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Pesticide analysis using nanoceria-coated
paper-based devices as a detection platform+

Souksanh Nouanthavong,®® Duangjai Nacapricha,® Charles S. Henry® and
Yupaporn Sameenoi*®

We report the first use of a paper-based device coated with nanoceria as a simple, low-cost and rapid
detection platform for the analysis of organophosphate (OP) pesticides using an enzyme inhibition assay
with acetylcholinesterase (AChE) and choline oxidase (ChOX). In the presence of acetylcholine, AChE and
ChOX catalyze the formation of H,O,, which is detected colorimetrically by a nanoceria-coated device
resulting in the formation of a yellow color. After incubation with OP pesticides, the AChE activity was
inhibited, producing less H,O,, and a reduction in the yellow intensity. The assay is able to analyze OP
pesticides without the use of sophisticated instruments and gives detection limits of 18 ng mL™ and 5.3
ng mL™* for methyl-paraoxon and chlorpyrifos-oxon, respectively. The developed method was success-
fully applied to detect methyl-paraoxon in spiked vegetables (cabbage) and a dried seafood product
(dried green mussel), obtaining ~95% recovery values for both sample types. The spiked samples were
also analyzed using LC-MS/MS as a comparison to the developed method and similar values were
obtained, indicating that the developed method gives accurate results and is suitable for OP analysis in

www.rsc.org/analyst real samples.

Introduction

Pesticides are well known human toxins used in agriculture to
protect plants from insects and pests during the production
and post-harvest storage of crops to increase agricultural
yields. As a result of the widespread and long-term use of pesti-
cides, contamination of both environmental’? and food
samples®* has occurred. Of many types of pesticides, organo-
phosphate (OP) pesticides are among the most common as
they have relatively low persistence under natural conditions
and are highly effective for pest and insect control. However,
these toxic compounds can affect human health when the
parent compound or its residues are present in food®> or
water.” The toxicity of OP is associated with their capacity to
irreversibly inhibit acetylcholinesterase (AChE) activity in the
central and peripheral nervous systems, causing an accumu-
lation of the neurotransmitter acetylcholine in the body, result-
ing in organ and nervous system failure and potentially
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death.®™® Therefore, sensitive and selective detection methods
for OP are highly desirable due to the concerns of public safety
and environment protection.

Several methods have been developed for quantitative
analysis of OP pesticides, including high-performance liquid
chromatography (HPLC),"°"* liquid/gas chromatography-
mass spectrometry (LC-MS/GC-MS),"*'*  electrochemical
analysis,"”"® and enzyme-linked immunosorbent assays
(ELISAs).>*2* Although these methods provide effective ana-
lysis with high sensitivity and detection limits at the nanomolar
level, they are time-consuming, costly, rely on complicated
instruments, require highly trained personnel, and/or are
difficult to use on-site. Recently, enzyme inhibition assays have
been developed for a simpler detection of OP.>*® The assay is
based on the inhibition of AChE activity by OP pesticides. The
decrease in AChE activity can be measured by colorimetric,””
fluorescence,*® electrochemistry**' and/or chemilumine-
scence assays>® to determine pesticide concentration.
However, these aforementioned methods still require expens-
ive instruments, long analysis times, and/or large amounts of
reagents and samples®® making them less portable than
desired for on-site analysis.”””**** The combination of enzyme
inhibition assays and nanoparticle-based colorimetric assays
have also been introduced for a rapid detection of OP.**
However, this method suffered from an uncontrolled aggrega-
tion of nanoparticles in real samples, leading to poor
selectivity.
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Paper-based analytical devices (PADs)***° are known as an
alternative method for point-of-care diagnostics and chemical
analysis in fields such as urinalysis,”” food safety,® environ-
mental monitoring,”® and biochemical analysis.*” PADs are
attractive because they are simple, low-cost, lightweight, port-
able, easy to fabricate and use, disposable and provide timely
results.>>*®*! Recently, PADs in a dipstick format have been
applied for pesticide analysis using an AChE inhibition assay
where the product of AChE-catalyzed hydrolysis was quantified
using chromogenic substrates including indophenyl acetate
(1PA),* dithiobisnitrobenzoate (DTNB),”* and indoxyl acetate.*®
Color development was visualized by both the naked eye for a
yes/no answer and quantitatively analyzed using a handheld
reader or a cell phone.*"** However, these colorimetric assays
still required a large amount of chromogenic reagent and
enzyme (>0.5-5 unit of AChE per assay).*** Furthermore, the
assays required multiple analysis steps and quantification
relied on the color and intensity interpretations that could be
influenced by ambient lighting and device dryness.””** In
addition, chromogenic reagents used in previous work (DTNB)
are unstable and light sensitive.*” Finally, these paper dip-
sticks have not been applied for pesticide analysis in complex
matrix samples such as foods and vegetables.

