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ABSTRACT

A dramatic increase in pesticide usage in agriculture highlights the need for on-site monitoring for public health
and safety. Here, a paper-based sensor combined with a wet system was developed for the simple and rapid
screening of organophosphate (OP) and carbamate (CM) pesticides based on the inhibition of acetylcholinester-
ase (AChE). The paper-based sensor was designed as a foldable device consisting of a cover and detection sheets
pre-prepared with indoxyl acetate and AChE, respectively. The paper-based sensor requires only the incubation
of a sample on the test zone for 10 minutes, followed by closing of the foldable sheet to initiate the enzymatic
reaction. Importantly, the buffer loading hole was additionally designed on the cover sheet to facilitate the inter-
action of the coated substrate and the immobilized enzyme. This subsequently facilitates the mixing of indoxyl
acetate with AChE, resulting in the improved analytical performance of the sensor. The absence or decrease in
blue color produced by the AChE hydrolysis of indoxyl acetate can be observed in the presence of OPs and
CMs. Under optimized conditions and using image analysis, the limit of detection (LOD) of carbofuran, dichlor-
vos, carbaryl, paraoxon, and pirimicarb are 0.003, 0.3, 0.5, 0.6, and 0.6 ppm, respectively. The assay could be
applied to determine OP and CM residues in spiked food samples. Visual interpretation of the color signal was
clearly observed at the concentration of 5 mg/kg. Furthermore, a self-contained sample pre-concentration ap-
proach greatly enhanced the detection sensitivity. The paper-based device developed here is low-cost, requires
minimal reagents and is easy to handle. As such, it would be practically useful for pesticide screening by non-
professional end-users.

Keywords: paper-based sensor, wet system, pesticides, acetylcholine inhibition

INTRODUCTION ticides, organophosphates (OPs) and carba-
mates (CMs) have been extensively used in
agriculture to protect crops against insect in-
vasion. However, OPs and CMs are consid-
ered one type of neurotoxic compound. Their

Over the past decades, the use of pesti-
cides has considerably increased worldwide,
including in Thailand (Barr and Needham,
2002; Panuwet et al., 2012). Among the pes-
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toxicity is based on the inhibition of acetyl-
cholinesterase (AChE) in the central nervous
system, resulting in the accumulation of a
neurotransmitter, namely  acetylcholine
(Chapalamadugu and Chaudry, 1992; Du et
al., 2008). This, in turn, causes neurotoxic
symptoms including headache, increased sal-
ivation, convulsion, breathing suppression
and even death. The inappropriate use of
pesticides is a leading cause of pesticide con-
tamination in food and environment and im-
pacts human well-being. Thailand is an agri-
cultural country where the utilization of OPs
and CMs accounts for the major usage of
pesticides. OP and CM residues exceeding
the maximum residue levels (MRLs) have
been found and have drawn extensive atten-
tion (Duangchinda et al., 2014; Sapbamrer
and Hongsibsong, 2014). From our data, 12
types of pesticides in the OP and CM groups
were detected in 85.5 % of the Chinese kale
samples from the local consumer market. To
ensure safe agricultural production and pre-
vent toxicity, a simple, economic, and rapid
analysis method is important as an early
warning tool for the consumers.

The conventional methods for the deter-
mination of pesticide residues involve gas
chromatography (GC) or high performance
liquid chromatography (HPLC) combined
with mass spectroscopy (Fenik et al., 2011;
Sharma et al., 2010; Zhao et al., 2011). Alt-
hough such methods provide high sensitivity
and accuracy, they are sophisticated, time-
consuming, and costly and require sample
preparation procedures and highly skilled
operators. In recent decades, numerous elec-
trochemical (Andreescu and Marty, 2006;
Liu et al., 2013; Mulchandani et al., 2001;
Prieto-Simon et al., 2006; Vakurov et al.,
2004) and optical (Jin et al., 2004; Liu et al.,
2013; Obare et al., 2010; Simonian et al.,
2005) biosensors have been developed as al-
ternative methods for pesticide detection.
Nevertheless, these biosensors still require
instrumentation and skilled operators, which
is not suitable for practical application in
some circumstances (e.g., home and field
applications). Additionally, an immuno-

chromatographic assay based on the binding
of an antibody to a specific pesticide has also
been developed (Liu et al., 2013; Mallat et
al., 2001). However, the system is limited to
certain types of pesticides and is unable to
screen unknown pesticides. The test is also
costly because of the expensive antibody
used. Regarding the limitations of the exist-
ing methods, a simple on-site assay is neces-
sary to facilitate the screening of pesticide
contamination.

