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Abstract
Fluorescence polarization immunoassays (FPIAs) for thiabendazole and tetraconazole were first developed. Tracers for FPIAs of
thiabendazole and tetraconazole were synthesized and the tracers’ structures were confirmed by HPLC-MS/MS. The 4-
aminomethylfluorescein-labeled tracers allowed achieving the best assay sensitivity and minimum reagent consumption in
comparison with aminofluorescein-labeled and alkyldiaminefluoresceinthiocarbamyl-labeled tracers. Measurements of fluores-
cence polarization were performed using a portable device. The developed FPIA methods were applied for the analysis of wheat.
Fast and simple sample preparation technique earlier developed by authors for pesticides was adapted for thiabendazole and
tetraconazole. The limits of detection of thiabendazole and tetraconazole in wheat were 20 and 200 μg/kg, and the lower limits of
quantification were 40 and 600 μg/kg, respectively. The recovery test was performed by two methods—FPIA and HPLC-MS/
MS. The results obtained by FPIA correlated well with those obtained by HPLC-MS/MS (r2 = 0.9985 for thiabendazole, r2 =
0.9952 for tetraconazole). Average recoveries of thiabendazole and tetraconazole were 74 ± 4% and 72 ± 3% by FPIA, and
average recoveries of thiabendazole and tetraconazole were 86 ± 2% and 74 ± 1% by HPLC-MS/MS (n = 15).
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Abbreviations
(CH2)4DF Butylenediaminefluoresceinthiocarbamyl
(CH2)6DF Hexamethylenediaminefluoresceinthiocarbamyl
AF Aminofluorescein
AMF 4-Aminomethylfluorescein
BSA Bovine serum albumin
CR Cross-reactivity
DCC Dicyclohexylcarbodiimide
EDF Ethylenediaminefluoresceinthiocarbamyl
ELISA Enzyme-linked immunosorbent assay

FI Fluorescence intensity
FITC Fluorescein isothiocyanate isomer I
FPIA Fluorescence polarization immunoassay
HPLC-MS/
MS

High-performance liquid chromatography
coupled with tandem mass spectrometry

LOD Limit of detection
MRL Maximum residue level
NHS N-hydroxysuccinimide
SD Standard deviation
TLC Thin-layer chromatography

Introduction

Modern agriculture is an extensive industry where profit is
affected by many factors, including plant pests and diseases.
Pesticides are chemical agents targeted to be toxic to living
organisms that are used to minimize yield losses. Pesticide
residues in foodstuffs are controlled by legislation in many
countries because of unintended pesticide toxicity for
nontargeted living organisms, including humans.

Thiabendazole and tetraconazole are fungicides with pro-
tective and curative actions used against pathogens of fruits,
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vegetables, and cereals. Thiabendazole belongs to the benz-
imidazole class of pesticides, and it is applied for post-harvest
treatment of food crops before dispatching for storage.
Tetraconazole is a triazole class pesticide used primarily to
control diseases of the vegetative organs of plants. These com-
pounds have low toxicity to mammals [1, 2]. Nevertheless, it
is necessary to control their content in foodstuffs to avoid
cases of chronic poisoning. For most plant products, the max-
imum residue levels (MRLs) of thiabendazole are fixed at
0.01–0.05 mg/kg (lower limits of analytical determination)
according to European regulations [3] and at 0.2–5.0 mg/kg
according to Russian Hygienic standards [4]. The MRLs of
tetraconazole for most plant products range from 0.02 to
0.3 mg/kg according to the European Union (EU) [5]. In the
Russian Hygienic standards, the MRLs of tetraconazole are
established for cereals at 0.2 mg/kg and sugar beets at
0.05 mg/kg [4].

Actually liquid and gas chromatography with different
types of detectors are the main tools for pesticide analysis
[6–11]. Chromatographic methods have advantages such as
high sensibility and reliability, but the equipment for these
methods is quite expensive, their productivity is relatively
low, and such methods require laborious and time-
consuming preliminary sample treatment. To make the testing
of large number of samples cheaper and faster, chromato-
graphic analysis is accomplished by preliminary screening
tests. The main purpose of preliminary screening is to reduce
the number of samples for confirmatory (chromatographic)
analysis. This wide screening is mainly focused on the most
typical contaminants for the given territory, given kind of
samples, etc. For screening purposes, immunoassay methods
are the most suitable because of their specificity, sensitivity,
rapidity, and low cost [12, 13]. Formerly, application of
enzyme-linked immunosorbent assay (ELISA) [14–16],
strip-based immunoassays [17], and a surface plasmon reso-
nance [18] method have been reported for thiabendazole anal-
ysis, and ELISA methods [19–21] have been applied for
tetraconazole analysis. Besides, pseudoimmunoassay based
on molecularly imprinted polymers has been reported for thia-
bendazole analysis [22]. No publications have been reported
for fluorescence polarization immunoassay (FPIA) of these
compounds.

The main advantages of FPIA as compared with other
immunoassay techniques are its rapidity and simple ma-
nipulation (caused by one-stage homogeneous interaction
of all analytical reactants and immediate changes of reg-
istered fluorescence polarization after immune binding).
However, due to one-stage protocol without separation
of formed immune complexes from initial reaction media,
the FPIA results are often sensitive to interfering matrix
components, and so the assays in such cases should be
accomplished by preliminary sample preparation
procedures.

To date, preparation techniques for various kinds of sam-
ples have been successfully adapted for determination of med-
icines, pesticides, mycotoxins, and other compounds using
FPIA [23, 24]. Recently, we developed FPIAs for triazophos
and carbaryl analysis including sample preparation technique
for wheat samples [25]. This research extends the frontiers of
this technique to other compounds and describes the first
FPIAs methods for thiabendazole and tetraconazole.

