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Abstract:

Objectives:

High toxicity of pesticides requires accurate and reliable methods to monitor their levels for food, water and soil safety.

Methods:

Magnetic  nanoparticles  were  synthesized  and  functionalized  with  (3-aminopropyl)triethoxysilane.  Sheep  polyclonal-anti-paraoxon  and  anti-
dichlorvos  antibodies  were  produced.  Dichlorvos-cationized  ovalbumin-HPR  and  paraoxon-ovalbumin-HPR  conjugates  were  prepared  and
characterized.  The  optimal  conditions  for  antibody  immobilization  were  determined.  Enzyme  immunosorbent  assay  based  on  Magnetic
Nanoparticles (MNPs) for the determination of pesticides was developed. A comparison of the developed modified MNPs-based ELISA with the
conventional ELISA was performed. The effect of protein, pH, and fats in milk samples on the analytical characteristics of the MNPs-based ELISA
was investigated. In order to validate the results obtained from the MNPs-based ELISA method, experiments with HPLC were performed.

Results:

The linear  range of  the  standard curve  for  the  determination of  paraoxon in  buffer  with  anti-paraoxon antibody was  0.125-5 ng/mL,  for  the
dichlorvos with anti-dichlorvos antibody was 0.0625-5 ng/mL, and for the mixture of paraoxon and dichlorvos in ratio (1:1) with multi-antibody
was 0.125-5 ng/mL. A comparison of the developed modified MNPs-based ELISA with the conventional ELISA was performed. The recovery of
the obtained results for the determination of pesticides in milk samples in both methods was from 104 to 110%.

Conclusion:

The stated advantages of magnetic nanoparticles provide good sensitivity and rapidity of immunoassay and a simple procedure for separating of
antibody-magnetic nanoparticles with the bound antigen from the non-bound antigen in the sample.
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1. INTRODUCTION

Pesticides  play an important  role  in  agriculture,  but  they
are one of the most important environmental pollutants because
of  their  spread  in  water,  soil,  atmosphere,  and  agricultural
products. Pesticides are dangerous to human health. Different
pesticides  have  different  acceptable  residual  levels  that  are
defined  by  the  World  Health  Organization  (WHO),  the
European  Community  (EU),  the  FAO  (the  Organization  for
Food  and  Agriculture)  of  the  United  Nations  [1].  Recently,
organophosphorus pesticides find application because they are
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more easily degraded [2]. They break down rapidly in plants
and  animals,  forming  less  toxic  metabolites  [3,  4].  High
toxicity of pesticides requires accurate and reliable methods to
monitor  their  levels  for  food,  water,  and  soil  safety  [5].
Chromatographic  methods  (gas  chromatography,  high
performance  liquid  chromatography  combined  with  mass
spectrometry,  etc.)  are  effective  for  the  determination  of
pesticides  [6].  They  are  sensitive  and  reliable  but  have  also
some disadvantages such as expensive equipment, they require
a  well-trained  specialist,  considerable  time  for  sample
preparation,  inability  to  work  under  field  conditions,  etc.  To
avoid these shortcomings, other techniques and methods have
also  been  developed  -  chemical  sensors,  biosensors,
spectroscopic  techniques,  immunochemical  methods,  etc.
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Immunochemical methods of analysis are based on the binding
of  an  antigen  molecule  (pesticide)  to  specific  antibodies  and
are  increasingly  used  for  the  determination  of  pesticides  in
different samples [7]. The conducted assays may be individual
using  one  antibody  or  multiplex  using  several  antibodies.
When  using  a  multi-hapten  strategy,  several  antibodies  are
produced  simultaneously  in  one  animal  [8,  9].  Because  the
production  of  polyclonal  antibodies  is  a  slow  process,  this
strategy has advantages.  When several  antigens are  mixed,  a
multi-hapten  immunogen  is  formed  to  produce  multi-
polyclonal  antibodies  that  in  terms  of  quality  match  the
individual  antibodies  [10,  11].  Immunological  analyses are  a
rapid method of screening samples. Unlike chromatographic-
based  methods,  they  are  simple,  specific,  easy  to  use,  high
performance, and do not require costly appliances. This makes
them  suitable  for  field  work  and  quick  screening.  From
immunological analyzes, the most commonly used is Enzyme-
Linked Immunosorbent  Assay (ELISA),  which combines  the
unique immunoassay specificity with the high sensitivity of an
enzyme marker. A number of ELISAs for detecting pesticides
have  been  developed  [12  -  14].  Currently,  some  food
manufacturers  use  rapid  ELISA  tests  to  make  sure  that  the
products  they  buy  do  not  have  illegal  residues  of  some
pesticides  [15  -  17].