Nanoceria (ceria nanoparticles, CeO, NPs) has been used in
a variety of applications such as biomedicine, environmental
monitoring, solid oxide fuel cells, microelectronics, catalysis
and sensing’® because it is auto-catalytic, has free radical
scavenging properties and low toxicity."” Nanoceria also
has oxidase-like properties in aqueous environments as they
can catalyze the oxidation reaction of H,0, with peroxidase
substrates.*® Recently, a direct detection of H,0, using nano-
ceria as colorimetric agents on a paper-based device was
reported.”® The analysis is based on changing the Ce**/Ce**
ratio on the nanoceria surface by H,O, resulting in the color
change from colorless to yellow."”””® The amount of H,O,
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present in the samples can be directly quantified by
nanoceria without the need of peroxidase enzyme and
organic dye substrates. However, only a few applications have
been demonstrated for the use of nanoceria for chemical
analysis.*®

Here, a paper-based device for the determination of OP pes-
ticides using enzyme inhibition and nanoceria is reported. It
is the first time that the paper-based device has been applied
for the determination of OP pesticides in complex food sample
matrices. The general procedure for the assay is described in
Scheme 1. AChE and ChOX catalyze the formation of H,0, in
the presence of acetylcholine. The H,0, reacts with nanoceria
predeposited on the paper resulting in the formation of a
yellow color that can be observed by the naked eye
(Scheme 1B) and/or quantified using an office scanner and
image processing software. In the presence of OP pesticides,
the activity of AChE is inhibited leading to a decrease in the
yellow intensity (Scheme 1A). Here, we first evaluated the use
of nanoceria-coated paper-based device for analysis of H,O,.
The results showed that high sensitivity with low detection
limits could be achieved under optimized conditions. The
enzymatic assay was then optimized for AChE, acetylcholine,
ChOX and organic solvent concentration using two standard
OP pesticides, methyl-paraoxon (MPO) and chlorpyrifos-oxon
(CPO). The sensitivity, linear range and detection limit of the
assay against two OP standards were found to depend primar-
ily on the AChE concentration. Finally, to test the assay per-
formance in complex sample matrices, OP spiked cabbage and
dried green mussel samples were analyzed. Similar results
were obtained using the PAD assay and LC-MS/MS indicating
that the enzymatic assay with nanoceria-coated paper can be
applied for a selective determination of OP pesticide in
complex samples. We believe that the paper-based device in
this format provides a cost-effective approach for OP analysis.
For the developed 5 mm diameter single spot test, the total
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Scheme 1 Paper-based device for the analysis of OP pesticides using enzymatic assay and nanoceria as colorimetric agents. (A) Upon the addition
of OP pesticides, AChE activity is inhibited resulting in no/less H,O, and hence less nanoceria color developed. (B) Without the addition of OP pesti-
cides, AChE activity is normally active producing H,O, that causes the color change of nanoceria.

1838 | Analyst, 2016, 141, 183/-1846

This journal is © The Royal Society of Chemistry 2016


https://doi.org/10.1039/c5an02403j

Published on 18 January 2016. Downloaded by Burapha University on 11/9/2020 2:09:10 AM.

Analyst

cost estimate is approximately $0.0341 including the device
fabrication cost and reagent cost (Tables S1 and S27).

Experimental
Chemicals and materials

All chemicals were analytical grade. Acetylcholinesterase
(AChE) (E.C.3.1.1.7), choline oxidase (ChOX) (E.C.1.1.3.17),
acetylcholine chloride (ACh), bovine serum albumin (BSA),
nanoceria solution or cerium(iv) oxide nanoparticles (CeO,
NPs, 20% w/v), polyethylene glycol (PEG, 6000 g mol ™), hydro-
gen peroxide (H,0,), methanol, methyl-paraoxon and chlor-
pyrifos-oxon were purchased from Sigma-Aldrich. Tris
(hydroxymethyl) aminomethane was ordered from Omnipur,
China. Toluene was purchased from RCI Labscan, Thailand.
Dispersive solid phase extraction (SPE) devices with a total
volume of 2 mL (5982-4921) were ordered from Agilent
Technologies. Polystyrene was purchased from a local station-
ary shop, Chon Buri, Thailand. Whatman no. 4 filter paper
was purchased from Whatman International Ltd, China. The
patterned screen was obtained from a local screen-printing
shop, Chon Buri, Thailand. Deionized water (DI) prepared by
the Barnstead™ e-pure™ ultrapure water purification system
was used throughout the experiments.

