15 4.86 97.2/5.4
10 0.954 95.4/4.1 10.2 100.2/4.3
1 0.938 93.8/2.7 1.03 103.0/4.5
milk 5 4.165 83.3/8.3 5.25 105.4/7.3
10 9.42 94.2/3.1 10.1 100.1/3.9

1 RSDs: relative standard deviation.

3.6. Selectivity

In this work, the specificity of the aptasensor was verified by comparing the Raman
responds of 300 nM of mycotoxins (AFB1, AFM1, ZEN, DON and TMAE2) and OTA (30 nM)
under the same conditions. As shown in Figure 6, the Raman responds of the mycotoxins at
1998 cm~! were significantly higher than that of OTA, indicating the aptasensor possessed
a marked affinity to OTA.
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Figure 6. Selectivity evaluation of the ant-interference aptasensor for OTA detection (30 nM) against
other mycotoxins (300 nM).

The performance of our aptasensor were also compared to those of previously pro-
posed analysis methods [29-34]. Table S1 revealed that the proposed aptasensor for OTA
detection was a novel, practical, and accurate method.

4. Conclusions

In this study, a novel anti-interference aptasensor was developed for OTA detection
using 4-TEAE/Au NPs/Apt as SERS probes, and Fe304 NPs/cApt as capture probes. The
RRs (4-TEAE) possessed a strong and stable Raman scattering at 1998 cm ™!, effectively
avoiding the interference of the biomolecules in food. The specific interaction of OTA and
aptamer provided high specificity and sensitivity for aptamer biosensor. The response of
the sensor to OTA can be obtained through a miniature handheld Raman spectrometer,
which has flexible application and avoids the limitations of complex operating conditions.
Under the optimal conditions, the developed aptasensor presented a linear detection range
of 0.1-40 nM, with a LOD of 30 pM to OTA. Aside from this, the results of aptasensor for
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OTA detection in soybean, grape and milk was also tested, and satisfactory recoveries were
obtained. In summary, the anti-interference aptasensor showed great performance in OTA
detection and could be applied to enact precise detection of OTA residues in food samples.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods11213407 /s1. Additional experimental results: TEM images
and of Au NPs, 4-TEAE/Au NPs and Fe3O4 NPs; optimization of pH. The comparision of our
aptasensor with others.

Author Contributions: H.-W.: investigation; writing—original draft; formal analysis; data curation.
L.C.: investigation. M.L.: investigation. Y.S.: investigation. C.Z.: methodology; formal analysis. M.Y.:
funding acquisition; supervision; conceptualization; project administration; writing—review and
editing. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (32102088,
32172309), the Natural Science Foundation of Shandong Province (Grant No. ZR2022QB207), Sup-
ported by the Taishan Scholars Program, the Young Elite Scientist Sponsorship Program of Beijing As-
sociation for Science and Technology, the Agricultural Scientific and Technological Innovation Project
of Shandong Academy of Agricultural Sciences (CXGC2018E05, CXGC2021B14, and CXGC2022E05),
the Focus on Research and Development Plan in Shandong Province (No. 2020CXGC010804).

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Malir, F; Ostry, V.,; Pfohl-Leszkowicz, A.; Malir, J.; Toman, J. Ochratoxin A 50 Years of Research. Toxins 2016, 8, 191. [CrossRef]
[PubMed]

2. Smith, M.C.; Madec, S.; Coton, E.; Hymery, N. Natural Co-Occurrence of Mycotoxins in Foods and Feeds and Their in vitro
Combined Toxicological Effects. Toxins 2016, 8, 94. [CrossRef] [PubMed]

3. Li, P; Zhang, Z.; Hu, X.; Zhang, Q. Advanced hyphenated chromatographic-mass spectrometry in mycotoxin determination:
Current status and prospects. Mass Spectrom. Rev. 2013, 32, 420-452. [CrossRef] [PubMed]

4. Liu, B.H.; Hsu, Y.-T;; Lu, C.C; Yu, E-Y. Detecting aflatoxin Bl in foods and feeds by using sensitive rapid enzyme-linked
immunosorbent assay and gold nanoparticle immunochromatographic strip. Food Control 2013, 30, 184-189. [CrossRef]

5. Zhao, X.; Shen, H.; Huo, B.; Wang, Y.; Gao, Z. A novel bionic magnetic SERS aptasensor for the ultrasensitive detection of
Deoxynivalenol based on “dual antennae” nano-silver. Biosens. Bioelectron. 2022, 211, 114383. [CrossRef]

6.  Laing, S.; Gracie, K.; Faulds, K. Multiplex in vitro detection using SERS. Chem. Soc. Rev. 2016, 45, 1901-1918. [CrossRef]

7. Liu, Y.Q.; Zhu, W.; Hu, ].M.; Shen, A.G. Recent advances in plasmonic Prussian blue-based SERS nanotags for biological
application. Nanoscale Adv. 2021, 3, 6568-6579. [CrossRef]

8. Jiang, Y.; Sun, D.W.; Pu, H.; Wei, Q. Surface enhanced Raman spectroscopy (SERS): A novel reliable technique for rapid detection
of common harmful chemical residues. Trends Food Sci. Technol. 2018, 75, 10-22. [CrossRef]

9.  Ganbold, E.O.; Lee, CM.; Cho, EM.; Son, SJ.; Kim, S.; Joo, S.W.; Yang, S.I. Subnanomolar detection of ochratoxin A using
aptamer-attached silver nanoparticles and surface-enhanced Raman scattering. Anal. Methods 2014, 6, 3573-3577. [CrossRef]

10. Liu, J.; Hu, Y,; Zhu, G.; Zhou, X,; Jia, L.; Zhang, T. Highly sensitive detection of zearalenone in feed samples using competitive
surface-enhanced Raman scattering immunoassay. J. Agric. Food Chem. 2014, 62, 8325-8332. [CrossRef]

11.  Fang, C.; Wei, C.; Xu, M.; Yuan, Y,; Gu, R; Yao, ]J. Ni@ Au nanoparticles for surface enhanced Raman spectroscopy based
ultrasensitive magnetic immunoassay on aflatoxin B 1. RSC Adv. 2016, 6, 61325-61333. [CrossRef]

12.  Wang, Y,; Yan, B.; Chen, L. SERS tags: Novel optical nanoprobes for bioanalysis. Chen. Rev. 2013, 113, 1391-1428. [CrossRef]
[PubMed]

13.  Sun, F; Ella-Menye, J.R.; Galvan, D.D.; Bai, T.; Hung, H.C.; Chou, Y.N.; Zhang, P; Jiang, S.; Yu, Q. Stealth surface modification
of surface-enhanced Raman scattering substrates for sensitive and accurate detection in protein solutions. ACS Nano 2015,
9, 2668-2676. [CrossRef] [PubMed]

14. Hu, F; Zeng, C.; Long, R.; Miao, Y.; Wei, L.; Xu, Q.; Min, W. Supermultiplexed optical imaging and barcoding with engineered
polyynes. Nat. Methods 2018, 15, 194-200. [CrossRef] [PubMed]

15.  Wei, L.; Yu, Y,; Shen, Y.; Wang, M.C.; Min, W. Vibrational imaging of newly synthesized proteins in live cells by stimulated Raman
scattering microscopy. Proc. Natl. Acad. Sci. USA 2013, 110, 11226-11231. [CrossRef]

16.  Wei, X,; Sun, Y; Liu, C,; Li, Z.; Zou, X.; Zhang, D.; Zhang, W.; Shi, ].; Huang, X.; Li, Y. A nitrile-mediated SERS aptasensor coupled

with magnetic separation for optical interference-free detection of atrazine. Sens. Actuators B Chem. 2021, 329, 129075. [CrossRef]

96



Foods 2022, 11, 3407

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Yin, Y,; Li, Q.; Ma, S.; Liu, H.; Dong, B.; Yang, J.; Liu, D. Prussian Blue as a Highly Sensitive and Background-Free Resonant
Raman Reporter. Anal. Chem. 2017, 89, 1551-1557. [CrossRef]

Li, M.; Wang, ].Y; Chen, Q.Q.; Lin, L.H.; Radjenovic, P.; Zhang, H.; Luo, S.Y.; Tian, Z.Q.; Li, J.E. Background-Free Quantitative
Surface Enhanced Raman Spectroscopy Analysis Using Core-Shell Nanoparticles with an Inherent Internal Standard. Anal. Chem.
2019, 91, 15025-15031. [CrossRef]

Gao, X,; Yin, Y,; Wu, H.; Hao, Z,; Li, ].; Wang, S.; Liu, Y. Integrated SERS Platform for Reliable Detection and Photothermal
Elimination of Bacteria in Whole Blood Samples. Anal. Chem. 2021, 93, 1569-1577. [CrossRef]

Bi, Y; Di, H,; Zeng, E; Li, Q.; Li, W.; Yang, J.; Liu, D. Reliable Quantification of pH Variation in Live Cells Using Prussian
Blue-Caged Surface-Enhanced Raman Scattering Probes. Anal. Chem. 2020, 92, 9574-9582. [CrossRef]

Cruz-Aguado, ].A.; Penner, G. Determination of ochratoxin A with a DNA aptamer. ]. Agric. Food Chem. 2008, 56, 10456-10461.
[CrossRef] [PubMed]

Frens, G. Controlled nucleation for the regulation of the particle size in monodisperse gold suspensions. Nature 1973, 241, 20-22.
[CrossRef]

Wang, C.; Dong, X.; Liu, Q.; Wang, K. Label-free colorimetric aptasensor for sensitive detection of ochratoxin A utilizing
hybridization chain reaction. Anal. Chim. Acta 2015, 860, 83-88. [CrossRef]

Xia, X.; Wang, Y.; Yang, H.; Dong, Y.; Zhang, K; Lu, Y.; Deng, R.; He, Q. Enzyme-free amplified and ultrafast detection of aflatoxin
B1 using dual-terminal proximity aptamer probes. Food Chem. 2019, 283, 32-38. [CrossRef] [PubMed]

Zhao, X.; Wang, Y.; Li, ].; Huo, B.; Qin, Y.; Zhang, J.; Chen, M.; Peng, Y.; Bai, J.; Li, S. A fluorescence aptasensor based on controlled
zirconium-based MOFs for the highly sensitive detection of T-2 toxin. Spectrochim. Acta Part A 2021, 259, 119893. [CrossRef] [PubMed]
Tay, L.L.; Hulse, J.; Kennedy, D.; Pezacki, ].P. Surface-Enhanced Raman and Resonant Rayleigh Scatterings From Adsorbate
Saturated Nanoparticles. J. Phys. Chem. C 2010, 114, 7356-7363. [CrossRef]

Kuang, H.; Chen, W.; Xu, D.; Xu, L.; Zhu, Y.; Liu, L.; Chu, H.; Peng, C.; Xu, C.; Zhu, S. Fabricated aptamer-based electrochemical
“signal-off” sensor of ochratoxin A. Biosens. Bioelectron. 2010, 26, 710-716. [CrossRef]

Li, A; Tang, L.; Song, D.; Song, S.; Ma, W.; Xu, L.; Kuang, H.; Wu, X.; Liu, L.; Chen, X. A SERS-active sensor based on
heterogeneous gold nanostar core-silver nanoparticle satellite assemblies for ultrasensitive detection of aflatoxin B1. Nanoscale
2016, 8, 1873-1878. [CrossRef]

Kwon, Y.S.; Nguyen, V.T; Park, ].G.; Gu, M.B. Detection of iprobenfos and edifenphos using a new multi-aptasensor. Anal. Chim.
Acta 2015, 868, 60-66. [CrossRef]

Selvolini, G.; Bajan, I.; Hosu, O.; Cristea, C.; Sandulescu, R.; Marrazza, G. DNA-Based Sensor for the Detection of an Organophos-
phorus Pesticide: Profenofos. Sensors 2018, 18, 2035. [CrossRef]

Zhao, Y.; Wang, Y.; Yang, R.; Zhang, H.; Zhao, Y.; Miao, X.; Lu, L. A zero-background fluorescent aptasensor for ultrasensitive
detection of pesticides based on magnetic three-dimensional DNA walker and poly(T) -templated copper nanoparticles. Sens.
Actuators B 2021, 343, 130172. [CrossRef]

Fan, L.; Zhao, G.; Shi, H.; Liu, M.; Li, Z. A highly selective electrochemical impedance spectroscopy-based aptasensor for sensitive
detection of acetamiprid. Biosens. Bioelectron. 2013, 43, 12-18. [CrossRef] [PubMed]

Luo, Y,; Jin, Z.; Wang, J.; Ding, P.; Pei, R. The isolation of a DNA aptamer to develop a fluorescent aptasensor for the thiamethoxam
pesticide. Analyst 2021, 146, 1986-1995. [CrossRef] [PubMed]

Rapini, R.; Cincinelli, A.; Marrazza, G. Acetamiprid multidetection by disposable electrochemical DNA aptasensor. Talanta 2016,
161, 15-21. [CrossRef]

97






] foods

Article

pH-Regulated Strategy and Mechanism of Antibody
Orientation on Magnetic Beads for Improving Capture
Performance of Staphylococcus Species

uyin an 77, YIn Yan 77, )Jingwen L1 7, Ernin en -, lian on , Lulu ao - an eilnon; u -’
Fuying Kang !, Yin Yang 2%, Jingwen Li !, Erning Chen !, Tian Hong !, Lulu Zhao ! and Meihong Du 1*

Citation: Kang, F,; Yang, Y,; Li, J.;
Chen, E.; Hong, T.; Zhao, L.; Du, M.
pH-Regulated Strategy and
Mechanism of Antibody Orientation
on Magnetic Beads for Improving
Capture Performance of
Staphylococcus Species. Foods 2022, 11,
3599. https://doi.org/10.3390/
foods11223599

Academic Editor: Myunghee Kim

Received: 16 September 2022
Accepted: 9 November 2022
Published: 11 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
40/).

Institute of Analysis and Testing, Beijing Academy of Science and Technology, Beijing Center of Physical and
Chemical Analysis, Beijing 100094, China

Beijing Academy of Science and Technology, Beijing 100094, China

*  Correspondence: dumeihong@bcpca.ac.cn; Tel.: +86-010-5871-7271

1t  These authors have contributed equally to this work.

Highlights:

What are the main findings?

* An pH-regulated strategy can achieve antibody orientation on the surface of magnetic beads.

What is the implication of the main finding?

e The capture efficiency for Staphylococcus aureus of immunomagnetic beads prepared at pH 8.0
was improved.

¢ The antibody orientation mechanism was demonstrated using a quantum dots labeled antigen,
antigen-binding fragment (Fab) accessibility assay and lysine mimicking.

Abstract: Immunomagnetic beads (IMBs) have been widely used to capture and isolate target
pathogens from complex food samples. The orientation of the antibody immobilized on the surface of
magnetic beads (MBs) is closely related to the effective recognition with an antigen. We put forward
an available strategy to orient the antibody on the surface of MBs by changing the charged amino
group ratio of the reactive amino groups at optimal pH value. Quantum dots labeling antigen assay,
antigen-binding fragment (Fab) accessibility assay and lysine mimicking were used for the first
time to skillfully illustrate the antibody orientation mechanism. This revealed that the positively
charged e-NH; group of lysine on the Fc relative to the uncharged amino terminus on Fab was
preferentially adsorbed on the surface of MBs with a negatively charged group at pH 8.0, resulting in
antigen binding sites of antibody fully exposed. This study contributes to the understanding of the
antibody orientation on the surface of MBs and the potential application of IMBs in the separation
and detection of pathogenic bacteria in food samples.

Keywords: antibody orientation; pH regulation; immunomagnetic beads; foodborne pathogen;
capture efficiency

1. Introduction

Magnetic beads (MBs) have been extensively used in the fields of biosensors, biomedicine,
and biotechnology due to their unique superparamagnetic properties and basic nanostruc-
tured characteristics, such as easy functionalization and larger surface to volume ratio [1-4].
The immunomagnetic beads (IMBs) prepared by immobilizing monoclonal or polyclonal
antibodies on the surface of magnetic beads can specifically capture and separate the target
and are widely used in the fields of food, hygiene, and environment.

Many studies have reported the potential application of IMBs in the sample pretreat-
ment of the rapid detection of pathogenic bacteria [5-8]. Although the reaction system
of IMS for foodborne pathogens, such as the amount of IMBs, and immunoreaction time
has been optimized, the capture efficiency of IMBs is still low [2,3,9], and a high capture
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performance of target bacteria has become the main goal pursued by researchers [10]. It
must be said that the capture and separation efficiency of the target bacteria are closely
associated with the accessibility of the Fab of the antibody controlled by its orientation and
loading capacity [11-15]. However, the most common strategy for antibodies immobiliza-
tion is to adopt N-hydroxysuccinimide/1-ethyl-3-(3-dimethylamino) propyl carbodiimide
hydrochloride (NHS/EDC) chemistry to activate carboxyl groups on the surface of func-
tionalized solid surface for covalently crosslinking with reactive amine groups of the
antibody [16-18]. Therefore, covalent coupling strategies do not consider the orientation of
the immobilized antibody, and random immobilization of the antibody on solid surface
will occur. As a result, the antigen binding sites of the antibody will be blocked and cannot
effectively bind the target bacteria, leading to a low capture efficiency.

To date, some effective methods to orient antibodies have been developed, one of
which is crosslinking the antibody through carbohydrates groups in the Fc of the antibody
with a hydrazine surface [19-21]. Additionally, another option is to introduce protein A or
protein G, which can specifically bind to the Fc of the antibody [22-25]. Other strategies
involve the use of engineered antibodies by introducing site-specific modifications, such as
histidine tags, biotins, and click chemistry reactive groups [26-30]. All of these approaches
are based on the immobilization of the antibody through the non-antigen binding Fc region
in order to make the Fab more available for antigen recognition. However, the above
methods not only affect antibody activity, but also require the recombinant expression of
an antibody with further antibody engineering, which is a complex process or involves
expensive immobilized proteins.