Paper-based devices are a new technolo-
gy of total analysis systems equipped on pa-
per or paper-like materials (Apilux et al.,
2012; Chen et al., 2012; Dungchai et al.,
2010; Hu et al., 2014). The devices are good
potential alternative tools for on-site detec-
tion because they are easy to use, inexpen-
sive, portable and rapidly implemented. Cur-
rently, several works related to AChE inhibi-
tion assay on paper have been carried out for
pesticide analysis via the colorimetric quan-
tification of the product of AChE-catalyzed
hydrolysis. The change in color is dependent
on the concentration of the pesticides that
inhibit AChE activity. The assays were per-
formed using different chromogenic sub-
strates, including 5,5'-dithiobis-(2-nitrobenz-
oic acid) (DTNB) (Nagatani et al., 2007), in-
dophenyl acetate (Hossain et al., 2009; No et
al., 2007), and indoxyl acetate (Guo et al.,
2013; Han et al., 2012) with different for-
mats and paper types. However, these meth-
ods require either a multi-manual operation
with bidirectional lateral flow assays (Hoss-
ain et al., 2009) or some degree of sample
and reagent operation to complete the assay
(Guo et al., 2013; Nagatani et al., 2007; No
et al., 2007). Thus, a novel design of paper-
based device that simplify a multistep reac-
tion is still required to achieve practical de-
tection efficiencies of OP and CM residues.
Although paper-based devices provide sev-
eral advantages (the reagents for the assay
can be pre-prepared on the paper and will
readily interact with the sample), they pro-
vide relatively low detection sensitivities be-
cause of the limited mixing of the reagents
on the paper.
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Here, a paper-based device with a wet
system was developed to simplify the pro-
cess of pesticide detection based on the
AChHE inhibition assay for practical usage.
The sensor consists of an AChE-
immobilized paper as the test zone and a
cholinesterase substrate indoxyl acetate-
coated paper attached on opposite sides of a
foldable plastic sheet; a waterproof film was
placed at the interface of the two paper
sheets. Additionally, the wet system was
newly created to enhance the sensitivity by
providing a hole on the verso of the substrate
sheet for the addition of a buffer after the en-
zymatic reaction. Furthermore, the paper-
based sensor enables the pre-concentration of
the sample at the test zone, which can im-
prove the sensitivity of the detection of pes-
ticides at very low concentrations.

MATERIALS AND METHODS

Conceptual design of paper-based pesticide
sensor
The paper-based sensor based on the
AChE inhibition assay combining a wet sys-
tem is shown in Figure la. The device was
designed as a foldable sheet consisting of
two main parts:
1) an enzyme-immobilized paper attached on
the detection sheet and
2) a substrate-coated paper attached on the
cover sheet.
The sheets were separated by a waterproof
film to prevent the undesired interaction of
the dried reagents that were pre-spotted on
each side of the sensor. The procedure of the
paper-based AChE inhibition assay for pesti-
cide detection is shown in Figure 1b and is
briefly summarized in the following steps:
(i) open the cover and remove the water-
proof film;
(i1) add the sample solution and incubate for
10 min at room temperature;
(ii1) close the cover and add the buffer solu-
tion twice at 5-min intervals; and
(iv) open the cover to visualize color intensi-
ty after 10 min of incubation.

Image of the device

— Waterproof film  Buffer loading hols

Enzyme-
mmobilized paper
Cover shes

Open position _ 4mm—)

a Adhesive Tape

Cover sheet
Substrate-coated paper

Detection sheet

Closed position

b (i) Remove waterproof film| (ji) Add sample and Incubate

add sample
J

remove

fiiiy Add buffer and Incubate

add buffer

i (iv) Get result

Figure 1. (@) lllustration of the paper-based
AChE inhibition devices. (b) Schematic diagram
of the pesticide detection process.