The  use  of  magnetic  nanoparticles  in  combination  with
ELISA  leads  to  the  elimination  of  nonspecific  binding  and
preserves the activity of the immobilized antibody over time.
MNPs  have  a  high  specific  surface  area  and  provide  good
contact between the immobilized antibody and the antigen and
correspondingly  high  rate  of  immunoreaction  [18,  19].  The
advantages  of  magnetic  nanoparticles  have  led  to  the
development  of  an  integrated  method  to  provide  better
sensitivity,  short  immobilization  time,  rapid  analysis,  and
simple washing procedures. There are few developed MNPs -
ELISA  assays  for  determining  zearalenone,  ochratoxin,
aflatoxin  B1  [20  -  23],  but  there  are  no  such  assays  for
determination of pesticides. Immunological methods are very
suitable for milk analysis. Since milk is a liquid, milk samples
can  be  analyzed  directly  or  only  after  simple  pre-treatment,
such as  dilution.  For this  reason,  immunoassays used for  the
study of chemical pollutants, including pesticides in milk, are
causing considerable attention in recent years [24, 25]. Ethyl
paraoxon is very toxic and has never been registered for use as
a pesticide. Ethyl paraoxon is formed in the environment from
the oxidation of ethyl parathion. Ethyl parathion and dichlorvos
are used in agriculture.

The aim of the present study is to develop and compare a
rapid  and  sensitive  immunosorbent  assay  based  on  magnetic
nanoparticles  and/using  individual  and  multi-polyclonal
antibody  for  individual  and  simultaneous  determination  of
organophosphorus  pesticides  dichlorvos  and  paraoxon.

2. MATERIALS AND METHODS

2.1. Reagents

For the preparation of cationized Bovine Serum Albumin
(cBSA), were used bovine serum albumin (BSA), 1-ethyl-3-[3-
dimethylaminopropyl]  carbodiimide  hydrochloride,  and
ethylenediamine, purchased from Sigma-Aldrich (Taufkirchen,

Germany). The used reagents for obtaining of conjugates - 2,2-
dichlorovinyl  dimethyl  phosphate  (DDVP),  paraoxon-ethyl
(diethyl  4-nitrophenyl  phosphate),  ovalbumin  (OVA),
formaldehyde,  diethyl  ether,  hydrochloric  acid,  acetic  acid,
sodium  chloride,  ethyl  acetate,  glutaraldehyde,  zinc  powder,
anhydrous  sodium  sulfate,  dimethyl  formamide,  horseradish
peroxidase  (HPR)  were  purchased  from  Sigma-Aldrich
(Taufkirchen,  Germany).  Bradford  reagent  and  3,3,5,5ˈ-
tetramethylbenzidine  were  also  bought  from  Sigma-Aldrich
(Taufkirchen, Germany).

2.2. Instrumentation

The  96-well  polystyrene  high-binding  microtiter  plates
from  TPP  Switzerland  were  used  for  ELISA.  Plates  were
processed  using  an  RT  2100C  Rayto  microplate  reader.  The
determination  of  pesticides  was  also  performed  by  high-
performance  liquid  chromatography  for  comparison.  An
Agilent  Series  1100  high-performance  liquid  chromatograph
120 was used in these studies.

2.3. Solutions

The coating buffer was 50 mM carbonate buffer (pH 9.6).
The phosphate buffer saline was 10 mM phosphate buffer (pH
7.4)  containing  145  mM  NaCl.  The  blocking  solution  was
phosphate-buffered saline with 1% bovine serum albumin. The
horseradish peroxidase conjugate solutions were prepared by
dissolving  different  amounts  of  conjugates  in  phosphate-
buffered  saline  containing  0.5%  bovine  serum  albumin.  The
washing  buffer  was  phosphate-buffered  saline  with  0.05%
Tween-20. The substrate solution was prepared by mixing of
4.5 mL 50 mM citrate buffer pH 5, 0.5 mL 1 mg/mL 3,3ˈ,5,5ˈ-
tetramethylbenzidine (TMB) in dimethylformamide and 15 μL
of 30% H2O2.