Materials and methods

Reagents

Thiabendazole, tetraconazole, fluorescein isothiocyanate iso-
mer I (FITC), 4-aminomethylfluorescein (AMF),
aminofluorescein (AF), dicyclohexylcarbodiimide (DCC), N-
hydroxysuccinimide (NHS), ethylenediamine dihydrochloride,
1,4-butylenediamine, and 1,6-hexamethylenediaminewere pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Thin-layer
chromatographic (TLC) plates (silica gel) were purchased from
Merck (Darmstadt, Germany). All organic solvents and chem-
ical reagents were of analytical reagent grade. Borate buffer
(BB, 0.05M, pH 8.6) with NaN3 (0.01%) was used as a diluent
for immunoreagents in FPIA.

Haptens TN3C (3-[2-(1,3-thiazol-4-yl)-1H-benzimidazole-
1-yl]propanoic acid), TN6C (3-[2-(1,3-thiazol-4-yl)-1H-
benzimidazol-1-yl]hexanoic acid), and hapten DTPH
(6-[2-(2,4-dichlorophenyl)-3-(1H-1,2,4-triazole-1-
yl)propoxy]hexanoic acid) were earlier obtained by A.
Montoya (Universitat Politècnica de València, València,
Spain). TN3C-BSA immunogen was synthesized by the ac-
tive ester technique [12] and used to obtain monoclonal anti-
bodies against thiabendazole (LIB-TN3C-13). DTPH-BSA
was synthesized by the active ester technique [18] and used
to obtain monoclonal antibodies against tetraconazole (LIB-
DTPH-41).

Equipment

Measurements of fluorescence intensity and fluorescence po-
larization were performed using a portable device, Sentry 200
(Ellie, Wauwatosa, WI, USA). Data were processed using
Origin 8.5.1 software (OriginLab Corporation, Northampton,
MA, USA). Mass-spectrometric data were obtained using a
tandem mass-spectrometer, Q-Exactive, coupled to a liquid
chromatograph DionexUltiMate 3000. Ionization of samples
was performed using an HESI-II ion source (Thermo
Scientific, Waltham, MA, USA). Possible structures of frag-
ment ions were obtained using HighChem Mass Frontier 7.0
software from Thermo Scientific.
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Synthesis of tracers

Labels purchased from Sigma-Aldrich (AMF andAF) and labels
synthesized by us [ethylenediaminefluoresceinthiocarbamyl
(EDF), butylenediaminefluoresceinthiocarbamyl ((CH2)4DF),
and hexamethylenediaminefluoresceinthiocarbamyl
((CH2)6DF)] were used for the synthesis of tracers. EDF was
synthesized from FITC and ethylenediamine dihydrochloride as
described previously [26]. (CH2)4DF and (CH2)6DF were syn-
thesized following the same technique used for EDF synthesis in
which 1,4-butylenediamine and 1,6-hexamethylenediaminewere
used instead of ethylenediamine. Thiabendazole and
tetraconazole do not contain functional groups for synthesis of
tracers, so their functionalized derivatives were used (Fig. 1).

Tracers were synthesized as follows: 10 μmol of hapten
were dissolved in dimethylformamide (1 mL), then 4.3 mg
of DCC (20 μmol) and 2.3 mg of NHS (20 μmol) were added
to the solution. The reaction mixture was incubated for 12 h
while stirring. The obtained precipitate was separated by cen-
trifugation. Subsequently, 5 μmol of the fluorescent label was
added to the supernatant, and the reaction mixture was mixed
and incubated for 24 h.

Tracers were separated from the reaction mixtures by
TLC. Trace r s wi th d i amine -F ITC labe l s we re
chromatographed with CHCl3:CH3OH:CH3COOH
(80:16:1, v/v) as the mobile phase. Bands of tracers with
Rf = 0.8 were eluted from the TLC plate using methanol.
Tracers with the AF label were chromatographed with

CHCl3:CH3OH (5:1, v/v) and bands at Rf = 0.4 were elut-
ed from the TLC plate. The separated fractions were ad-
ditionally purified using TLC in the mobile phase
CHCl3:CH3OH:CH3COOH (80:16:1, v/v). After TLC sep-
aration, bands at Rf = 0.5 were eluted from the plates
using methanol. For separation of the AMF-labeled
tracers, the mobile phase CHCl3:CH3OH (8:1, v/v) was
used; bands of tracers were at Rf = 0.5. The success of
syntheses and structures of tracers were confirmed by
high-resolution tandem mass spectrometry coupled with
high-performance liquid chromatography (HPLC-MS/
MS).

FPIA procedure

The concentration of tracer solutions was estimated by fluo-
rescence intensity (FI) measurement and its comparison with
the FI for fluorescein. The FI of working solutions of tracers
was 20 times higher than the FI of the buffer solution. The
concentration of the working solutions of the tracers was ap-
proximately 5 nM.

A series of dilutions were prepared to obtain antibody di-
lution curves. Each solution was two times less concentrated
than the previous solution. Aliquots (500 μL) of the diluted
antibody solution and 500 μL of the tracer working solution
were mixed in each cuvette, and fluorescence polarization was
measured. Dilution curves were produced using the results of
the measurements.

