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Magnetic-nanoparticles-based fluorescent immunoassay for
individual and simultaneous determination of dichlorvos and
paraoxon in milk
Marina Yanevaa, Yavor Ivanova, Nikola Todorovb and Tzonka Godjevargovaa

aDepartment of Biotechnology, University “Prof. Dr Asen Zlatarov”, Bourgas, Bulgaria; bDepartment of
Ecology, University “Prof. Dr Asen Zlatarov”, Bourgas, Bulgaria

ABSTRACT
A sensitive and rapid magnetic-nanoparticles-based fluorescent
immunoassay (MNPs-FIA) for individual and simultaneous
determination of dichlorvos (DDVP) and paraoxon in untreated
raw milk was developed. The conjugates DDVP–cBSA (cationized
bovine serum albumin) and paraoxon–BSA (bovine serum
albumin) were labeled by fluorescent dyes. The optimal amount
of immobilized polyclonal anti-DDVP and anti-paraoxon
antibodies on MNPs (0.375 mg Ab-MNPs) and optimal
concentrations of DDVP–cBSA–FITC (18 µg/mL) and paraoxon–
BSA–FITC (22 µg/mL) for MNPs-FIA were determined. The
calibration curves of individual and simultaneous immunoassays
of DDVP and paraoxon were investigated. The IC50 value of the
individual paraoxon assay in raw cow’s milk was 60 ng/mL and
linear range 2–300 ng/mL. The IC50 value of the individual DDVP
assay was 70 ng/mL and linear range 5–300 ng/mL. The IC50
values of the paraoxon and DDVP (100 and 120 ng/mL
respectively) in simultaneous assay were higher than those of the
individual ones, and their linear ranges were 10–400 ng/mL.
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Introduction

There is growing public concern over environmental pollution from pesticides. Human
exposure to pesticides is multi-media and multiroute. This scenario allows for exposure
to multiple pesticides, with resultant body burdens of these and their metabolites. That
means, it is very important to carry out continuous pesticide control bymultiplexed analysis.

Analytical methods to determine pesticides such as gas chromatography and liquid
chromatography coupled with mass spectrometry or tandem mass spectrometry (MS/
MS) have been developed (Darling, Laing, & Harkness, 1974; Díaz-Cruz, de Alda,
López, & Barcelo, 2003). However, such techniques are limited by several drawbacks,
including substantial equipment costs and/or extensive and time-consuming sample
pretreatments, rendering progesterone routine determination and expensive analysis.
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Alternatively, ELISA is the most popular approach nowadays for the determination of pes-
ticides (Chen et al., 2017; Gillis, Gosling, Sreenanc, & Kanea, 2002; Joel et al., 2017; Li et al.,
2017; Watanabe, Miyake, & Yogo, 2013; Xu et al., 2010; Xu et al., 2012). But these analyses
measured separated pesticides, independently, one at a time. To measure numerous ana-
lytes, sequential single measurements are needed. Immunofluorescence heterogeneous
analyses permit to create multiplexing analysis by using microbead immunosorbents
(Biagini et al., 2002; Biagini et al., 2003; Biagini et al., 2004; Fulton, McDade, Smith,
Kienker, & Kettman, 1997; Vignali, 2000). The choice of solid phase is important to
enhance the sensitivity in heterogeneous immunochemical assays. Magnetic nanoparticles
(MNPs) as a solid phase were very suitable. It has been reported that the use of MNPs may
assist in minimizing matrix interferences and reduce the immobilization time of antibody
on MNPs to 2.5 h (Ivanova & Godjevargova, 2015; Yamaura et al., 2004). Also, a comfor-
table separation of bound and free fraction of the tracer can be performed only through a
simple collection of the magnetic particles by a permanent magnet (Tudorache, Co,
Lifgren, & Emneus, 2005; Tudorache, Zdrojewska, & Emneus, 2006).

Organophosphorus (OP) pesticides are one of the world’s most widely used pesticides,
which are considered hazardous substances due to their high toxicity and their persistence
in the environment (Roex, Keijzers, & van Gestel, 2003). Dichlorvos (DDVP) is widely used
to control household, public health, and stored product insects (Celik, Yilmaz, & Turkoglu,
2009). In some countries, high levels of DDVP can be found in food and food products
(Cengiz, Certel, & Göçmen, 2006). Paraoxon has never been registered for use as a pesticide.
The sole source of methyl paraoxon in the environment is from the oxidation of methyl
parathion, and for this reason few immunoassay analyses were developed (Li et al., 2009).

