Detection of chlorantraniliprole residues in tomato using

field-deployable MIP photonic sensors
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Abstract

A photonic sensor based on inversed opal molecular imprinted polymer (MIP) film to detect the presence of
chlorantraniliprole (CHL) residue in tomatoes was developed. Acrylic acid was polymerized in the presence of CHL inside
the structure of a colloidal crystal, followed by etching of the colloids and CHL elution. Colloidal crystals and MIP films were
characterized by scanning electron microscopy and FT-IR, confirming the inner structure and chemical structure of the
material. MIP films supported on polymethylmethacrylate (PMMA) slides were incubated in aqueous solutions of the
pesticide and in blended tomato samples. The MIP sensor displayed shifts of the peak wavelength of the reflection spectra in
the visible range when incubated in CHL concentrations between 0.5 and 10 ug L™, while almost no peak displacement was
observed for non-imprinted (NIP) films. Whole tomatoes were blended into a liquid and spiked with CHL; the sensor was able
to detect CHL residues down to 0.5 g kg ', significantly below the tolerance level established by the US Environmental
Protection Agency of 1.4 mg kg™ '. Stable values were reached after about 30-min incubation in test samples. Control samples
(unspiked processed tomatoes) produced peak shifts both in MIP and NIP films; however, this matrix effect did not affect the
detection of CHL in the spiked samples. These promising results support the application of photonic MIP sensors as an
economical and field-deployable screening tool for the detection of CHL in crops.
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Introduction

Chlorantraniliprole (CHL) is a persistent and mobile pesticide
registered for use in several fruits and vegetable crops, with
lifetimes over 200 days [1, 2]. It is assumed that pesticide
concentration would be attenuated due to degradation, wash-
ing, leaching, etc., to a safe, acceptable level by the time the
products reach the consumer [3]. CHL residue analyses are
currently carried out by liquid chromatography (LC) coupled

P< Maria M. Fidalgo
fidalgom@missouri.edu

Departamento de Ingenieria Quimica, Instituto Tecnologico de
Buenos Aires, (C1106ACD) Buenos Aires, Argentina

Department of Civil and Environmental Engineering, University of
Missouri, Columbia, MO 65211, USA

Center for Agroforestry, School of Natural Resources, University of
Missouri, Columbia, MO 65211, USA

Department of Food Technology, Can Tho University, Can
Tho 90000, Vietnam

with mass spectrometry (MS), with a limit of detection (LOD)
between 1 and 20 pgkg ' depending on the analyzed crop [3].
Although the superior sensitivity of LC-MS makes it the pre-
ferred method for the analysis of contaminants in any type of
sample, the cost of purchasing and maintaining an LC-MS
system is non-negligible and it requires infrastructure typical
of a chemical laboratory. The development of an economical
and field-deployable method to screen for the presence of the
pesticides prior to LC-MS measurement would result in sig-
nificant savings in terms of time and economic resources.
Since CHL was detected in only 13% of the fruit and vegeta-
ble samples analyzed in the USA in 2015 [3], a first screening
of the samples will allow for only a small fraction of the tested
crops to be sent to the laboratory, only those samples for
which pesticide quantification is needed.

Molecularly imprinted polymers (MIPs) have been pro-
posed as an alternative for this task. Molecular imprinting
creates polymer materials that are able to selectively bind a
target molecule on highly specific adsorption sites created
during polymerization [4, 5]. In spite of the numerous reports
in the literature about MIP technology in analysis and sensing
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in several fields, commercial application of the technology is
lagging due to knowledge gaps in real systems [4].

MIPs have been applied for food analysis mostly as solid-
phase extraction (SPE) media coupled with an analytical in-
strument for quantification, such as HPLC-MS/MS. Besides,
MIPs have been fabricated as materials that are capable to
react to a variety of stimulus in order to obtain electrochemi-
cal, piezoelectric, photoluminescent, or UV-Vis spectroscopic
biosensors [6, 7].

Inverse opal MIP films, which use colloidal crystals as
templates for the morphology of their pore structure, have
been reported for the fabrication of label-free photonic sensors
[8, 9]. The methodology relies on the optical properties of the
film, in particular the shift of the reflectance peak wavelength
that occurs after target molecules are adsorbed [10, 11].
Pesticide detection by photonic MIPs was reported for several
pesticides, including imidacloprid [12—14], atrazine [15, 16],
2,4-D [17], parathion [18], and methyl paraoxon [19].
However, the sensors were evaluated in either pure water,
vegetable wash solutions, or diluted juice, which are unrealis-
tic conditions for the intended application. To the best of our
knowledge, there are no previous reports of a CHL sensor, or
any pesticide sensor, tested under the standard sample pro-
cessing conditions, as indicated by the Pesticide Data
Program of the US Department of Agriculture (USDA PDP).