It is common knowledge that the basic structure of an antibody contains Fab and Fc.
Generally, there are more basic amino acids than acidic amino acids at the Fab terminal
of the antibody, i.e., there are more amino groups at the Fab terminal. However, at the Fc
terminal of the antibody, the quantity distribution of the two amino acids is more uniform,
so the isoelectric point of the Fab terminal is slightly higher than that of the Fc terminal.
Such different pH values will lead to an inconsistent charge distribution of antibodies,
which will affect the coupling effect of antibodies. In a recent report, the surface electrical
properties of the nanomaterial and basic characteristics of the antibody, such as charge
distribution and hydrophilicity were considered to develop a simple universal method to
orient the antibody [31], suggesting that the pH value of the reaction solution can affect
the behavior of an antibody and potentially modulate the directional fixation of antibodies
on the surface of nanomaterials [15,32]. Some novel strategies have been proposed: an
antibody is first adsorbed into the nanomaterial surface through non-covalent interactions
before being coupled to the surface [33,34], which is a process easily controlled by reaction
conditions. Other researchers applied an external electric field to orient antibodies on
two-dimensional surfaces achieving more than a 100% improvement in the signal-to-
noise ratio [35], and a weak electric field in the surrounding environment can affect the
interaction between antibodies and surface-charged nanoparticles. Some studies used a
model IgG protein (PDB: 1IGY) to investigate the orientation mechanism of antibodies on
gold nanoparticles, such as surface amino acid charge distribution and the amount of acid
or alkaline amino acid in the Fab or Fc [33,36]. Because different antibody proteins contain
different amino acid sequence structures, and each amino acid has its own isoelectric point,
which means that different antibodies have different isoelectric points, a slight sequence
variation may alter the structure and electrical properties of the antibody surface [37-39],
thus immobilizing different antibodies on nanomaterials at different pH values (pH 5-8.5),
which may lead to different orientations [40,41].

Here, we extend the methodology to the orientation of Abs on the surface of carboxy-
lated magnetic beads and its new application fields in food microbiological detection. Based
on the amino terminus and lysine side chain amino groups with significantly different pKa
values [15], we propose a strategy to control antibody orientation on MBs by modulating
the degree of ionization of reactive amino groups. Firstly, the amino terminal of the Fab
(pKa = 7.5) and the amino group from the lysine side chain on the Fc (pKa = 10.0) [15]
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could be regulated with charged properties to achieve the orientation of the Fc, and then
N-hydroxysulfosuccinimide (sulfo-NHS) was used to obtain the negatively charged surface
of the carboxyl MBs based on the NHS/EDC crosslinking chemistry (Figure 1).
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Figure 1. Scheme of activation mechanism of carboxyl MBs based on NHS/EDC chemistry.

Considering the prevalence of food contaminated by Staphylococcus, we chose the anti-
Staphylococcus antibody as a representative to prepare the IMBs to validate the feasibility of
the strategy. Meanwhile, to probe the mechanism of antibody orientation, we employed a
quantum dots labeling antigen, Fab accessibility assay and lysine mimicking to indirectly
characterize the behavior of antibodies on the surface of MBs.

2. Methods/Experimental Section
2.1. Reagents, Materials, and Apparatus

Carboxyl magnetic beads and preservation solution were obtained from BioMag Sci-
entific Inc. (Wuxi, China), CdSe/ZnS quantum dots (QDs) were purchased from Xingzi
New Material Technology Development (Shanghai, China), the Staphylococcus monoclonal
antibody was obtained from LSBio Inc. (Seattle, WA, USA), goat anti-mouse IgG Fc (anti-Fc)
was obtained from ImmunoChemistry Technologies, LLC, (Bloomington, MN, USA), and
Staphylococcus enterotoxin B (SEB) was purchased from Toxin technology, Inc. (Sarasota, FL,
USA). The Micro Bicinchoninic Acid (BCA) Protein Assay Kit, Varioskan Flash Microplate
Reader, and DynaMag magnetic separator were purchased from Thermo Fisher Scientific
Inc. (Waltham, MA, USA), and the Amino Acid Assay Kit and 2-morpholinoethanesulfonic
acid monohydrate (MES) were obtained from Solarbio Science & Technology Co., Ltd.
(Beijing, China). Ultra-high temperature instantaneous sterilization milk was obtained
from a local supermarket; 1-ethyl-3-(3-dimethylamino) propyl carbodiimide hydrochlo-
ride crystalline (EDC), N-hydroxysulfosuccinimide sodium salt (sulfo-NHS), boric acid,
sodium tetraborate, N-tert-butyloxycarbonyl(BOC)-L-lysine(e-NH;-lys), and Ne-BOC-L-
lysine(«-NH;-lys) were purchased from J&K (Beijing, China); Nutrient Broth (NB) and
plate count agar (PCA) were purchased from Land Bridge Technology Co., Ltd. (Beijing,
China). S. aureus (ATCC 25923) was obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA), the Zeiss Fluorescence Microscope was purchased from Carl
Zeiss Microscopy GmbH (Jena, Germany), QB-628 Rolling Incubator was purchased from
Haimen-Kylin-Bell Lab Instruments Co., Ltd. (Nantong, China), and the Zetasizer nano ZS
was purchased from Malvern Panalytical Ltd. (Malvern, UK).
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2.2. Preparation of IMBs
2.2.1. Activation of Carboxyl MBs

Carboxyl MBs (1 mg) were added to a 2 mL low-affinity microcentrifuge tube, washed
twice with 1 mL of MEST buffer (0.1 M MES pH 6.0, 0.05% Tween20), and incubated with
10 mg EDC mixed with 10 mg sulfo-NHS (dissolved in MEST buffer) at 25 °C for 30 min.
The mixture was then separated by a magnetic separator for 1 min. The supernatant was
discarded, and the activated carboxyl magnetic beads (aMBs) were used immediately.

2.2.2. Antibody Immobilization on MBs

The aMBs (1 mg) were resuspended with 200 ug of anti-Staphylococcus antibody [7],
which was excessive compared to the previous study in this laboratory, and was dissolved
in 0.05 M phosphate-buffered saline containing 0.05% Tween20 (PBST) (pH 6.0 and 7.0) or
0.05 M borate buffer (pH 8.0, 0.05% Tween20) in advance, and then incubated for 2 h at
room temperature on a vertical rotating mixer. The activation sites on MBs were blocked
by incubation with bovine serum albumin (BSA) for 1 h. The prepared IMBs were washed
twice with PBST and stored in preservation solution at 4 °C.

2.3. Characteristics of IMBs
2.3.1. Antibody Binding Quantification

The amount of antibody was quantified by measuring the protein concentration with
the bicinchoninic acid (BCA) protein quantitation kit. Then, 150 uL of the sample and a
150 pL aliquot of the working reagent were thoroughly mixed and incubated for 2 h at 37 °C.
Absorbance at 562 nm was measured with a microplate reader to determine the protein
content based on a standard curve. The amount of antibody bound on the surface of the MBs
was calculated as the protein concentration difference before and after binding to the MBs.

2.3.2. Size Distribution and Dispersity Characteristics

IMBs and aMBs were prepared at a concentration of 0.33 mg/mL in PBST or different
pH buffers, and dispersed by sonication to evaluate the size distribution and zeta potential
using the Zetasizer nano ZS instrument. The dispersed states of MBs and IMBs at the same
concentration were observed by a fluorescence microscope with 40x objective lens. The
anti-Staphylococcus antibody was diluted to a final concentration of 60 pg/mL in PBS to
measure size distribution.

2.3.3. Capture Efficiency

One hundred micrograms of IMBs was incubated with 10* colony-forming unit (CFU) of
S. aureus in 1 mL PBST or milk, shaken on a vertical rotating mixer at room temperature for 1 h,
and then separated by a magnetic separator. The IMB-bacterial complexes and supernatant
were separately diluted to appropriate concentrations and cultured on PCA for 24 h to count
the number of bacterial colonies formed. The capture efficiency of the IMBs was equal to the
percentage of bacteria captured by IMBs relative to the total bacterial count.

2.3.4. Measurement of the Maximum Binding Capacity
The S. aureus suspension cultured overnight at 37 °C in NB was diluted in 1 mL PBST
to final concentrations of 102, 103, 104, 10°, 10° CFU/mL, and each diluted suspension was
incubated with 100 ng of IMBs at room temperature for 1 h, and then separated by a magnetic
separator. The capture efficiency of the IMBs was determined by the aforementioned method.
All used reagents, equipment and waste generated in the experiment were sterilized
by autoclaving at 120 °C for 1 h to prevent the spread of pathogens.

2.4. Mechanism of Antibody Orientation
2.4.1. Quantum Dots Labeling Antigen Assay

A QDs stock solution (80 uL, 5 mg/mL) was activated with 4 mg EDC and 2 mg sulfo-
NHS for 30 min, followed by the addition of 50 ug SEB, and then incubated in the dark for
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3 h. The unreacted SEB protein was removed from the system by cryogenic centrifugation
and washed twice with PBST. QDs and SEB conjugates were collected and resuspended in
500 uL PBST.

IMBs (50 pg) and the above functionalized QDs (20 uL) were incubated in the dark
for 30 min, and then separated by a magnetic separator. The IMB-QD complexes were
washed twice with PBST and resuspended in PBST. The obtained supernatant and IMB-QD
complexes were used in the subsequent fluorescence analysis.

Confocal fluorescence microscopy imaging was performed on a confocal laser scanning
fluorescence microscope, and the IMB-QD complexes were prepared by the aforementioned
protocol at the same concentration and measured using the same parameters (with 405 nm
of laser and 2 ps of exposure time).

The fluorescence intensity values of the above supernatant and IMB-QD complexes
were measured on a microplate reader from 400 to 600 nm with an excitation wavelength
of 340 nm.

2.4.2. Fab Accessibility Assay

A mixture of 100 ug IMBs and 10 pg anti-Fc in 200 uL. PBS was incubated at 25 °C
for 1 h, and the supernatant was collected after separation by a magnetic separator. The
amount of anti-Fc was quantified using a BCA protein quantitation kit. The amount of anti-
Fc bound to the IMBs was calculated by determining the protein concentration difference
between the initial concentration and the concentration in the supernatant according to a
standard curve.

2.4.3. Crosslinking Ratio Analysis of e-NH;-lys and «-NHj;-lys on the Surface of the MBs

The aMBs were incubated with e-NHj-lys and «-NH,-lys diluted with 0.05 M PBS
(pH 6.0 or 7.0) for 2 h, respectively. The crosslinking ratio was calculated based on the
amino acid content before and after crosslinking with MBs. The amino acid content was
quantified using an amino acid assay kit based on the principle that the amino group
of amino acids can react with indigohydrone to produce blue-violet compounds and
measured on a microplate reader at 570 nm.

3. Results and Discussion
3.1. Characterization of IMBs Properties

To investigate the effect of pH condition on antibody adsorption and orientation,
the antibody was pre-ionized at pH 6.0, 7.0, and 8.0, and coupled with MBs to produce
pH6-IMBs, pH7-IMBs and pH8-IMBs. A BCA assay was employed to analyze the antibody
binding content. The amounts of antibodies bound on the surface of MBs at pH 6.0 and
pH 7.0 were higher than the amount of antibody at pH 8.0 (Figure 2A), which is consistent
with the recommended lower pH in NHS/EDC coupling protocol. We speculated that
the surface of negatively charged carboxyl magnetic beads would adsorb more antibodies
because activated amino groups on the antibodies were positively charged below pH 7.5.
Furthermore, we analyzed the size distribution of the antibody, the MBs, and the IMBs. The
observed size distribution of IMBs was larger than that of the sum of the MB and antibody
size due to the presence of monomers (16 nm) and polymers (79 nm) of the Staphylococcus
antibody (Figure 2B,C). Finally, the dispersity of the aMBs and IMBs was characterized by
microscopy imaging and the zeta potential measurement, taking into account its influence
on the antibody binding capacity and target recognition [42]. The results show that MBs
exhibited a better dispersion and were more negatively charged compared to the IMBs due
to the antibody coating and blocking with BSA [4], while there was no significant difference
between IMBs at pH 6.0-8.0 (Figure 3, Table 1). Based on the above data of the binding
amount and dispersion of the IMBs, the higher capturing capacity of pH6-IMBs, pH7-IMBs
and pH8-IMBs on the target antigen would ideally be taken for granted, following to verify
this inference via a capture efficiency measurement.
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Figure 2. The characterization of IMBs properties. (A) Amount of antibody binding to MBs at pH 6.0,
7.0 and 8.0, (B) the size distribution assays of antibody, (C) and the size distribution assays of MBs,
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Figure 3. Microscopy images of MBs (A) pH6-IMBs (B) pH7-IMBs (C) and pH8-IMBs (D).
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Table 1. The dispersity of aMBs and IMBs.

Sample Zeta Potential (mV)
aMBs-pH6 —47.73
aMBs-pH7 —41.87
aMBs-pH8 —57.07
pH6-IMBs —15.33
pH7-IMBs —17.23
pH8-IMBs —15.83

3.2. Capture Efficiency of pH6-IMBs, pH7-IMBs and pHS-IMBs

The capture efficiency on S. aureus of pH6-IMBs, pH7-IMBs and pH8-IMBs with equal
amounts was measured in PBS or milk. The results show that the capture efficiency of
pHS8-IMBs was higher than that of pH6-IMBs or pH7-IMBs (Figure 4A). The maximum
capacity of the binding antigen of pH6-IMBs, pH7-IMBs and pH8-IMBs was 10° CFU
(Figure 4B); meanwhile, at 103-10° CFU/mL of S. aureus, pH8-IMBs have certain advantages
in capture efficiency compared to pH6-IMBs and pH7-IMBs. However, at 102 CFU/mL
of the S. aureus, the capture efficiency of pH8-IMBs was not significantly higher than that
of pH6-IMBs and pH7-IMBs as the amount of used IMBs exceeded the actual amount
needed. Furthermore, we investigated the capture efficiency of pH6-IMBs pH7-IMBs and
pHS8-IMBs with different amounts on 10° CFU/mL of S. aureus. The results show that the
capture efficiency of all the IMBs was 100% when 20 or 50 ug of IMBs were used, indicating
that the amount of used IMBs was excessive. While the amount of IMBs was reduced to
10 pg, the capture efficiency on target bacteria of pH8-IMBs was significantly higher than
that of pH6-IMBs or pH7-IMBs (Figure 4C,D). The above results show that the antibody
binding capacity of pH8-IMBs was lower, while the capture efficiency was higher than that
of pH6-IMBs or pH7-IMBs, and these differences were not related to the dispersity. We
speculate that the Fab fragment that contains the antigen binding site was in a different
exposure status at pH 6.0, 7.0, and 8.0 during antibody immobilization, and the more the
Fab fragment was exposed, the more the antigen was recognized.
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Figure 4. Capture efficiency on S. aureus of pH6-IMBs, pH7-IMBs, and pH8-IMBs. (A) The capture
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efficiency of 100 ug IMBs on S. aureus in PBS and in milk, (B) Maximum binding capacity analysis of
100 pg IMBs, (C) The capture efficiency of IMBs with 10, 20 and 50 ug on 10° CFU/mL of S. aureus,
(D) The capture efficiency of 10 pug of IMBs on 109 CFU/mL of S. aureus.

3.3. Fluorescence Analysis of Antibody Orientation on MBs

To visualize target antigen captured and determine the orientation of the antibody on
the surface of MBs, we taken an approach: antigen SEB labeled by QD (QD-SEB) bound to
the surface of IMBs to form the IMB-QD complexes by a further immune response step,
and the fluorescence intensity of IMB-QDs were analyzed after magnetic separation, which
should be related to the amount of antigen captured and exposure status of the Fab fragment
(Figure 5A). First, we measured the excitation and emission spectrum of QD-SEB conjugates
and QDs by microplate reader. After coupling with the SEB, the maximum excitation and
emission wavelength of QD-SEB complexes was slightly red-shifted compared to QDs due
to the surrounding organic layer (antigen) [43] (Figure 5E). Additionally, the fluorescence
microscopy imaging visually indicated that pH6-IMBs, pH7-IMBs and pH8-IMBs can
recognize and capture QD-SEB to form IMB-QD complexes (Figure 5B-D). The fluorescence
intensity in the supernatant (pH6-5-QD, pH7-5-QD and pH8-5-QD) was from the unbound
QD-SEB complexes after pH6-IMBs, pH7-IMBs and pH8-IMBs capture and separation.
These results show that the fluorescence intensity of pH8-IMB-QD complexes is higher
than pH6-IMB-QD or pH7-IMB-QD complexes, and that of the corresponding supernatant
is lower than that of pH6-S-QD and pH7-5-QD. The above experiments confirmed that
pHS8-IMBs possessed more exposed Fab fragments and more antigen recognition sites to
bind more antigen molecules than pH6-IMBs and pH7-IMBs (Figure 5EG).
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Figure 5. Fluorescence analysis of antibody orientation on MBs. (A) Schematic represent for flu-
orescence analysis, fluorescence microscopy images of pH6-IMB-QD (B), pH7-IMB-QD (C) and
pHS-IMB-QD (D), the excitation and emission spectra of QDs and QD-SEB complexes (E), fluores-
cence (FL) intensity analysis of QDs in the supernatant (F) and IMB-QD complexes (G).
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3.4. Fab Accessibility Analysis on IMBs

In order to obtain more direct evidence that the Fab fragment of the pH8-IMBs is more
exposed than in the pH6-IMBs or pH7-IMBs, and based on the fact that anti-Fc antibody
can specifically recognize the exposed Fc region of the IMBs, we evaluated the accessibility
of Fab on IMBs by determining the amount of anti-Fc antibody bound to IMBs. Figure 6A
reveals that higher pH values would result in fewer anti-Fc antibodies bound to IMBs,
indicating that the Fc region of the Staphylococcus antibody was more attached to the surface
of the MBs at pH 8.0. In other words, the Fab fragment of pH8-IMBs was more exposed to
the antigen, which increased the likelihood of IMBs of recognizing S. aureus, resulting in
higher capture efficiency.
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Figure 6. Mechanism of antibody orientation. (A) Amount of anti—Fc antibody bound to IMBs,
(B) The coupling ratio assay of x—NH,—lys and e ~NH,—lys at pH 6.0 and 7.0, (C) The proposed
mechanism of antibody orientation on MBs for S. aureus. Red spheres represent MBs, yellow spheres
represent S. aureus, and blue stick structures represent antibody.