Milk is a very important food in the diet of infants and children. The presence of any
pesticides in milk is a cause for concern and great strides are taken throughout the dairy
industry to assure the purity of milk. The presence of multiple pesticides in virtually all
samples of milk raises new questions about the possible toxicological impacts of pesticide
mixtures on an infant’s developing nervous and immune systems, as well as on reproduc-
tive organs.

The main objective of our work was to develop a simple, rapid, and reliable MNP-based
fluorescent immunoassay (MNPs-FIA) for the individual and simultaneous determination
of paraoxon and DDVP in full milk samples. The preparation and characterization of flu-
orescent antigen–BSA (bovine serum albumin) conjugates were investigated. The influ-
ence of milk cow type and animal species on immunoassay was studied.

Materials and methods

Reagents

For the preparation of cationized bovine serum albumin (cBSA), BSA, 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride, and ethylenediamine, purchased
from Sigma-Aldrich (Taufkirchen, Germany), were used. All reagents used for obtaining
conjugates DDVP (2,2-dichlorovinyl dimethyl phosphate), paraoxon-ethyl (diethyl 4-
nitrophenyl phosphate), formaldehyde, diethyl ether, hydrochloric acid, acetic acid,
sodium chloride, ethyl acetate, glutaraldehyde, zinc powder, anhydrous sodium sulfate,
dimethyl formamide, ATTO 620 NHS, Bradford reagent, and ethanol were purchased

FOOD AND AGRICULTURAL IMMUNOLOGY 229



from Sigma-Aldrich (Taufkirchen, Germany). Commercial Abraxis OP/Carbamate Assay
was purchased from Abraxis LLC (Warminster, PA, USA). Dimethylformamide, fluor-
escein 5(6)–isothiocyanate (FITC), isomer I, 98% were used to make the fluorescent con-
jugates and were purchased from Sigma-Aldrich (Taufkirchen, Germany). For the
purification of conjugates, Sephadex G-25 from GE Healthcare (Sweden) was used.
Buffers were prepared according to standard laboratory procedure. All solutions were pre-
pared using deionized water (ELGA, Buckinghamshire, UK).

Instrumentation

The ultraviolet–visible spectra of hapten conjugates were recorded by Spectrophotometer
6900 (Jenway, England). Fourier transforms infrared spectra of hapten conjugates were
measured by Fourier transform infrared spectrophotometer Tenzor 27-Bruker (Bruker
Optik GmbH, Germany). The fluorescence intensity in immunoassay was detected by a
Perkin Elmer LS 45 fluorescence spectrophotometer (USA).

Preparation of functionalized MNPs, polyclonal anti-paraoxon antibody and
anti- DDVP antibody

The preparation and functionalization of MNPs with APTES ((3-aminopropyl)triethoxy-
silane) were carried out by methods described by Ivanova and Godjevargova (2015).
Immunization and purification of polyclonal antibodies (anti-paraoxon antibody and
anti- DDVP antibody) were performed by methods described in our previous paper
(Yaneva, Ivanov, & Godjevargova, 2017).

Immobilization of anti-paraoxon antibody and anti- DDVP antibody onto the
MNPs

The immobilization of anti-paraoxon antibody and anti- DDVP antibody was carried out
by covalent method. 5 mg of the MNPs functionalized with APTES were activated with
glutardialdehyde. The nanoparticles were collected with a magnet, the solution was
taken out, and the nanoparticles were resuspended in 1 mL glutardialdehyde solution
(5% w/v) in 50 mM PBS pH 8 and incubated for 2 h at room temperature with orbital agi-
tation. Then the nanoparticles were washed once with 50 mM PBS pH 8 and five more
times with 10 mM PBS pH 7.4. The MNPs were resuspended in 1 mL 10 mM PBS pH
7.4 containing 1 mg/mL anti-paraoxon and anti- DDVP polyclonal antibodies, respect-
ively, and incubated for 2 h at 37°C. After that the nanoparticles were washed three
times with 10 mM PBS pH 7.4 and the free active NH2 groups were blocked by adding
10 mM PBS pH 7.4 containing 1% BSA and 0.05% Tween 20. Each complex of antibody
nanoparticles were stirred for 1 h at room temperature, washed three times, and resus-
pended in the same buffer to a final concentration of 5 mg/mL.

Determination of the amount of immobilized antibody on MNPs

The efficiency of the coupling strategies was evaluated by analyzing the antibody concen-
tration in the supernatant before and after the coupling by the Bradford method
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(Bradford, 1976). The amount of antibody bound to the MNPs (mg Ab) was calculated
according to the following equation:

mgAb = mgAb′ −mgAb′′/mgMNPs,

where mg Ab’ is the amount of antibody (in mg) in the starting solution and mg Ab’’ is the
amount of the unbound antibody (in mg) in the supernatant.