The choice of optimal dilution of antibodies and concen-
tration of tracers for the most sensitive PFIAwas based on the
presented experiments (Figs. 2 and 3) in the accordance with
common practice of FPIA protocols development [23]. Other
parameters of PFIA protocols such as time of reactants incu-
bation (2 min), pH of reaction mixture (8.5), nature, and mo-
larity of buffer (0.05 M) were chosen on the basis of previous
studies of fluorescein-based FPIA as optimal for efficient im-
mune interaction and fluorescence generation [27].

The FPIA procedure was performed as follows: 50 μL of a
standard solution or a sample were mixed in a cuvette with
500 μL of the tracer working solution, and fluorescence po-
larization was measured. Results of the measurements of stan-
dard solutions were processed using Origin software to obtain
FPIA calibration curves. The time elapsed during the mea-
surement of the signal from a single sample was approximate-
ly 2–4 s.

For experiments in selection of immunoreagents, standard
solutions were prepared in 10% methanol, for experiments
with wheat samples standard solutions were prepared in a
mixture of extractant and BB (1:7, v/v). Concentrations of
thiabendazole standard solutions were 0.1, 1, 3.5, 10, 30,
100, 1000 ng/ml, concentrations of tetraconazole standard so-
lutions were 1, 10, 35, 100, 300, 1000, 10,000 ng/ml.

Fig. 1 Chemical structures of analytes and haptens used for the
preparation of tracers
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Data analysis

The curves were plotted in coordinates “logarithm of
concentration - mP” or “logarithm of concentration -
mP/mP0”, where mP is the measured fluorescence po-
larization, mP0 is the fluorescence polarization obtained
for zero standard an optimized procedure of the
analysis.

These curves were approximated by a 4-parameter sigmoid
equation:

Y ¼ A−Dð Þ= 1þ x=Cð Þb
h i

þ D;

where A is the maximum value of the fluorescence polar-
ization, D is the minimum value of the fluorescence

polarization, b is the slope of the curve at the IC50 point,
C (IC50) is the analyte concentration inhibiting the bind-
ing of antibodies to the tracer by 50%.

The limit of detection (LOD) was determined by
performing the analysis of a blank solution (solvent without
analyte) 20 times. The LODwas calculated using a calibration
curve as the concentration corresponding to the difference
between the average (blank) signal and three times the stan-
dard deviation. Ten percent methanol was used as a blank
solution to calculate LOD in standard solutions and eightfold
diluted extract was used as a blank solution to calculate LOD
in wheat samples.

The lower limit of quantification (IC20) was calculated as
the analyte concentration inhibiting binding of the tracer
with antibodies by 20%; the upper limit of quantification

Fig. 2 a Antibody dilution curves and b calibration curves for thiabendazole determination using different tracers

Fig. 3 a Antibody dilution curves and b calibration curves with different tracers for tetraconazole determination
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(IC80) was calculated as the analyte concentration inhibiting
binding of the tracer with antibodies by 80%.

The cross-reactivity (CR) was calculated in accordance
with Eq. 1:

CR %ð Þ ¼ IC50 analyteð Þ=IC50 relative compoundð Þð Þ
� 100% ð1Þ

where IC50 is the concentration inhibiting binding by 50%.

Obtaining of contaminated wheat grain

The initial wheat grain preparations did not contain analytes,
as shown by the HPLC-MS/MS. The grain was ground in a
homogenizer, then 1-g samples of flour were contaminated.
Methanolic solutions of thiabendazole (1000 ng/ml) and
tetraconazole (10,000 ng/ml) were used for this purpose.
The obtained preparations contained 40, 100, 200, 300, and
400 μg/kg of thiabendazole and 600, 1300, 1900, 2500, and
3200 μg/kg of tetraconazole. The contaminated samples were
left for 24 h in a fume hood at a temperature of 22 °C and a
humidity of 40%.

Sample preparation

Two milliliters of 70% methanol were added to 1 g of ground
wheat. Samples were shaken thoroughly and ultrasonicated
for 30min. The methanol fraction was diluted eight times with
the BB. The obtained precipitate was separated by centrifuga-
tion (5 min, 1400×g). The supernatant was analyzed using
FPIA and HPLC-MS/MS methods.

HPLC-MS/MS-analysis

A Hypersil Gold aQ column, Thermo Scientific, Waltham,
MA, USA (150 × 2.1 mm i.d., 3 μm) with a Hypersil Gold
aQ pre-column (10 × 2.1 mm i.d., 3 μm), was used for chro-
matography. The column temperature was maintained at
30 °С. The mobile phase consisted of solvent A (0.1% formic
acid in a mixture of water with acetonitrile 95:5, v/v) and
solvent B (0.1% formic acid in acetonitrile). The mobile phase
gradient started at 5%B (0.0–2.0 min) and increased to 95%B
over 15.0 min, remained constant until 18.0 min, and was
followed by column equilibration to the initial conditions of

5% B (19.0–23.0 min). The flow rate of the mobile phase was
0.5 mL/min, and the injection volume was 2 μL.

Mass-spectrometric detection was performed under the fol-
lowing conditions: sheath gas (nitrogen) flow rate, 0.4 L/min;
auxiliary gas (nitrogen) flow rate, 0.1 L/min; sweep gas
(nitrogen) flow rate, 0.05 L/min; capillary voltage, 4.00 kV;
capillary temperature, 270 °С; and auxiliary gas heater tem-
perature, 280 °С. The HESI-source was operated in the posi-
tive ion mode. MS spectra were recorded under atmospheric
pressure in the range of m/z 100–1500 Da, the resolution was
35,000, and the isolation window was 5 ppm. MS/MS spectra
were obtained using collision-induced dissociation. Collision
energy for the tracers TN3C-EDF, TN6C-EDF, TN3C-AMF,
TN6C-AMF, TN3C-AF, TN6C-AF, and DTPH-AF was 35%,
and for the tracers DTPH-EDF, DTPH-(CH2)4DF,
DTPH-(CH2)6DF, and DTPH-AMF was 20%. Collision ener-
gy for thiabendazole and tetraconazole in confirmation analy-
sis of wheat samples was respectively 40% and 35%.
Conditions of quantitation and confirmation analysis are sum-
marized in Table 1.