3.5. Lysine Mimicking

Considering the complex microenvironment in which lysine is located, we only
chose the representative e-NH»-lys (-NHj is protected by a BOC protecting group) and
«-NHj-lys (e-NH, is protected by a BOC protecting group) to mimic the e-NH, of lysine
and the amino terminal of the antibody, respectively, in order to accurately understand
the mechanism of the oriented immobilization of antibody. We studied the coupling ratio
of aMBs with «-NH,-lys and ¢-NH,-lys at pH 6.0, 7.0 and 8.0. Although the data of the
coupling rate were not obtained due to the poor solubility of amino acids at pH 8.0, the
results also show that the coupling ratio of «-NH,-lys significantly decreased compared
to that of e-NHp-lys at a higher pH value (Figure 6B). The positively charged a-NH>-lys
and e-NHj-lys could couple with negatively charged aMBs at pH 6.0, whereas only the
positively charged ¢-NHj-lys could couple with aMBs at pH 7.0. Similarly, at pH 8.0, the
e-NH, group of lysine residues in the Fc region was more prone to being adsorbed in
aMBs relative to the amino terminus of the antibody, which contributed to the oriented
immobilization of the Fc fragment on the surface of MBs, thereby fully exposing the Fab
fragment and enabling the recognition of more antigens.
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4. Conclusions

In this study, we proposed an effective approach to control antibody orientation on
the surface of MBs by modulating the degree of ionization of reactive amino groups. The
mechanism of oriented immobilization of antibody on MBs was studied through the use
of a QDs labeled antigen, Fab accessibility assay and lysine mimicking. MBs activated
by EDC/sulfo-NHS were negatively charged and adsorbed the positively charged amino
groups of the antibody (amino terminus and e-NH, of lysine) through electrostatic interac-
tions before crosslinking with the MBs. The amino terminus of the Fab fragment and the
e-NHj; of lysine from Fc region were both positively charged at pH < 7.5, leading to the
random immobilization of the antibody on MBs. At pH > 7.5, the positively charged e-NH;
group of lysine was preferentially adsorbed on the negative surface relative to the un-
charged amino terminus, resulting in Fc-oriented immobilization and a more exposed Fab
fragment (Figure 6C). As a result, we improved the capture efficiency of IMBs on S. aureus
in PBS or milk by controlling the orientation of Staphylococcus antibodies immobilized on
MBs at pH 8.0, and higher capture efficiencies can be achieved with a lower amount of
pHS8-IMBs. This strategy would be very useful for the preparation of IMBs for effectively
capturing and separating pathogenic bacteria from a complicated food matrix with lower
cost, thereby improving specificity and sensitivity integrated with PCR, enzyme-linked
immunosorbent assay (ELISA), luminescence and electrochemistry for the detection of
trace pathogenic microorganisms.
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IMBs  immunomagnetic beads

QDs  quantum dots

EDC  N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride crystalline
Sulfo-NHS: N-hydroxysulfosuccinimide sodium salt

BCA  bicinchoninic acid

BSA  bovine serum albumin

PCA  plate count agar

NB nutrient broth

SEB  Staphylococcus enterotoxin B

BOC tert-butyloxycarbonyl

CFU  colony-forming unit

Fab antigen-binding fragment

Fc fragment crystallizable
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Abstract: Lactoferrin (Lf), as a popular nutritional fortification in dairy products, has the ability
regulate the body’s immune system and function as a broad-spectrum antibacterial, which is of
great significance to the growth and development of infants and children. Herein, an indirect
competitive enzyme-linked aptamer assay (ELAA) kit was established for rapid, sensitive, and visual
determination of Lf in dairy products. In the construction, the Lf aptamer was conjugated with
horseradish peroxidase (HRP) as the recognition probe and aptamer complementary strand (cDNA)
were anchored onto the microplate as the capture probe. The recognition probes were first mixed with
a sample solution and specifically bound with the contained Lf, then added into the microplate in
which the free recognition probes in the mixture were captured by the capture probe. After washing,
the remaining complex of cONA / Aptamer/HRP in the microplate was conducted with a chromogenic
reaction through HRP, efficiently catalyzing the substrate 3, 3,5, 5’—tetramethylbenzidine (TMB),
therefore the color shade would directly reflect Lf concentration. Under the optimization conditions, a
good linear relationship (R?, 0.9901) was obtained in the wide range of 25-500 nM with the detection
limit of 14.01 nM and a good specificity, as well as the reliable recoveries. Furthermore, the ELAA kits
achieved the Lf determination with an accuracy of 79.71~116.99% in eleven samples, which consisted
of three kinds of dairy products: including goat milk powder, cow milk powder, and nutrition drop.
Moreover, the results were also validated by the high-performance capillary electrophoresis (HPCE)
method. The ELAA kit provides a simple and convenient determination for Lf in dairy products, and
it is highly expected to be commercialized.

Keywords: aptamer; lactoferrin determination; enzyme-linked aptamer assay; colorimetric; capil-
lary electrophoresis

1. Introduction

Lactoferrin (Lf) is an iron-binding glycoprotein with a molecular weight of about
80 kDa, which is abundant in mammalian milk and plays an important role in both
innate immunity and the growth of neonates, infants and young children [1,2]. Until
now, Lf has been extensively studied and is demonstrated to have a wealth of functions
such as broad-spectrum antibacterial [3], antiviral infection [4], regulating the body’s iron
balance [5], mediating the production of bone marrow cells [6], inhibiting human tumor
cells [7], effectively treating diseases in synergy with various antibiotics and antifungal
agents [8], etc. Due to its efficacy, Lf has been one of the fastest developing nutritional
additives in recent years, and its products are increasingly used in the processing of dairy
products, especially common in milk powder which is crucial for non-breastfed neonates
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and infants [9-11]. Hence, the sensitive detection for LF is of great significance in the
fight against food adulteration and in support of market surveillance, and eventually
for ensuring its function to be available in the organism. In China, the “Food Nutrition
Fortification Use Standard (GB14880-2012)” stipulates that the maximum allowable use of
Lf in infant formula is 1.0 g/kg, while few National Standards related to Lf determination
in dairy products have been established.

The detection methods for Lf in dairy products are mainly classified as physicochem-
ical techniques, biosensor assays, and immunoassays [12]. Among the physicochemi-
cal techniques, high-performance liquid chromatography (HPLC)-derived methods have
been continuously and widely studied and applied, such as reverse-phase HPLC [13],
size exclusion-HPLC [14], HPLC-fluorescence [15], and HPLC-tandem mass spectrometry
(HPLC-MS/MS) [16]. Besides, electrophoresis methods, especially high-performance capil-
lary electrophoresis (HPCE), are also attracting considerable attention with their advantages
of high separation efficiency and fast analysis speed [17-19]. Although the physicochemical
instrumental methods are generally the traditional methodology, some aspects involv-
ing inconvenient portability, the complicated pre-treatment, requirement of expensive
instruments and professionals, sometimes negatively affect their application. Recently,
biosensing technologies such as electrochemical sensors [20,21] and the surface plasmon
resonance [22] method have been employed due to their simplicity, accuracy and sensitivity,
and practicality. For example, Ebrahimi et al. [23] constructed an electrochemical sensor
based on the Lf adsorption by the MOP self-assembled monolayer for Lf determination
in colostrum samples with a low detection limit of about 65.2 nM. These methods still
contained some shortcomings such as low throughput, poor reproducibility, and low envi-
ronmental applicability, despite the biosensors being simple and having the sensitivity to
determine Lf. The antibody-based immunoassays have been widely integrated with handy
devices, such as enzyme-linked immunosorbent assay (ELISA) [24], microfluidic chip [25],
and strips [26], but the process of antibody preparation requires animal immunization
experiments and has a long development period. Given the diverse functions of Lf and the
existing detection dilemma, it is of great significance to establish simple, convenient, and
efficient methods for Lf determination.

Recently, Qu’s group obtained an aptamer against Lf using CE-SELEX with an equilib-
rium dissociation constant (Kp) of 20.74 nM [27], which provided a basis for the establish-
ment of an aptamer biosensor for Lf determination. An Aptamer is a short single-stranded
nucleotide sequence that binds to a target molecule with high specificity and affinity,
selected from a random oligonucleotide library by systematic evolution of ligands by ex-
ponential enrichment (SELEX) [28,29]. Known as “chemical antibodies”, aptamer has the
advantages of simple preparation, stable properties, a wide range of targets, low immuno-
genicity, and easy modification compared with the antibody [30,31]. Currently, with the
advancement of aptamer screening and synthesis methods, its downstream applications
are becoming more and more extensive: such as medicine, life science, and bioanalyti-
cal science [32,33]. Among the numerous aptasensors, the horseradish peroxidase (HRP)
enzyme-linked aptamer assay (ELAA) kit [34,35], similar to the well-established and ap-
proved antibody-based ELISA kit in the market, is one of the most anticipated applications
because of its simplicity, rapidity, and visualization.

In this study, an indirect competitive ELAA kit was established for Lf determination
in dairy products. The HRP-labeled aptamers were reacted sequentially with the measured
samples and the aptamer’s complementary strand (cDNA) immobilized on the microplate
to rapidly determine Lf content through the color change based on the enzyme-catalyzed
substrate. This sequential reaction avoids excessive binding of the aptamers to cDNA,
thus ensuring full-coverage recognition of Lf. The ELAA kit presented high sensitivity
and stability in Lf determination, as well as good spiked recoveries, and was successfully
applied to the determination of Lf in thirteen samples obtained from the market. In addition,
the workflow of the ELAA kit could be accomplished through the convenient “mix-wash-
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detect” operation for an entire time within 60 min, which exhibited a certain potential as
the rapid and efficient method for Lf determination in dairy products.

2. Experimental Sections
2.1. Reagents, Materials and Instruments

Lf standards (from bovine milk), bovine serum albumin (BSA), x-lactalbumin («-
la), B-lactoglobulin (3-1g), transferrin (Tf) were purchased from Sigma-Aldrich LLC (Bei-
jing, China). Streptavidin (SA) and biotin-modified HRP were purchased from Aladdin
Reagent (Shanghai, China). The 96-well plate was purchased from Thermo Fisher Scientific
(Waltham MA, USA); single component 3, 3,5, 5’-tetramethylbenzidine (TMB), TE buffer,
PBS buffer (pH 7.2) were purchased from Solarbio Biological Technology Company (Beijing,
China). H,SO4 and Tween-20 were supported by Beijing Reagent Plant (Beijing, China).
Polyethylene glycol dodecylether (Brij 35) was purchased from Macklin Inc. (Beijing, China).
The Aptamer sequence of biotin-TGGTGCTGCCCCCCTAGTCTCCGGCTGCTTCTTGG
and its complementary chain sequence of biotin-CCAAGAAGCAGCCGGAGACTAGGGG
CAGCACCA were ordered and purified by Shanghai Sangon Biotechnology Co., Ltd.
(Shanghai, China). The capillary was obtained by Sino Sumtech (Handan, Hebei, China).

The HPCE model is WooKing HPCE512 produced by Hanon Group (Jinan, China)
and equipped with a UV detector (214 nm). The absorbance at 450 nm was measured by
a Microplate reader (Multiskan™ FC, Thermo Fisher Scientific, Waltham MA, USA). The
samples were prepared using the circular oscillator (MS 3 digital, IKA, Staufen, Germany)
and high-speed refrigerated centrifuge (Neofuge 15R, Heal Force, ShangHai, China). The
ultrapure water used throughout the experiments was purified by a Milli-Q system (Bedford
MA, USA) and had a resistivity of 18.2 M() cm. Before use, all solutions were filtered
through a 0.22 pum filter (Boston, MA, USA).

2.2. The Preparation of Capture Probe

First, SA was diluted in carbonate buffer (50 mM, pH 9.6) and 50 pL of SA solution was
added into each well of the 96-well microplate and incubated for 1 h at room temperature
which was controlled at about 25 °C by air conditioning. After that, the wells were poured
and washed three times with PBS-T buffer (1 xPBS buffer with 0.05% Tween-20) and patted
dry. To reduce non-specific adsorption, the 96-well plate was blocked by adding 300 uL
of BSA solution to the wells that were not completely coated with SA, and the wells were
blocked for 1 h. Then, the wells were washed three times with PBS-T, each time retaining
the washing solution for 1 min. As a result, the SA-modified microplate was obtained.

The biotin-modified cDNA chain was diluted with TE buffer (pH 8.0), and 50 uL
solution was added to each well of the SA-modified microplate and incubated for 10 min.
After that, the solution in the wells was poured out and washed three times with PBS-T
buffer and patted dry. The prepared capture probe was eventually stored in a refrigerator
at 4 °C for later use.

2.3. The Preparation of Recognition Probe

The SA-modified HRP (1 mg/mL) was diluted to the desired concentration using PBS
(pH 7.2), and then was mixed with biotin-labeled aptamer at a ratio of 7:3. The mixture
was added into a centrifuge tube and incubated for 30 min on a rocking bed. In the end,
the prepared recognition probe was stored in a refrigerator at 4 °C for later use.

2.4. The Operation of ELAA Kit

The recognition probes were first mixed with the Lf samples in equal volumes for
about 5 min at room temperature. Then, 100 uL of the mixture solution was loaded into each
well of the microplate to incubate with a capture probe for about 30 min. The microplate
was washed three times with PBS-T and patted dry. In subsequent steps, 100 puL of TMB
solution was separately added into each well, and after 5 min 50 pL of 2 M H,SO4 solution
was added to terminate the enzyme catalysis. The absorbances (A4sp) were scanned by a
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Premium reader, the relative Ays) was used to calculate the Lf content, which was obtained
by the formula of (A, — As)/A, where Ay represented the Aysp value of blank and Aj
represented the Ays) value of the sample.

2.5. Evaluation of Selectivity and Stability

In the selectivity assay, the concentration of Lf protein was 300 nM, and the concentra-
tion of all other proteins was 3 pM. The stability assay was verified within 15 days after
keeping the constant of capture probes and recognition probes. During the experiments,
the temperature of 25 °C and the Lf concentration of 100 nM were kept constant. The assays
were performed under optimal experimental conditions, and the final absorbance value at
450 nm was measured to evaluate the method specificity.

2.6. Treatment of Dairy Products

First, 0.05 g of powder or 0.05 mL of nutrition drops was dissolved in 1 mL of acetic
acid solution (50 mM) and mixed well. The mixture was centrifuged at 8000 r/min for
10 min. Three layers of samples were obtained after centrifugation, from top to bottom,
fat layer, clear liquid layer, and precipitation layer. The 200 uL of the clear liquid layer
was aspirated with a syringe and subsequently filtered through a 0.22 pum cellulose acetate
membrane to obtain the sample solution. The sample solution was analyzed with an
ELAA kit.

2.7. HPCE Assay

The HPCE for Lf determination was referenced by Li et al. [18]. The bare capillary
(50 um i.d.) with a total length of 32.6 cm (effective length 20.3 cm) was rinsed with 1 M
NaOH for 25 min, and water for 5 min at the first use. In the HPCE assay, the sequential
rinses for capillary were required between each run for 3 min with 1 M NaOH, water, and
running buffer solution, in which the composition was 40 mM NaH,POy, 40 mM H3POy,
and 5 mM Brij 35. The sample was injected at 0.5 psi for 20 s or the required time. The
detection wavelength was set to 214 nm. During the separation, the high voltage of 12 kV
(the inlet as the anodes) and the temperature of 22 °C were maintained.

3. Results and Discussion
3.1. Working Principle of the ELAA Kit

The working principle of the ELAA kit was illustrated in Figure 1 as follows. Initially,
the capture probe of the biotin-labeled cDNA was anchored onto the surface of both strep-
tavidin (SA)-coated and BSA pre-blocked polystyrene microplate wells through the specific
interaction between SA and biotin. The recognition probe was constructed through the
conjugation between SA-modified HRP and biotin-labeled aptamer. In the absence of Lf in
a sample, there is no binding event between the aptamer and Lf, therefore the recognition
probe would subsequently hybridize with the capture probe through the base comple-
mentary pairing between the aptamer and cDNA. After washing, the rich complexes of
aptamer /biotin-SA /HRP remained in the wells, in which numerous HRPs were available
for the added reporters of TMB to be adequately catalyzed, yielding a sharp color change
from pale to dark yellow. In the presence of Lf in the sample, the aptamer elements-affiliated
recognition probe would first target Lf analytes due to their specific recognition and high-
affinity binding, which thereby lead to a decrease in the number of unbound recognition
probes. Correspondingly, fewer complexes of aptamer/biotin-SA/HRP remained and
caused insufficient catalysis of the TMB along with the color change at different degrees,
in which color shades were negatively correlated with Lf concentrations in the sample.
The displayed ELAA kit was performed by employing a convenient “mix-wash-detect”
workflow and a sequential reaction-based indirect competition that ensured full-coverage
binding of Lf to achieve a robust determination, and reduced the feasibility of the acces-
sibility to nonspecific binding sites on the surface. The results of the yellow shade were
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directly observed by the naked eye and the absorbance (A459) was scanned by a Premium
reader, which enabled achieving semi- and quantitative determination, respectively.
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Figure 1. The construction and schematic of the ELAA kit for Lf determination.