The solutions including nanoceria, 10 mM of Tris buffer
pH 7.4 and 10 mg mL™" of PEG were prepared in DI water and
stored at 2-8 °C until use. Stock solutions of 50 mg mL™" of
methyl-paraoxon and 10 mg mL™" of chlorpyrifos-oxon were
dissolved in methanol and stored at 2-8 °C until use. Working
pesticide solutions were prepared daily by a dilution of the
stock solution using 4% (v/v) methanol in water. BSA
(10 mg mL™") and acetylcholine (100 mM) stock solutions were
prepared in Tris buffer (pH 7.4) and stored at 2-8 °C until use.
Stock solutions of 1000 U mL~" of AChE and 100 U mL™" of
ChOX were prepared in the BSA solution and stored at —20 °C
until use. Working solutions of acetylcholine, AChE and ChOX
were daily prepared by a dilution of the stock solution using
BSA solution.

Fabrication of nanoceria-coated paper-based device

Paper-based devices were fabricated using a previously
reported polymer screen-printing method.”* Briefly, poly-
styrene solution (25% w/v in toluene) was applied onto a
patterned screen placed on top of a Whatman #4 filter paper
as the hydrophobic barrier. The solution passed through the
patterned screen and penetrated through the paper to create a
hydrophobic barrier with a circular test zone of a 5 mm dia-
meter (Fig. S1t). A clear packing tape was adhered on the back
side of the device to prevent leaking.”> The patterned paper
devices were then coated with nanoceria by depositing 5 pL of
3% w/v colloidal nanoceria solution onto test zones and
allowed to dry. Unfortunately, nanoceria particles were hydro-
phobic after drying, preventing wetting in the detection zone
as shown in our previous work.” To increase hydrophilicity of
the detection zone, 5 pL of 10 mg mL~' PEG solution was
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added to the device.”® After drying, the nanoceria-coated PADs
were ready for colorimetric detection of OP pesticides.

H,0, analysis

The performance of nanoceria-coated PADs for the analysis of
H,0, obtained from the pesticide assay was evaluated. H,O, in
the range of 0-100 mM was measured by dropping 5 pL of
H,0, onto nanoceria-coated PADs and the yellow color develo-
ped. The device was allowed to dry and the color intensity
quantified by scanning the device using a desktop scanner
(Canon CanoScan LiDE 110). The yellow color intensity was
analyzed using Image] software (National Institute of Health,
USA) using the previously described methods.””

Assay for OP pesticide analysis

The general procedure for the PAD-based OP pesticide analysis
is shown in Scheme 1. The control where no pesticide was
added was carried out by mixing 5 pL of 0.5 U mL™" AChE with
5 pL DI water in a microcentrifuge tube followed by incubation
for 15 min. Then, 5 pL of 5 U mL™" ChOX and 5 pL of 3 mM
acetylcholine were added to the tube. The solution was incu-
bated for another 15 min. Finally, 20 pL of the mixture was
dropped onto nanoceria-coated PAD and allowed to react for
20 min. After drying using a hair dryer, the device was scanned
and the image was analyzed with Image]J. For OP pesticide
analysis, the assay was performed in a similar manner except
that the pesticide samples were mixed with an AChE solution.
The presence of an OP pesticide inhibited the AChE activity
and produced less H,0, resulting in a lower color intensity on
nanoceria-coated PADs. In this work, two OP pesticides includ-
ing methyl-paraoxon and chlorpyrifos-oxon were used as
model OP pesticide standards.