Herein we report the development of a MIP for the analysis
of CHL residue in tomatoes, processed following USDA PDP
guidelines. The proposed sensor comprises an optically active
polymeric porous film that selectively captures the CHL mol-
ecules. The tomatoes were homogenized into a liquid and the
MIP films were immersed into the samples. If present in the
liquid, the pesticides were selectively adsorbed on the poly-
mer. After a short equilibration time, the strip was rinsed with
water and the reflectance spectrum was recorded. The maxi-
mum wavelength reflected was sensitive to the amount of
rebound pesticide.

Experimental
Reagents and materials

Monodisperse silica particle were purchased from Pinfire -
Gems & Colloids and characterized by electron microscopy
in a FEI Quanta 600 FEG Environmental Scanning Electron
Microscopy (ThermoFisher Scientific, Hillsboro, OR, USA).
Acrylic acid (AA), azobisisobutyronitrile (AIBN), ethylene
glycol dimethylacrylate (EGDMA), hydrofluoric acid (HF),
and dimethylformamide (DMF) were purchase from Sigma-
Aldrich (St. Louis, MO, USA). CHL, purity >95% was pur-
chase from Key Organics (Bedform, MA, USA) while CHL
analytical standard was obtained from Sigma-Aldrich (St.
Louis, MO, USA). Ethanol 200 proof (anhydrous) was

purchase from Decon Laboratories Inc. (King of Prussia,
PA, USA).

Glass microscope slides with dimensions 1 x 13 X 76 mm
were obtained from Fisher Scientific (Pittsburgh, PA, USA).
Polymethylmethacrylate (PMMA) slides were purchased
from ePlastic (San Diego, CA, USA) and cut into the same
dimension as the glass slides. Ultra-pure water (18.2 M{2-cm
at 25 °C) was used in all experiments and obtained from a
Thermo Scientific™ Barnstead™ E-Pure™ Ultrapure Water
Purification System (Waltham, MA, USA).

All reactants and solvents were purchased as reagent grade
and used without further purification.

Molecular imprinted porous film fabrication

Silica particles (142.5 mg) were dispersed in 75 mL of etha-
nol. The suspension was stirred at 600 rpm for 1 h and then
sonicated for another hour. This cycle was repeated three more
times.

Colloidal crystals were prepared by vertical self-assembly
of silica particles on a glass microscope slide acting as sub-
strate, as described elsewhere [20-23]. Briefly, a cleaned slide
was placed vertically into a 25-mL beaker containing the par-
ticle suspension. The system was left at rest at 50 °C for 24 h.
As the ethanol is evaporated, the silica particles attach to both
sides of the slide, forming colloidal crystals. PMMA slides
were placed upon the colloidal crystal on both side of the glass
slice and the three slides were firmly held together.

Polymerization solutions were prepared mixing 70.4 mg of
CHL, 0.5 mL of DMF, 0.8 mL of AA, 0.55 mL of EGDMA,
and 9 mg of AIBN. The optimum template-functional
monomer-cross-linker molar ratio was chosen based on results
from our previous studies; AA showed to high provide mini-
mum resistance for the penetration of the solution and diffu-
sion of the target due to its hydrophilicity, while the polymer
was cross-linked to a degree that it produced a connected
matrix but still allowed some flexibility for the chains to
swell/shrink upon binding/eluting of the target [21-23]. The
solution was sonicated in the dark for 15 min. One end of the
assembly was partially dipped in the polymerization mixture;
the liquid rose, driven by capillary forces, and occupied the
empty spaces within the colloidal crystal. Polymerization was
performed under UV light at wavelength of 365 nm for 5 h at
room temperature. The glass slide and the silica particles were
removed by submerging in 5% hydrofluoric acid bath. In or-
der to remove the pesticide from the MIP, the sensors were
washed in ethanol:acetic acid (9:1) solution for 15 min and
repeated five times; the washing solution composition was
selected based on our previously published results [21].
Because of the structural characteristic of the sensor, the hy-
drogen bonding is the main interaction between the polymer
and the target that should be broken by the elution solvent in
the desorption process. The capability of acetic acid:ethanol



mixture to break this kind of intermolecular forces is well
known. The 1:9 acetic acid:ethanol ratio was selected in order
to protect the hydrogel from the acid. The desorption process
was monitored by measurements of the reflectance spectra of
the sensor after each wash (see Fig. S.1 in Supplementary
Data) [21-23]. In the fabrication of the non-imprinted poly-
mer (NIP), an analogous procedure was followed, but no CHL
was added to the polymerization solution.