3.2. Optimization of Experimental Conditions

The careful optimizations of a series of parameters were conducted. These optimized
conditions ensured that the final color was relatively easy to distinguish and that the rapid
and accurate determination of the Lf was fully guaranteed. First, three aspects in the
constructions of the capture probe were optimized involving the concentrations of SA
modified onto the bottoms of a microplate, the concentrations of BSA blocking solution,
and the concentrations of the cDNA. Figure 2A displayed that the SA concentration reached
10 pg/mL, and the Aysg value no longer increased with the increased concentration, but
leveled off, which the concentration then ensured that the actual SA amount coated onto
the microplate reached saturation, and was thus selected. Figure 2B showed that the
Aysp value of 0.5% BSA was fundamentally the same as that of unblocked, indicating
that the microplate was coated successfully. In addition, the Ay5p value decreased as
the BSA concentration increased, indicating that the high concentration of BSA would
instead reduce the kit’s sensitivity. The 0.5% BSA was still selected to prevent non-specific
adsorption despite its seeming inability. Similarly, the cDNA concentration of 50 nM
(Figure 2C) presented a relatively high and stable A5 value and was selected. Particularly,
the high cDNA concentration resulted in a slightly reduced A5y value, most likely due to
the mismatched binding between cDNAs.
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Figure 2. The optimizations of capture probe and recognition probe involving the concentrations
(A) of SA, the concentrations (B) of BSA blocking solution, the concentrations (C) of the cDNA, the
concentrations of SA-HRP (D) and biotin-Apt (E), as well as their incubation time (F).

Subsequently, the constructions of the recognition probe were optimized, including
the concentrations of SA-HRP and biotin-Apt, as well as their incubation time, which
determined the amount of the bound Lf and the catalyzed TMB, thereby significantly
affecting the kits analytical performance. Figure 2D showed that the Ay5y value increased
with the increasing SA-HRP concentration, in which the high concentration at the dilution
of 1:2000 and 1:3000 gave excessively high Aysg values (>3.0) that reached the higher limit
of the detector, whereas the dilution of 1:5000 presented a relatively suitable Aysy value
of 2.5 and its color was easy to distinguish with the naked eye, thereby employed in
the following experiments. As anticipated, more biotin-Apt probes could provide more
opportunities for accessibility of the cDNAs, resulting in the higher signal output of the A4s
value (Figure 2E), and the concentration from the moderate part of 200 nM was selected.
Figure 2F displayed the incubation time between SA-HRP and biotin-Apt mounted up to
30 min, the absorbance approached a relatively higher value, and in the next 30 min the
increase was only 5.4%. Thus, we chose 30 min as the optimal incubation time.

Furthermore, the procedures in the detection operation were optimized, including the
incubation buffer, the binding time of the recognition probes separately to the Lf target
and to subsequent capture probes, the added volume of TMB, and the termination time.
The results displayed that: the PBS buffer presented sufficient signal output whereas the
other three buffers did not (Figure 3A); A4sp increased obviously with the increasing two
probes’ binding time from 0-30 min, whereas in the next 30 min the increase was only
5.4% (Figure 3B); the absorbance at the binding time of 5 min decreased to a relatively low
value (Figure 3C) and then became plateau due to the high affinity between the aptamer
and Lf protein; the TMB volume of 100 pL (Figure 3D) and the termination time of 5
min guarantee the relatively suitable absorbance (Figure 3E), whereas although a longer
termination time could yield larger Aysy values, the corresponding excessively dark color
was not easily distinguished by the naked eye; thereby, these parameters were employed in
the following experiments.
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3.3. Performances of ELAA Kit

Under the optimization conditions, the sensitivity was evaluated using a standard
Lf solution of different concentrations ranging from 25 to 500 nM. As shown in Figure 4A
(insert picture), with the concentration of Lf increased, the blue color of the solution gradu-
ally becomes evidently lighter with the naked eye. However, the direct competition-based
assay displayed no significant difference in color. A good calibration curve was fitted with
a reliable correlation coefficient (R?) of 0.9901 based on the linear relationship between the
relative Aysp values (vertical coordinate) and the Lf concentration (horizontal coordinate).
Error bars were obtained based on three parallel measurements at different concentrations.
Meanwhile, the regression equation was obtained by y = 0.564x — 0.7074, along with a limit
of detection (LOD) of 14.01 nM (1.12 mg/L) based on the 30 (0 = a/k, & = 2.6345 is the
standard deviation of the blank signal, k = 0.564 is the slope of the standard curve), whereas
the direct competition-based ELAA showed a poor R? of 0.7193 and a higher LOD of 347.14
nM. Therefore, it could be concluded that the indirect competition-based ELAA kit was
capable of determining Lf quantitatively. Although the LOD was at an intermediate level
compared to other reported ELISA methods (Table S1) [26,36-38], it fully meets China’s
GB14880-2012 which shall not exceed 1.0 g/L, along with a convenience “mix-wash-detect”
operation. In addition, these ELISA methods are based on the immunoreaction between Lf

and its antibody, which are expensive reagents and complicated to prepare.
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Figure 4. The performances of ELAA kit involve sensitivity (A), specificity (** Represents a significant
difference, B), and stability (C), and the calibration curve and sensitivity in spiked matrix (D).

To verify the selectivity of the ELAA kit and prevent the occurrence of false positives,
other proteins were evaluated simultaneously by the ELAA kit, including casein accounting
for a large proportion in milk, and the main whey proteins of bovine serum albumin (BSA),
a-lactalbumin (x-la), B-lactoglobulin (3-lg), and their mixture, as well as the blank samples
as controls (CK). As shown in Figure 4B, the wells of only Lf and Lf-contained a mixture
which presented similar A5p nm values, whereas the blank sample and other individual
proteins, as well as their mixture and even with 10-fold concentration, provided higher
and similar absorbance, indicating that the ELAA kit had a good selectivity. In addition,
the specificity was also evaluated using other proteins of human lactoferrin (H-Lf) that
belong to different genera, and Transferrin (Tf) that also belongs to the transferrin family.
Figure 4B depicts that the ELAA kit presented a similar recognition to H-Lf, perhaps due to
their similar structures, as well as a high specificity in transferrin recognition. These results
all indicated that the ELAA can be used in the specific recognition and determination of Lf.

To assess the reproducibility of the ELAA kit, we performed three groups of experi-
ments including the intra-batch assay, intra-day assay, and inter-day assay. The Aysg values
were measured using three Lf standards of 60, 80, and 100 nM. The coefficient of variation
(CV) is a relative measure of dispersion and is often used as an important indicator for
reproducibility. A higher CV value means a more significant detection error and a lower
value means a more stable result. As listed in Table 1, the calculated average CVs of
intra-day, inter-day, and intra-batch assays for the ELAA kit were respectively 0.01-0.07,
demonstrating the reproducibility of the ELAA kit based on the low-value. Moreover,
the stability of the ELAA kit was verified within 14 days by utilizing the same lot of kits.
Figure 4C showed that A5 values were not significantly changed with a good relative
standard deviation (RSD) of 5.72%, indicating that the ELAA kit has good stability and can
be used to prepare kits for long-term use for a certain period of time.

Table 1. Reproducibility of the ELAA kit.

Conc. Lf Intra-Day Assay Inter-Day Assay Intra-Batch Assay
(nM) Mean ? SDP Cve« Mean SD cv Mean SD Ccv
60 1.34 0.09 0.07 1.37 0.01 0.01 1.11 0.04 0.03
80 1.04 0.01 0.01 1.16 0.04 0.03 0.92 0.03 0.03
100 0.80 0.05 0.06 0.82 0.01 0.02 0.67 0.01 0.02

2 Values represent the average of the Ays values of the parallel samples (11 = 3). P Values represent the standard
deviation of the parallel results (1 = 3). © CV = SD/mean.
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3.4. Calibration Curve and Sensitivity in Spiked Matrix

To assess the applicability and accuracy of the ELAA kit, the calibration curve and
sensitivity in the milk powder matrix were conducted. We chose one commercially available
milk powder labeled with no Lf as the blank sample that was also confirmed by using
the HPCE method (Figure 5 insert picture). The milk powder was subjected to a simple
pre-treatment. After centrifugation, the intermediate layer of liquid was removed to be used
as a matrix solution, by which the stocked solution of Lf standard was diluted to different
concentrations ranging from 25 to 500 nM. Though assessed by the ELAA kit, Figure 4D
showed that the relative Aysp values in the microwells gradually became larger as the Lf
concentration increased, and the calibration curve was obtained as y = 0.5299x — 0.6062
with the LOD of 17.08 nM (1.36 mg/kg). Furthermore, the R? in matrixes was greater than
0.99, showing good linearity in the analytical range. Such high sensitivity could determine
potential Lf content in milk powders. However, a slightly different slope between regression
equations obtained by “sample matrix” and “standard solutions” indicates a matrix effect
that can affect the results. Thus, the recovery experiment was also conducted using the
matrix calibration curve by spiking the Lf standard into milk powder before pre-treatment
to five distinct concentrations. Table 2 showed that the recovery rates of samples were
varied in the range of 95-107%, as well as their RSD values of less than 2%. The results
confirmed the reliability and accuracy of the ELAA kit to determine Lf sensitively in the
milk powder matrix.
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Figure 5. The electropherograms of different concentrations of LF standard (A) and the calibration
curve (B).

Table 2. Recovery tests in milk powder matrix using the ELAA kit.

Spiked (nM) Found (nM) Recovery (%) RSD (%)
50 53.40 106.80 1.94
100 101.90 101.90 1.41
150 142.70 95.13 1.98

3.5. Application Evaluation in Real Samples

To evaluate the actual application of the ELAA kit, we determined the Lf content in
thirteen samples that were purchased from the market and consisted of three kinds of
dairy products, including goat milk powder (G1-G6), cow milk powder (C1-C6), nutrition
drop (N-1), as well as with different Lf concentrations. Furthermore, these samples were
also subjected to the verified assay by employing the HPCE method (Figure 5), and the
CE results were regarded as the yardstick. Compared with the HPCE results (Table 3),
the eleven results in the ELAA kit showed that the Lf concentrations are fundamentally
consistent with HPCE values, along with the accuracy rates of these samples limited in the
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range of 79.71%~116.99%, as well as their RSD values of less than 3.61%. In particular, the
blank samples are all tested accurately, indicating a good performance of the ELAA kit in
real samples. There are two samples with slightly large differences in test results (138.34%
and 146.43%), which may be due to their more complex matrix composition. However, the
ELAA kit took only 60 min to accomplish analysis for all samples by only performing a
single operation, which was much shorter than that required by the HPCE of about 12 h
(including washing time) for all samples.

Table 3. Results of thirteen samples using the HPCE method and ELAA kit.

Sample Label (nM) HPCE (nM) ELAA (nM)  Accuracy (%) RSD (%)
C-1 0 0 0 100 0.03
C-2 0 0 0 100 0.39
C3 420 351.5 403.1 114.70 1.41
C-4 480 521.1 499.1 95.78 2.26
C-5 600 594.6 599.3 100.78 0.73
C-6 360 220.2 304.6 138.34 2.81
G-1 0 0 0 100 0.43
G-2 0 0 0 100 0.23
G-3 540 572.1 469.5 82.07 2.82
G-4 510 402.5 381.6 94.81 0.13
G-5 78 122.3 179.1 146.43 0.05
G-6 600 288.7 337.7 116.99 0.03
N-1 9000 8961.8 7144.0 79.71 3.61

4. Conclusions

In this study, an enzyme-linked aptamer colorimetry kit was constructed to determine
Lf in dairy products. To achieve a robust determination, the sequential reaction was em-
ployed between the recognition probes with the measured samples and subsequent capture
probes, in which the indirect competition allowed full-coverage binding of the aptamers to
Lf and avoided excessive binding. By a “mix-wash-detect” operation, the proposed ELAA
kit demonstrates low limits of detection, good stability, and specificity under the optimized
conditions, as well as a good calibration curve and high recovery rates in the spiked matrix.
Furthermore, it also achieved Lf determination in eleven samples for three kinds of dairy
products with different Lf concentrations, and the results were confirmed by the CE method
with high accuracy. In the absence of rapid and accurate analysis for Lf determination
in dairy products, our aptamer-based ELAA kit offers considerable advantages in terms
of convenience, detection speed and time (~60 min), throughput (96-wells), and cost of
analysis (~36 USD).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11233763/s1, Table S1: The comparison of ELISA and ELAA.
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Abstract: Imidacloprid is one of the most commonly used insecticides for managing pests, thus,
improving the quality and yield of vegetables. The abuse/misuse of imidacloprid contaminates
the environment and threatens human health. To reduce the risk, a colorimetric enzyme-linked
immunoassay assay (Co-ELISA) and chemiluminescence enzyme-linked immunoassay assay (Cl-
ELISA) were established to detect imidacloprid residues in vegetables. The linear range of Co-ELISA
ranged between 1.56 pg/L and 200 ug/L with a limit of detection (LOD) of 1.56 ug/L. The values
for CI-ELISA were 0.19 ug/L to 25 pug/L with an LOD of 0.19 ug/L, which are lower than those of
Co-ELISA. Fortifying Chinese cabbage, cucumber, and zucchini with imidacloprid at 10, 50, and
100 ug/L yielded recoveries between 81.7 and 117.6% for Co-ELISA and at 5, 10, and 20 ug/L yielded
recoveries range from 69.7 to 120.6% for CI-ELISA. These results indicate that CI-ELISA has a high
sensitivity and a rapid detection time, saving cost (antigen and antibody concentrations) and serving
as a more efficient model for the rapid detection of imidacloprid residue.

Keywords: imidacloprid; colorimetric assay; chemiluminescent assay; enzyme-linked immunoassay

1. Introduction

Imidacloprid (IMI), a neonicotinoid insecticide, is widely used for pest control in
agriculture, ensuring the yield and quality of vegetables [1]. Although IMI is highly efficient
for pest control, its misuse and abuse are expected to seriously threaten the ecosystem
and public health [2,3]. IMI fails to degrade completely, resulting in long persistence [4].
Long-term exposure to IMI causes neurological damage, which poses a great risk to human
health [5,6]. Hence, a sensitive analysis of IMI residues in foods is required to reduce health
and environmental risks from hazardous materials.

Many instrumental methods, such as liquid chromatography (LC) [7], liquid chromato-
graphy—tandem mass spectrometry (LC—MS/MS) [8], and gas chromatography—tandem
mass spectrometry (GC—MS/MS) [9], have been used to determine IMI residues. However,
these methods are costly, complex, and time-consuming [10]. Rapid detection methods
(such as immunoassays [11,12], aptamer methods [13], and electrochemical sensor meth-
ods [14,15]) with high sensitivity, simple operation, and low cost have been developed to
overcome the shortcomings of these methods. In immunoassays, antibodies have the prop-
erty of highly sensitive molecular recognition [16]. Enzyme-linked immunoassay (ELISA),
as one of the immunoassays for the rapid evaluation of neonicotinoid insecticides, consists
of two main formats: direct competitive ELISA (DC-ELISA) and indirect competitive ELISA
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(IC-ELISA) [17-19]. IC-ELISA is widely used to detect pesticide residues because of its
advantages, such as high sensitivity, simplicity, simple pretreatment, and high throughput
detection. For instance, Zhang et al. [20] used the colorimetric (Co) IC-ELISA method to
determine IMI residues with an LOD of 0.025 mg/L, showing high sensitivity and stability.
Yue et al. [21] also used Co-IC-ELISA to determine organophosphate pesticides in agricul-
tural products, obtaining an LOD for methyl parathion of 1.94 ng/mL. The method yielded
favorable recoveries of 84.16-106.96% at a low spiking level. Compared to colorimetric
assays, chemiluminescence, as a highly sensitive detection method, is also used to rapidly
detect IMI. For instance, Girotti et al. [22] used chemiluminescence to detect IMI in honey
using IC-ELISA. They found that the LOD was 0.11 ng/mL. Similarly, Hu et al. [23] detected
IMI based on IC-ELISA using chemiluminescence and obtained a low LOD of 0.637 ng/mL.
Colorimetric and chemiluminescent assays based on IC-ELISA have been popularly used
to detect IMI with low LOD. However, the LOD of the related IC-ELISA method can be
further improved.

To improve the LOD of IC-ELISA, this study reports colorimetric and chemilumi-
nescent IC-ELISAs for detecting IMI (Figure 1). Comparing the sensitivity, linear range,
antigen—antibody ratio, and detection time of CI-ELISA and Co-ELISA provided an ap-
proach for selecting a detection assay. Finally, different sample preparations were devel-
oped for Co-ELISA and CI-ELISA, which further improved the sensitivity and recovery of
Co-ELISA and CI-ELISA in vegetable samples, providing a reference for applying ELISAs.
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Figure 1. Illustration of the principle of Co-ELISA and CI-ELISA.

2. Materials and Methods
2.1. Chemicals and Reagents

Imidacloprid monoclonal antibody and ovalbumin-coated hapten (OVA-Hapten) were
provided by Zhejiang University (Hangzhou, China). Peroxidase-conjugated AffiniPure
goat antimouse IgG was purchased from Jackson ImmunoResearch Laboratories Inc. (West
Grove, PA, USA). Imidacloprid standard (100 mg/kg) was procured from Beijing Man-
hage Bio-Technology Co., Ltd. (Beijing, China). Acetonitrile (chromatographic grade) was
procured from Merck AG (Darmstadt, Germany). TMB (3,3’,5,5'-Tetramethylbenzidine)
single-component substrate solution, phosphate buffer saline tablets, and tris (hydrox-
ymethyl) aminomethane were secured from Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China). HRP-chemiluminescent reagents A and B were supplied by Beijing Keyue-
bio Technology Co., Ltd. (Beijing, China). Albumin (bovine serum) was obtained from
Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China). Tween 20 was acquired from
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). A 96-well opaque assay plate
was obtained from Shanghai Jing An Biological Technology Co., Ltd. (Shanghai, China).
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An immuno clear flat-bottom 96-well plate (item #439454#) was supplied by Thermo Fisher
Scientific (Pittsburgh, PA, USA).