Assay optimization

Studies of AChE, ChOX, acetylcholine and methanol concen-
trations as well as the reaction time were optimized on the
PAD. All optimization experiments were performed at room
temperature (28 + 2 °C) without the addition of OP pesticides.
For AChE optimization, different concentrations of AChE (0.1
to 15 U mL ™', 5 pL) were mixed with acetylcholine (5 mM,
5 pL) and ChOX (20 U mL™, 5 pL) in a microcentrifuge tube
and allowed to react for 15 min. The mixture was dropped
onto nanoceria-coated paper-based devices and analyzed using
the method described above. For ChOX and acetylcholine
optimization, the experiments were carried out in a similar
manner as AChE. For ChOX study, various concentrations of
ChOX (0.1-20 U mL™") were evaluated where the concentration
of acetylcholine and AChE were fixed at 5 mM and 1 U mL™},
respectively. For acetylcholine optimization, acetylcholine in
the range of 1-10 mM was studied while the concentrations of
ChOX and AChE were kept at 5 U mL ™" and 1 U mL™", respecti-
vely. For studying the effect of methanol used to dissolve the
pesticides, 0-10% v/v methanol was evaluated. Methanol solu-
tions (0-10% v/v, 5 pL) and AChE (1 U mL™", 5 pL) were incu-
bated in a microcentrifuge tube for 15 min followed by ChOX
(5 UmL™, 5 uL) and acetylcholine (3 mM, 5 pL) and allowed
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to react for 15 min prior to analysis. The mixture was pipetted
onto the device and quantified by the method described
above. To study the reaction time, the mixture of acetylcholine
(3 mM, 5 pL), AChE (1 U mL™", 5 pL) and ChOX (5 U mL™,
5 pL) was allowed to react for 15, 20 or 30 min at room temp-
erature. After reacting, the mixtures were dropped onto devices
and analyzed using the procedure described above.

Sample preparation

To test the method accuracy, analysis of OP pesticides in
spiked samples was performed using the PAD assay and a
traditional LC-MS/MS method.>* Cabbage and green mussel
dried seafood samples spiked with MPO were employed for the
study. Cabbage was taken from a supermarket and dried
seafood samples were purchased from a local market in Chon-
buri province, Thailand. The samples were homogenized using
a blender. 5 g of each sample was put into a 50 mL centrifuge
tube and spiked with an OP pesticide standard MPO
(100 pg mL™", 40 pL). The mixture was vortexed for 1 min and
left in the dark for 15 min to create homogeneous samples.
20 mL of methanol was added to the mixture and then mixed
for 30 min using a vortex mixer for extraction. The sample
tubes were then centrifuged at 4000 rpm for 10 min. A 1.5 mL
of supernatant was added into a 2 mL micro-centrifuge tube of
dispersive SPE containing 25 mg of C18 and 150 mg MgSO,
used for sample clean up and to remove the residual water.
The mixture was vortexed for 30 min and centrifuged for
10 min at 4000 rpm and the supernatant was collected and
dried in the hood. Finally, the extracted residue was re-
dissolved in 1 mL of 4% methanol and 100% methanol for the
analysis using the developed paper-based device assay and
LC-MS/MS, respectively. The final concentration of MPO in the
sample prior to analysis was 0.2 pg mL™" in both samples. The
traditional method, LC-MS/MS, was performed by Central
Laboratory (Thailand) Co., Ltd Chachoengsao branch. The
LC-MS/MS operating conditions were as follows: the HPLC
WATERS, 269 model equipped with the MS/MS (Micromass,
Quattro Ultima FS) was used with C18 2.0 x 150 mm, 3 pm
column. Injection volume was 10 pL. Isocratic elution was
used with a mobile phase mixture of 0.1% formic acid in H,O
and acetonitrile in the ratio of 40:60 with the flow rate of
0.2 mL min~'. The mass selective detector was operated in
electrospray ionization (ES) mode with the source and desolva-
tion temperatures of 120 °C and 350 °C, respectively. The
cone and desolvation gas flow were performed at 55-60 and
550-600 L h™", respectively.

Results and discussion

Organophosphate pesticides are well-known as the irreversible
inhibitors of AChE in the central and peripheral nervous
system of both insects and humans, causing a variety of toxico-
logical effects on human health.>® The assay principle used
here is based on the enzymatic inhibition of AChE by the pesti-
cides using nanoceria as a colorimetric agent as described in
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reactions (1) through (3). Normally, acetylcholine is catalyzed
by AChE to form choline (reaction (1)) which is then oxidized
by ChOX to generate H,O, (reaction (2)).>® The amount of
H,0, produced is measured colorimetrically by nanoceria
when Ce®" is oxidized to Ce"* in the presence of H,0, resulting
in the color change from colorless to yellow.*” While this is the
most likely mechanism, other mechanisms for nanoceria color
change upon the addition of H,O, have been proposed.*”’
The yellow intensity developed by the nanoceria is directly pro-
portional to H,O, yield. In the presence of OP pesticides, AChE
activity is inhibited and hence produces less H,0, yielding
lower yellow color intensity for the nanoceria. The nanoceria
as a colorimetric agent here was coated on paper-based device
to allow for easy, inexpensive and portable detection of OP
pesticides.

