Highly Efficient Abiotic Assay Formats for Methyl Parathion —
MINA as Alternative to ELISA
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ABSTRACT: Enzyme-linked immunosorbent assay (ELISA) is a widely used standard method for sensitive detection of analytes of
environmental, clinical or biotechnological interest. However, ELISA has clear drawbacks related to the use of relatively unstable
antibodies and enzyme conjugates, and need in several steps such as washing of non-bound conjugates and adding dye reagents.
Herein we introduce a new completely abiotic assay where antibodies and enzymes are replaced with fluorescent molecularly im-
printed polymer nanoparticles (nanoMIPs) and target-conjugated magnetic nanoparticles, which acted as both reporter probes and
binding agents. The components of the molecularly imprinted polymer nanoparticles assay (MINA) are assembled in microtiter plates
fitted with magnetic inserts. We have compared performance of new magnetic assay with MIP-based ELISA for the detection of
methyl parathion (MP). Both assays have shown high sensitivity toward allowing detection of MP at picomolar concentrations without
any cross-reactivity against chlorpyriphos and fenthion. The fully abiotic assays were also proven to detect analyte in real samples
such as tap water and milk. Unlike ELISA-based systems the novel assay required no washing steps or addition of enzyme substrates,

making it more user-friendly and suitable for high throughput screening.

Methyl Parathion (MP) is an organophosphorus insecticide
and acaricide that is toxic to several organs, acting on central
nervous system by inhibiting acetylcholinesterase.!? This effect
can lead to neuronal disorder, organ failure and even death.’ The
public concern over MP has increased in recent times due to
reports of its adverse genotoxic effects on somatic and sperm
cells.*7 Although, MP has been banned for application in agri-
cultural fields due to its high toxicity, its misuse continues in
many countries. Accordingly to the World Health Organization
(WHO) guidelines for drinking water quality, the Methyl Para-
thion concentration in natural agricultural waters ranges up to
0.46 pg L' increasing during summer months.® The regulations
of Environmental Protection Agency (EPA) suggest that safe
levels of methyl parathion in drinking water that will not cause
harm to health are following: 0.3 mg L' (1.1 uM) for 1 or 10
days of exposure for children, 0.03 mg L' (0.11 uM) for longer
term exposure for children, and 0.002 mg L'! (7.6 nM) for life-
time exposure of adults.” Highly sensitive detection of MP is
therefore of great importance in real-world samples to ensure
food and environment safety.

Several analytical techniques have been developed for sensi-
tive and selective determination of MP, such as gas chromatog-
raphy,'* liquid/gas chromatography-mass spectrometry,''"®
electrochemical methods,'*!® immunoassay,'” surface-en-
hanced Raman spectroscopy,'® fluorescence,'® and chemilumi-
nescence.?’ Nevertheless, expensive instrumentation, compli-
cated and tedious sample preparation, pre-concentration, clean-
ing and often derivatization become driving forces to investi-
gate new, simple and inexpensive methods for the determina-
tion of MP.

Herein we present a new highly efficient analytical method
that can be applied for quantitative analysis of MP samples in
the form of an abiotic assay that relies on use of molecularly
imprinted polymer nanoparticles (MINA).?! MINA has been
proved as a potential replacement for enzyme-linked immuno-
sorbent assay (ELISA) where molecularly imprinted polymer
nanoparticles (nanoMIPs) replace antibodies exhibiting very
similar selectivity, affinity and specificity.?" ** However,
ELISA requires multiple steps including washing, blocking,
and addition of enzyme substrates. That is why there is a need
to develop inexpensive, robust and simple assays which do not
rely on cold-chain storage, and which can be performed by tech-
nicians with no or little training.

Two variants of assays were applied for the detection of the
pesticide MP: pseudo-ELISA with nanoMIPs replacing only
antibodies and which still relied on use of analyte-enzyme con-
jugate for signal amplification; and MINA, where nanoMIPs
and magnetic nanoparticles with immobilized analyte replaced
both, antibodies and enzymes. Another important advantage of
MINA is that it doesn’t involve any washing steps, which are
common for ELISA, and in fact consist of only one liquid-han-
dling step, specifically, addition of the sample. MINA for MR
is effective and simple system, which generates quantitative
data within an hour.