2.2. Optimization Parameters of the Assays

The experimental parameters (concentrations of antibody and antigen, concentration
of BSA, organic solvent, and reaction time of chemiluminescence) were evaluated to im-
prove the sensitivities of the CI-ELISA. Seven different combinations of antigen—-antibody
concentrations were screened (Table 1), and the corresponding IMI calibration curves were
established to obtain the best combination of antigen—antibody concentrations. When the
RLUmax/IC50 was greater than 5 x 105, the minimum amount of antigen—antibody was
desirable. The CI-ELISA detected IMI under various concentrations of BSA (0.5, 1, 2, 3,
and 5%), implementing methanol to the final volume (1, 5, 10, 20, and 30%) in the IMI
dilution, and chemiluminescence reaction times (from 0 to 20 min). The negative well
RLU value, positive well RLU value, and N/P value (negative well RLU value/positive
well RLU value) were used as evaluation criteria in the optimization scheme to select the
best physicochemical parameters. For Co-ELISA, the optimal parameters of the Co-ELISA
protocol were screened according to the chessboard titrations, including OD = 1 and cost
savings [24]. The optimal combination was selected by comparing 32 combinations of
antigen—antibody concentrations (Table 2).

Table 1. The optimal concentrations of antigen and antibody for CI-ELISA.

OVA-Hapten Concentration

. . (mg/L)
Antibody Concentration
(mg/L) 10 5

RLUmmax/ICs0 R? RLUpmax/ICso R?

4 2.15 x 10° 0.9676 - -

2 7.56 x 10° 0.9491 - -

1 8.47 x 10° 0.9266 1.49 x 106 0.9307

0.5 4.19 x 10° 0.9582 6.24 x 10° 0.9960

0.1 - - 2.31 x 10° 0.8743

Table 2. The optimal concentrations of antigen and antibody for Co-ELISA.

OVA-Hapten Concentration

Antibody Dilution Times (mg/L)
20 10 5 2.5
2 1.8459 1.1196 0.7011 0.5497
4 1.1879 0.8834 0.6110 0.5007
8 0.7198 0.6742 0.6787 0.5687
16 0.6613 0.6390 0.5700 0.4688
32 0.4950 0.6464 0.6006 0.5197
64 0.5268 0.4675 0.5115 0.5437
128 0.3867 0.4048 0.4691 0.4861
256 0.4395 0.4617 0.5157 0.3846

2.3. Sample Preparation

Method 1: Chinese cabbage, cucumber, and zucchini (purchased from local supermar-
kets) were selected as spiked samples. IMI standard concentrations (10, 50, and 100 pg/L)
were used as fortification levels in homogenized samples (5 g) in 10 mL centrifuge tubes.
The mixtures were stirred with 5 mL of methanol with manual shaking for 10 s and then left
to extract for 30 min, followed by centrifugation at 8824 x ¢ (4 °C) for 15 min. Afterwards,
3 mL of supernatant was transferred to a 10 mL plastic centrifuge tube. Finally, 100 uL
of supernatant was transferred to a 2 mL plastic tube, and 900 pL of PBS buffer solution
(10 mM, pH = 4) was added to ensure a 10% ratio of methanol.
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Method 2: Chinese cabbage, cucumber, and zucchini squash (purchased from local
supermarkets) were selected as spiked samples. IMI standard concentrations (5, 10, and
20 ug/L) were used as spiking levels for homogenized samples (5 g) in 10 mL centrifuge
tubes. The mixtures were stirred with 5 mL of methanol with manual shaking for 10 s and
then left to extract for 30 min, followed by centrifugation at 8824 x g (4 °C) for 15 min. The
entire supernatant was transferred to a 15 mL centrifuge tube, and water was added to
adjust the volume to 10 mL. Finally, 200 uL of the supernatant was transferred to a 2 mL
plastic tube, and 800 uL of PBS buffer solution (10 mM, pH = 4) was added to ensure a 10%
ratio of methanol.

2.4. Co-ELISA Establishment

A 100 uL/well OVA-Hapten (10 mg/L) in PBS (10 mM, pH 7.4) was coated on an
immuno clear flat-bottom 96-well plate for 2 h. The plates were then washed three times
using PBST, followed by adding a BSA (300 uL/well) blocker for 1 h. After washing three
times with PBST, IMI (50 uL/well) dissolved in 10% MeOH—PBS (10 mM, pH 7.4) and
antibody (2 mg/L, 50 uL/well) diluted with tris (50 mM, pH 7.4) were added and incubated
for 2 h on a blocked plate. After washing, 100 uL/well of diluted (1/1000) goat antimouse
IgG-HRP was added. The mixtures were incubated for 1 h, followed by the addition of
TMB (100 pL/well). After incubation for 10 min, the absorbance (Ags0nm) was read with a
multifunctional microplate reader (Tecan, Salzburg, Austria). All incubations were carried
out on a thermomixer (Eppendorf, Hamburg, Germany) at 37 °C and 400 rpm, followed
by washing three times with PBST (10 mM PBS containing 0.1% Tween 20, pH 7.4) using a
DEM-3 washing machine (Tuopu, Beijing, China).

2.5. CI-ELISA Establishment

A 100 uL/well OVA-Hapten (5 mg/L) in PBS (10 mM, pH 7.4) was coated on 96-well
opaque assay plates for 2 h. The plates were then washed, followed by the addition and
incubation of BSA (300 uL/well) blocker for 1 h. After washing, analyte (50 uL/well)
dissolved in 10% MeOH—-PBS (10 mM, pH 7.4) and antibody (0.5 mg/L, 50 uL/well)
diluted with tris (50 mM, pH 7.4) were added and incubated for 2 h on a blocked plate.
After washing 3 times, 100 uL/well of diluted (1/1000) goat antimouse IgG-HRP was added.
The mixtures were incubated for 1 h, followed by the addition of HRP-chemiluminescent
reagents A and B (50 uL/well). After incubation for 3.6 min, the luminescence (total
luminescence) was read with a multifunctional microplate reader (Tecan, Salzburg, Austria).
All incubations were carried out on a thermomixer (Eppendorf, Hamburg, Germany) at
37 °C and 400 rpm, followed by washing three times with PBST (10 mM PBS containing
0.1% Tween 20, pH 7.4) using a DEM-3 washing machine (Tuopu, Beijing, China).

2.6. Calibration Curves

The calibration curve for CI-ELISA was plotted by considering IMI concentrations on
the x-axis against percent inhibition on the y-axis. The percent inhibition was calculated
using the following Equation (1) [25,26]. Similarly, the Co-ELISA was calculated using
Equation (2).

% — ( 1— RLUx—RLUpin
RLUmax—RLUpin

o ( | ODy—ODyyin
o = e —
ODmax _ODmin

In Equation (1), RLUpax and RLUy are the response without IMI and the response
value when the concentration of the standard solution is x, respectively. RLUp;p is the
response value of the blank control.

In Equation (2), ODmax and ODy are the response without IMI and the response value
when the concentration of the standard solution is x, respectively. ODpy;y, is the response
value of the blank control.

) x 100% 1)

) x 100% @)
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3. Results
3.1. Optimization Parameters of the Assays
3.1.1. Antigen and Antibody Concentrations

The parameters of the CI-ELISA protocol were optimized according to the chessboard
assay, including signal values greater than 5.0 x 10°, high RLUmax /ICso, significant pes-
ticide inhibition effects, and cost savings [24,26]. For CI-ELISA, the maximum value of
RLUmax/IC5p means a larger detection range and the highest sensitivity for chemilumines-
cence [27]. As shown in Table 1, a combination of 5 mg/L coated antigen and 0.5 mg/L
antibodies were selected in the CI-ELISA system because R? = 0.996, RLUpax 6.24 x 10°
was greater than 5.0 x 10%, and cost savings. As shown in Table 1, antibody concentrations
that are too high or too low at constant OVA-Hapten concentrations can decrease RLU and
lower sensitivity, possibly due to the hook effect [28].

For Co-ELISA, we used a chessboard assay to screen for a combination of antigen—
antibody concentrations. OD =1 is used as a target because it can save the amount of
antigen and antibody used and meet the method’s sensitivity [29,30]. A combination
with OD = 1 and the smallest antigen—antibody concentration was used as the optimized
concentration. As shown in Table 2, the higher the antigen and antibody concentrations
were, the greater the OD value. When the antigen concentration was constant, the OD value
decreased with increasing antibody dilution (antibody dilutions from 2 to 16 times); the
OD value changed without an obvious pattern with increasing antibody dilution (antibody
dilutions from 32 to 128 times). Because the concentration of antibodies is too low, the
binding rate of antibodies and antigens may be reduced. The combinations of antigens
with an antibody with OD values of approximately 1.0 were 20 mg/L with 4 mg/L and
10 mg/L with 2 mg/L, and the combination of 10 mg/L with 2 mg/L was chosen according
to cost savings.

3.1.2. Blocking Agent

As a critical step, protein antibodies or antigens are immobilized on plastic surfaces
through nonspecific binding in ELISA. Binding nonspecific proteins may lead to a decline
in sensitivity and specificity and can also produce false negative results [25]. To avoid
nonspecific binding, proteins were used to block the vacant sites in the plastic well. As
one of the most commonly used blocking agents, BSA effectively showed optimum results
in ELISA [31,32]. Therefore, BSA was chosen as the blocking solution and tested in the
0.5-5% range. According to the results (Figure 2), with increasing BSA concentration, the
RLU values of the negative wells decreased continuously. The results showed that as the
concentration of BSA increased, the excessive BSA adsorption on the plastic plates hindered
the binding of antigens and antibodies. With increasing BSA concentration, as shown in
Figure 2, the RLU values of the positive wells decreased and remained unchanged. The
results suggest that the low concentration of BSA could not wholly block the adsorption
sites of the plastic plates, which quickly produced false negatives. When the N/P value
is the maximum, its chemiluminescence value is larger, and the sensitivity is higher. A
concentration of 2% BSA was chosen as the blocking concentration.

3.1.3. Methanol

IMI solubility in water is less than that in organic solvents [33], and adding an ap-
propriate amount of organic solvent to the buffer solution assists in the dissolution of
IMI. However, an excessively high solvent content might affect the antigen-antibody reac-
tion [34]. To compare the effect of different methanol contents on CI-ELISA, PBS buffers
containing 1%, 5%, 10%, 20%, and 30% volumes of methanol were prepared to dilute the
standard solutions. The results (Figure 3) show that the RLU of the negative wells decreased
with increasing methanol volume from 5% to 30%. This indicates that a high methanol
volume affects antigen—antibody reactions. When the volume of methanol was 10%, the
chemical RLU of the positive wells was the smallest, and the value of N/P was the largest
at 4.6. The PBS buffer containing 10% methanol was selected for the CI-ELISA method
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to prepare the standard pesticide solution under the conditions of pesticide solubility,
maximum signal value, and detection sensitivity.

2:2

N/P

0.5 1 2 3 5
Concentration of BSA (%)

Figure 2. Effects of BSA on CI-ELISA. The data are averages of three replicates. P: the RLU values of
the positive wells (the concentration of IMI = 3.125 pg/L), N: the RLU values of the negative wells
(the concentration of IMI = 0).
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Figure 3. Effects of methanol on CI-ELISA. The data are averages of three replicates. P: the RLU
values of the positive wells (the concentration of IMI = 3.125 ug/L), N: the RLU values of the negative
wells (the concentration of IMI = 0).
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3.1.4. Reaction Time

The substrate action time is an important factor affecting the sensitivity of CI-ELISA.
A reaction time that is too short or too long might result in a false negative. The chemi-
luminescence dynamic curves of the 0-well plates were analyzed under three different
matrices to control the reaction time. The results (Figure 4a) showed that the RLU tended
to increase and decrease with time. The plateau stabilization period of chemilumines-
cence (1.8-5.4 min) was approximately 3.6 min. At 3.6 min, the chemiluminescence values
reached a maximum in the three matrices: cabbage 2.5 x 107, cucumber 2.0 x 107, and
zucchini 1.7 x 107.

1.6
a 28x10"- —e— Chinese cabbage b N
—e— Cucumber — T4
—— Zucchini NP
2.6x107 4
/—-—‘__\\- — 1.42
] ]
o 2.4x10 g
2 Z o3 F1.40 ;
2.2x107 4 °
a
7 =]
00 /——._\\ 1.38
7 4
1.8x10 /——-\.\ 136

0 18 36 54 72 9 108 126 144
Time (min) Time (min)

Figure 4. (a) The dynamic curve of CI-ELISA in the three tested vegetable samples from 0 to 14.4 min

with no analyte. (b) Absorbance values for optimization of reaction time (0, 5, 10, 15, and 20 min)

for Co-ELISA.

Under optimal conditions, Co-ELISA was set at 37 °C with substrate action times of
0, 5, 10, 15, and 20 min (Figure 4b). With increasing time, the OD values of the negative
and positive wells increased. At 10 min, the OD value was approximately 1.0, and the
N/P value was a maximum. Thus, 10 min was chosen as the best action time for the
TMB solution. The time of the maximum N/P value was chosen as the optimal action
time (10 min) of the TMB solution. The RLU of CI-ELISA could be measured immediately
after the addition of the HRP-chemiluminescent reagents (3.6 min), while the colorimetric
method required 10 min of reaction.

3.2. Calibration Curves

All these factors were accounted for, and the optimal conditions for CI-ELISA were
as follows: coated antigen (5 mg/L) and antibody (0.5 mg/L) produced the highest
RLUpax/ICsq ratio; 10% methanol, 2% BSA, and 3 min substrate action time were used for
CI-ELISA. Under optimal conditions, Figure 5a shows the CI-ELISA standard curve for IMI.
A calibration curve was obtained based on a similar linear section of the standard curve
(inset of Figure 5a). The limit of detection (LOD) and the sensitivity (ICsg) of CI-ELISA were
0.19 ug/L and 2.66 ug/L, respectively. Similarly, the optimal conditions for Co-ELISA were
as follows: coated antigen (10 mg/L) and antibody (2 mg/L) produced the OD = 1; 10%
methanol, 2% BSA, and 10 min substrate action time were used for Co-ELISA. Under opti-
mal conditions, Figure 5b shows the Co-ELISA standard curve for IMI. A calibration curve
was obtained based on a similar linear section of the standard curve (inset of Figure 5b).
The limit of detection (LOD) and the sensitivity (ICsp) of CI-ELISA were 1.56 ng/L and
8.15 ug/L, respectively.
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Figure 5. (a) Standard curve for the detection of IMI using CI-ELISA. (b) Standard curve for the
detection of IMI using Co-ELISA.

Figure 5 shows the Co-ELISA linearity over a wide range (1.56-200 ug/L) with
R? = 0.9893. In comparison, the CI-ELISA linearity range (0.19-25 pg/L) with R? = 0.9940
may be caused by the concentration of antigen and antibody of Co-ELISA being greater
than that of CI-ELISA. The sensitivity of CI-ELISA (IC5y = 1.56 ug/L) was greater than
that of Co-ELISA (ICsp = 8.15 pg/L), which may be due to the sensitivity of the chemilu-
minescence assay compared to that of the colorimetric assay (Table 3). From Table 3, for
Co-ELISA, the linearity (1.56-200 pg/L) was broader than that of CI-ELISA (0.19-25 ug/L),
which achieved quantitative analysis in two orders of magnitude ranges. For CI-ELISA, the
concentration of antigen and antibody was economical compared to Co-ELISA. The ICs
(1.56 ng/L) of CI-ELISA was more sensitive than the ICsy (8.15 ng/L) of Co-ELISA, which
was caused by the chemiluminescence assay being more sensitive than the colorimetric
assay. In addition, chemiluminescent assays were time-saving and efficient compared to
colorimetric assays.

Table 3. Comparison between CI-ELISA and Co-ELISA.

Parameters CI-ELISA Co-ELISA
Antigen (mg/L) 5 10
Antibody (mg/L) 0.5 2
Linearity (ng/L) 0.19-25 1.56-200
R? 0.9940 0.9893
Reaction time (min) 3.6 10
1C50 (ng/L) 1.56 8.15

3.3. Optimization of Sample Preparation

Method 1 was the sample preparation for CI-ELISA and Co-ELISA. Co-ELISA showed
good recovery, while CI-ELISA had poor recovery (26.8-237.5%) and RSD (1.4-52.7%)
(Table 4). The recovery and RSD of CI-ELISA could not meet the recovery (between 60 and
120%) and RSD (<30%), according to NY /T 788-2018 [35]. Due to the mutual solubility of
methanol and water, the proportion of methanol in the extracted supernatant could not
be determined, thereby, reducing the sensitive detection of trace IMI in CI-ELISA. Thus,
method 1 was optimized by transferring all the supernatant to a centrifuge tube, after
which water was added to fix the volume of methanol to 10 mL to ensure a constant volume
of methanol. A trace amount of IMI could be extracted completely, making CI-ELISA obtain
good recovery.
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3.4. Accuracy and Precision

The inhibition curves for IMI in Chinese cabbage, cucumber, and zucchini matrices
using Co-ELISA and CI-ELSIA are shown in Figures 6 and 7. Both Co-ELISA and CI-ELISA
achieved quantitative analysis of IMI with high sensitivity. The linearity of Co-ELISA
was observed in the range of 3.125 ug/L-100 pg/L in Chinese cabbage (R? = 0.9746),
1.56 ug/L-200 pg/L in cucumber (R2 = 0.9743), and 1.56 pg/L-200 pg/L in zucchini
(R? = 0.9756). The linearity of CI-ELISA was observed in the range of 0.39 nug/L-25 ug/L
in Chinese cabbage with a good regression coefficient (R?) of 0.9656, 1.56 g /L-50 pug/L in
cucumber (R? = 0.9577), and 0.39 ug/L-50 pg/L in zucchini (R? = 0.9873). Chinese cabbage,
cucumber, and zucchini were spiked at concentrations of 10, 50, and 100 pug/L for Co-ELISA
and concentrations of 5, 10, and 20 pg/L for CI-ELISA. The recovery was performed under
optimized conditions and compared with CI-ELISA for its performance. According to
Table 4, for Co-ELISA, the recovery of IMI in spiked samples varied from 81.7 to 117.5% in
Chinese cabbage (RSD between 5.4 and 6.9%), 79.4 to 98.2% in cucumber (RSD between
0.7 and 3.2%), and 82.5 to 117.6% in zucchini (RSD between 7.9 and 11.6%). For CI-ELISA,
recovery varied between 69.7 and 109.3% in Chinese cabbage (RSD between 1.5 and 8.1%),
74.1 and 114.1% in cucumber (RSD between 1.0 and 7.9%), and 69.9 and 120.6% in zucchini
(RSD between 5.0 and 15.0%). Comparing the two assays, Co-ELISA showed the best
recovery results, where 79.4 to 117.6% was achieved for all samples (Table 4). At a lower
concentration of 5 pug/L, CI-ELISA showed better recovery in cucumber than in Chinese
cabbage and zucchini, which could be due to matrix effects. According to China’s and the
EU’s pesticide residue limit standards, (the MRL of IMI in Chinese cabbage is 0.2 mg/kg
and that of cucumber and zucchini is 1 mg/kg, China) (the MRL of IMI in Chinese cabbage
is 0.01 mg/kg and that of cucumber is 0.5 mg/kg, EU) Co-ELISA and CI-ELISA can
meet the requirements of rapidly detecting IMI. Co-ELISA and CI-ELISA are suitable to
ensure rapid, reliable, and sensitive detection of IMI in Chinese cabbage, cucumber, and
zucchini samples.