The polymeric films were analyzed by FT-IR in a Cary 660
spectrometer (Agilent Technologies, Santa Clara, CA, USA)
between the wavelengths of 4000 and 400 cm™'; electron mi-
croscopy images were obtained in a FEI Quanta 600 FEG
Environmental Scanning Electron Microscopy
(ThermoFisher Scientific, Hillsboro, OR, USA).

Optical assays

In order to performed optical assays, MIP or NIP films were
immersed in 25 mL of CHL aqueous solutions at different
concentrations for 30 min. Reflectance spectra of the photonic
polymeric sensors were measured over a wavelength range of
200-800 nm using a double-beam UV-visible spectrophotom-
eter (Cary 60, Varian) with a Harrick Scientific’s Specular
Reflection Accessory (ERA-30G) at a fixed angle of 30°.

Fig. 1 a SEM image of colloidal
crystal top layer; b SEM image of
colloidal crystal showing cross
section; ¢ Photographs showing
the photonic effect of some
colloidal crystals; d Photographs
showing the photonic effect of
some molecular imprinted
polymer films

Tomatoes were treated accordingly to the USDA PDP [3].
Briefly, tomatoes were washed under cold running water for
20 s and drained for at least 2 min. Any stem was remove
using a clean dry knife, taking special attention to remove as
little of the meat as possible. Then, the tomatoes were cut in 8
pieces and then homogenized using a home blender. The ob-
tained juice was spiked with different concentrations of the
pesticide and then the sensors were tested using the same
procedure than for the aqueous solutions. All assays were
performed in triplicate.

Analytical method

CHL concentration in aqueous solutions and tomato juices
was determined using a Waters Alliance 2695 High
Performance Liquid Chromatography (HPLC) system
coupled with Waters TQ triple quadrupole tandem mass spec-
trometer (MS/MS; Water Alliance 2695, Water Co., Milford,
MA, USA). The analyte was separated from the juice by a
Phenomenex (Torrance, CA, USA) Kinetex C-18 reverse-
phase column (100 mm x 4.6 mm; 2.6-um particle size).
Mixtures of acetonitrile (A) and aqueous solution of 10 mM
ammonium acetate and 0.1% formic acid (B), with a gradient
conditions of 2% A, 2-80% A, 80-98% A, and 2% A at 0—
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Fig. 2 Reflectance spectra of NIP (a) and MIP (b) after incubation at various concentration of CHL aqueous solution

0.5 min, 0.5-7 min, 7.0-9.0 min, and 9.0-15.0 min, respec-
tively, were used as mobile phase with a flow rate of 0.5 mL/
min. The ion source in the MS/MS system was electrospray
ionization operated in the positive ion mode (ES+) with cap-
illary voltage of 1500 V. The ionization sources and the
desolvation temperature were programmed at 150 °C and
450 °C, respectively. The MS/MS system was operated in
the multi-reaction monitoring mode with the optimized colli-
sion energy (MRM; [M+H]+ 484=> 285). Waters
IntelliStart™ optimization software package was used to op-
timize the ionization energy, MRM transition ions (precursor
and product ions), capillary and cone voltage, desolvation gas
flow, and collision energy. The concentrations of CHL in
samples were determined with a limit of detection (LOD) of
50 ng L' using a standard curve generated with an authentic
standard (purity >95%, Sigma-Aldrich) at 9 concentrations (1,
5,10, 25, 50, 100, 250, 500, and 1000 ug L ™).

Results and discussion

Colloidal crystals and the photonic thin films were analyzed
by SEM (Fig. 1 a, b and Fig. S.2 Supplementary Data). The
nanoparticle size was measured using Imagel] software
obtaining a diameter of 260 nm with a relative standard devi-
ation of 5%, and the number of layers observed was between
12 and 15, what is in agreement with previously reported
results [21-23]. SEM images of films after particle removal
showed an open pore structure of spherical cavities derived
from the templated particles, suggesting complete removal of
the colloids.

The FT-IR spectrum of the sensor showed in the 2500—
3500 cm™' range the characteristic profile of the carboxylic
acids due to the overlap of the stretching vibrations of —CHj;
and —CH, at 2918 and 2850 cm ™' and the stretching vibration
of the O-H bond. Besides, in the broad peak at 1740 cm ! are
overlapped the C=O stretching vibration of the carboxyl

groups of PAA and the ester’s carbonyl groups of EGDMA
(Fig. S.3 Supplementary data).