Results and discussion

FPIA development

The FPIA method is based on the competition between an
antigen and a fluorescently labeled antigen–tracer for a limited
number of antibody binding sites. Immunoreagents should be
selected so that the tracer can easily form the bond with the
antibody and be displaced by the analyte. During the assay
development, analytical characteristics of FPIA methods in-
volving different tracers were compared. Structures of tracers
were varied in two ways: by selecting different fluorescent
labels for synthesis (EDF, AMF, AF) and by varying the frag-
ment connecting the antigen with the fluorescent label (the
length of carbon bridge in TN3C and TN6C, the length of
carbon bridge in EDF, (CH2)4DF, (CH2)6DF).

Confirmation of the structures of tracers

All the tracers used in this work were synthesized for the first
time, so it was essential to confirm the success of syntheses
and isolation of tracers from the reaction mixtures. HPLC

Table 1 HPLC-MS/MS
conditions for thiabendazole and
tetraconazole analysis

Analyte ESI mode Precursor ion
[M+H]+, Da

RT, min Quantitation
product ion (m/z)

Confirmation
product ion (m/z)

Thiabendazole Positive 202.0439 3.9 175.0330 131.0608

Tetraconazole Positive 372.0294 10.1 158.9768 70.0405
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coupled with tandem high-resolution mass spectrometry was
used to identify the synthesized compounds.

Firstly, full scan mass spectra of tracers were obtained.
Signals corresponding to singly and doubly protonated tracer
molecules ([M+H]+ and [M+2H]2+) were present in positive
ion mode spectra. Singly charged ions were used as precursor
ions to obtain MS/MS spectra.

Peaks that were characteristic for fluorescent fragments of
tracers were observed in MS/MS spectra of all the tracers.
Peaks atm/z 345.0763 and 333.0763 were observed in spectra
of tracers with the AMF label, peaks at m/z 390.0436 and
348.0872 were observed in spectra of tracers with diamine-
FITC labels, and a peak at m/z 348.0872 was observed in
spectra of tracers with the AF label. Molecular formulas and
potential chemical structures are shown in Table 2.

In the MS/MS spectra of tracers synthesized from the hap-
tens TN3C and TN6C, an intense peak of a product ion cor-
responding to the antigen fragment of the tracer molecules (m/
z 202.0433) was observed. Also, peaks corresponding to a
carbon bridge between the antigen and the fluorophore of
the tracer molecules (m/z 115.0866 and 157.1341) and peaks
corresponding to a carbon bridge connected with the antigen
section of the tracer (m/z 273.0810 and 315.1280) were
obtained.

In the MS/MS spectra of the tracers synthesized from the
DTPH hapten and the diamine-FITC labels, peaks corre-
sponding to a carbon bridge connected with the antigen sec-
tion of the molecule (m/z 428.1620, 456.1933, 484.2246)
were observed. In the MS/MS spectrum of DTPH-AMF, a
peak corresponding to the hapten (m/z 385.1198) was ob-
served. In the MS/MS spectrum of DTPH-AF, a peak corre-
sponding to the antigen section of the tracer molecule (m/z
254.0252) was observed.

Selection of immunoreagents

Tracers for thiabendazole analysisMonoclonal antibodies ob-
tained against the immunogen TN3C-BSA bymeans of active
ester method [14] were used to develop the FPIA of thiaben-
dazole. TN3C is a thiabendazole derivative containing
propanoic acid with a terminal carboxyl group as a spacer
arm. TN3C and its homolog TN6C containing hexanoic acid
with a terminal carboxyl group were used for the synthesis of
tracers. AF, AMF, and EDF were used for the synthesis of
tracers as fluorescent labels. Firstly, antibody dilution curves
were obtained (Fig. 2a). Working concentrations of antibodies
were chosen from the linear ranges of antibody dilution
curves. Concentrations of antibodies were chosen for each
tracer to compare them under the same conditions such that
the difference between the maximum and minimum mP
values on the calibration curve would be the same (70–
80 mP). In subsequent experiments, antibodies were used in
these concentrations. For illustrative purposes, data are shown

at the coordinates of the plot of the mP/mP0 versus analyte
concentration, where mP is the measured fluorescence polar-
ization, and mP0 is the fluorescence polarization of the blank
solution analyzed by the FPIA method (Fig. 2b). Experiments
were made in three or four replicates and errors varied from 1
to 5%.

When using tracers with the same fluorescent label and
haptens having spacer arms of different lengths, the sensitivity
of the FPIA method remained the same. Also, linear ranges of
all the calibration curves accord to close concentrations; the
minimal thiabendazole concentrations for these ranges with
different tracers vary from 1.5 to 5.0 ng/mL, and the maximal
thiabendazole concentrations—from 13 to 41 ng/mL
(Table 3).

The choice of antibody concentrations for analysis
was based on the need to ensure sufficient changes of
analytic signal at the lowest antibody concentration and,
by this way, to reach the best sensitivity. The standard
deviations for the mP values in our experiment were
from 0.8 to 2.5 mP. In comparison with the values of
the analytical signal of 70–80 mP, the deviations are less
than 5%.