Acetylcholine + H,O AME, Choline + Acetate (1)
Choline + 0, 2% 1,0, (2)

Ce,0; + Hy0,—>  2Ce0; (o) + H,0
‘ (3)

Hydrogen peroxide analysis

We first evaluated the H,0, analysis using nanoceria-coated
PAD as it is a key for determining OP pesticides in this assay.
The optimal nanoceria concentration was determined first. As
the nanoceria concentration increased at constant H,O, con-
centration, the yellow color intensity on the device increased
until it saturated at 4% w/v (Fig. S2t). However, it was observed
that the detection zone of the device became hydrophobic
when 4% w/v or higher concentration of nanoceria was used
due to a high degree of nanoceria aggregation. The hydro-
phobicity made it difficult for the sample to become wet
throughout the detection zone in a reasonable amount
of time.*® As a result, 3% w/v nanoceria was chosen as the
optimal concentration which is similar to the previous report.*’

Under the optimal conditions, the nanoceria-coated PAD
was used to analyze H,O, response. The linearity, reproducibil-
ity, sensitivity and detection limit were determined. The color
response on nanoceria-coated PAD depended on H,0O, concen-
tration, as shown in Fig. 1A, where the color intensity
increased at higher H,0, concentration. The plot of mean gray
intensity as a function of H,0, concentration gave two linear
ranges, one from 1-2.5 mM (y = 4.7651x — 3.8942, R* = 0.998)
and a second from 3-12 mM (y = 1.1584x + 5.6268, R*> = 0.992)
(Fig. 1B). The sensitivity of the first linear portion of the curve
is higher than that in the second portion as the color intensity
becomes saturated at higher H,0, concentration. Assay repro-
ducibility in the range of 2.21-5.40% RSD (n = 10) was
observed for H,O, analysis across all tested concentrations
indicating that the nanoceria-coated PAD provide reproducible
H,0, analysis. The H,0, detection limit, defined as the con-
centration giving a signal three times higher than the standard
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Fig. 1 The analysis of H,O, using nanoceria-coated paper-based devices. (A) Typical devices from the analysis of different concentrations of H,O,.
(B) Standard curve plotted of gray intensity as a function of H,O, (n = 3) giving two linear portions where the first one has higher sensitivity than the
second portion as the intensity became saturated at higher H,O, concentrations.

deviation of the blank (DI water), was 0.5 mM. The results
clearly demonstrate that the PAD can be effectively used to
analyze H,0, making it suitable for OP pesticide analysis.
Moreover, when compared with the paper-based nanoceria
assay reported previously, the device provides higher reprodu-
cibility and sensitivity for H,0O, analysis at lower H,O,
concentrations.’

Assay optimization for pesticide analysis

In this assay, pesticide analysis is based on the inhibition of
AChE activity by OP pesticides. The optimal concentration of
AChE was evaluated to determine sensitivity. A mixture of acetyl-
choline, AChE and ChOX without the addition of OP pesticides
was performed to optimize the enzymatic assay. As shown in
Fig. 2A, the yellow intensity increased as the AChE concen-
tration increased from 0.1 to 1 U mL™" as a result of increasing
enzyme activity. However, when AChE concentration was higher
than 1 U mL™", the color intensity became saturated. Therefore,
the concentration of AChE in the range of 0.1-1 U mL™" was
considered as the optimal value to allow for sensitive-response
analysis of OP pesticide. The result demonstrates that it is poss-
ible to measure AChE activity and thus OP pesticides that
inhibit AChE activity in a dose-response manner.

The optimal concentration of acetylcholine and ChOX was
evaluated next as they also affect assay sensitivity. The results
showed that the intensity increased as acetylcholine and ChOX
concentration increased and became saturated at 3 mM and
5 U mL™" of acetylcholine and ChOX, respectively (Fig. 2B and
C). Therefore, they were selected as optimal concentrations for
further experiments. The reaction time was also studied in the
range of 15-30 min. The results showed no difference in color

This journal is © The Royal Society of Chemistry 2016

intensity from 15 to 30 min as shown in Fig. S4.1 Therefore, a
reaction time of 15 min was selected for further experiments
to provide minimized analysis time. Shorter reaction times
were not tested.