2.4. Preparation of Functionalized MNPs, Polyclonal Anti-
paraoxon,  Polyclonal  Anti-DDVP  and  Multi-polyclonal
Antibodies

The  preparation  and  functionalization  of  MNPs  with  (3-
aminopropyl)triethoxysilane  (APTES)  were  carried  out  by
methods described in our previous paper [26]. The production
of  anti-paraoxon  and  anti-DDVP  antibodies  was  carried  by
immunization  of  sheep  with  paraoxon-BSA  and  dichlorvos-
cBSA. The method was described in our previous paper [27].
Multi-polyclonal  antibodies  were  prepared  by  immunization
with  the  mixture  of  paraoxon-BSA  and  dichlorvos-cBSA  in
ratio 1:1, described in the same paper.

2.5. Preparation of Dichlorvos-Cationized Ovalbumin-HPR
and Paraoxon-Ovalbumin-HPR Conjugates

The conjugation  of  dichlorvos-cationized  ovalbumin  and
paraoxon- ovalbumin was performed by the methods described
earlier  [27].  The  dichlorvos-cationized  ovalbumin-HPR  and
paraoxon-ovalbumin-HPR conjugates were prepared by using
glutaraldehyde. Pesticide-ovalbumin (3 mg) was dissolved in
500  µL  deionized  water  containing  1%  glutaraldehyde.  The
mixture  was  incubated  for  1  h  at  room temperature.  Then,  a
solution of 2 mg horseradish peroxidase in 200 µL deionized
water was added to the mixture and incubated overnight at 4oC.
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The  conjugates  were  purified  by  a  Sephadex  G-25  column
(1x20 cm). The optical density of the obtained conjugates was
measured  at  a  wavelength  of  403  nm  using  a  Jenway  6900
ultraviolet-visible  spectrophotometer.  The  conjugates  were
freeze-dried.

2.6. Determination of the Optimal Conditions of Antibody
Immobilization

The  optimal  immobilization  conditions  of  the  antibody
were examined by varying the incubation time (2, 8 and 15h)
and temperature (4, 15, 25 and 35C). MNPs (5 mg) and 1 mL
antibody  solution  (1  mg/mL  in  10  mM  PBS  pH  7.4)  were
allowed  to  react  at  these  conditions.  The  amount  of
immobilized  antibody  on  MNPs  was  determined  by  the
Bradford method [28], on the basis of the difference between
the initial amount of protein in the antibody solution and the
resulting excess after immobilization.

2.7.  Antibody  Immobilization  on  MNPs  at  Optimal
Conditions

The  functionalized  MNPs  (5  mg)  were  collected  with  a
magnet,  nanoparticles  were  resuspended  in  1  mL  glutar-
dialdehyde  solution  (5%  w/v  in  50  mM  PBS  pH  8)  and
incubated for  2  h at  room temperature with orbital  agitation.
Then,  the nanoparticles were washed once with 50 mM PBS
pH  8  and  five  times  with  10  mM  PBS  pH  7.4.  MNPs  were
resuspended in 1 mL 10 mM PBS pH 7.4 containing antibody
with  the  following  concentrations  (0.1,  0.4,  0.7,  1.0,  1.5
mg/mL)  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.
The mixture was stirred for 1 h at room temperature, washed
three  times,  and  resuspended  in  the  same  buffer  to  a  final
concentration of 5 mg/mL. The mean amount of immobilized
antibody  on  MNPs  in  all  antibody  immobilizations  was
determined  by  the  Bradford  method.

2.8. Principle of Enzyme Immunosorbent Assay Based on
MNPs

The  MNPs-ELISA  method  is  based  on  the  principles  of
competitive immunoassay. The immobilized antibody onto the
MNPs is prepared in greater quantity. The sample containing
the antigen (the pesticide) is added to a certain portion of the
antibody and the mixture is incubated for 15 minutes. At this
stage,  the  antibody  recognizes  the  antigen  and  binds  it
specifically. Enzyme-labeled antigen (competitive conjugate) is
then added and the mixture is incubated for a further 15 min to
bind  the  conjugate  to  the  free  antigen-binding  sites  of  the
immobilized antibody. After each of these two steps, washing
is performed to remove excess antigen and conjugate also by
the  aid  of  magnetic  separation.  Finally,  a  substrate  solution
(tetramethylbenzidine  -  TMB)  is  added,  the  mixture  is
incubated for 15 min, the enzyme reaction is stopped with acid,
magnetic separation is performed, and the color intensity of the
solution  is  measured  at  450  nm wavelength  with  the  ELISA
reader. When the the concentration of the pesticide is high, the
less conjugate will  bind to the immobilized antibody and the
intensity of the coloration will be lower and vice versa.