Using tracers with the AMF label yielded a slight advan-
tage in sensitivity, whereas using TN6C-AMF reduced the
amounts, and therefore the costs, of the antibodies required
for the analysis. Consequently, TN6C-AMF was chosen for
the subsequent experiments.

Tracers for tetraconazole analysis

Antibodies used in the development of the FPIA for
tetraconazole were obtained against the synthesized by active
ester method immunogen DTPH-BSA [20]. The hapten
DTPH is a tetraconazole derivative containing a terminal car-
boxyl group. In this study, the hapten DTPH and the fluores-
cent labels AMF, EDF, (CH2)4DF, (CH2)6DF, and AF were
used for the synthesis of tracers. Antibody dilution curves and
calibration curves were obtained using the synthesized tracers
(Fig. 3).

The difference between the maximum and minimum
possible values of fluorescence polarization was calculat-
ed using the antibody dilution curves for each tracer. For
DT PH -AMF, DT PH - EDF, DT PH - ( CH 2 ) 4 D F,
DTPH-(CH2)6DF, and DTPH-AF this difference was
130, 100, 70, 90, and 60 mP, respectively. The calibration
curve for DTPH-AMF was obtained using a working so-
lution of antibodies with a concentration of 1000 ng/mL
to adjust the difference between the maximum and mini-
mum mP values to be equal to 70–80 mP. Calibration
curves generated for other tracers were obtained using
the same concentration of antibodies as used for DTPH-
AMF. Other tracers bind antibodies significantly worse,
and so the same range of fluorescence polarization values
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Table 2 Accurate masses, molecular formulas, and potential chemical structures of the product ions of tracers

Tracer molecule or 

tracer molecule 

section 

m/z of 

product ion, 

Da 

Molecular formulas of 

product ions 

Potential structure of product 

ion 

AMF-

345.0763 C21H13O5

O

COOH

OHO

CH2

333.0763 C20H13O5

O

COOH

OH2O

(CH2)nDF-
a

390.0436 C21H12O5NS

OO OH

COOH

N
C

S

(CH2)nDF-, AF- 348.0872 C20H14O5N

OO OH

COOH

NH3

TN3C-, TN6C- 202.0433 C10H8N3S
NH

NH
S

N

TN3C-AMF 273.0810 C13H13N4OS

(CH2)m

NH

NH
S

N

NH2O bTN6C-AMF 315.1280 C16H19N4OS

TN3C- EDF 115.0866 C5H11N2O

NHO

NH2

H2C

(CH2)(m-1)

TN6C- EDF 157.1341 C8H17N2O

DTPH-EDF 428.1620 C19H28Cl2N5O2

(CH2)n

N
N

N

O

Cl

Cl

O

NH

NH3

DTPH-(CH2)4DF 456.1933 C21H32Cl2N5O2

DTPH-(CH2)6DF 484.2246 C23H36Cl2N5O2

DTPH-AMF 385.1198 C17H23Cl2N4O2

N
N

N

O

Cl

Cl

O

NH3

DTPH-AF 254.0252 C11H10Cl2N3

CH2
N

N

N Cl

Cl

a n is the number of methylene groups; n = 2, 4, 6 for tracers with EDF, (CH2)4DF, and (CH2)6DF labels, respectively
bm is the number of methylene groups; n = 2 and 5 for tracers with TN3C and TN6C haptens, respectively
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cannot be reached for them. Therefore, the conditions
were standardized by selecting the same antibody concen-
tration for all, namely 1000 ng/mL.

Calibration curves were prepared in the coordinates of
plots of mP versus tetraconazole concentration for ease of
comparison (Fig. 3b). Experiments were made in three
replicates and errors varied from 2 to 5%. The tracers
DTPH-AMF, DTPH-EDF, DTPH-(CH2)4DF, and
DTPH-(CH2)6DF yielded the same FPIA sensitivity
(Table 4). However, using antibodies at a concentration
of 1000 ng/mL with DTPH-AMF allowed operation in
the range approximately from 30 to 100 mP (ΔmP = 70),
whereas using of any of the other tracers with antibodies
in the same concentration reduced the ΔmP value to 40–
50. Therefore, DTPH-AMF was chosen for FPIA devel-
opment in wheat samples.

Characteristics of optimized FPIAs

Calibration curves were prepared using the results of the
analyses of thiabendazole and tetraconazole standard so-
lutions (Fig. 4). The linear range of determination for
thiabendazole was from 1.5 to 16 ng/mL, and the LOD
was 1 ng/mL. The linear range of determination for
tetraconazole was from 16 to 210 ng/mL, and the LOD
was 10 ng/ml. The specificity of the developed methods

was determined by comparison of the cross-reactivity with
structurally related compounds. Tetraconazole does not
influence the interaction between anti-thiabendazole anti-
bodies and thiabendazole tracer (i.e., does not cause
changes in the registered fluorescence polarization); thia-
bendazole does not influence the interaction between anti-
tetraconazole antibodies and tetraconazole tracer. The
specificity of antibodies against thiabendazole was inves-
tigated using the most similar compounds—benomyl and
carbendazim. The cross-reactivity for both compounds
was less than 0.1%. The specificity of antibodies against
tetraconazole LIB-DTPH-41 was investigated using pesti-
cides from the triazole class (Table 5). A high cross-
reactivity was observed for penconazole (35%) and
cyproconazole (23%). Other tested triazoles demonstrated
negligible cross-reactivity. These results agree well with
results obtained in previous reports [20] using the ELISA
method. When normalized to a tetraconazole cross-
reactivity of 100%, penconazole and cyproconazole dem-
onstrated cross-reactivity at the levels of 44% and 33%,
respectively. Thus, the developed methods allowed a
highly specific determination of thiabendazole and a less
specific assay of tetraconazole because LIB-DTPH-41 an-
tibodies exhibited cross-reaction with other chemicals ap-
plied in agriculture.