MATERIALS AND METHODS

Materials. 3-(trimethoxysilyl)propyl methacrylate, N-(3-(tri-
methoxysilyl)propyl)ethylenediamine, glutaraldehyde (GA),



acrylamide (AAm), trimethylolpropane trimethacrylate
(TRIM), ethylene glycol dimethacrylate (EGDMA), pentae-
rythritol tetrakis(3-mercaptopropionate) (PETMP), 2-(morpho-
lino) ethanesulfonic acid (MES), 1-ethyl-3-(3-dimethyla-
minopropyl)-carbodiimide hydrochloride (EDC), N-hydroxy-
succinimide (NHS), horseradish peroxidase (HRP), solution of
3,3" 5,5 -tetramethylbenzidine (TMB), Tween 20 and iron (II,
IIT) oxide nanopowder (Fe;0s) (particle size < 50 nm) were pur-
chased from Sigma-Aldrich, UK. Glass beads
SPHERIGLASS® A-Glass 2429 (70—100 pm diameter), were
purchased from Potters Industries LLC, UK. Amino parathion
(AP) was purchased from Angene International Limited, China.
Methyl parathion (MP), Fenthion (F), and Chlorpyriphos (CP)
were purchased from Sigma-Aldrich, UK. Ethylene glycol
methacrylate phosphate (EGMP) was obtained from BOC Sci-
ences, UK. Phosphate buffered saline (PBS) was prepared as
directed from 1 x PBS buffer tablet (Gibco, UK), pH 7.2, at 25
°C. Kolliphor P188 polymer was a gift from BASF, UK. Ace-
tonitrile (ACN), dimethyl sulfoxide (DMSO) and sodium hy-
droxide (NaOH) were obtained from Fisher Scientific, UK. Bo-
vine Serum Albumin (BSA) was obtained from Acros Organics,
UK. N,N-diethyldithiocarbamic acid benzyl ester >98 % (ini-
ferter) was obtained from TCI Europe, UK. N-fluoresce-
inylacrylamide was synthesized as previously described and
provided by MIP Diagnostic Ltd, UK.?* Clear bottom 96-well
microtiter plates were purchased from Thermo Scientific, UK.
Adhesive-backed, 0.5 mm thickness magnetic sheets were pur-
chased from Polarity Magnets, UK. Double-distilled ultrapure
water (Millipore, UK) was used for all experiments. Skimmed
milk was obtained from a local supermarket. Tap water sample
was collected from the laboratory tap. All chemicals and sol-
vents were of analytical or HPLC grade and used without fur-
ther purification.

Computational modelling. Molecular modelling was per-
formed using the software package SYBYL 7.3 (Tripos Inc. ST.
Louis, MO, USA). A molecular mechanics based automated
screening technique employing the Leapfrog algorithm present
in Sybyl software was used for the selection of monomers with
high affinity to both the template (Amino Parathion) and ana-
Iyte (Methyl Parathion). The structures of both molecules are
shown in Figure S1 in SL

Both compounds were first drawn and energetically mini-
mized with the Tripos force field and applied Gasteiger-Huckel
charges. The resulting structure was then screened against a da-
tabase consisting of 28 commonly used functional monomers
(Figure S2 in SI), resulting a table ranking these monomers by
their affinity for the molecule. The screening was performed for
60,000 iterations to achieve self-consistency in binding scores,
and the results are analyzed for suitability in the chosen reaction
conditions.

Immobilization of the template onto the solid phase. Glass
beads (GB, 75 pm) were activated by boiling them with 4 M
NaOH for 20 min and washed with deionized water (DI). After-
wards, the GB were placed in sulfuric acid-water (1:1) solution
for 30 min and again washed respectively with water, PBS and
acetone. After drying the GB were silanized using N-(3-(tri-
methoxysilyl)propyl)ethylenediamine 2 % (v/v, 0.4 mL solu-
tion/g of GB) in anhydrous toluene overnight at 70 °C with ad-
dition of dipodal silane (1,2-Bis(triethoxysilyl)ethane) as 330
pL per 100 ml of toluene); then washed with MeOH, acetone
and dried. Afterwards, the beads were incubated for 2 hina 5
% v/v glutaraldehyde (GA) solution in PBS, pH 7.2 and then

washed with deionized water. The immobilization of the tem-
plate (amino parathion, AP) was performed by incubation of
GA-derivatized GB in a template solution (1 mg mL"' in
MeOH/H,0) at room temperature (RT), pH 7.2, for 4 hours.
During incubation, sodium cyano borohydride (1 mg mL") was
added into the immobilization mixture. Afterwards, the GB
with immobilized template were washed with MeOH and water,
then dried under vacuum and stored at 4 °C until further use.