The stock OP pesticide solution is normally prepared in
organic solvents since the pesticides tested here are insoluble
in water. However, it has been reported that organic solvents
such as methanol can inhibit AChE activity.® Here, pesticide
stock solutions were made in methanol and diluted with DI
water. The amount of methanol in final pesticide solution that
did not inhibit enzyme activity was measured. As shown in
Fig. 2D, the yellow intensity decreased when methanol concen-
trations of >5% v/v was used indicating that the AChE was
inhibited at these concentrations. As a result, methanol con-
centrations in the final pesticide solution were kept at 4% v/v
to minimize impact on enzyme activity.

Pesticide analysis using nanoceria-coated paper devices

Once the optimized conditions were obtained, the analysis of
model OP pesticides including methyl-paraoxon (MPO) and
chlorpyrifos-oxon (CPO) were carried out for proof-of-concept.
Dose-response curves for MPO and CPO at different starting
concentrations of AChE are shown in Fig. 3A and B, respecti-
vely. For both pesticides, changing the initial concentration of
AChE shifted the dose-response curves. At low AChE concen-
tration (0.1 U mL™'), the dose-response curve decreased
quickly with increasing pesticide concentration, offering the
highest sensitivity among the three AChE concentrations (0.1,
0.5 and 1 U mL™"). However, the high sensitivities give small
working ranges (0-0.1 pg mL™" of MPO with R*> = 0.988, 0-60
ng mL ™" of CPO with R* = 0.997). A higher AChE concentration
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Fig. 2 The color responses of concentration of (A) AChE, (B) acetylcholine, (C) ChOX and (D) methanol. Photographs of actual responses are shown

across the top of each plot.

(0.5 U mL™") gave lower sensitivities but wider working ranges
(0-0.7 pg mL™" of MPO with R*> = 0.988, 0-80 ng mL ™" of CPO
with R> = 0.984). Using the highest AChE concentration
(1 U mL™"), the lowest sensitivity was observed but the largest
working range was obtained (0-0.9 pg mL™" of MPO with R* =
0.993, 0-120 ng mL ™" of CPO with R*> = 0.982). The differences
in sensitivities for the pesticides are expected based on differ-
ences in their ability to inhibit AChE. For analysis of real world
samples, this is still acceptable, however, because the system
can be normalized to overall AChE inhibition. The limit of
detection (LOD), defined as the pesticide concentration that
causes a decrease in the signal three times the signal-to-noise
ratio relative to the control, was observed to depend on the
AChE concentration as well. A lower AChE concentration gave a
lower LOD. For methyl-paraoxon, a detection limit of 18.3
ng mL™' was obtained which is similar to the previously
reported values.*® For chlorpyrifos-oxon, the detection limit is
5.3 ng mL™", which is comparable to that reported with the
performance of a portable biosensor prototype assay developed

1842 | Analyst, 2016, 141, 183/-1846

by Hildebrandt et al.’® The detection limits of the CPO and
MPO analysis provided by pPAD are low enough to appropri-
ately determine both standards at the regulation levels. Under
European Union (EU) regulation (EC) No 396/2005, the
maximum residue levels (MRL) for MPO and chlorpyrifos
(a CPO parent compound) in, for example, cabbage are 0.01
mg kg™ and 1.0 mg kg™, respectively.®® Analytical figures of merit
for the analysis of the two model OP pesticides at different
AChE concentrations are summarized in Table 1. The results
demonstrate that the performance of the assay can be tuned
by selecting an appropriate concentration of AChE. While the
developed assay is able to detect the two standard OP pesti-
cides at low concentrations with high sensitivities, it cannot
identify specific OP pesticides in the samples. Mass spectro-
metry shown in the next section would be a secondary assay to
identify OP compounds in the sample that is detected using
primary screening enzymatic assay using the developed PAD.
The device cost has also been estimated for device fabrica-
tion and key reagents used for OP determination. The cost of

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Dose-response curves for the detection of OP pesticides using nanoceria-coated paper-based device with three concentrations of AChE.
(A) methyl-paraoxon analysis and (B) chlorpyrifos-oxon analysis.