Analysis of wheat samples

Thiabendazole and tetraconazole can occur in foodstuffs
including cereals. The developed FPIA methods for thia-
bendazole and tetraconazole were applied for the analysis
of wheat grain. The FPIA-adopted sample preparation
technique for grain was published earlier [25].

Grain is a complex matrix containing proteins, lipids,
carbohydrates—starch, hemicelluloses, mucilages, and
simple sugars—and mineral compounds. During sample
preparation of grain, pesticides are usually extracted with
organic solvents. The extracts obtained are then subjected
to purification and concentration. Such sample prepara-
tion is not suitable for screening methods because it is
time-consuming, whereas the main advantage of screen-
ing methods is their rapidity.

The sample preparation technique for FPIA in this research
included ultrasonic extraction with 70% methanol, dilution of
the extract with a buffer solution, and centrifugation. Scheme
of sample preparation represented on Fig. 5. The choice of
extractant was described in a recent manuscript [25] devoted
to the FPIA of triazophos and carbaryl in wheat. Methanol
was determined not to have a significant effect on the sensi-
tivity of thiabendazole and tetraconazole assay.

The extract was diluted to eliminate matrix influence.
The optimum extract dilution was determined in the fol-
lowing manner. An extract of uncontaminated wheat was

Table 3 Characteristics of thiabendazole determination using different
tracers

Tracer Working concentration
of antibodies, ng/mL

Linear range,
ng/mL

TN3C-AMF 670 1.5–13

TN6C- AMF 500 1.5–15

TN3C-EDF 400 3.0–27

TN6C-EDF 670 2.8–27

TN3C-AF 280 5.0–41

TN6C-AF 250 3.2–38

Table 4 Characteristics of tetraconazole determination using different
tracers

Tracer Working concentration
of antibodies, ng/mL

Linear range,
ng/mL

DTPH-AMF 1000 16–210

DTPH-EDF 1000 21–180

DTPH-(CH2)4DF 1000 20–250

DTPH-(CH2)6DF 1000 20–250

DTPH-AF 1000 62–480
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prepared, and it was diluted two-, four-, six-, and eight-
fold. The diluted extracts were used to prepare standard
solutions of analyte. The obtained standard solutions were
analyzed via FPIA, and calibration curves were plotted
using the results of this analysis. The calibration curves
were compared with those obtained using the results of
analysis of standard solutions in extractant diluted two-,
four-, six-, and eightfold. Dilution of the extract was con-
sidered sufficient if the results analysis of standard solu-
tions in diluted extracts and the corresponding diluted
extractant nearly coincided, and the IC20, IC50, IC80, and
mP0 values differed insignificantly. The eightfold dilution
was concluded to be sufficient for the FPIA of thiabenda-
zole and tetraconazole (Fig. 6, Table 6). Thiabendazole
could be determined in wheat in the range from 40 to
500 μg/kg with a LOD value of 20 μg/kg using the de-
veloped FPIA method. Tetraconazole could be determined
in the range from 600 to 3200 μg/kg with a LOD value of
200 μg/kg.

Thus, the sample preparation technique developed ear-
lier for the FPIA of triazophos and carbaryl [25] was
adapted for thiabendazole and tetraconazole. The dilution
ratio of the extract was determined for each compound.
For triazophos, thiabendazole, and tetraconazole analysis
the minimum dilution ratio was 8, and for carbaryl anal-
ysis, it was 4. However, the sensitivity of the carbaryl
analysis was adequate for its determination below the
existing MRLs even if an eightfold dilution was used, so

Fig. 4 a FPIA standard curve for thiabendazole (■) and cross-reactivity with tetraconazole (●). b FPIA standard curve for tetraconazole (●) and cross-
reactivity with thiabendazole (■) (n = 3)

Fig. 5 Scheme of sample preparation

Table 5 Cross-reactivity
of anti-tetraconazole
antibodies LIB-DTPH-
41

Compound Cross-reactivity, %

Tetraconazole 100

Penconazole 35

Cyproconazole 23

Triadimefon 0.5

Propiconazole 0.3

Difenoconazole < 0.1

Tebuconazole < 0.1

Triadimenol < 0.1

Triticonazole < 0.1
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the sample preparation technique for the FPIA of these
four compounds is identical.

Recovery test

Wheat grain used for the recovery test was not contaminated
with pesticides. Wheat samples were grinded; subsequently,
they were spiked with thiabendazole and tetraconazole at sev-
eral concentrations, and the solvent was evaporated for 24 h.
Preparation of spiked wheat samples was conducted using the
optimized conditions. The obtained diluted extracts were ana-
lyzed in parallel by two methods—FPIA and HPLC-MS/MS.

The results of the recovery tests are presented in Table 6.
The recoveries of thiabendazole ranged from 71 to 86% by
FPIA and from 83 to 89% by HPLC-MS/MS. The coefficient
of variation was less than 10% for the FPIA and less than 4%
for the HPLC-MS/MS method (n = 3). The recoveries of
tetraconazole were from 60 to 77% by the FPIA and from
72 to 75% by the HPLC-MS/MS method; the coefficient of
variation was less than 6% for the FPIA and less than 2% for
the HPLC-MS/MS method (n = 3). The linear correlation

between the results obtained by the two methods was ob-
served. The regression equation for thiabendazole was y =
0.819 x + 0.411, with an R2 value of 0.9985, and for
tetraconazole it was y = 0.989 x − 0.467, with an R2 value of
0.9952. In general, the results obtained by the FPIA agreed
with the results obtained by the HPLC-MS/MS method.
Therefore, the developed methods of analysis using a fast
and simple sample preparation technique were appropriate
for the determination of thiabendazole and tetraconazole
(Table 7).