Preparation of FITC-labeled DDVP–cBSA conjugate

This conjugate was prepared by three consequentive steps (see supporting material). The
first and second steps were preparation of cBSA and connection of cBSA with DDVP by
condensation with formaldehyde. The method of their preparation was described in our
early paper (Yaneva et al., 2017). The third step was preparation of DDVP–cBSA–FITC
conjugate.

Fluorescein 5(6)-isothiocyanate (FITC), as a fluorescent marker, was used. DDVP–
cBSA conjugate (15 mg) was dissolved in deionized water (1.5 mL). Then 500 µL FITC
(2 mg/mL in dimethylformamide) was added slowly and reaction mixture was incubated
overnight at 4°C. The labeling was carried out in brown vial to prevent photo-degradation
of the fluorescent compound. The obtained conjugate (DDVP–cBSA–FITC) was
purified by gel filtration through Sephadex G-25 column (1.5 × 30 cm). The column
was equilibrated with PBS (10 mM pH 7.4). The column flow rate was 1 mL/min. The
fractions of 2.0 mL were collected. The fraction absorbance was measured using a
Jenway 6900 UV/Vis spectrophotometer. Spectrophotometric and IR analyses were
used to evaluate the composition of the conjugate. The resulting product was lyophilized
and stored at −20°C. Conjugate-containing fractions were analyzed with the following
equations:

IgG(mg/mL) = (A280−0.31A494)/1.4 and F/P = 3.1A494/(A280−0.31A494).

Preparation of FITC-labeled paraoxon–BSA conjugate

This conjugate was prepared also by three consequently steps (see supporting material).
The first and second steps were reduction of nitro groups of paraoxon to amino groups
and connection of modified paraoxon with BSA by glutaraldehyde. The method of their
preparation was described in our early paper (Yaneva et al., 2017). The third step was
preparation of paraoxon–cBSA–FITC conjugate. The connection between paraoxon–
cBSA and FITC was made following the same condition as DDVP–cBSA–FITC.

Preparation of ATTO 620 NHS-labeled paraoxon–BSA conjugate

Paraoxon–BSA conjugate (10 mg) was dissolved in 250 µL 0.1 M sodium bicarbonate
buffer pH 8.3. 0.5 mg ATTO 620 NHS was dissolved in 50 µL dimethylformamide.
ATTO 620 NHS was added to conjugate dripwise while stirring constantly and carefully.
Then the solution was left 1 h on shaker at room temperature and then overnight at 4°C.
After expiring of the incubation time the conjugate was purified from unreacted low mol-
ecular compounds by means of gel permeation chromatography on the Sephadex G-25
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carrier in 10 mM phosphate-buffered saline, pH 7.4. The resulting product was lyophilized
and stored at −20°C. The optimal F/P values are 3–10 for any particular IgG.

Determination of optimal concentration of immunoassay components

Four different concentrations of the DDVP–cBSA–FITC and paraoxon–BSA–FITC
conjugates (1.5, 3, 7.5, and 12 µg/mL) were used. The concentration of each conjugate
concentration was combined with four different concentrations of the antibody (anti-
dichlorovos, anti-paraoxon, and the combination of them) – 0.125, 0.25, 0.375, and
0.5 mg of antibody–MNPs provides 0.0055, 0.011, 0.0165, and 0.022 mg of immobi-
lized antibody, respectively. Each sample of antibody–MNPs, described earlier, was
put into a microcentrifuge tube. Supernatant was discarded by magnetic separator
and MNPs complex remained on the microcentrifuge tube sidewall. Then, 67 µL of
the antigen (50 µg/mL) was added to the microcentrifuge tube containing MNPs
complex and 135 μL of each conjugate concentrations, described earlier, were added
to the samples. An incubation step was performed for 15 min at 37°C. The particles
were collected with a magnet, the supernatant was taken out and the residual fluor-
escent intensity was measured by a Perkin Elmer LS 45 fluorescence spectrophotometer.
The fluorescence signal of the supernatant was measured at 518 nm. Experimental
signals were calculated as the difference between initial and residual fluorescence of
conjugate in percentages. The optimal concentrations of DDVP–BSA–FITC, para-
oxon–BSA–ATТO 620 conjugates and corresponding immobilized antibodies for simul-
taneous immunoassay were determined by the same way as at individual immunoassay.