Synthesis of nanoMIPs. NanoMIPs were synthesized using
the solid-phase synthesis procedure described previously with
minor modifications.?* Two types of nanoMIPs were prepared
depending on the final application: fluorescent nanoMIPs (F-
nanoMIPs) for magnetic assay and colorless non-fluorescent
nanoMIPs (nanoMIPs) for pseudo-ELISA assay. For the syn-
thesis of fluorescent nanoMIPs; AAm (0.48 g), EGMP (5.63 g),
TRIM (3.24 g), EGDMA (3.24 g), PETMP (0.2 g) and N-fluo-
resceinylacrylamide (0.1 g) were dissolved in 11 mL of
DMSO:ACN (50 % v/v). Then 0.75 g of iniferter N,N-diethyl-
dithiocarbamic acid benzyl ester was added to the monomer
mixture. Afterwards, 30 g of amino parathion-functionalized
GBs were added to the polymerization mixture. Again, the glass
beads and polymerization mixture were purged with nitrogen
for 5 min. Then polymerization reaction was initiated by UV
light and carried out for 1.5 min at RT. Before the collection of
the high affinity nanoMIPs, the solid-phase was washed to re-
move unreacted monomers and low affinity nanoparticles using
respectively DMSO (10 mL x 5) and ACN (25 mL x 10) at 0
°C. Then high affinity nanoMIPs were collected by using hot
ACN (10 mL x 10 times) at 65 °C. The non-fluorescent nano-
MIPs were synthesized in the same manner, but without addi-
tion of the fluorescent monomer in the polymerization mixture.
Eventually, the solution of high affinity nanoMIPs was concen-
trated by ultrafiltration on a Millipore Amicon Ultra centrifugal
filter unit (10 kDa MWCO) and used in magnetic assays and
pseudo-ELISA tests.

Development of pseudo-ELISA assay. The Amino Para-
thion-horseradish peroxidase (AP-HRP) conjugate was pre-
pared as follows: HRP (10 mg) was dissolved in 10 mL of 0.1
M MES buffer (pH 6.0, 1 mL) to the final concentration of 1
mg mL™', then 0.4 mg of EDC (0.4 mg) and 1.1 mg of NHS were
added. The reaction was allowed to proceed at RT for 15 min.
The buffer was then removed by ultrafiltration using Millipore
Amicon Ultra centrifugal filter unit with cut-off membrane of
30 kDa. Subsequently, AP (molar ratio of AP to HRP 1:1) was
dissolved in 10 mL of DMSO:PBS / (20:80 %) at pH 7.4 and
then added to the activated HRP. The reaction was allowed to
proceed for another 2 h at 4 °C. After coupling, the conjugate
was washed ten times with 5 mL of PBS using Millipore
Amicon Ultra centrifugal filter with cut-off membrane of 10
kDa to remove any free Amino Parathion. After washing the
conjugate was dissolved in deionized water (2 mL) and stored
at -18 °C until further use.

Imprinted polymeric nanoparticles (100 pL, 0.06 mg mL™)
were dispensed into the wells of a 96-well microtiter plate and
left to dry overnight at ambient temperature. Subsequently, each
well of the microtiter plate was washed three times using 200
pL of PBS. After washing, 300 pL of blocking solution consist-
ing of 0.1% BSA and 1 % of Tween 20 in PBS and incubated
for 1 h at RT. After blocking each well of the microtiter plate
was washed 3 times using 200 pL of PBS. The plate was then
tapped on the paper towel to remove water, dried and was stored
until use.