Fig. 6 FPIA standard curves for thiabendazole (a) and for tetraconazole (b) (■—standards in diluted extractant, ●—standards in diluted extract, n = 3)

Table 6 Parameters of sigmoidal fitting for calibration curves

TBZ
(extractant)

TBZ
(extract)

TBZ
(extractant)

TBZ
(extract)

IC20 1.3 1.5 17 24

IC50 4.7 5.4 59 76

IC80 17 20 210 245

R2 0.999 0.999 0.999 0.999

ΔmP 77 75 70 72

Table 7 Analytical results and recoveries of thiabendazole and
tetraconazole in wheat by the FPIA and HPLC-MS/MS methods

Spiking
level,
μg/kg

FPIA HPLC-MS/MS

Detected
concentration
± SD, mg/kg

Recovery
± SD, %

Detected
concentration
± SD, mg/kg

Recovery
± SD, %

Thiabendazole

0 N. d.a – N. d. –

40 34 ± 3.4 86 ± 8 36 ± 1.1 89 ± 3

100 75 ± 6.8 75 ± 7 88 ± 0.7 88 ± 1

200 144 ± 4.5 72 ± 2 171 ± 6.8 86 ± 3

300 213 ± 6.8 71 ± 2 248 ± 2.8 83 ± 1

400 272 ± 4.6 68 ± 1 340 ± 7.9 85 ± 2

Tetraconazole

0 N. d. – N. d. –

600 358 ± 23 60 ± 4 439 ± 10 73 ± 2

1300 900 ± 31 69 ± 2 936 ± 9.1 72 ± 1

1900 1470 ± 57 77 ± 3 1430 ± 9.1 75 ± 1

2500 1900 ± 68 76 ± 3 1850 ± 12 74 ± 1

3200 2450 ± 68 77 ± 2 2400 ± 23 75 ± 1

aN. d. not detected
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Conclusions

FPIAs of thiabendazole and tetraconazole were developed for
the first time. Tracers for FPIAs of these compounds were
synthesized, and their structures were confirmed by HPLC-
MS/MS. The influence of the structures of tracers on assay
sensitivity was estimated. The sensitivity of the developed
FPIAs depended on the structures of the fluorophores and
antigen fragments of the tracer molecules and did not depend
on the length of the bridge between them. FPIAs of thiaben-
dazole and tetraconazole were applied for analysis of wheat
using a sample preparation technique developed earlier that
required less than an hour. This sample preparation technique
has now been adapted for analysis of the four pesticides
triazophos, carbaryl, thiabendazole, and tetraconazole. The
LODs of thiabendazole and tetraconazole in wheat were 20
and 200 μg/kg, respectively. The linear range of thiabendazole
determination was from 40 to 500 μg/kg, and the linear range
of tetraconazole determination was from 600 to 3200 μg/kg.
The results obtained by the proposed FPIAmethod exhibited a
good correlation with the results obtained by the HPLC-MS/
MS method. The developed methods are rapid, sensitive, and
selective. Therefore, they are appropriate for high-throughput
screening of thiabendazole and tetraconazole in wheat.

Acknowledgments The authors are thankful to Dr. A.V. Zherdev and Dr.
E.A. Zvereva (Federal Research Centre “Fundamentals of
Biotechnology” of the Russian Academy of Sciences) for useful discus-
sion of the obtained results.

Funding information The work was financially supported by the Russian
Science Foundation (project No. 14-16-00149).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Robinson HJ, Stoerk HC, Graessle OE. Studies on the toxicologic
and pharmacologic properties of thiabendazole. Toxicol Appl
Pharmacol. 1965;7:53–63.

2. Abbassy MA, Marzouk MA, Nasr HM, Mansy AS. Effect of
imidacloprid and tetraconazole on various hematological and bio-
chemical parameters in male albino rats (Rattus norvegious). J Pol
Sci Pub Aff. 2014;2:7.

3. European Commission, Regulation (EC) No 2017/1164 amending
Annexes II and III to Regulation (EC) No 396/2005 of the
European Parliament and of the Council as regards maximum res-
idue levels for acrinathrin, metalaxyl and thiabendazole in or on
certain products. Off J EU L170. 2017:3–30.

4. Hygienic standard GN 1.2.3539-18. Hygienic standards for pesti-
cide residues in environmental samples (list). 2018. In Russian. 〈
http://docs.cntd.ru/document/557532326. Accessed 07.07.2018).

5. European Commission, Regulation (EC) No 822/2009 amending
Annexes II, III and IV to Regulation (EC) No 396/2005 of the
European Parliament and of the Council as regards maximum res-
idue levels for azoxystrobin, atrazine, chlormequat, cyprodinil, di-
thiocarbamates, f ludioxonil , f luroxypyr, indoxacarb,
mandipropamid, potassium tri-iodide, spirotetramat, tetraconazole,
and thiram in or on certain products. Off J EU L239. 2009:5–45.

6. García-Fernández M, Díaz-Álvarez M, Martín-Esteban A.
Molecularly imprinted magnetic nanoparticles for the micro solid-
phase extraction of thiabendazole from citrus samples. J Sep Sci.
2017;40:2638–44.