2.9. Determination of the Optimal Conditions for Carrying
Out  an  Immunosorbent  Assay  Based  on  MNPs  for  the
Determination  of  Paraoxon-Ethyl  and  Dichlorvos

The  optimal  concentration  of  the  conjugates  for  the
conduction  of  the  enzyme  reaction  was  determined.  The
concentrations  of  paraoxon-OVA-HPR  and  DDVP-cOVA-
HPR conjugates were varied (0-4 μg/mL). The concentration of
substrate was constant 0.1mg/ml. To 20 μL of conjugate was
added 50 μL of the substrate and the enzymatic reaction was
conducted  at  room  temperature  for  15  minutes  at  dark.  The
reaction  was  ceased  by  adding  50  μL  of  2M  H2SO4  and  the
color intensity was measured at a wavelength of 450nm with a
Microplate reader RT 2100C.

In order to determine the optimal antibody concentration
for  immunoreaction,  the  antibody  concentration  ranges  from
0.005 to 0.05 mg/mg MNPs. To 20 μL of the conjugate (0.1 mg
/ mL), 50 μL of immobilized antibody on MNPs with indicated
concentrations was added. The mixture was incubated for 15
minutes  at  37C.  Then,  the  magnetic  nanoparticles  with  the
formed  conjugate  were  washed  five  times  with  10  mM
phosphate  buffer  solution  with  0.05%  Tween  20  (pH  7.4).
Then, 50 μL of the substrate solution was added to the formed
complex and incubated at room temperature for 15 min in the
dark.  The  reaction  was  stopped  and  the  color  intensity  was
measured at a wavelength of 450 nm.

2.10.  Enzyme  Immunosorbent  Assay  Based  on  MNPs  for
Determination of Paraoxon-Ethyl and Dichlorvos in Buffer
Solutions

After  the  establishment  of  optimal  concentration  for
conjugate and antibody, the calibration curves were plotted by
using different concentrations of pesticide in buffer solution.
50  μL  solution  of  immobilized  antibody  onto  magnetic
nanoparticles  with  the  concentration  of  0.025  mg  per  mg
magnetic nanoparticle was added to 50 μL of each sample with
different pesticide concentrations (0.01 to 10 ng/mL in 10 mM
phosphate buffer solution, pH 7.4) and were incubated for 15
min.  Then,  magnetic  nanoparticles  were  collected  by  a
magnetic field of 10,000G and washed with 10mM phosphate
buffer solution pH 7.4, contained 0.05% Tween 20. After that
the  antigen-peroxidase  conjugate  20  μL  (0.1  mg/mL)  was
added,  and  the  mixture  was  incubated  for  15  min.  Then  the
substrate reaction was performed by the methodic described in
the  previous  point.  The  simultaneous  determination  of
paraoxon  and  dichlorvos  in  ratio  1:1  with  multi-polyclonal
antibody  was  carried  out  the  same way  like  the  assay  of  the
individual antibody.

The  experimental  signal  (Y)  was  calculated  using  the
following  equation:

Y = B/B x100, %
B  -  Absorbance  of  the  sample  containing  analyte

concentration

B - absorbance of blank sample (no analyte present)

2.11.  Conventional  Competitive  ELISA  for  the
Determination of Paraoxon-ethyl and Dichlorovos in Buffer
Solutions

The  concentration  of  antibody  and  coating  antigen  was
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optimized by a checkerboard titration. A total volume of 100
μL of each hapten-ovalbumin conjugate (1 μg/mL in coating
buffer)  was  added  to  wells  of  the  microtiter  plate  at  4°C
overnight. In case with multi-polyclonal antibody, the mixture
of conjugates dichlorvos-cationized ovalbumin and paraoxon-
ovalbumin  1:1  (100  μL  total  volume)  was  added.  Then  the
wells were washed three times with washing buffer. After that
200 μL of blocking buffer was added and incubated at 37°C for
1 h. The wells were washed four times with washing buffer. 50
μL of the pesticide standards (0.01 to 10 ng/mL in buffer) and
50  μL  per  well  antibody  (50  μg/mL  in  phosphate-buffered
saline)  were  sequentially  added  to  the  wells  and  allowed  to
react  at  room  temperature  for  1  h.  After  washing  five  times
with washing buffer, the next step was adding the substrate like
in the above protocol.