The concentration of the AP-HRP conjugate was optimized
for specific binding by comparing MIP-containing and empty
wells. In the blank assay, 100 pL of different conjugate dilu-
tions (from 1:200 to 1:1600) were incubated for 1 h within the
wells with and without nanoMIPs. Non-bound conjugate was
then removed by washing with three times with 300 pL of
blocking solution and then with 300 pL of PBS. Subsequently,
100 pL of TMB was added and incubated for 10 min. Finally,
the reaction was stopped using 100 pL of 0.5 M H,SO,. The
absorbance (ABS) was measured for each well at a wavelength
of 450 nm using UV-vis microtiter plate reader (Dynex, UK).
The standard deviations and were obtained for all experiments
carried out in triplicates. The optimum concentration of the AP-
HRP conjugate was determined as the one which had given the
highest difference in color development between the empty
wells and wells with nanoMIPs of the microtiter plate. Four
hundred times dilution of the AP-HRP stock solution, which
was identified as optimum, was used in all subsequent experi-
ments.

The procedure for conducting enzyme-linked assays with na-
noMIPs was carried out as described previously.?* 2 The sur-
face of the microtiter plate was first blocked using BSA/Tween
20 solution in PBS (0.01%/1%) for 1 h at RT. The microtiter
plate was washed three times with 300 pL. of PBS. Then, 100
pL of HRP-conjugate/free analyte (i.e. MP) mixture in PBS
with final HRP dilution as 1:400 and the final free analyte con-
centration in a range of 0.1 mM-0.1 nM was added into the
wells of microtiter plate and incubated for 1 h at RT. The non-
bound HRP-conjugate and free analyte were removed by wash-
ing with 3 x 300 uL of BSA/Tween 20 solution in PBS. Finally,
100 pL of TMB was added into the wells and incubated for 10
minutes before the reaction was stopped using 0.5 M H,SOs.
The absorbance was measured for each well at a wavelength of
450 nm using the microtiter plate reader. Error bars represent
standard deviations and were obtained for all experiments car-
ried out as triplicate. Free analyte (i.e. MP) standard solutions
were prepared in PBS buffer, or spiked tap water or milk. Tap
water was filtered using 0.2 um syringe filter before the prepa-
ration of sample solutions.

In order to prepare the milk sample skimmed milk was frac-
tionated using centrifugation for 1.5 h at 13,000 rpm (centrifuge
Sigma 1-16, SciQuip, UK). After the centrifugation, the middle
fraction of the milk sample was collected and fractionated once
again under the same conditions. The middle fraction after the
second centrifugation was collected and then filtered through
0.2 pm syringe filter, spiked with methyl parathion and used in
the assay.

Preparation of microtiter plate with magnetic inserts. The
microtiter plate wells were modified with magnetic inserts as
previously described.?”?® Inserts with an internal diameter of 3
mm, an external diameter of 6.5 mm and of 0.5 mm thickness
were cut from flexible magnetic sheets with self-adhesive back-
ing. These disks were inserted into the bottom of each well of a
standard clear flat bottom microtiter plate. In order to reduce the
non-specific binding, each well was totally filled with a solution
of Kolliphor® P188 (1% w/v) for 10 min, after which the plate
was washed well with water and allowed to air dry. Kolliphor®
P188 is a surfactant also known as Poloxamer 188 was used
here to reduce the non-specific binding and improve the wetta-
bility of the polypropylene surfaces of the microtiter plate wells.

Preparation of AP magnetic template (MT). The AP MT
was prepared by silanization of 1 g of iron (II, IIT) oxide nano-
particles (IO-NP) (20-50 nm) using 5 mL of 3-(trimethoxysi-
lyl)propyl methacrylate in 45 mL anhydrous toluene under con-
stant sonication for 4.5 h. Then, the IO-NP were separated from
solution using a magnet, washed with toluene and dried. Subse-
quently the IO-NP were modified using 10 mL of GA solution
(7 %, v/v) in PBS for 2 h at RT and were washed with water.
The template (AP) was immobilized by incubating IO-NP in 10
mL of MeOH-PBS (7/3, v/v) template solution (Img mL™)
overnight at RT. Subsequently, the MT was washed respec-
tively with MeOH-H,O (1:1, v/v) solution and MeOH, before
dried under Nj.