Immunoassay for individual determination of DDVP and paraoxon

An estimated 75 µL of 5 mg/mL immobilized antibody (0.375 mg antibody–MNPs) on
MNPs against DDVP or paraxon was transferred to tubes and collected by a magnet.
The supernatant was pipetted, and 67 µL of corresponding antigen with different concen-
trations (0–500 ng/mL in cow’s, goat’s, sheep’s, pasteurized milk and buffer solution) were
incubated for 15 min at 37°C. Then 135 μL of each conjugate concentration, paraoxon–
BSA–FITC (22 µg/mL) and DDVP–cBSA–FITC (18 µg/mL) was added to corresponding
MNPs–Ab and incubated for 15 min at 37°C. Both antigens and fluorescent conjugate
compete for the corresponding immobilized antibody. After the incubation, the MNPs–
Ab–pesticides were separated from the supernatant on the side wall of the microcentrifuge
tube by a magnet. The clear supernatant containing unbound tracer was separated. The
fluorescence signal of this supernatant was measured at 518 nm by a Perkin Elmer LS
45 fluorescence spectrophotometer. Experimental signals were normalized using the fol-
lowing expression:

Normalized signal(%) = (B0 − B)/(B0 − Bx)× 100

where B is the signal (intensity of fluorescence) measured in the presence of the increasing
analyte concentrations; Bx is the signal in the absence of pesticides; and B0 is the signal of
the initial conjugate solution. Competition curves were obtained by plotting normalized
signal, % against the logarithm of analyte concentration. Sigmoidal curves were fitted to
a four-parameter logistic equation, from which IC50 values (half maximal inhibitory
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concentration of the antibody–antigen binding) were determined. Each point represents
the mean of five experiments, CV = 4–8%.

Immunoassay for simultaneous determination of DDVP and paraoxon

For simultaneous determination of DDVP and paraoxon in the same sample, the conju-
gate between paraoxon–BSA and fluorescein dye ATTO 620 NHS (620/643 nm) with car-
boxylic groups was prepared by carbodiimide method. 75 µL of 5 mg/mL of immobilized
antibody on MNPs against DDVP (0.375 mg antibody–MNPs) and 75 µL of 5 mg/mL of
immobilized antibody on MNPs against paroxon (0.375 mg antibody–MNPs) were trans-
ferred to tubes and collected by a magnet. The supernatant was pipetted, and 67 µL of
paraoxon and 67 µL of DDVP solutions with different concentrations (0–500 ng/mL in
cow’s, goat’s, sheep’s, pasteurized milk and buffer solution) were incubated for 15 min
at 37°C. Then a 135 μL of two conjugates, paraoxon–BSA–ATTO 620 (22 µg/mL)
and DDVP–cBSA–FITC (18 µg/mL), were added to the mixture and incubated for
15 min at 37°C. Both antigens and fluorescent conjugate competed for the correspond-
ing immobilized antibody. After the incubation, the MNPs–Ab–pesticides were separ-
ated from the supernatant on the side wall of the microcentrifuge tube by a magnet.
The clear supernatant containing unbound tracer was separated. The fluorescence
signal of this supernatant was measured at 518 nm and 643 nm by a Perkin Elmer LS
45 fluorescence spectrophotometer. Experimental signals were normalized using the
expression like individual analysis. Each point represents the mean of five experiments,
CV = 4–8%.

Preparation of buffer and milk standards

The working standards containing 1.0, 2.0, 5.0, 10.0, 25.0, 50.0, 100.0, 150.0, 200.0, 250.0,
300.0, 400.0, and 500.0 ng/mL pesticides (DDVP and paraoxon) in cow’s milk, buffer
(10 mM PBS, pH 7.4), pasteurized, goat’s, and sheep’s milk were prepared from a 1 mg/
mL stock solution. Fresh full-cream cow’s, sheep’s, and goat’s milk (pesticide-free milk,
measured by commercial Abraxis OP/Carbamate Assay (Abraxis LLC, Warminster, PA,
USA) were used for the preparation of standard milk solutions and concentrations of pes-
ticides were the same as in the buffer standard solutions. Three types of raw milk and pas-
teurized cow milk (1% fat) were employed for immunoassay validation and to obtain the
pesticide calibration curves. It should be noted that it was not necessary to perform any
sample pretreatment to the milk samples.

Recovery from milk by immunofluorescence analysis

The recovery of pesticides in cow’s milk was evaluated. Fresh full-cream cow’s milk (pesti-
cide-free), measured by commercial Abraxis OP/Carbamate Assay (Abraxis LLC, Warmin-
ster, PA, USA), was used for the preparation of standard milk solutions. Samples free from
pesticides were fortified with mixture of DDVP and paraoxon in a ratio of 1:1 with concen-
tration 50.0, 100.0, and 200.0 ng/mL. This recovery was used for the estimation of concen-
tration of the pesticides in samples by indirect competitive immunofluorescence analysis.
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Results and discussion