2.12. Recovery of Pesticides in Milk by MNPs-based ELISA
and Conventional ELISA

The recovery  of  pesticides  in  cow’s  milk  was  evaluated.
Milk samples, free from pesticides, were spiked with 0.1, 0.5,
and  4  ng/mL  dichlorvos  and  paraoxon-ethyl.  The  concen-
trations of the pesticides in milk samples was estimated by the
MNPs-based ELISA and the conventional ELISA.

3. RESULTS AND DISCUSSION

3.1. Determination of the Optimal Conditions for Antibody
Immobilization on MNPs

Modified  magnetic  nanoparticles  with  3-(aminopropyl)
triethoxysilane  were  used  as  carriers  for  the  covalent
immobilization  of  the  anti-paraoxon  antibody  and  the  anti-
dichlorvos  antibody.  After  the  treatment  of  MNPs  with
APTES, amino groups were introduced at their surface. These
groups  were  activated  with  glutaraldehyde,  the  molecule  of
which  contains  two  aldehyde  groups.  One  aldehyde  group
binds to the amino group of MNPs, and the other reacts with
the  amino  group  of  the  lysine  residue  of  the  antibody.  As  a
result  of  these  reactions,  Schiff  bases  were  formed,  and  the
antibody was covalently immobilized on MNPs.

One  of  the  most  important  conditions  for  the  immobi-
lization  of  the  bioagents  is  to  determine  the  optimal
concentration of the antibody initial solution. The influence of
the  concentration  of  the  antibody  solution  on  the  degree  of
antibody  immobilization  was  investigated  (Fig.  1).  A
progressive  increase  in  the  amount  of  bound  antibody  is
observed with an increase in the antibody concentration (0.4 to
1  mg/mL  antibody).  Upon  further  increase  in  antibody
concentration over 1 mg/ml, surface saturation of MNPs with
antibody was observed (Fig. 1).

The influence of incubation conditions of the antibody on
MNPs  has  also  been  studied.  For  this  purpose,  the  time  and
temperature are varied. MNPs (5 mg) and antibody (1 mg/mL)
was allowed to react at  temperature 4,  15, 25 and 35°C. The
incubation  time  was  also  varied  -  2,  8  h  and  overnight.  The
higher degree of immobilization was received at 25 and 35°C
(30 μg/ mg MNPs). The bound antibody was 30 μg per 1 mg
MNPs  after  overnight  incubation,  whereas  for  2  and  8  h
incubation, the bound antibody was 28 μg per 1 mg of MNPs.

The results obtained show that due to the high specific surface
area  of  the  magnetic  nanoparticles,  the  antibody  immobil-
ization rate was high and the equilibrium was reached within 2
hours.

3.2.  Determination  of  the  Optimal  Conditions  of  MNPs
Based  ELISA  for  Separate  and  Simultaneous
Determination  of  Dichlorvos  and  Paraoxon

The  optimal  concentration  of  the  two  competitive
conjugates  diclorvos-ovalbumin-HRP  and  paraoxon-
ovalbumin-HRP  required  to  conduct  the  enzyme  reaction
between  the  peroxidase  and  the  tetramethylbenzidine  was
determined. A series of dilutions of the conjugate were made
from 0 to 4 μg/mL. Fig. (2) shows that the optimal conjugate
concentration  is  1  μg/mL.  The  optical  density  after  this
concentration  is  almost  constant  at  the  selected  substrate
concentration  (0.1  mg/mL).  If  the  substrate  concentration  is
higher than the chosen value, the color of the solution changes
(from blue to green) and the results are not reproducible.

The  optimal  concentration  of  two  immobilized  anti-
pesticide antibodies for the performance of immunoassay was
determined.  Serial  analyses  with  different  concentration  of
immobilized anti-paraoxon and anti-dichlorvos antibody (Fig.
3)  were  carried  out  with  the  optimal  concentration  of  two
conjugate antigen-ovalbumin-peroxidase conjugate (1 µg/mL)
and  0.1  mg/mL substrate  solution.  The  graph  was  plotted  as
optical density against the amount of the immobilized antibody
on MNPs. The results are presented in Fig. (3). It is determined
that the optimal amount of immobilized antibody is 0.025 mg
per mg magnetic nanoparticles.