7. Yu QW, Sun H, Wang K, He HB, Feng YQ. Monitoring of
carbendazim and thiabendazole in fruits and vegetables by
SiO2@ NiO-based solid-phase extraction coupled to high-
performance liquid chromatography-fluorescence detector. Food
Anal Methods. 2017;10:2892–901.

8. Alves AA, Rodrigues AS, Barros EBP, Uekane TM, Bizzo HR,
Rezende CM.Determination of pesticides residues in Brazilian grape
juices using GC-MS-SIM. Food Anal Methods. 2014;7:1834–9.

9. Zhang H, Qian M, Wang X, Wang X, Xu H, Qi P, et al. Analysis of
tebuconazole and tetraconazole enantiomers by chiral HPLC-MS/
MS and application to measure enantioselective degradation in
strawberries. Food Anal Methods. 2012;5:1342–8.

10. Bordagaray A, García-Arrona R, Millán E. Development and ap-
plication of a screening method for triazole fungicide determination
in liquid and fruit samples using solid-phase microextraction and
HPLC-DAD. Anal Methods. 2013;5:2565–71.

11. Aquino A, Navickiene S. MSPD procedure for determination of
carbofuran, pyrimethanil and tetraconazole residues in banana by
GC–MS. Chromatographia. 2009;70:1265–9.

12. Dankwardt A, Pullen S, Hock B. Immunoassays: applications for
the aquatic environment. In: Wells PG, Lee K, Blaise C, editors.
Microscale testing in aquatic toxicology. Boca Raton: CRC Press;
2018. p. 13–29.

13. Wells MJM, Bell KY, Traexler KA, Pellegrin M-L, Morse A.
Emerging pollutants. Water Environ Res. 2011;82(10):2095–70.

14. Abad A, Manclús JJ, Moreno MJ, Montoya A. Determination of
thiabendazole in fruit juices by a new monoclonal enzyme immu-
noassay. J AOAC Int. 2001;84:156–61.

15. Τsialla Z, Ucles-Moreno A, Petrou P, Fernandez-Alba AR,
Κakabakos SE. Development of an indirect enzyme immunoassay
for the determination of thiabendazole in white and red wines. Int J
Environ Anal Chem. 2015;95:1299–309.

16. Uclés A, García AV, García MDG, del Real AMA, Fernández-Alba
AR. Benzimidazole and imidazole fungicide analysis in grape and
wine samples using a competitive enzyme-linked immunosorbent
assay. Anal Methods. 2015;7:9158–65.

17. Blažková M, Rauch P, Fukal L. Strip-based immunoassay for rapid
detection of thiabendazole. Biosens Bioelectron. 2010;25:2122–8.

18. Estevez MC, Belenguer J, Gomez-Montes S, Miralles J, Escuela
AM, Montoya A, et al. Indirect competitive immunoassay for the
detection of fungicide thiabendazole in whole orange samples by
surface plasmon resonance. Analyst. 2012;137:5659–65.

19. Cairoli S, Arnoldi A, Pagani S. Enzyme-linked immunosorbent
assay for the quantitation of the fungicide tetraconazole in fruits
and fruit juices. J Agric Food Chem. 1996;44:3849–54.

20. Manclús JJ, Moreno MJ, Plana E, Montoya A. Development of
monoclonal immunoassays for the determination of triazole fungi-
cides in fruit juices. J Agric Food Chem. 2008;56:8793–800.

21. Plana E, Moreno MJ, Montoya Á, Manclús JJ. Development and
application of recombinant antibody-based immunoassays to
tetraconazole residue analysis in fruit juices. Food Chem.
2014;143:205–13.

22. Feng J, Hu Y, Grant E, Lu X. Determination of thiabendazole in
orange juice using an MISPE-SERS chemosensor. Food Chem.
2018;239:816–22.

Fluorescence polarization immunoassay for rapid screening of the pesticides thiabendazole and tetraconazole... 6933

http://docs.cntd.ru/document/557532326


23. Smith DS, Eremin SA. Fluorescence polarization immunoassays
and related methods for simple, high-throughput screening of small
molecules. Anal Bioanal Chem. 2008;391:1499–07.

24. Eremin SA, Smith DS. Fluorescence polarization immunoassays
for pesticides. Comb Chem High Throughput Screen. 2003;6:
257–66.

25. Boroduleva AY, Wu J, Yang Q, Li H, Zhang Q, Li P, et al.
Development of fluorescence polarization immunoassays for

parallel detection of pesticides carbaryl and triazophos in wheat
grains. Anal Methods. 2017;9:6814–22.

26. Pourfarzaneh M, White GW, Landon J, Smith DS. Cortisol directly
determined in serum by fluoroimmunoassay with magnetizable sol-
id phase. Clin Chem. 1980;26:730–3.

27. Mi T, Liang X, Ding L, Zhang S, Eremin SA, Beier RC, et al.
Development and optimization of a fluorescence polarization immu-
noassay for orbifloxacin in milk. Anal Methods. 2014;6:3849–57.

6934 Boroduleva A.Y. et al.


	Fluorescence polarization immunoassay for rapid screening of the pesticides thiabendazole and tetraconazole in wheat
	Abstract
	Introduction
	Materials and methods
	Reagents
	Equipment
	Synthesis of tracers
	FPIA procedure
	Data analysis
	Obtaining of contaminated wheat grain
	Sample preparation
	HPLC-MS/MS-analysis

	Results and discussion
	FPIA development
	Confirmation of the structures of tracers
	Selection of immunoreagents
	Tracers for tetraconazole analysis
	Characteristics of optimized FPIAs
	Analysis of wheat samples
	Recovery test

	Conclusions
	References