Preparation of FITC-labeled DDVP–cBSA conjugate

DDVP–cBSA–FITC conjugate was prepared in three steps, as described in Materials and
Methods section. DDVP does not have a functional group to react with proteins by the usual
coupling methods. It is necessary to synthesize cationized protein for DDVP–protein coup-
ling. Cationized protein was prepared according to the method of Muckerheide, Apple,
Pesce, and Michael (1987). BSA was treated with 1-ethyl-3-[3-dimethylaminopropyl] carbo-
diimide hydrochloride and ethylenediamine, consequently. The DDVP–cBSA conjugate was
prepared by condensing with formaldehyde, using a modified method (Feng et al., 2009). In
the third step (i.e. preparation of DDVP–cBSA–FITC conjugate), DDVP–cBSA was labeled
with fluorescent dye (FITC). The isothiocyanate groups of FITC were bounded with amino
groups of the DDVP–cBSA conjugate. Purification of the DDVP–cBSA–FITC conjugate was
carried out by gel filtration chromatography. UV–Vis spectra of the DDVP–cBSA–FITC
conjugate was measured and compared to UV–Vis spectra of the DDVP–cBSA and
FITC, for conjugation proving. The results are shown in Figure 1.

It is obvious that DDVP–cBSA absorbs at a maximum wavelength of 270 nm, while
FITC absorbs at 490 nm, according to the obtained results. The maximum absorbing
wavelength in DDVP–cBSA –FITC spectrum (Figure 1) is slightly blue-shifted from
490 to 487 nm compared with the unconjugated FITC, due to the interaction of
DDVP–cBSA and FITC. Preparation of DDVP–cBSA–FITC conjugate was proved also
by IR analysis (see supporting material). The optimal ratio of fluorescent dye to protein
(F/P values) was 5.5 for investigated conjugate.

Preparation of FITC-labeled paraoxon–BSA conjugate

The conjugate was prepared also by three consequentive steps. The first and second steps
were paraoxon nitro group reduction to amino groups and modified paraoxon–BSA con-
nection by glutaraldehyde. The third step was preparation of paraoxon–BSA–FITC con-
jugate. UV–visible spectrophotometric method was used to confirm the paraoxon–

Figure 1. UV–visible spectra of DDVP–cBSA (●), FITC (▴), and DDVP–cBSA–FITC (▪).
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BSA–FITC conjugate formation. In Figure 2, ultraviolet spectra of paraoxon–BSA conju-
gate, FITC, and paraoxon–BSA–FITC conjugate are presented. It is obvious that the para-
oxon–BSA conjugate has two absorption peaks. The first peak is at 275 nm and the second
peak at 385 nm. FITC absorbed at a maximum wavelength of 490 nm. The obtained para-
oxon–BSA–FITC conjugate has two absorption peaks, which corresponds to the peaks of
the paraoxon–BSA and FITC, but they were offset. The first peak is shifted from 275 to
271 nm due to the reaction of paraoxon–BSA with FITC. The second peak is shifted
from 490 to 489 nm, again due to the same interaction. Preparation of paraoxon–BSA–
FITC conjugate was proved also by IR analysis (see supporting material). The optimal
F/P value was 5.2 for investigated conjugate.

Preparation of ATTO 620-labeled paraoxon–BSA conjugate

The paraoxon–BSA–ATTO 620 conjugate was prepared for simultaneous determination
of paraoxon and DDVP in milk. UV–visible spectrophotometric method was used to
confirm the formation of the paraoxon–BSA–ATTO 620 conjugate. In Figure 3, ultraviolet
spectra of ATTO 620 and paraoxon–BSA–ATTO 620 conjugate are presented. ATTO 620
absorbs at 620 nm. The obtained conjugate paraoxon–BSA–ATTO 620 has two absorp-
tion peaks, which correspond to the peaks of the paraoxon–BSA (Figure 2) and ATTO
620. The first peak at 332 nm is large and includes the characteristic peaks of para-
oxon–BSA (275 and 385 nm). The second peak is at 618 nm, corresponding to a charac-
teristic peak of ATTO 620. The shift of that peak is due to the reaction of paraoxon–BSA
with ATTO 620. The optimal F/P value was 4.6 for the investigated conjugate.