Development of magnetic assay. Parameters including the
concentration of magnetic template and concentration of F-na-
noMIPs were optimized in order to find the best experimental
conditions for the magnetic assay. The first optimization was
conducted using two different concentrations of fluorescent na-
noMIPs (0.090 and 0.045 mg mL') and a wide concentration
range of magnetic template (0-20 mg mL™"). 100 uL of different
concentrations of magnetic template were then added into the
wells of the microtiter plate followed by 100 pL of F-nano-
MIPs, before being incubated for 1 h. The fluorescence meas-
urements were performed by a Hidex microtiter plate reader
(LabLogic, UK) using an excitation wavelength of 490 nm and
an emission wavelength of 520 nm.

100 pL of the magnetic template with the optimized concen-
tration (1 mg mL!) was added into the wells of the microtiter
plate, followed by 50 pL of free MP solution in the range of 4
pM to 0.4-nM. Subsequently, 50 pL of F-nanoMIPs were added
into the wells of the microtiter plate and incubated for 1 h (Fig-
ure 1). Finally, the fluorescence intensities of supernatants were
measured. The application of the magnetic assay for real sam-
ples was performed under the same conditions using tap water
and milk samples spiked with the same concentrations of MP as
stated above.

Physical characterization of nanoMIPs. The concentration
of nanoMIPs was calculated from the mass of nanoparticles af-
ter evaporation of known volume of the nanoMIPs solution. The
size of the nanoparticles was determined by dynamic light scat-
tering (DLS) using a Malvern Zetasizer Nano S instrument
(Malvern Instruments, UK) equipped with a 633 nm laser.
Three measurements were performed on each sample, each con-
sisting of 6 runs, at 25 °C. The solution of nanoMIPs was soni-
cated for 5 min before DLS measurement.
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Figure 1. Schematic of MINA assay: 1 — empty non-modified
wells, 2 — well with magnetic insert, 3 — well with magnetic tem-
plate attached to magnetic inserts, 4 — competitive assay in the pres-
ence of free analyte and fluorescent MIPs, and 5 — in the absence
of analyte, 6 — TEM picture of MIPs.

For TEM visualization, a sample of 3 pL of nanoMIPs was
deposited on a carbon-coated grid and allowed to settle for ap-
proximately 2 min. Excess of liquid was blotted with tissue pa-
per and then a drop of uranyl acetate stain (1 % v/v aqueous)
was deposited and blotted dry with tissue paper. The excess of
staining agent was washed out with demineralized water. Visu-
alization was conducted on a JEOL 1400 transmission electron
microscope (JEOL, USA) with an accelerating voltage of 80
kV.

RESULTS AND DISCUSSION

Characterization of nanoMIPs. Development of assays
based on molecularly imprinted polymers (MIPs) offers poten-
tial for a new era of selective and sensitive analyte detection.
MIPs are cross-linked synthetic materials synthesized in the
presence of a template molecule which serves as a mold for the
formation of template-complementary binding sites.?**! The re-
sultant polymeric matrix recognizes the template via the im-
printed cavity obtained after removal of the template, being
complementary to its structure in terms of size, shape and func-
tionality. MIPs can be prepared for a wide variety of targets and
are known for their robustness and resistance to variation in pH,
solvents, temperature and pressure.**>* Moreover, owing to su-
perior recognition capabilities, nano-sized MIPs have been de-
veloped as antibody mimics for diagnostic and therapeutic ap-
plications, for example as drug delivery systems and sensing el-
ements in assays or sensors.”® 337 In order to obtain the nano-
MIPs with cavity complementary to the analyte MP, the ana-
logue AP was used due to the presence of a primary amine
which allows the immobilization on both GB and IO-NP.

The molecular modelling was performed for both the tem-
plate/analogue and the analyte. Two monomers were chosen ac-
cording to their binding energies and binding position: EGMP
and AAm (Figure S3 in SI). The binding energies for both ana-
logue and the template were in a very similar range as shown in

Table 1, and both monomers were used to synthesize MIP na-
noparticles.

Table 1. Binding energies between methyl parathion (MP),
aminoparathion (AP) and selected monomers.