Cucumber
Zucchini

= Chinese cabbage /‘

1.0 1

Inhibition (%)
(=3 < =2
S (=) =]

\

/A Chinese cabbage: Y=0.4622X-0.0714 R?=0.9746
Cucumber: Y=0.4176X-0.0163 R’>=0.9743
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Figure 6. Standard curve for the detection of IMI in vegetable samples (Chinese cabbage, cucumber,
and zucchini) using Co-ELISA.
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Figure 7. Standard curve for the detection of IMI in vegetable samples (Chinese cabbage, cucumber,
and zucchini) using CI-ELISA.

3.5. Comparison with Other Methods for Detecting IMI

Table 5 shows the LOD and linear range of different instruments for detecting IMIL
The LOD = 1.56 ug/L of Co-ELISA and the LOD = 0.19 ug/L of CI-ELISA were lower than
those of HPLC and HPLC—MS/MS in Table 5, which proved that Co-ELISA and CI-ELISA
were feasible. Some immunoassay methods detect IMI with significantly lower LODs than
this work and show better results. For example, Wang et al. [36] used an immunochro-
matographic method based on scandium-tetrakis (4-carboxyphenyl) porphyrin (TCPP)
metal-organic framework nanocubes to detect IMI in vegetables, and the Sc-TCPP 3D MOF
had good biocompatibility and optical properties, thus, enhancing the sensitivity of the
detection. In addition, Fernandez et al. [37] constructed an immunosensor for the detection
of IMI based on nanogold electrodes and obtained a low LOD of 22 pmol/L. Guo et al. [38]
established immunoassay based on graphene oxide (GO) and up-converting nanoparticles
(UCNPs) showed a wide detection range of 0.08-50 ng/mL to IMI. The combination of
immunoassays and nanomaterials allows for more sensitive detection.

Table 5. Comparison of instruments detecting IMI (n = 3).

Methods LOD (ug/L) Recovery (%) Sample RSD (%) Reference
HPLC—MS/MS 59 70.1-119.3 fruits 2.7-12.4 [39]
HPLC 27 88.9-93.9 juice 3.2-4.1 [40]
HPLC 10 83.3-90.8 soil 24-44 [41]
HPLC—MS/MS 2.1 85.9-103.8 vegetable 2.6-12.1 [42]
HPLC 8.53 88.9-90.2 vegetable 5.5-6.8 [43]
ITS 0.04 80.0-124.0 vegetable 0.1-2.7 [36]
ey o o W E

Co-ELISA 1.56 79.4-117.6 vegetable 0.7-11.6 This work

CI-ELISA 0.19 69.7-120.6 vegetable 1.0-15.0

ITS: immunochromatographic test strip; reprinted /adapted with permission from Refs. [36,38]. Copyright 2022, Elsevier;
reprinted /adapted with permission from Ref. [41]. Copyright 2022, IOP science; reprinted /adapted with permission
from Ref. [43]. Copyright 2022, Taylor & Francis; reprinted /adapted with permission from Chinese Refs. [39,40,42].
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4. Conclusions

Herein, Co-ELISA and CI-ELISA were developed for detecting IMI in Chinese cabbage,
cucumber, and zucchini. The recoveries ranged from 81.7 to 117.6% for Co-ELISA and 69.7
to 120.6% for CI-ELISA. The principle of detection used for both assays can also be applied
to detect IMI at a sensitive level in other vegetable samples. Co-ELISA exhibited a wide
linear range (1.56-200 pg/L) suitable for IMI testing at the microgram level. Compared
with Co-ELISA, CI-ELISA showed higher sensitivity (ICsp = 2.66 ug/L), benefiting the trace
detection level, which was one order of magnitude higher than that of Co-ELISA. CI-ELISA
is a cost-saving alternative to Co-ELSIA in terms of the amount of antigen and antibody
used and detection time. This study builds colorimetric and chemiluminescent assays
based on ELISA detection of IMI and provides the theoretical basis for selecting an optical
detection assay.
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Abstract: Food poisoning can be caused by the potato alkaloids x-solanine (SO) and «-chaconine
(CHA). Therefore, this study aimed to establish new enzyme-linked immunosorbent assays (ELISAs)
for detecting these two toxins in biological samples and potato extracts. Two antibodies that bind to
solanidine, a chemical compound found in both SO and CHA, were newly developed, and two types
of ELISAs (Sold1 ELISA and Sold2 ELISA) were constructed. We measured SO and CHA diluted in
phosphate-buffered saline (PBS), serum, and urine. The detection performance of the two ELISAs
for SO and CHA in PBS was higher than in serum and urine, and the sensitivity of Sold2 ELISA
was lower than that of Sold1 ELISA. Thus, we used these ELISAs to measure SO and CHA in potato
part extracts and found that potato sprouts contained approximately 80-fold more SO and CHA
than tubers and 8-fold more SO and CHA than peels. Although the detection sensitivity of SO and
CHA depends on the sample types, these ELISAs may be effective as future clinical and food testing
methods after further improvements.

Keywords: a-chaconine; x-solanine; enzyme-linked immunosorbent assay; food poisoning; food
testing; glycoalkaloid; laboratory medicine; potato alkaloids; solanidine

1. Introduction

a-solanine (SO) and a-chaconine (CHA) are natural toxins that are mainly produced
in potatoes in response to pest attacks [1] and comprise approximately 95% of the total
glycoalkaloid (GA) content in potatoes. The oral ingestion of these toxins often causes food
poisoning in humans [2]; according to a previous report, ingestion of more than 1 mg of
GAs per kg of body weight is toxic to humans [3]. Symptoms of GA food poisoning include
vomiting, diarrhea, cardiac dysrhythmia, and inflammation and pain in the joints [4].
Although the concentration of GAs varies among potato species, it generally ranges from
0.4 to 1000 pg/g in commercial potatoes [5]. GAs are more abundant in the peel and sprout
of potatoes than in the tuber, and light exposure and long-term storage further increase
the GA content in these parts [6-8]. Furthermore, only a few percent of these toxins are
eliminated during cooking, such as boiling or frying [7]. Given the global distribution of
potatoes, the occurrence of GA food poisoning continues to be inevitable, however, efforts
should be taken to reduce the number of fatal patients.

The development of food testing methods is important to avoid the consumption
of potatoes rich in GAs. In 1994, Stanker et al. succeeded in developing the first mono-
clonal antibody against GAs [9]. The limit of detection (LOD) for GAs measured using
an enzyme-linked immunosorbent assay (ELISA) kit constructed with this antibody was
approximately 70 ng/mL [10]. Simultaneously, the measurement of GAs in potatoes using
high-performance liquid chromatography (HPLC) was developed, and the LODs of SO
and CHA calculated using this method were 1.2 ng/mL and 1.3 ng/mL, respectively [8,11].
Recently, the detection performance of GAs in potatoes has been significantly improved
using the combination of HPLC and mass spectrometry [12]. Although several methods
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for detecting GAs in potato extracts have been reported, few studies have detected GAs in
biological samples, such as serum and urine, which is critical for diagnosing patients with
GA food poisoning. Hellends et al. were the first to successfully detect potato GAs in serum
ata LOD of 0.3 ng/mL using HPLC [13]. Mensinga et al. also used HPLC to measure the
changes in human serum GA concentrations over time, which were detectable in the range
of 0.5-50 ng/mL [14]. Despite several components in serum, HPLC can efficiently detect
GAs in serum. However, in recent years, few studies have developed an efficient detection
method for potato-derived SO and CHA in biological samples.

The effects of eating stale potatoes should not be underestimated, as there have been
some cases of deaths due to GA food poisoning [15]. However, in previous case reports,
the diagnosis of potato food poisoning was based on the fact that the patients consumed
old potatoes and suffered from clinical symptoms and not on the measurement of GAs in
their biological samples [16]. Few medical institutions diagnose potato food poisoning by
measuring GAs. As many hospitals are not equipped with HPLC or mass spectrometry in-
struments, it is difficult to effectively and rapidly measure the GA contents in the biological
samples of patients with GA food poisoning. If there is an established laboratory method
for measuring GAs in biological samples, physicians or medical practitioners can determine
whether the treatment of the patients is appropriate and whether any GAs are retained in
the body. In order to develop a laboratory method for detecting GAs, it is important to
generate antibodies that can reliably capture GAs. By using superior antibodies as reagents,
immunological assays can be constructed or incorporated into automated analyzers in
medical facilities.

In the present study, we aimed to identify new antibodies that can bind to both SO and
CHA and construct two types of ELISAs using them. Further, we evaluated the detection
performance of these ELISAs for SO and CHA in two biological samples (serum and urine)
and potato part extracts to verify their usefulness as clinical and food testing methods. We
found that although the ELISAs established in our study had low detection sensitivity for
the serum and urine samples, they can be used as clinical diagnosis methods after certain
improvements. Further, as they can efficiently measure the SO and CHO concentrations in
potato extracts, they also have the potential to be used as food testing methods.

2. Materials and Methods
2.1. Reagents

SO and CHA powders were purchased from Sigma-Aldrich Co., LLC (Tokyo, Japan).
Horseradish peroxidase (HRP)-labeled goat anti-rabbit polyclonal IgG (H + L) antibodies
were obtained from Funakoshi Co., Ltd. (Tokyo, Japan). Commercial serum and urine
samples of healthy volunteers were obtained from Cosmo Bio Co., Ltd. (Tokyo, Japan).
Bio-Safe Coomassie stain, Clarity Western ECL substrate kits, Precision Plus Protein Dual
Color Standards, Trans-Blot Transfer Packs, and 0.2 pm pore-size nitrocellulose membranes
were obtained from Bio-Rad Laboratories, Inc. (Hercules, CA, USA). A 96-well ELISA
plate H was purchased from Sumitomo Bakelite Co., Ltd. (Tokyo, Japan). An HRP label-
ing kit was obtained from Dojindo Laboratories (Kumamoto, Japan). Blocking One and
dimethyl sulfoxide (DMSO) were purchased from Nacalai Tesque, Inc (Kyoto, Japan). The
Prominence LC-2010 HPLC system and the reversed-phase chromatography (RPC) column
Shim-pack GIST C18-AQ were purchased from Shimadzu Corporation (Kyoto, Japan). Fre-
und’s complete adjuvant (FCA), Freund’s incomplete adjuvant (FIA), o-phenylenediamine
dihydrochloride (OPD) tablets, 2-mercaptoethanol (2-ME), and all other reagents were
obtained from Wako Pure Chemical Industries, Ltd. (Tokyo, Japan) and Wakenyaku Co.,
Ltd. (Kyoto, Japan).

2.2. Sample Preparation

SO and CHA powders were individually dissolved in 10% DMSO and used in subse-
quent experiments. The prepared SO and CHA solutions were diluted in 10 mM phosphate-
buffered saline (PBS, pH 7.4), serum, or urine and were used as assay samples. In addition,
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extracts from potatoes were also used as samples. Potatoes (Irish Cobbler, total 7 = 12) were
purchased from a supermarket and kept under fluorescent light (380-400 nm wavelength)
at 22 °C during the experimental period. Their components were extracted immediately
after purchase (Day 0, 1 = 4), after 30 days (Day 30, n = 4), and after 60 days (Day 60, n = 4).
The extracted parts were sprouts (Day 30 and 60), peels (Day 0, 30, and 60), and tubers (Day
0, 30, and 60). Each part was removed from the potatoes (in particular, tubers were carefully
removed within 0.5 cm from the peels), weighed, and mixed with 5 mL of 10% DMSO in
15 mL polycarbonate tubes. The parts were homogenized using a 150 Homogenizer (Fisher
Scientific Co LLC, Waltham, MA, USA) in the tubes and centrifuged at 1191 g for 30 min
at 4 °C. These supernatants were used as the assay samples and stored at —80 °C until use.
The sample preparation protocol is summarized in Figure 1.

N
Potato )
Irish Cobbler Sprout

Peel

Tuber

Cut up g Centrifuged

&
Day 0 Day 30 Day 60 Frozen

Extract

Biological samples

a-solanine or a-chaconine

Quantification of
a-solanine or a-chaconine

Figure 1. Preparation procedure for each sample. The upper figure shows the preparation process for
the potato extract samples. The lower left illustration indicates the preparation of biological samples.
Enzyme-linked immunosorbent assays (ELISAs) were conducted using these samples as shown in
the lower right image.

2.3. Development of Solanidine-Binding Antibodies

The development of antibodies that bind to SO and CHA was completely outsourced
to Carbuncle BioScienTec LLC (Kyoto, Japan). This experiment complied with the ARRIVE
guidelines (Animal Research: Reporting of In Vivo Experiments) and was approved by
the Animal Experiment Committee in Carbuncle BioScienTec LLC. Briefly, solanidine,
a chemical compound found in both SO and CHA, was conjugated with bovine serum
albumin as an immunogen. Two female rabbits (Japanese White; Nippon Institute for
Biological Science; weight, 3.0 kg) were immunized intradermally with 0.5 mg of this
immunogen (per rabbit) five times (first time: with FCA, second-fifth time: with FIA)
every two weeks. During this period, blood was collected from the ear vein one week
after immunization. To obtain the serum, all of these blood samples were left at room
temperature (22 °C) for 30 min and then centrifuged at 1191 x g for 10 min, after which the
supernatant was collected. In accordance with a previous report [17], antibody titers in
these sera were confirmed by direct ELISA. For the present study, we ensured the collection
of sufficient antibody titers, as the results of ELISA performed with 40,000-fold diluted
serum after 5 times immunization had previously shown absorbance values of 1.5-2.0 at
450 nm/630 nm wavelengths. Subsequently, blood was drawn from the carotid artery of
the rabbits under anesthesia, and 72 mL antiserum was obtained from one rabbit and 69 mL
antiserum from the other. Then, rabbit anti-solanidine polyclonal IgGs (anti-sold1 and
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anti-sold2) were purified from each of the two antisera using an agarose affinity column on
which the solanidine-ovalbumin complex was adhered to. The protein concentration of
the purified antibodies was quantified using the Lowry method [18]. The procedure for
developing these antibodies is summarized in Figure 2. The chemical structures of these
compounds were obtained from the PubChem homepage and illustrated using the Ketcher
2.7 software (EPAM Systems Inc. Newtown, PA, USA) [19,20].

solanidine

l Synthesis

N,

:j\/\jLu

solanidine - BSA

a-chaconine

—%

l Immunization

anti-sold1 anti-sold2

Figure 2. The development procedure for developing solanidine antibodies. The two illustrations
on the left show the molecular structures of a-solanine and x-chaconine. These two toxins have
the chemical structure of solanidine (the red box on the right). By immunizing two rabbits with
a complex of solanidine conjugated with bovine serum albumin (BSA) (solanidine-BSA, the blue
box on the right) as the immunogen, two kinds of polyclonal antibodies (anti-sold1 and anti-sold2)
were obtained.

2.4. SDS-PAGE and Western Blotting

The purified antibodies were detected by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) as described in a previous study [21]. The concentration of all
polyacrylamide gels was 12.5%. After SDS-PAGE, proteins were transferred to nitrocellulose
membranes using the Trans-Blot Turbo system (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). After blocking the membranes with Blocking One, they were incubated at 4 °C for
1 h with 2 pg/mL HRP-labeled goat anti-rabbit polyclonal IgG (H + L). The membranes
were then washed for 5 min thrice with 10 mM Tris-HCl buffer (pH 7.4) and 0.9% NaCl
(buffer A), twice with buffer A/0.1% Tween 20, and once with buffer A. Subsequently,
antibody-bound proteins were detected using a Chemi-Doc™ XRS plus imaging system
and Clarity Western ECL substrate (Bio-Rad Laboratories, Inc.).