Determination of optimal conditions for pesticide MNPs-FIA

The obtained conjugates were used as tracer in MNPs-FIA for the determination of DDVP
and paraoxon. The other important component for immunoassay is immobilized

Figure 2. UV–visible spectra of paraoxon–BSA (▪), FITC (▴) and paraoxon–BSA–FITC (●).
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antibodies. Polyclonal antibodies against DDVP and paraoxon were covalently coupled on
MNPs. The MNPs (Fe3O4) were synthesized by a wet chemical method through the co-
precipitation of Fe2+ and Fe3+ aqueous salt solutions. They were modified by APTES as
the coating material to introduce amino groups (Smith & Chen, 2008; Wu, He, Chen,
Tang, & Nie, 2007). The sizes of initial and functionalized MNPs were determined by
IZONqNano particle analyzer (England), respectively, 182 and 292.5 nm. The nanoparticles’
size with immobilized antibody allows the possibility of handling the particles in suspension.
The simple collection of magnetic particles by a permanent magnet allows separating bound
and free fraction of the tracer. Other advantages of the magnetic beads compared to the con-
ventional solid supports used in immunoassays are easy manipulation, low pressure drop,
high mass transfer rate, good fluid–solid contact, and perspectives for system automation
and miniaturization (Rad, Yavuz, Kocakulak, & Denizli, 2003; Solé, Merkoçi, & Alegret,
2001; Zhao & Shippy, 2004). The choice of the separation procedure is important to
enhance the sensitivity in the heterogeneous immunoassays. Thus the development of a
new MNPs-FIA method for the determination of pesticides in milk is very interesting.

Polyclonal antibodies against DDVP and paraoxon were covalently coupled through
their amino groups to the functionalized MNPs with amino groups by random immobil-
ization with glutaraldehyde. The efficiency of the coupling was evaluated using the Brad-
ford method (Bradford, 1976). It was found that the amount of immobilized polyclonal
anti-DDVP and anti-paraoxon antibodies on MNPs was 0.226 mg Ab per mg MNPs.

The individual immunoassays for the determination of paraoxon and DDVP were
developed. For this purpose, the optimal concentrations of DDVP–cBSA–FITC and para-
oxon–BSA–FITC conjugates and immobilized antibodies were determined. The best
results for DDVP immunoassay were obtained at 18 μg/mL DDVP–cBSA–FITC conjugate
and 0.375 mg antibody–MNPs (0.0165 mg immobilized antibody). The optimal concen-
trations of paraoxon–BSA–FITC conjugate and immobilized antibody were obtained –
22 μg/mL paraoxon–BSA–FITC conjugate and 0.375 mg antibody–MNPs (0.0165 mg
immobilized antibody).

Figure 3. UV–visible spectra of ATТO 620 (▴) and paraoxon–BSA–ATТO 620 (●).
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The simultaneous immunoassays for the determination of paraoxon and DDVP were
developed. For this purpose, the paraoxon–BSA–ATTO 620 conjugate was prepared.
The optimal conditions for the simultaneous determination of DDVP and paraoxon
were also determined. It was found that the optimal concentrations of conjugates
(DDPV–BSA–FITC and paraoxon–BSA–ATTO 620) and immobilized antibodies were
the same as at individual immunoassay.

Calibration curves of individual and simultaneous determination of pesticide in
cow’s milk and buffer by MNPs-FIA

The antigens (DDVP and paraoxon) are small molecules that only have one site for
binding to the antibodies; so the immunoassay design was restricted to a competitive
format. Thus, free antigen (pesticide) in the sample and constant known amount of fluor-
escent-labeled antigen were incubated with a limited amount of immobilized antibody on
MNPs. So, the competition for the antibody binding sites was established. The MNPs-FIA
was performed in 10 mM PBS pH 7.4 and in milk sample. After magnetic separation of the
MNPs on the tube side wall, fluorescent intensity of the free unbound tracer in super-
natant was measured. The fluorescence signal was proportional to the concentration of
the antigen in the sample. After that, the inhibition curve characteristic of the immunoas-
say was plotted.

The calibration curves of individual immunoassay of DDVP, individual immunoassay
of paraoxon, and simultaneous immunoassay of DDVP and paraoxon in raw cow’s milk
were investigated by MNPs-FIA at determined optimal conjugate and antibody concen-
trations (Figure 4). The assay sensitivity is usually expressed in terms of its lower detection
limit (LOD). The LOD is the lowest concentration of analyte giving a response statistically
different from that observed in the absence of analyte. It is calculated as 95% from Bx – the
fluorescence intensity of bound conjugate to the immunosorbent in the absence of pesti-
cides. Figure 4 shows that in raw cow’s milk the IC50 value of the individual paraoxon
assay was 60 ng/mL, and detection limit was 1.9 ng/mL (5% inhibition). The linear