3.3.  Basic  Analytical  Characteristics  of  MNPs-Based
ELISA  for  Separate  and  Simultaneous  Determination  of
Dichlorvos and Paraoxon-Ethyl

On the basis of the optimal antibody and labeled antigen
concentrations, an MNPs-based ELISA method was developed
to determine the concentration of paroxon-ethyl and dichlorvos
separately and simultaneously in the same sample. Experiments
are  performed  with  standard  solutions  of  pesticides.  Fig.  (4)
shows the calibration curves of paraoxon and dichlorvos in the
buffer. The number of analysis at each concentration was six. It
was found that  the linear  range of  the standard curve for  the
determination  of  paraoxon  in  buffer  with  anti-paraoxon
antibody  was  0.15-5  ng/mL,  for  the  dichlorvos  with  anti-
dichlorvos  antibody  was  0.063-5  ng/mL,  and  for  mixture
paraoxon and dichlorvos with ratio (1:1) with multi-antibody
was  0.15-5  ng/mL.  The  obtained  results  with  multi-antibody
were very close to the results with separate antibody and these
results  showed  that  no  non-specific  reaction  occurred  in  the
preparation of multi-polyclonal antibodies. For the production
of  polyclonal  antibodies  the  purity  of  the  hapten  is  very
important to obtain antibody without non-specific reaction. The
high purity of the used haptens and hapten-protein conjugates
[27]  ensured  specific  reactions  between  antibodies  and
antigens. The sensitivity of the analysis is usually expressed by
its  detection  limit  and  the  slope  of  the  linear  range  of  the
standard  curve.  The  detection  limit  (LOD)  is  the  lowest
concentration  of  the  analyte,  giving  a  statistically  different
response to that observed in the absence of an analyte and is
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calculated as 95% of B (the absorption intensity of the bound
conjugate  to  the  immunosorbent  in  the  absence  of  the
pesticide). The sensitivity of the dichlorvos assay in buffer was

found to be higher than the other two assays, LOD is two times
lower than the LODs of the other two assays. For all analyses,
a good reproducibility of the results was obtained - coefficients
of variation (CV, %) varied from 6.6 to 7.5%.

Fig. (1). Dependence between the concentration of initial antibody solution used for immobilization and the amount of antibody bound to MNPs.

Fig. (2). Influence of antigen-ovalbumin-peroxidase concentration on the analytical signal intensity.

Fig. (3). Effect of immobilized antibody concentration on the analytical signal intensity.
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Fig (4). Calibration curves for determination of paraoxon and dichlorvos by MNPs-based ELISA: dichlorvos (●), paraoxon (■), dichlorvos + paroxon
with multi-antibody (▲).

Table  1.  Basic  analytical  characteristics  of  the  MNPs-based  ELISA  to  determine  the  concentration  of  dichlorvos  and
paraoxon in buffer.

Methods
Linear
Range,
ng/mL

Linear Equation R2 LOD,
ng/mL CV,%

dichlorvos
(with anti-dichlorvos) 0.063 - 5 y = -21,2ln(x) + 34,96 0,9951 0.04 6.5

paraoxon
(with anti-paraoxon) 0.15 - 5 y = -20,91ln(x) + 45,833 0,9926 0.09 7.1

paraoxon+dichlorvos
(with multi-antibody) 0.15 - 5 y = -20,38ln(x) + 51,98 0,9963 0.08 7.5

Table 2. Basic analytical characteristics of the conventional competitive ELISA to determine the concentration of dichlorvos
and paraoxon in buffer.

No Antigen
Linear
Range,
ng/mL

Limits of Detection, ng/mL Coefficient of Variation, %

1 dichlorvos
(with anti-dichlorvos) 0.01-5 0.006 5.9

2 paraoxon
(with anti-paraoxon) 0.01-5 0.008 6.2

3 paraoxon+dichlorvos
(with multi-antibody) 0.01-5 0.009 6.7

In  our  case  the  obtained  results  with  multi-polyclonal
antibodies in terms of quality match the individual antibodies.
Other authors described that using a mixture of conjugates of
type  I  and  type  II  pyrethroids  were  prepared  polyclonal
antibodies  against  both  types  of  pyrethroid  insecticides  [29].
The  study  revealed  the  best  combination,  which  showed
equally high sensitivities (IC50 values of about 0.02 mg/mL) to
both types of pyrethroids. The other authors described that this
method requires the preparation of the antigen using a careful