2.5. Construction of Non-Competitive Direct ELISAs

Prior to ELISA construction, anti-sold1, and anti-sold2 were labeled to HRP (anti-
sold1-HRP and anti-sold2-HRP, respectively) using an HRP labeling kit-SH, according
to the manufacturer’s protocol. In accordance with a previous report [22], two kinds of
non-competitive direct ELISAs were constructed using anti-Sold1-HRP (Sold1 ELISA) and
anti-Sold2-HRP (Sold2 ELISA). Briefly, 100 pL of 75 mM carbonate buffer (pH 9.6) was
added to each well of a 96-well ELISA Plate H, followed by the addition of 25 uL of sample
solutions to the plate and then incubating the plate overnight at 4 °C. After the plate had
been washed three times with 10 mM PBS (pH 7.4) and 0.05% Tween 20 (PBS-T), 200 puL of
Blocking One was added to each well, and then the plate was incubated for 1 h at 22 °C. The
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plate was washed with PBS-T again three times, and 100 uL of 2 ug/mL anti-Sold1-HRP or
anti-Sold2-HRP diluted with Blocking One was added to each well, followed by incubating
the plate for 2 h at 22 °C. Prior to the next plate washing, a chromogenic solution was
prepared by dissolving a 5 mg OPD tablet in 10 mL of 0.1 M citrate buffer (pH 5.0). After
the plate had been washed three times with PBS-T, 5 uL of 30% H,O, was immediately
added to the 10 mL chromogenic solutions, and then 100 uL of the mixture solution was
added to each well. After 30 min of color development, the reaction was stopped by adding
100 uL of 3 N H,SOy4 to each well. The absorbance of the color reaction was measured at a
wavelength of 490 nm using a microplate reader (Bio-Rad Laboratories, Inc.). A schematic
diagram of this experiment is illustrated in Figure 3.

o-Phenylenediamine
(OPD)

Calibration curve

Anti-Sold1 g
= o, S
Anti-Sold2 — Product ry
3
S0 or CHA E
96-well plat :

-well plate S0 or CHA concentration

Non-competitive direct ELISA system

Figure 3. The design of a non-competitive direct ELISA. The left illustration shows the ELISA design
used in this study. In this ELISA, the relationship between a-solanine (SO) or x-chaconine (CHA)
concentration and the absorbance is denoted by a sigmoid curve, as depicted by the graph on the right.

2.6. HPLC Analysis

In this study, HPLC analysis was performed using the Prominence LC-2010 HPLC
system connected to a Shim-pack GIST C18-AQ column based on RPC (Shimadzu Cor-
poration, Kyoto, Japan). Analyses were performed at a room temperature of 22 °C. The
flow rate was fixed at 1.0 mL/min, and 10 mM PBS (pH 7.4) was used as the mobile phase.
The volume of all samples used for analysis was 100 uL. After sample injection into the
HPLC system, a waveform at a wavelength of 210 nm was recorded with a retention time of
30 min. After measurement, the detected waveforms were analyzed using the LabSolutions
software version 5.92 provided with the instrument. The lower areas of the waveforms
of SO and CHA were calculated using this software to create a calibration curve and to
measure the content of SO and CHA in the samples.

2.7. Statistical Analysis

All experiments except for the ones that verified the reproducibility of the ELISAs
were measured in quintuplicate, and the data are shown as the mean = standard deviation
(SD). The coefficient of variation (CV) was calculated according to the following equation:
(SD/mean) x 100%. In accordance with a previous report [23], the LOD was defined as the
mean concentration of blank samples (1 = 16) + 3SD. The recovery of SO and CHA in each
ELISA was calculated according to the following equation: recovery = [(final concentration
— initial concentration)/added concentration] x 100%. To create the calibration curve, this
formula and Spearman’s rank correlation coefficient (R-value) were calculated using the
KaleidaGraph software version 5.0.4 (Hulinks Inc., Tokyo, Japan).
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3. Results
3.1. Detection of Purified Polyclonal Antibodies

To confirm that the rabbit polyclonal antibodies were successfully purified, SDS-PAGE
and Western blotting were performed. Although the serum contained many components
(Figure 4A,B, and lane 1), only IgGs were purified by eluting the proteins bound to the
affinity column (Figure 4A,B and lane 2). To confirm that the purified protein is IgG, the
fragmentation was verified by adding 2-ME to the sample. In the sample without 2-ME,
the bands of IgG had a molecular weight of 150 kDa (Figure 4C,D and lanes 3-7); however,
in the sample with 2-ME, the bands disappeared, and fragmentation was confirmed by
SDS-PAGE and Western blotting (Figure 4C,D and lanes 1-2). We succeeded in purifying
anti-sold1 and anti-sold2 and thus proceeded to construct the ELISAs.
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Figure 4. The detection of purified antibodies. (A,B) The results of sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) showing the serum components and antibodies.
Lanes 1 and 2 show the bands of serum components and purified antibodies, respectively, (red and
blue arrows) obtained from two different rabbits. (C,D) The results of SDS-PAGE (left panel) and
Western blotting (right panel) showing the bands of antibodies with/without 2-mercaptoethanol
(2-ME). Lanes 1 and 2 show the bands of purified antibodies with 2-ME obtained from the two
different rabbits. Lanes 3-7 show the bands of purified antibodies without 2-ME obtained from the
two different rabbits. Lane M in all the pictures indicates a protein marker, and the numbers on the
left side of the lane represent the molecular weight (kDa) of each component. The SDS-PAGE results
depicted in panels C and D were photographed with a digital camera, and those depicted in the other
panels were captured using a ChemiDoc™ XRS plus imaging system (Bio-Rad Laboratories Inc.).

3.2. Construction of Two ELISAs to Detect SO and CHA

Two non-competitive direct ELISAs were constructed using anti-sold1 and anti-sold2.
When the seven two-fold serial dilutions with PBS were measured, Sold1 ELISA showed
good calibration curves for SO and CHA in the concentration range of 1.56-100 ng/mL
(Figure 5A,C), whereas Sold2 ELISA was able to make calibration curves in the concentra-
tion range of 3.12-100 ng/mL (Figure 5B,D). The calculated LODs of SO had better values
in the Sold1 ELISA (1.38 ng/mL) than in the Sold2 ELISA (2.95 ng/mL) (Tables 1 and 2).
Similarly, the LODs of CHA were better in the Sold1 ELISA (1.08 ng/mL) than in the Sold2
ELISA (2.76 ng/mL) (Tables 1 and 2). Furthermore, the detection sensitivity of CHA was
slightly higher than that of SO in both of the ELISAs.
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Figure 5. The calibration curves of each ELISA using serial dilutions of the SO and CHA in 10 mm
phosphate-buffered saline (PBS, pH 7.4). The blank-subtracted absorbance mean (black circles) + SD
(error bars) values were plotted against SO (A,B) and CHA (C,D) concentrations to construct the
calibration curves of Sold1 ELISA (A,C) and Sold2 ELISA (B,D). In each graph, the x-axis indicates the
SO or CHA concentrations (ng/mL) and the y-axis indicates their absorbance at 490 nm. The samples
for all ELISAs were seven two-fold serial dilutions of the SO and CHA standard (1.56-100 ng/mL),
using PBS as the diluent and blank. The calibration curves were graphed, and the formula and

R-value were calculated using the KaleidaGraph software.

Table 1. The detection performance of Sold1 ELISA based on its calibration curves obtained using

PBS serial dilutions.

100 50 10 100 50 10
SOId1ELISA  (\o/mL) (ng/mL) (ng/mL) SOId1ELISA  (\o/mL) (ng/ml) (ng/mL)
Mean (ng/mL) 98.49 51.74 10.89 Mean (ng/mL) 101.70 52.76 9.64
. SD 5.58 4.50 1.72 . SD 5.62 3.45 1.32
81913]511 CV (%) 5.66 8.70 15.80 Cllfﬁsm CV (%) 553 6.55 1371
Recovery (%) 97.46 95.20 89.20 Recovery (%) 105.28 101.58 98.20
LOD (ng/mL) 1.38 LOD (ng/mL) 1.08
Mean (ng/mL) 196.95 102.38 Mean (ng/mL) 208.83 114.44
SO in SD 16.85 14.30 CHA in SD 15.29 14.27
serum CV (%) 8.55 13.96 serum CV (%) 7.32 12.47
Recovery (%) 122.18 119.82 Recovery (%) 120.52 126.84
Mean (ng/mL) 60.73 22.16 Mean (ng/mL) 78.53 39.85
SO in SD 5.14 3.77 CHA in SD 4.66 5.08
urine CV (%) 8.47 17.03 urine CV (%) 5.93 12.74
Recovery (%) 78.26 68.56 Recovery (%) 84.18 81.65

Sixteen equivalent samples were used for each measurement condition.
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Table 2. The detection performance of Sold2 ELISA based on its calibration curves obtained using

PBS serial dilutions.

100 50 10 100 50 10
Sold2ELISA (1) (ag/ml)  (ng/ml) Sold2ELISA (/1) (ng/ml)  (ng/ml)
Mean (ng/mL) 101.01 49.23 8.14 Mean (ng/mL) 100.89 51.45 9.67
. SD 4.88 4.55 2.36 . SD 3.63 4.22 1.88
Sl%g‘ CV (%) 483 9.24 28.96 CI;{;SI“ CV (%) 3.60 8.21 19.48
Recovery (%) 102.25 97.68 90.18 Recovery (%) 101.95 104.25 96.42
LOD (ng/mL) 2.95 LOD (ng/mL) 2.76
Mean (ng/mL) 146.98 84.44 Mean (ng/mL) 162.35 90.88
SO in SD 12.63 13.26 CHA in SD 12.47 11.70
serum CV (%) 8.59 15.71 serum CV (%) 7.68 12.88
Recovery (%) 114.56 125.82 Recovery (%) 120.88 129.27
Mean (ng/mL) 50.79 19.11 Mean (ng/mL) 57.01 26.87
SO in SD 4.54 3.65 CHA in SD 4.47 4.76
urine CV (%) 8.95 19.11 urine CV (%) 7.83 17.71
Recovery (%) 77.25 68.28 Recovery (%) 78.82 77.16

Sixteen equivalent samples were used for each measurement condition.

3.3. Verification of the Repeatability of Sold1 ELISA

To evaluate the repeatability of Sold1 ELISA, 16 samples each of SO and CHA diluted
to 10 ng/mL, 50 ng/mL, and 100 ng/mL with PBS, serum, and urine as solvents were
measured. When the SO and CHA samples diluted in PBS were measured, Sold1 ELISA
showed excellent CV and simultaneous repeatability (Figure 6A,D and Table 1). However,
a non-specific chromogenic reaction was observed in the samples in which SO and CHA
were diluted with serum, and the 10 ng/mL samples could not be measured, whereas the
calculated concentrations of the 50 ng/mL and 100 ng/mL samples were approximately
2-fold higher than the actual concentrations (Figure 6B,E and Table 1). Then, the same
serum samples were deproteinized by adding 10% trichloroacetic acid, after which they
were measured by ELISA. Although the non-specific reaction was suppressed by the depro-
teinization treatment of the serum, the coloration itself was hardly observed. Furthermore,
the chromogenic reaction was suppressed in the samples in which SO and CHA were
diluted in urine. The 10 ng/mL samples could not be measured, whereas the 50 ng/mL
and 100 ng/mL samples showed somewhat lower values than their actual concentrations
(Figure 6C,F and Table 1).
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Figure 6. The repeatability of Sold1 ELISA for measuring SO and CHA concentrations in different
biological matrices. The Sold1 ELISA was used to simultaneously measure 16 samples of SO (A-C)
and CHA (D-F), each at concentrations of 10 ng/mL (PBS only), 50 ng/mL, and 100 ng/mL in
different biological matrices (PBS: circles, serum: squares, and urine: diamonds). Columns indicate
the detection of SO and CHA in PBS (A,D), serum (B,E), and urine (CF). In the graphs, the x-
axis indicates the actual concentrations (ng/mL) of the samples prepared by dissolving SO and
CHA powders in these matrices and the y-axis indicates the SO and CHA concentrations (ng/mL)
calculated from the Sold1 ELISA calibration curves (Figure 5A,C). The dotted lines indicate the
average of the measurements.

3.4. Verification of the Repeatability of Sold2 ELISA

The repeatability of Sold2 ELISA was investigated using the same procedure as for
Sold1 ELISA. The concentrations of SO and CHA diluted in PBS were accurately measured
with only small variations (Figure 7A,D and Table 2). Slightly nonspecific chromogenic
reactions were observed in the samples of SO and CHA diluted with serum, with 10 ng/mL
not being measurable and 50 ng/mL and 100 ng/mL calculated to concentrations about
1.5 times higher than the actual concentrations (Figure 7B,E and Table 2). The chromogenic
reaction was inhibited in the samples of SO and CHA diluted in urine, with 10 ng/mL not
being measurable and 50 ng/mL and 100 ng/mL calculated to be about half the actual
concentration (Figure 7C,F and Table 2).
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Figure 7. The repeatability of Sold2 ELISA for measuring the SO and CHA concentrations in different
biological matrices. Sold2 ELISA was used for measuring 16 equivalent SO (A-C) and CHA (D-F)
samples with concentrations of 10 ng/mL (PBS only), 50 ng/mL, and 100 ng/mL in different biological
matrices (PBS: circles, serum: squares, and urine: diamonds). Columns indicate the detection of
SO and CHA in PBS (A,D), serum (B,E), and urine (C,F). In the graphs, the x-axis indicates the
actual concentrations (ng/mL) of the samples prepared by dissolving SO and CHA powders in these
matrices and the y-axis indicates the SO and CHA concentration (ng/mL) calculated by Sold2 ELISA
calibration curves (Figure 5B,D). The dotted lines indicate the average of the measurements.

3.5. Reconstruction of Sold1 ELISA Calibration Curves Using the Dilution Series of SO and CHA
in Serum and Urine

To correctly measure the SO and CHA concentrations in the serum and urine, Sold1
ELISA calibration curves were newly constructed from the measurement results of the seven
two-fold dilution series (12.5-800 ng/mL) using serum and urine as their solvents. Good
calibration curves of SO and CHA diluted in serum could be made in the concentration
range of 25-800 ng/mL (Figure 8A,B). The LOD of SO in serum was 15.25 ng/mL, whereas
that of CHA in serum was 13.48 ng/mL (Table 3). Meanwhile, calibration curves of SO and
CHA diluted in urine could be constructed in the concentration range of 50-800 ng/mL
(Figure 8C,D). The LOD of SO in urine was 30.28 ng/mL, whereas that of CHA in urine
was 27.92 ng/mL (Table 3). Based on these calibration curves, 16 samples of 100 ng/mL
SO and CHA diluted in serum were re-measured, and the simultaneous repeatability
was improved (Figure 8E and Table 3). The repeatability of simultaneous measurements
was also improved when 16 samples of 100 ng/mL SO and CHA diluted in urine were
re-measured (Figure 8F and Table 3).
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Figure 8. Reconstruction of the calibration curves to improve the accuracy of SO and CHA quan-
tification in serum and urine by Sold1 ELISA. To adjust for the interfering substances present in
serum and urine, new calibration curves were constructed for serum (A,B) and urine (C,D), based
on seven serial two-fold dilutions of SO and CHA (12.5-800 ng/mL), using each biological matrix
type as the diluent and blank. The blank-subtracted absorbance mean (black circles) & SD (error
bars) values were plotted against SO (A,C) and CHA (B,D) concentrations to construct the calibration
curves by Sold1 ELISA. In each graph, the x-axis indicates the SO and CHA concentrations (ng/mL)
and the y-axis indicates their absorbance at 490 nm. The calibration curves were graphed, and the
formula and R-value were calculated using the KaleidaGraph software. The repeatability of SO and
CHA quantification in serum (E) and urine (F) was re-evaluated using the new calibration curves,
via 16 simultaneous measurements of SO and CHA in these biological matrices (serum: squares,
urine: diamonds). In the graphs, the x-axis indicates the actual concentrations (100 ng/mL) prepared
by the SO and CHA powders diluted in these matrices, and the y-axis indicates the SO and CHA
concentrations (ng/mL) calculated by Sold1 ELISA reconstructed calibration curves (A-D). The
dotted lines indicate the average of the measurements.
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Table 3. The detection performance of ELISAs based on the corrected calibration curves obtained
using the serum and urine serial dilution measurements.

Sold1 ELISA 100 (ng/mL) Sold2 ELISA 100 (ng/mL)
Mean (ng/mL) 98.48 Mean (ng/mL) 96.55
SD 8.42 SD 8.62
SO in serum CV (%) 8.55 CV (%) 8.92
Recovery (%) 96.58 Recovery (%) 94.15
LOD (ng/mL) 15.25 LOD (ng/mL) 19.41
Mean (ng/mL) 93.59 Mean (ng/mL) 102.20
SD 8.65 SD 9.43
SO in urine CV (%) 9.24 CV (%) 9.23
Recovery (%) 90.88 Recovery (%) 105.64
LOD (ng/mL) 30.28 LOD (ng/mL) 45.16
Mean (ng/mL) 103.60 Mean (ng/mL) 98.97
SD 8.50 SD 9.29
CHA in serum CV (%) 8.20 CV (%) 9.38
Recovery (%) 106.62 Recovery (%) 96.67
LOD (ng/mL) 13.48 LOD (ng/mL) 16.92
Mean (ng/mL) 102.02 Mean (ng/mL) 103.69
SD 7.97 SD 8.22
CHA in urine CV (%) 7.81 CV (%) 7.93
Recovery (%) 105.74 Recovery (%) 106.58
LOD (ng/mL) 27.92 LOD (ng/mL) 38.15

3.6. Reconstruction of Sold2 ELISA Calibration Curves Using the Dilution Series of SO and CHA
in Serum and Urine

Similarly, the Sold2 ELISA calibration curves for serum and urine were re-created
and verified for simultaneous repeatability. Sold2 ELISA was able to construct calibration
curves for SO and CHA diluted in serum in the concentration range of 25-800 ng/mL
(Figure 9A,B). The LOD of SO in serum was 19.41 ng/mL, while that of CHA in serum
was 16.92 ng/mL (Table 3). Further, the urinary SO and CHA could be measured in
the concentration range of 50-800 ng/mL (Figure 9C,D). The LOD of SO in urine was
45.16 ng/mL, whereas that of CHA in urine was 38.15 ng/mL (Table 3). Based on these
calibration curves, the simultaneous measurement of 16 samples of 100 ng/mL SO and
CHA diluted in serum and urine greatly improved (Figure 9D,E and Table 3).