Figure 4. MNPs-FIA curves for inhibition paraoxon (Ab1, ♦); DDVP (Ab2, ▪); paraoxon (Ab1+Ab2, ▴),
DDVP (Ab1+Ab2, x) in cow’s milk by indirect competitive immunoassay.
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working range of the assay was between 2 and 300 ng/mL (Table 1). The results for indi-
vidual DDVP determination are similar to the first one. The IC50 value of the individual
DDVP assay was 70 ng/mL and detection limit was 4.75 ng/mL. The linear working range
of this assay was between 5 and 300 ng/mL. The linear working ranges of simultaneous
assay of paraoxon and DDVP were with higher pesticide concentrations of 10–400 ng/
mL. The IC50 values of the paraoxon and DDVP in simultaneous assay were higher
than individual ones, 100 and 120 ng/mL, respectively. The detection limit of simul-
taneous paraoxon assay was 7.5 ng/mL and DDVP assays – 8.0 ng/mL. It was proved
that the change was not due to the presence of the both pesticides in the sample. It was
confirmed by investigation of the specificity of the antibodies by indirect competitive
ELISA. It was found that the cross-reactivity of anti-DDVP antibody with DDVP was
100% and had no cross-reactivity with paraoxon-ethyl. The anti-paraoxon antibody pro-
vided cross-reactivity of 100% with paraoxon-ethyl, and no cross-reactivity with DDVP.
The calibration relationships are presented in Figure 4. High correlation coefficients
were achieved in cow’s samples using the MNPs-FIA (0.96–0.98).

The MNPs-FIA was applied to evaluate pesticides in buffer solution and in pasteur-
ized cow’s milk with low fat concentration – 1% (Figure 5 and Table 1). The obtained
results were compared with the results in fresh raw milk. Series of standard solutions
with different pesticide concentrations were prepared in buffer solutions and pasteur-
ized milk for the analytical performance of the proposed fluorescent immunoassay
assessment. It was found that all curves in pasteurized milk with low fat concentration
and in buffer have the shorter linear range and LOD compared to the same character-
istics in cow’s milk. Obviously the milk matrix (fat, proteins, salts and est.) was affected
on the sensitivity of pesticide analysis. The linear range of all curves in buffer solutions
was the shortest and the sensitivity was the highest (Table 1). High correlation coeffi-
cients were achieved in buffer samples and in pasteurized cow’s milk samples using the
MNPs-FIA (0.94–0.99).

The results from the paraoxon and DDVP immunoassay were compared to the values
obtained by similar ELISA protocols in the literature (Table 2). The reported paraoxon

Figure 5. MNPs-FIA curves for inhibition paraoxon (Ab1, ♦); DDVP (Ab2, ▪); paraoxon (Ab1+Ab2, ▴),
DDVP (Ab1+Ab2, x) in buffer solution by indirect competitive immunoassay.
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Table 1. Basic analytical characteristics of MNPs-FIA of paraoxon (Ab1), DDVP (Ab2), paraoxon (Ab1+Ab2), DDVP (Ab1+Ab2) in cow, pasteurized milk, and in buffer
solution.

Pesticides/antibody

Half maximal inhibitory concentration (ng/mL) Linear range (ng/mL) Detection limit (ng/mL)

Cow milk Buffer solution Pasteurized milk Cow milk Buffer solution Pasteurized milk Cow milk Buffer solution Pasteurized milk

Paraoxon/Ab1 60 39 55 2–300 2–250 2–300 1.9 1.9 1.9
DDVP/Ab2 70 50 70 5–300 2–250 2–300 4.75 1.9 1.95
Paraoxon/Ab1+Ab2 100 60 80 10–400 5–350 5–400 7.5 2.5 4.75
DDVP/Ab1+Ab2 120 70 110 10–400 5–350 5–400 8.0 3.5 4.85
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and DDVP immunoassay provided higher sensitivity with linearity to lower concen-
trations compared to the previously reported procedures.

Influence of milk type on immunoassay

The influence of different animal species milk on the bioassay was studied. The calibration
curves of individual immunoassay of paraoxon, individual immunoassay of DDVP, and
simultaneous immunoassay of paraoxon and DDVP were investigated in raw goat’s
milk. The change in IC50 values of the four immunoassays are negligible – 50, 75, 90,
and 110 ng/mL, respectively compared to the results in cow’s milk (Table 3). The linear
ranges of curves of individual and simultaneous immunoassays in goat’s milk were the
same as the linear ranges of curves in cow’s milk. The sensitivity of the pesticide assay
in goat’s milk is closely to the sensitivity of cow’s milk immunoassays.