The photonic effect (Fig. 1 ¢, d) observed on the colloidal
crystal, as well as on the polymeric sensor, is a consequence of
their uniformly ordered structure that produced optical inter-
ferences on the multiple light reflections. These interferences
result on reflection patterns with peaks (A\p.x) related to the
structure of the porous film by the Bragg equation, as it was
previously reported elsewhere [22, 24].

This photonic property can be used as a low-cost and sim-
ple approach for detection of the target [12, 15, 21, 25]. In a
first place, preliminary studies in aqueous solution were car-
ried out. The peak wavelength of the reflection spectra was
correlated to the concentration of pesticide in the sample; as
the concentration of CHL increased in the test solution, the
peak is shifted to longer wavelengths. The inner pore structure
of the MIP film, designed as an inverse opal, is deformed by
the pesticide rebinding to the imprinted sites and produces a
different optical response (Fig. 2). A noticeable difference
between the behavior of MIPs and NIPs was observed.
Contrary to MIP sensors, almost no peak displacements were
observed for the NIP sensors under the same conditions
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Fig. 3 Diffraction peak shift for MIP and NIP after incubation at various
concentration of CHL aqueous solution (sample volume =25 mL,
incubation time = 30 min)
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Fig. 4 a Diffraction peak shift for MIP and NIP after incubation in tomato juice at different times (sample volume =25 mL); b NIP reflectance spectra
before and after being in touch with tomato juice overlapped with the absorption spectra of tomato juice

(Fig. 3). The limit of detection was 0.5 pug L', below the
tolerance level set by USEPA of 1.4 mg L' [3], calculated
as concentration associated with three times the standard de-
viation of 10 independent measurement of the procedural
blank (30 criterion) (standard deviation measured on wave-
length =2.5 nm).

In order to test the applicability of the developed method,
the MIPs were used to analyze the presence of CHL in ho-
mogenized tomato samples treated according to the USDA
PDP protocol. The election of this vegetable was made con-
sidering that, according to the Pesticide Data Program made
by the Department of Agriculture of the USA, tomato was one
of the crops with higher incidence of CHL [3].

Blank experiments were carried out in order to analyze the
effect of the tomato matrix in the results by immersing NIP
and MIP sensors in the tomato juice without addition of the
pesticides. As it is shown in Fig. 4a, in both MIP and NIP
sensors, the diffraction peak shift increased with time until
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reaching a stable value after about 30 min. Besides, the reflec-
tance spectra after being in touch with tomato juice appear
shifted and deformed (Fig. 4 b). These results were consistent
with the present of an absorption band on the spectra of tomato
juice in the region that the sensors reflect the light (Fig. 4 b). If
the pigment that is responsible of the tomato absorption band
remained in the surface of the sensor after washing, it may
cause the deformation observed in the reflectance spectra.
However, when MIPs and NIPs were immersed in the
doped samples, the shift observed in the diffraction peak of
MIP sensor was consistently higher than that of NIP sensor at
each concentration tested. Furthermore, as it was observed in
the aqueous solutions, MIPs exposed to increasing concentra-
tion of CHL exhibited peaks that gradually shifted to longer
wavelengths (Fig. 5 a). As it can be observed in Fig. 5 b, the
difference between MIP and NIP on the diffraction peak shift
against CHL concentration in tomato juice resemble to that
obtained in aqueous solution. Therefore, the tomato matrix did
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Fig.5 a Diffraction peak shift for MIP and NIP after incubation in tomato juice with various concentration of CHL (sample volume =25 mL, incubation
time = 30 min); b Differences between MIP and NIP diffraction peak shifts at each tested concentration
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not affect the detection of the pesticide, which could be de-
tected with a LOD of 0.5 ug L', well below the tolerance
level established by the USEPA of 1.4 mg L™".

Conclusion

The photonic MIP films were able to detect CHL residue in
tomatoes processed according to the USDA PDP, with a LOD
of 0.5 ng L', The sensor is a user-friendly, economical, and
field-deployable method. The limit of detection was below the
tolerance level stablished by the USEPA and, even more, low-
er than that informed by the USDA PDP for tomatoes using
HPLC/MS in specialized laboratories. Due to its advanta-
geous characteristics, these sensors could be a great improve-
ment in the analytical methods for the determination of resid-
ual pesticide concentrations in food, particularly as a first
screening tool in the field.

The absorption band of the tomato matrix observed in the
area of reflection of the MIP reveals the problems associated
with the use of optical sensors in complex matrices and high-
lights the importance of applied research conducted under
realistic conditions to promote the translation of these technol-
ogies to commercial applications.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04731-2.
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