design, even so, the obtained polyclonal antibodies always had
lower titer and also less sensitivity in the immunoassay, which
might  be due to the low coupling ratio of  each antigen,  or  it
might be due to antigenic competition [30]. Gao et al. reported
[31] that magnetic particles (Fe3O4) with size 30, 150 and 300
nm showed a  peroxidase  mimetic  reaction.  After  coating the
nanoparticles  with  different  compounds,  this  reaction  is
reduced about 3 times. The greatest reduction is when applying
a coating of 3-aminopropyltriethoxysilane (APTES) and SiO2.
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After  immobilization  of  an  antibody  on  the  MNPs,  this
reduction becomes even greater. In our case, when determining
the experimental signal (Y) of the developed ELISA, if there is
a background from peroxidase mimetic reaction, it is destroyed
as  it  participates  in  the  numerator  and  denominator  in  the
following formula - Y = B/B. However, to clarify whether this
factor  does  not  affect  the  assay,  we  used  three  different
amounts of magnetic nanoparticles with immobilized antibody
and  subsequent  blocking  with  BSA  -  0.06,  0.125,  and  0.25
mg/ml. H2O2 and TMB were added to these three amounts in
the same amount as the developed MNPs-based ELISA. In all
three samples, absorption measured at 15 min was found to be
negligible, and did not change further over time. Therefore, in
our case, no peroxidase mimetic reaction was detected.

The obtained results were compared with analogical results
from  other  authors.  Li  et  al.  [32]  developed  ELISA  for  the
determination  of  paraoxon-methyl  with  a  working  range
0.012-1.158 μg/mL and LOD - 5 ng/mL. In other case LOD of
parathion methyl using polyclonal antisera was 0.2 ng/mL [33]
and  with  monoclonal  antisera  0.08  ng/mL  [34]  using  an
indirect  competitive ELISA. Xu et  al.  [35]  described ELISA
method  for  determination  of  parathion  with  LOD 2.9  ng/mL
and  Zhang  et  al.  [36]  determined  LOD  0.048  μg/mL  for
dichlorvos.  The  obtained  results  showed  that  the  developed
MNPs-ELISA is a very sensitive method.

3.4. Comparison of the Obtained Results Between MNPs-
based ELISA and Conventional ELISA for Determination
of Dichlorvos and Paraoxon

A  comparison  of  the  developed  modified  MNPs-based
ELISA  with  the  conventional  ELISA  was  performed.  Three
typical  calibration  curves  were  prepared  for  the  analysis  of
dichlorvos  and  paraoxon  with  anti-dichlorvos,  anti-paraoxon
and multi-antibody by competitive ELISA. First,  the optimal
antibody  concentrations  (50  μg/mL)  and  hapten-OVA
conjugate  (5  μg/mL)  were  determined  by  checkerboard
titration. The number of analyses at each concentration was six.
The detection limit and the linear range of the dichlorvos and
paraoxon determination with the corresponding antibodies are
given  in  Table  2.  It  is  obvious  that  the  assays  have  close
sensitivity and the same linear ranges of paraoxon, dichlorvos
and the mixture of paraoxon and dichlorvos. When comparing

the  results  from  the  conventional  ELISA  (Table  2)  with  the
results obtained from the modified MNPs-based ELISA (Table
1), they were found to be close. The LOD in the conventional
ELISA are lower, and the sensitivity of the assay is better. The
reproducibility  of  the  results  for  both  analyzes  is  identical.
There  is  a  coincidence  of  the  results  about  the  types  of
pesticides. For both methods, the detection limit for dichlorvos
is the lowest, for paraoxon and the simultaneous determination
of paraoxon and dichlorvos, the results are the same.

3.5. Recovery Determination of Dichlorvos and Paraoxon in
Milk  Samples  by  Developed  MNPs  Based  ELISA  and
Conventional  ELISA

The developed MNPs-ELISA method and the conventional
ELISA method were applied to determine the concentration of
paroxon  and  dichlorvos  in  cows'  milk  with  3.5%  fat.  An
assessment  of  the accuracy of  the two methods was made in
model  solutions  of  dichlorvost  and  paraoxon  in  milk.  Milk
samples containing dichlorvos and paraoxon were prepared at
concentrations of 0.1, 0.5, and 4 ng/mL. The starting milk does
not  contain  pesticides  (proven  by  an  Abraxis  OP/Carbamate
Assay  Kit).  It  should  be  noted  that  it  was  not  necessary  to
perform  any  sample  pretreatment  to  the  milk  samples.
Recovery values are shown in Table 3. It can be seen that, the
recovery  of  pesticides  in  milk  samples  in  both  methods  was
from 104 to 110%. For only two samples with low pesticide
concentration  (0.1  ng/mL)  the  recovery  was  110  and  115%.
Probably the matrix effect of the milk affected the results and
gave recovery greater than 100%. It was found that the assay
has a high accuracy, Coefficient of Variation (CV) is less 10.