The linear ranges in sheep’s milk are different (Table 3) from the results in two other
types of milks. The IC50 values of the four immunoassays in sheep milk are higher – 65
(individual, paraoxon), 80 (individual, DDVP), 110 (simultaneous, paraoxon), and
140 ng/mL (simultaneous, DDVP) (Table 3). The linear working ranges of individual
DDVP and paraoxon immunoassays were shorter from 10 to 300 ng/mL, and of simul-
taneous assays from 25 to 400 ng/mL. The main reason for the obtained results was the
higher fat concentration (7.8%) in sheep’s milk compared to the fat content in cow’s milk
(3.8%) and goat’s milk (3.5%). The pesticide limit detections of MNPs-FIA in sheep’s
milk were higher than the limit detections in cow’s milk. The high fat content in sheep’s
milk (7.8%) suppressed the sensitivity of pesticide immunoassay. High correlation coeffi-
cients were achieved in goat’s and sheep’s milk samples using the MNPs-FIA (0.96–0.99).

It was found that the results of individual and simultaneous determination of pesticides
in all used types of milk (Table 3) are comparable. Obviously, the simultaneous immu-
noassay is more effective than individual, because it is possible to measure two types of
pesticides in the same sample at the same time. Therefore, the obtained MNPs-FIA for
individual and simultaneous determination of pesticides is simple and convenient to
use, allowing direct use of undiluted sample; at the same time this assay maintains high
sensitivity with a wide linear range of pesticides.

Recovery test

The cow’s milk samples were spiked with mixture of DDVP and paraoxon (1:1) and
detected by the developed simultaneous immunoassay to evaluate the accuracy and

Table 2. Comparison of organophosphorus pesticide immunoassay with literature protocols.
Pesticides Linear range (ng/mL) Limit detection (ng/mL) Other authors

DDVP 100–10,000 48.0 Tang, Zhang, Cheng, Li, and Lu (2008)
DDVP 0.1–1000 1.0 Feng et al. (2010)
DDVP 5–300 (separate assay, cow’s milk) 4.75 In this paper

10–400 (simultaneous assay, cow’s milk) 8.0
Paraoxon 2–300 (separate assay, cow’s milk) 1.9 In this paper

10–400 (simultaneous assay, cow’s milk) 7.5
Paraoxon 100–20,000 10.0 Limei et al. (2008)
Paraoxon 12–1158 5.0 Li et al. (2009)
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precision of the optimized MNPs-FIA performance. The milk samples were free of pesti-
cides, measured by commercial Abraxis OP/Carbamate Assay (Abraxis LLC, Warminster,
PA, USA). The recovery, standard deviation (SD), and coefficient of variation (CV) values
are shown in Table 4. As indicated in Table 4, the recovery of all the samples approached
ranged from 97% to 100%.

Conclusion

A sensitive and rapid MNPs-FIA for individual and simultaneous determination of pesti-
cides was developed. The assay can be used to detect paraoxon and DDVP in untreated
milk. Recoveries of paraoxon and DDVP from spiked milk samples were acceptable.
The MNPs-immunoassay, with the optimal assay conditions, demonstrated to be able
to detect multiple pesticides accurately even in whole milk samples. The capacity of the
MNPs-immunoassay technique could be further expanded to higher throughput targets
simultaneously. The system could also become fully automatic if dealing with a larger
volume of routine testing. In addition, the details of assay development from this study
will help others optimizing similar multiplex detection using MNPs-immunoassays for
different purposes in the future.
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Table 3. Basic analytical characteristics of MNPs-FIA of paraoxon (Ab1), DDVP (Ab2), paraoxon (Ab1
+Ab2), DDVP (Ab1+Ab2) in cow’s, goat’s, and sheep’s milk.

Pesticides/
antibody

Half maximal inhibitory
concentration (ng/mL) Linear range (ng/mL) Detection limit (ng/mL)

Cow
milk

Goat
milk

Sheep
milk

Cow
milk

Goat
milk

Sheep
milk

Cow
milk

Goat
milk

Sheep
milk

Paraoxon/Ab1 60 50 65 2–300 2–300 10–300 1.9 1.95 5.5
DDVP/Ab2 70 75 80 5–300 5–300 10–300 4.75 4.75 8.5
Paraoxon/Ab1
+Ab2

100 90 110 10–400 10–400 25–400 7.5 9.0 13.5

DDVP/Ab1+Ab2 120 110 140 10–400 10–400 25–400 8.0 9.5 15.5

Table 4. Recovery simultaneously determination of DDVP and paraoxon (N = 3).

Sample

DDVP Paraoxon

Spiked
(ng/mL)

Found (mean ± SD,
ng/mL)

Recovery (mean
± CV, %)

Spiked
(ng/mL)

Found (mean ± SD,
ng/mL)

Recovery (mean
± CV, %)

1 50 49 ± 2.01 98 ± 4.1 50 48.5 ± 2.03 97 ± 4.2
2 100 101 ± 5.45 101 ± 5.4 100 99 ± 5.44 99 ± 5.5
3 200 201 ± 12.66 100.5 ± 6.3 200 202 ± 13.53 101 ± 6.7
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