Binding energy  Binding energy
Monomer for MP for AP
AAm -27.28 -23.72
EGMP -24.45 -25.66

The nanoMIPs specific for MP were synthesized as described
in the Materials and Methods section. The hydrodynamic diam-
eter of nanoMIPs was measured by DLS and showed a popula-
tion of nanoparticles with average diameter of 200 nm and a
polydispersity index (PdI) of 0.33 for both F-nanoMIPs and col-
orless nanoMIPs. From TEM images it could be concluded that
the size of the dry nanoparticles was in the range of 40-60 nm.
The higher diameter values obtained by DLS measurements
could be attributed to the swelling of the low cross-linked na-
noMIPs in water, which would be expected with this type of
polymer.

Performance of pseudo-ELISA assay. An AP-HRP conju-
gate is required for the enzyme-linked assay. Optimization was
carried out using two blocking solutions: 0.1% BSA/1 % Tween
20 and 0.5 % Kolliphor® P188 prepared in PBS buffer. The
AP-HRP conjugate concentration was in a range from 1:100 to
1:3200. The results show (Figure S4 in SI) that optimal conju-
gate dilution was 1:400 due to the highest difference between
specific and non-specific binding (an increase of 150 %) when
BSA/Tween solution in PBS was used as a blocking agent. Con-
jugate concentrations that were too high caused an increase in
non-specific binding to the empty wells, hence decrease in AB-
Smirs/ ABSempiy. This conjugate concentration was used for all
further tests.

The nanoMIPs imprinted for AP were then tested using com-
petitive binding in the pseudo-ELISA assay. The linear re-
sponse for MP was achieved within the concentration range 0.2
pM to 2.3 pM (Figure 2). No cross-reactivity was detected for
pesticides with similar structure such as Chlorpyriphos and Fen-
thion.
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Figure 2. Competitive binding and cross-reactivity using nano-
MIPs in pseudo-ELISA.
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Optimization of MINA. Firstly, the amount of the magnetic
template per well was optimized in order to achieve an efficient
binding with F-nanoMIPs. For this aim, experiments were con-
ducted using different concentrations of AP MT in the range of
0.32 ug mL! - 20 mg mL"! and F-nanoMIPs at two different
concentrations. The results were obtained as shown in Figure 3.
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Figure 3. Optimization of magnetic template concentration used
for the competitive binding.

Two concentrations of F-nanoMIPs (2 pg mL™"! and 4 pg mL-
") were used to optimize the concentration of MT. In both cases
the decrease of fluorescence due to the binding of the F-nano-
MIPs to the MT was observed until the concentration of MT
reached 1 mg mL™! (Figure 3). A quenching of fluorescence,
which was observed at higher concentrations of MT, could be
explained by presence of the excess of magnetic material in the
central aperture of the inserts, which caused some partial ob-
struction of light. For all future experiments the lower concen-
tration of F-nanoMIPs (2 pg mL") and 1 mg mL'concentration
of MT were used.

In order to reduce the non-specific binding microtitre plate
was treated with 1% aqueous solution of Kolliphor® P188. Af-
ter treatment the surface of microtitre plate appeared more hy-
drophilic as it is appeared that the surfactant was masking hy-
drophobic interactions. It has indeed resulted in the lower non-
specific binding and smaller the standard deviations of the assay
by providing easier wettability of the polypropylene wells
equipped with magnetic inserts.

Performance of magnetic assay in competitive binding
and cross-reactivity. The competitive and cross-reactivity as-
says were performed in the kinetics mode, measuring the fluo-
rescence in each well every 10 min. The cross-reactivity test
was conducted using two very similar compounds, CP and F at
the same concentration range as for actual analyte, MP.
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Figure 4. Competitive binding in the magnetic assay for MP
at time 0, 30 min and 1 h in DI water.

The results show linear response in the range of 1:1012-1-10
M (1 pM — 1 nM) for MP after 1 h of incubation. At time = 0
there is no obvious differences in the fluorescence intensity for
the wells with different concentrations of free analyte. After 30
min, it is clear that the F-nanoMIPs started binding to the MT
and after 1 h, dynamic equilibrium was achieved between MIPs
bound to MT and free analyte (Figure 4). As it was expected
this specific response manifested in increase of fluorescent sig-
nal in the presence of higher concentration of specific analyte
due to competition between immobilized magnetic template
(MT) and free analyte (MP) in solution for binding to F-nano-
MIPs.
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Figure 5. Cross-reactivity in the magnetic assay for fenthion
and chlorpyriphos after 60 minutes of incubation.