From the comparison of  the two methods,  it  can be seen
that the analytical characteristics are relatively close. However,
the  developed  MNPs-based  ELISA  method  is  faster  (45
minutes)  than  the  conventional  ELISA  method  (minimum  2
hours).  The  use  of  magnetic  nanoparticles  with  high  surface
areas  for  immobilization  of  antibodies  greatly  improves  the
performance  and  rate  of  the  immunological  reaction  and
decreases  the  antibody  immobilization  time.  The  cited
advantages of magnetic nanoparticles led to the development of
an  integrated  method  to  provide  a  better  sensitivity,  short
immobilization  time,  rapid  analysis,  and  simple  washing
procedures.

Table 3. Recovery of dichlorvos and paraoxon in milk determined by developed MNPs-based ELISA and  ELISA  methods 
(n = 6).

Antibody Sample Added Concentration,
ng/mL

MNPs-based ELISA ELISA
Detected Concentration,

ng/mL
Recovery,

%
Detected Concentration,

ng/mL
Recovery,

%

Anti-dichlorvos
antibody dichlorvos

0.1 0.115 115 0.11 110
0.5 0.49 98 0.52 104
4.0 4.3 107 4.20 105

Anti-paraoxon paraoxon
0.1 0.09 90 0.113 110
0.5 0.51 102 0.53 106
4.0 4.3 107 4.40 107

Multi-Antibody dichlorvos
+ paraoxon

0.1 0.11 110 0.115 115
0.5 0.51 102 0.53 106
4.0 3.8 95 4.30 107
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3.6.  Validation  of  the  MNPs-based  ELISA  for  the
Determination of Pesticides in Real Samples. Matrix Effect
of the Samples

The effect of protein, pH, and fat in milk samples on the
analytical  characteristics  of  the  MNPs-based  ELISA  was
investigated. Typically, the pH of the milk is from 5 to 6.6 and
has no impact on immunoassay. Only fat above 4.5% has been
found to have a significant impact on immunological analysis.
Normally,  the  fat  concentration  in  cow's  milk  is  3.5-4%.
Therefore,  no  interference  data  is  displayed.  The  obtained
results  confirm the potential  of  the new MNPs-based ELISA
immunoassay for the quantification of individual and a mixture
of dichlorvos and paraoxon in milk samples.

In order  to validate the results  obtained from the MNPs-
based ELISA method, experiments were performed by HPLC.
Samples  of  milk  containing  0.5  ng/mL  dichlorvos  and
paraoxon in ratio (1:1) were used. The recovery of the samples
was  calculated  for  the  two  methods.  The  obtained  recovery
values in the chromatographic method range from 92 to 99%.
They  are  slightly  lower  than  those  obtained  by  MNPs-based
ELISA (104-110%). It has been found that the obtained results
of  pesticides  in  milk  using  MNPs-based  ELISA  and  high
performance  liquid  chromatography  are  similar.  The  main
advantage of MNPs-based ELISA is that it allows the analysis
of  a  large  number  of  samples  without  using  extraction  and
concentration of pesticide residues, such as those required for
chromatographic  methods.  Frequent  routine  analyzes  can
safely be done using this simpler and cheaper method without
losing either reliability or accuracy.

CONCLUSION

A  sensitive  and  rapid  MNPs-based  ELISA  for  the
individual  and simultaneous determination of  dichlorvos and
paraoxon  directly  in  untreated  milk  was  developed.
Conventional ELISA methods are highly sensitive but take a
long  time  (at  least  2  hours),  because  multiple  washings  are
required  to  remove  unbound  components.  Combination  of
magnetic nanoparticles with ELISA leads to the reduction of
assay time. The use of a magnetic field, allows easy separation
of the magnetic nanoparticles-immunoconjugates from the non-
bound competitive conjugate in the sample. The use of multi-
polyclonal  antibodies  permits  simultaneous  determination  of
dichlorvos  and  paraoxon  in  milk  sample.  The  MNPs-
immunoassay  demonstrated  to  be  able  to  detect  multiple
pesticides  accurately  even  in  whole  milk  samples.
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