Table 1 Analytical figures of merit for OP pesticide analysis with three initial concentrations of AChE using nanoceria-coated paper-based device

OP pesticide AChE (UmL™) LOD (ng mL ™) Sensitivity Linear range R %RSD (n =7)
0.1 18 -111 (pg mL™ ™! 0-0.1 pg mL™" 0.99 8.4-14
MPO 0.5 31 —-36 (ug mL™)~" 0-0.7 pg mL™" 0.99 2.1-21
1 50 —27 (pgmL™)7! 0-0.9 pg mL™" 0.99 1.3-8.7
0.1 5.3 —0.37 (ng mL )" 0-60 ng mL ™" 0.99 7.0-11
CPO 0.5 9.8 —0.40 (ng mL™)™" 0-80 ng mL ™" 0.98 3.3-13
1 14 —-0.31 (ng mL™)~" 0-120 ng mL™" 0.98 4.2-19
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Table 2 Results of determination of methyl-paraoxon in spiked
samples with nanoceria-coated paper-based device and LC-MS/MS
method

Measured + SD (n = 3)

Spiked MPO
Sample (rg mL™Y) This method LC-MS/MS
Cabbage 0.00 ND ND

0.20 0.19 £ 0.02 0.22 + 0.00
Green mussel 0.00 ND ND

0.20 0.19 £ 0.05 0.23 £ 0.01

ND: not detected.

the patterned paper fabrication was calculated and is shown in
Table S1 (ESIf). Whatman# 4 (11 cm diameter) yields 125
detection zones. The cost per one detection zone was about
$0.0011. Table S21 shows cost estimation of key chemicals
used in this assay including enzymes and a substrate and the
calculated cost was about $0.033. Therefore, the total cost for
the determination of OP pesticides using this developed
method was approximately $0.0341 per sample. The bulk
expense comes from the enzymes used for one spot as 0.05 U
and 0.025 U of AChE and ChOX were used, respectively. To the
best of our knowledge, however, this assay required lowest
amount of enzymes and reagents compared to that has been
reported previously where up to 5 U of AChE was required for
the lateral flow paper based sensor’ and 3-5 U of AChE was
needed for OP analysis using flow injection methods.®"®>

Our device was also expected to be stable as the previously
reported paper-based device that was coated with both
enzymes and nanoceria was stable for 29 days and 79 days
when stored at room temperature and in a refrigerator, respecti-
vely.*> The device was also believed to be reusable when the
absorbed peroxide species decomposed.*’

Analysis of pesticides in real samples

Performance of the nanoceria-coated paper-based device was
further evaluated for the analysis of MPO in spiked cabbage
and dried green mussel samples. OP pesticides have been
found in food crops including vegetables®®* and dried
seafood products.®>®® The validation procedure was performed
by spiking both samples with 0.20 pg mL™' MPO solutions.
The extracted samples were quantified by both the PAD and
LC-MS methods (Table 2). Using the PAD method, the
measured MPO amounts of 0.19 + 0.02 pg mL ™" (94.8% recov-
ery) and 0.19 + 0.05 pg mL™" (95.1% recovery) were found in
cabbage and dried green mussel, respectively. The two
methods showed comparable results indicating that the paper-
based method is able for the first time to make accurate
measurements for the analysis of OP pesticide in complex
matrix samples.

Conclusions

A nanoceria-coated paper-based device was developed for the
detection of OP pesticides in foods. The determination of OP

1844 | Analyst, 2016, 141, 1837-1846
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pesticides was based on enzyme inhibition as OP pesticide inhi-
bits the AChE activity resulting in reduced H,0, production for
detection by nanoceria coated on the paper-based device.
Various parameters including enzyme, substrate and organic
solvent concentrations as well as reaction time were optimized
to provide highly sensitive OP pesticide detection. Under
optimal conditions, the analytical performance for measuring
two model standard OP pesticides (MPO and CPO) were
observed to depend on initial AChE concentration and gave
detection limits as low as 18.3 ng mL™" and 5.3 ng mL™" for
MPO and CPO, respectively. The PAD was validated against
LC-MS/MS for the analysis of MPO spiked food samples. Similar
measured MPO concentrations were obtained from both
methods indicating a high degree of accuracy of the developed
assay. While further efforts are underway to reduce sample
preparation time, this new method is promising as an analytical
tool for the rapid and low-cost screening of OP pesticides.
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