3.7. Construction of Calibration Curve for Simultaneous Measurement of SO and CHA

We examined whether it is possible to simultaneously measure both SO and CHA in
each solvent. Good calibration curves could be drawn for SO and CHA samples diluted
in PBS in the concentration range of 1.56-100 ng/mL in Sold1 ELISA and 3.12-100 ng/mL
in Sold2 ELISA (Figure 10A,D). However, for the samples containing both SO and CHA
diluted in serum, calibration curves could be constructed in the concentration range of
25-800 ng/mL in the two ELISAs (Figure 10B,E). Similarly, for urine samples contain-
ing both SO and CHA, calibration curves could be made in the concentration range of
50-800 ng/mL in the two ELISAs (Figure 10C,F).
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Figure 9. Reconstruction of calibration curves to improve the accuracy of SO and CHA quantification
in serum and urine by Sold2 ELISA. To adjust for the interfering substances present in serum and
urine, new calibration curves were constructed for serum (A,B) and urine (C,D), based on seven serial
two-fold dilutions of SO and CHA (12.5-800 ng/mL), using each biological matrix type as the diluent
and blank. The blank-subtracted absorbance mean (black circles) 4= SD (error bars) values were plotted
against SO (A,C) and CHA (B,D) concentrations to construct calibration curves by Sold2 ELISA. In
each graph, the x-axis indicates the SO and CHA concentration (ng/mL) and the y-axis indicates
their absorbance at 490 nm. The calibration curves were graphed, and the formula and R-value
were calculated using the KaleidaGraph software. The repeatability of SO and CHA quantification
in serum (E) and urine (F) was re-evaluated using the new calibration curves, via 16 simultaneous
measurements of SO and CHA in these biological matrices (serum: squares, urine: diamonds). In
the graph, the x-axis indicates the actual concentrations (100 ng/mL) prepared by diluting SO and
CHA powders in these matrices, and the y-axis indicates the SO and CHA concentrations (ng/mL)
calculated by Sold2 ELISA reconstructed calibration curves (A-D). The dotted lines indicate the
average of the measurements.
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Figure 10. Calibration curves of each ELISA using serial dilutions with equal concentrations of the SO
and CHA mixture in each matrix. The blank-subtracted absorbance mean (black circles) + SD (error
bars) values were plotted against SO and CHA mixture concentration to construct calibration curves
by Sold1 ELISA (A-C) and Sold2 ELISA (D-F). In each graph, the x-axis indicates the SO and CHA
concentration (ng/mL) in each mixture (e.g., “100” on the x-axis means that both the SO and CHA
concentrations were 100 ng/mL in the mixture), whereas the y-axis indicates absorbance at 490 nm.
The samples for all ELISAs were seven two-fold serial dilutions of the SO and CHA mixture standard,
using PBS (1.56-100 ng/mL, A,D), serum (12.5-800 ng/mL, B,E), and urine (12.5-800 ng/mL, C,F)
as the diluent and blank. The calibration curves were graphed, and the formula and R-value were
calculated using the KaleidaGraph software. SO + CHA; SO and CHA were in equal concentrations
in the mixture.

3.8. Detection Performance of SO and CHA in Potato Extracts

The concentration of SO and CHA in each part of the potato was determined using
ELISAs. In potato tubers, the SO and CHA content increased about 1.6- to 1.8-fold from
Day 0 to Day 60 (Figure 11A,D). SO and CHA was detected in the peel extracts at about
180 ng/mL on Day 0 and increased to more than two-fold (~400 ng/mL) on Day 60
(Figure 11B,E). However, SO and CHA were detected in the extract of sprouts at about
3000 ng/mL on Day 30, and the same or higher levels of both chemicals were found on Day
60 (Figure 11C,F). In addition, no color development was observed in the samples prepared
with distilled water at concentrations of 800 ng/mL of starch, pectin, glucose, and fructose,
which are nutrients that are abundant in potatoes.
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Figure 11. Quantification of SO and CHA concentrations in potato extracts using ELISA. Irish Cobbler
potatoes (1 = 4 on each Day) were used to prepare the extracts of each potato part. After measuring
the concentrations of SO and CHA in each part extract, based on calibration curves constructed by
PBS serial dilutions (Figure 10A,D), the content was calculated by multiplying their weights. The SO
and CHA concentrations (1g/g) in tuber (A,D, circle), peel (B,E, square), and sprout (C,F, diamond),
as calculated by Sold1 ELISA (A-C, red) and Sold2 ELISA (D-F, blue). In each graph, the x-axis
indicates the elapsed period since potato purchase (Day 0, 30, and 60) and the y-axis indicates the
content in each part (1g/g). The dotted lines indicate the average of the measurements.

3.9. HPLC Analysis of SO and CHA in Potato Extracts

Finally, the concentration of SO and CHA in each part of the potato was analyzed by
HPLC. When the mixture of SO and CHA dissolved in PBS was analyzed, their main wave-
forms were detected at a retention time of 4-6 min (Figure 12A). By using the relationship
between the concentrations of SO and CHA in PBS and the area under the waveform at
this retention time, a good calibration curve could be drawn in the concentration range of
12.5-800 ng/mL (Figure 12B). However, when the extracts from each potato part were mea-
sured with HPLC, no clear waveforms could be detected using a retention time of 4-6 min
(Figure 12C-E). Therefore, the waveforms that were barely detected during this time period
were used to calculate the SO and CHA contents of each potato part. Differences in the
results between the ELISA and HPLC analyses of the SO and CHA calculated content for
the same potato (1 = 4) parts on Day 60 are shown in Table 4.
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Figure 12. HPLC analysis of SO and CHA in PBS and potato extracts. A 200 ng/mL SO and CHA
mixture diluted in PBS were analyzed by HPLC (A). The x-axis shows the retention time (min), and
the y-axis shows the absorbance (mAu) at 210 nm. The waveforms at a retention time of 4-6 min
(surrounded by red dotted lines) were determined to reflect mainly SO and CHA in solution. A
calibration curve of HPLC using serial dilutions of equal concentrations of SO and CHA mixture
in PBS (B). The calculated area’s mean (black circles) & SD (error bars) values were plotted against
SO and CHA mixture concentration to construct calibration curves by HPLC. The x-axis indicates
the SO and CHA concentrations (ng/mL) in PBS, whereas the y-axis indicates the calculated areas
under the waveform at a retention time of 4-6 min. The samples for HPLC analysis were 7 two-fold
serial dilutions of the SO and CHA mixture standard using PBS (12.5-800 ng/mL). The calibration
curve was graphed, and the formula and R-value were calculated using the KaleidaGraph software.
The tuber (C), peel (D), and sprout (E) extracts derived from Irish Cobbler potatoes on Day 60 were
analyzed by this HPLC. The x-axis shows the retention time (min), and the y-axis shows absorbance
(mAu) at 210 nm. Retention times of 4-6 min, where SO and CHA are expected to be mainly detected,
are delimited by red dotted lines. The area under the waveform detected in this range was matched
with the calibration curve (B), and the calculated SO and CHA contents (u1g/g) are shown in Table 4.
SO + CHA, SO, and CHA are in equal concentrations in the mixture.
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Table 4. Differences between ELISA and HPLC analyses of the SO and CHA calculated content of the
same potato parts on Day 60.

Calculated Content (ug/g) Using Sold1 ELISA

n=4) Tuber Peel Sprout
Potato No.1 22.04 389.0 1892
on No.2 63.28 510.2 3868
Dav 60 No.3 48.20 327.1 5423
¥ No.4 28.68 4124 4038

Calculated Content (ug/g) Using Sold2 ELISA

(n=4) Tuber Peel Sprout
Potato No.1 15.68 365.1 1538
on No.2 30.28 478.4 3102
Dav 60 No.3 26.22 288.0 4348
Y No.4 12.25 432.8 4212

Calculated Content (ug/g) Using HPLC

n=4) Tuber Peel Sprout
Potato No.1 8.27 170.3 1065
on No.2 13.95 209.8 1982
Dav 60 No.3 10.16 152.7 2643
v No.4 8.66 202.0 2129

4. Discussion

Here, we successfully developed two new polyclonal antibodies that can bind to both
SO and CHA and constructed two ELISA systems based on these antibodies. Although
these antibodies are currently owned only by us, they can be produced by any institute
by immunizing rabbits with the solanidine-BSA complex shown in Figure 2. Moreover,
the immunization of mice with this solanidine-BSA complex may allow for the creation of
monoclonal antibodies with better sensitivity and specificity for the detection of SO and
CHA. Thus, our results provide essential information for all scientists involved in potato
food poisoning research.

As potatoes contain both SO and CHA, developing antibodies that can bind to both SO
and CHA would be the best way to construct an ELISA to detect them. Therefore, we aimed
to establish antibodies that can recognize a part of solanidine, a chemical structure shared
by SO and CHA, as epitopes. However, the molecular weight of solanidine is considerably
low (400 Da), and the epitopes to which antibodies can bind are extremely limited. Since
anti-sold1 and anti-sold2 in this study probably recognized almost the same epitope, we
determined that it would be difficult to construct an analytical method using two different
antibodies that recognize different epitopes, such as a sandwich ELISA system. Thus, we
established non-competitive direct ELISA systems using anti-sold1 and anti-sold2. Both
the ELISAs in our study were more sensitive to CHA than to SO, and the Sold1 ELISA
appeared to have better detection performance than the Sold2 ELISA.

The constructed ELISAs in this study are comparable to the existing assays in terms
of their ability to detect SO and CHA diluted in buffer solution. Our ELISA systems
are about 20 times more sensitive in terms of LODs than previous ELISA kits that use
monoclonal antibodies [10]. In particular, the LODs measuring SO and CHA in PBS by
Sold1 ELISA are comparable to the results of previous HPLC analyses [8,11]. Although
the Sold1 ELISA is not as sensitive as the combination of HPLC and mass spectrometry
for SO and CHA [12], our ELISAs were good assays in terms of accuracy and precision, at
least for the measurement of these chemicals diluted in PBS. Unfortunately, the sensitivity
of our ELISA for SO and CHA in serum was low. A previous study reported an HPLC
assay system that measured GAs (SO and CHA) in serum at a LOD of 0.3 ng/mL [13],
which is about 15 times more sensitive than our ELISAs. In the same report, the peak

153



Foods 2023, 12, 1621

serum concentrations after the ingestion of SO at 0.41 mg/kg body weight and CHA at
0.59 mg/kg body weight were 8 ng/mL and 14 ng/mL, respectively [13], which cannot
be measured by our ELISAs. Thus, the detection performance of SO and CHA in serum
needs to be improved in the future. In our experiment, when serum was used as the matrix,
the blank containing only serum without SO or CHA showed higher absorbance, which
may have contributed to the overall low detection sensitivity. This non-specific reaction
may be caused by the strong influence of several components in the serum, especially
the protein component. In fact, the addition of 10% trichloroacetic acid to the serum
suppressed nonspecific coloration, suggesting that the deproteinization in serum samples
is very important. Because of the great variety of proteins in serum, it would be difficult
to narrow down the protein components that cross-react with antibodies, so an efficient
protein removal method is desired. However, since the strong deproteinization also seemed
to remove SO and CHA from the samples, a more careful examination is needed to optimize
this process. A previous report suggested that immunoglobulins in the serum sporadically
bind to each well of an ELISA plate and that the binding of HRP-labeled antibodies to
these immunoglobulins causes false-positive reactions [24]. To solve this problem, the
deproteinization of serum samples appears to be a good approach. However, the method of
protein removal by denaturing protein components in serum with acids or organic solvents
may affect SO and CHA. Since the protein removal method based on filtration is easy to
apply, it is considered an ideal pre-treatment method for ELISA. Thus, there are many
options for deproteinization, each of which has its own merits and demerits that cannot be
verified in this study, but we would like to challenge them in the future. Because there are
few previous reports on the measurement of SO and CHA in urine samples, comparing the
detection sensitivity of our method with that of existing methods was impossible. However,
in the present study, the LODs of SO and CHA were inferior in urine than in serum, and
we must consider that the detection performance in urine was poor. When ELISA was
performed, the coloration of urine samples was weaker than that of the PBS and serum
samples, and the absorbance of the urine samples was lower than that of the other samples.
This is probably due to the high concentration of urea in the urine samples. Since urea
is known to act as a protein-denaturing agent [25], we speculated that the urea bound to
each well of the ELISA plate denatured the HRP-labeled antibodies. Since a method to
completely remove only urea from urine has not yet been established, we expect that it
would be difficult to improve this detection performance of SO and CHA in urine. For
both urine and serum, it would be desirable to prepare affinity columns conjugated with
anti-sold1 or anti-sold2 and treat the samples with them to specifically separate SO and
CHA from the biological components. Considering the CV and recovery, the variation and
accuracy of SO and CHA diluted in serum or urine in ELISA are inferior to those of SO and
CHA diluted in PBS. At present, it would be difficult to adapt our ELISA as a laboratory
method for patients with potato food poisoning, but with further improvement, it may
be feasible.

Although the Sold1 ELISA and Sold2 ELISA values were slightly different, the com-
bined concentrations of SO and CHA could be measured from the extracts of each part
of the potato. The SO and CHA concentrations in most tubers of commercial potatoes
do not exceed 100 pg/g [26], whereas those in sprouts and peels are in the ranges of
2000—4000 pug/g and 300-600 pg/g, respectively [27]. Our experimental results were in
the range of these concentrations or slightly higher. Each part of the potato contains not
only SO and CHA but also solanidine and other GAs, and antibodies can bind to these
chemicals as well, resulting in rather high values. In addition, it is also important to verify
the cross-reactivity of antibodies with the components in potatoes other than GAs. Basically,
100 g of potato contains a very high amount of carbohydrates (21.44 g), with some fiber
(2.3 g) and sugars (1.08 g) [28]. Our ELISAs did not react with starch (carbohydrates), pectin
(fiber), and monosaccharides (sugars), suggesting that these assays effectively captured
the toxic components in the potatoes. However, the accuracy of the results of the HPLC
analysis is doubtful, since no clear waveforms indicating SO and CHA could be obtained
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from the potato extract samples. Since the contents of SO and CHA were underestimated by
this HPLC analysis, this does not seem to be appropriate as a food testing method. It is not
clear whether ELISA or HPLC analysis is more accurate, but given the unstable detection
waveform of HPLC, ELISA seemed to have an advantage. As anti-sold1 and anti-sold2
bind to the substances with solanidine structure, it is necessary to further investigate the
cross-reactivity of these polyclonal antibodies in detail. Although it would not reach the
level of food poisoning, eating potatoes with a SO and CHA content exceeding 140 ng/g
gives a bitter taste, and eating potatoes with SO and CHA content exceeding 220 ug/g con-
tributes to a burning sensation in the mouth and throat [4,26]. To adopt our ELISAs as food
testing methods, they need to be accurate enough to distinguish these subtle differences
in SO and CHA concentration. We would like to re-examine each step of our ELISAs and
develop a more accurate assay. Furthermore, it is important to re-establish competitive
ELISA and indirect ELISA methods to enhance detection performance. In competitive
ELISA, the antigens are pre-labeled, and samples containing a large amount of components
other than the target chemicals can also be used [29]. As competitive ELISA requires only
one type of antibody, it is relatively inexpensive and has been widely adopted in medical
facilities. In contrast, the indirect ELISA method is cost-prohibitive as it uses a labeled
secondary antibody in addition to the primary antibody, but it is expected to significantly
improve the detection sensitivity [29]. In the future, we will attempt to construct ELISA
methods based on these different principles so that researchers can customize the assay for
different purposes and situations.

Non-competitive direct ELISAs are advantageous because several samples can be
measured simultaneously on a single ELISA plate. In this respect, ELISA is superior
to HPLC because the analysis of one sample must be completed before the analysis of
the next sample can begin in the HPLC method. Another advantage of ELISA is that it
does not require expensive equipment and is relatively easier to perform. ELISA only
requires a microplate reader, which is less expensive than HPLC or mass spectrometry
instruments. Moreover, optimizing anti-sold1 and anti-sold2 as medical reagents will
enable their adaption to immunological analyzers that are already installed in medical
facilities. Another merit of ELISA is the easy analysis of results—they can be interpreted
visually as the concentrations of SO and CHA are indicated by the degree of coloration. The
interpretation of HPLC and mass spectrometry results requires a certain degree of skills
and expertise, and their use in medical facilities is limited. Notably, most of the previous
analytical methods for SO and CHA were reported before 2000 AD [8-10,13], and there has
been little development of detection methods for these two toxins in the last 20 years. Under
such circumstances, our proposed method of creating polyclonal antibodies that bind to
SO and CHA, and ELISAs that use these antibodies, possesses a high novelty. Even if only
the two antibodies produced in this study are used, it is possible to construct new indirect
ELISAs, sandwich ELISAs, and competitive ELISAs; moreover, further development would
be expected as well. This increase in options for measuring SO and CHA is academically
important and will provide useful evidence for many researchers involved in laboratory
medicine and food testing.

ELISA also has some limitations, the primary one being that the measurement time
currently takes more than one day. The first step of overnighting the samples on the plate
is time-consuming, and a future challenge would be to shorten the measurement time.
The second limitation is the high running cost. ELISA requires the use of HRP-conjugated
antibodies for each assay, which are costlier than HPLC reagents. Additionally, detection
sensitivity is a weak point when serum or urine is used as samples.

While there have been limited assay methods for SO and CHA, the development of
non-competitive ELISAs is a useful achievement for the future development of potato food
poisoning diagnosis and food testing. In the future, we aim to seek optimal conditions for
ELISA with the goals of shortening the analysis time and improving sensitivity and speci-
ficity. Furthermore, we would like to start the construction of an immunochromatography
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using the antibodies developed in this study to establish a more rapid and simple method
for measuring SO and CHA.

5. Conclusions

In this study, non-competitive direct ELISAs that can measure SO and CHA in both
serum and urine samples were developed. However, the detection sensitivity remains an
issue. Although cross-reactions with other components in the biological samples may occur,
these ELISAs can measure SO and CHA in potato extracts. Therefore, these ELISAs would
not be applicable to clinical testing but may be useful for food testing. The improvement of
the sample preparation process and assay conditions can increase the applicability of these
ELISAs in the future.
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