In the cross-reactivity tests F and CP were added into the
wells instead of MP. The results of cross-reactivity study show
the opposite response on increase concentration of non-specific
analytes Fenthion and Chlorpyriphos (Figure 5), namely, a re-
duction of the fluorescent signal, potentially due to fluorescence
quenching in the presence of higher concentrations of non-spe-
cific analytes. It allows drawing a conclusion that F-nanoMIPs
recognise specifically MP but not other structurally similar
compounds. It is shown that developed MINA is very specific
for methyl parathion as no cross-reactivity is detected for both
compounds within tested concentration range.

It is important to stress that such high specificity is provided
by shape and functionality of the binding site generated by mo-
lecular imprinting especially efficient when MIP nanoparticles
are prepared using solid phase approach, which allows collect-
ing the particles with highest affinity and specificity towards the
template. Accordingly to our previous studies the nanoparticles
prepared using solid phase approach are characterized by high
affinity and specificity, in many cases superseding those of nat-
ural antibodies.?

Competitive binding in real samples: water and milk. The
developed MINA was also tested for its ability to detect MP in
the real samples. For this evaluation, filtered-tap water and the
middle fraction of ultra-centrifuged milk were spiked with dif-
ferent concentrations of MP. Subsequently, each was added into
the microtiter plate wells with MT immobilized on the magnetic
inserts, followed by the addition of F-nanoMIPs.
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Figure 6. Competitive binding in the magnetic assay for MP
after 60 min of incubation in tap water.
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Figure 7. Competitive binding in the magnetic assay for MP
after 60 min of incubation in milk.

A linear response in the presence of free analyte MP was
clearly observed for both of the real samples. The range was
varied depending on the sample type as follows: for the tap wa-
ter, it was in the range of 1 pM-0.1 nM (Figure 6), whereas for
the milk sample, the range was surprisingly wider than in case
of blank sample (DI water) as 1 pM-0.1 uM (Figure 7). Limits
of detection were estimated as 5.2 pM and 4.1 pM whereas the
limits of quantification were 15.8 pM and 14.9 pM for tap water
and milk sample respectively

CONCLUSIONS

We have presented here two types of assays for the detection
of MP using nanoMIPs instead of antibodies in pseudo-ELISA
format and a completely abiotic MINA where all biological
components were substituted by F-nanoMIPs, which functioned
as both, specific receptors and reporters, eliminating any need
in natural antibodies and enzyme conjugates. Both assays
demonstrated an impressive specificity and low sensitivity with
LoD in picomolar range and a linearity in the wide concentra-
tion range similar to ELISA. In addition, calculated precision
and over-all repeatability of used method proved the good qual-
ity of the data (Table S1 in SI). It is possible to comment that
MINA, with its combination of F-nanoMIPs and the magnetic
template, is capable recognising and measuring MP in wider
range of concentrations than pseudo-ELISA (pM-nM concen-
tration of MP). The magnetic assay was also proven to work
successfully in real samples such as tap water and milk. All

these features are making the performance of the two MIP-
based assays comparable with ELISA. Nevertheless, it is im-
portant to highlight that both developed assays could be pro-
duced at a much lower cost and in a much shorter time scale
than ELISA, also benefitting from high stability, long shelf life
and no need in cold chain supply essential for antibody and en-
zyme-based assays.

All protocols developed in this work (e.g. synthesis of nano-
MIPs in organics using UV-initiated living polymerization and
under aqueous conditions using mechanism of chemical
polymerization; immobilization of the template on the magnetic
particles; optimization of the polymer composition using mo-
lecular modeling and assay optimization and development) can
be used for the development of abiotic assays for any analyte of
environmental, clinical or biotechnological interest. The pro-
duced abiotic MINA uses only low cost, high stability reagents,
and requires no washing steps, only the addition of analyte to
pre-prepared microtiter plate wells. Furthermore, this assay can
be used for the detection of any target molecule, as the imprint-
ing process is not specific for MP. The protocols developed here
could potentially be used as a blueprint for the development of
abiotic assays for any diagnostic application.
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