Chemicals and materials

Acetylcholesterase (EC 3.1.1.7, from
Electrophorus electricus), indoxyl acetate,
sucrose, lauryl sulfate sodium and casein
were purchased from Sigma-Aldrich. The
pesticide standards of OPs (dichlorvos and
paraoxon-methyl) and CMs (carbaryl, carbo-
furan, and pirimicarb) were obtained from
Dr. Ehrenstorfer GmbH (Augsburg, Germa-
ny). Methanol, disodium hydrogen ortho-
phosphate and sodium dihydrogen phosphate
were purchased from BDH Prolabo (Lutter-
worth, UK). Analytical-grade reagents and
18 MQ-cm water were used throughout this
experiment. Filter paper No.l (Whatman,
UK) was used to make the reagent support
materials that were attached on a polypro-
pylene plastic sheet (purchased from a local
stationery store).

Preparation of reagents and paper-based
AChE inhibition assay for pesticides detec-
tion

AChE was prepared at 800 U/mL in a 20
mM phosphate buffered saline solution
(PBS, pH 7.4: 2.88 g Na,HPO4, 0.4 g KCI,
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0.48 g KH,POy4, and 16 g NaCl in 800 mL
dissolved in distilled water). The blocking
solution was a 50 mM boric acid buffer (pH
8.3) with 0.5 % (w/v) casein, and the wash-
ing solution was a 50 mM phosphate buffer
(pH 7.5) with 0.01 % (w/v) SDS. The
5 mg/mL of indoxyl substrate was prepared
in methanol. The desired concentrations of
the pesticide test solutions were prepared by
diluting an appropriate volume of each stock
pesticide (1,000 ppm in methanol) with 20
mM PBS buffer.

The enzyme-immobilized paper was pre-
pared by punching the filter paper in a circu-
lar shape with a 6 mm diameter. For immo-
bilization, AChE (5 pL of 800 U/mL) was
dropped onto the prepared paper and allowed
to dry for 1 hour. The paper was blocked
against non-specific binding by immersion in
the blocking solution for 20 min at room
temperature. Then, the blocked paper was
washed by dipping in the washing solution
for 30 min at room temperature, dried for 2
hours at room temperature, and kept at —
20 °C until use. The substrate-coated paper
was prepared by cutting the filter paper into
10 x 10 mm squares. Then, 20 pL of 5
mg/mL indoxyl acetate in methanol was
spotted onto the prepared paper, dried at
room temperature and kept in a sealed zip-
per-lock at —20°C until use. The enzyme-
immobilized paper and the substrate-coated
paper were individually attached onto a plas-
tic sheet at the opposite sites of a foldable
platform by wusing double-sided adhesive
tape. For the cover sheet, the substrate-
coated paper was attached in a way that al-
lowed for the diffusion of the buffer solution
through the sensing zone.

Measurement of pesticides in food sample
The performance of the paper-based
ACHhE assay for pesticide detection was veri-
fied against lettuce and brown rice samples.
The different concentrations of pesticides
were added onto pesticide-free lettuce leaves
or brown rice grains in proportions of 1
mL/g. After equilibration for 24 hours, 1 g of
lettuce leaves or brown rice grains was

chopped or ground into fine pieces and then
immersed into the 20 mM PBS buffer for 10
min. The supernatant was subjected to pesti-
cide analysis by the paper-based device. The
concentrations of pesticide in the samples
were confirmed by gas chromatography and
tandem mass spectrometry (GC-MS/MS)
(Bruker SCION Triple Quadrupole Detector,
Germany). To enhance the detection perfor-
mance, the pesticide-spiked lettuce leaves
and brown rice grains were extracted using
the QUEChERS (Quick, Easy, Cheap, Effec-
tive, Rugged, and Safe) method (Lehotay et
al., 2010).

Data processing and interpretation

The color signal generated by the reac-
tion of AChE with the indoxyl acetate sub-
strate can be determined by naked eyes for a
qualitative analysis. Additionally, the image
was captured using a digital camera
(IXY200F, Canon, Japan) and transferred to
the Imagel] 1.45s software (National Insti-
tutes of Health, USA) for a semi-quantitative
analysis. The color signal at the test zone
image was analyzed by measuring the mean
intensity in the RGB channel. The mean in-
tensity value of each test zone was obtained
by subtracting the intensity from that of the
background (the area above the test zone).
Next, the background-subtracted intensity
values were used to obtain a calibration
curve.

RESULTS AND DISCUSSION

Optimization of the experimental conditions

The paper-based pesticide sensor for the
screening of OPs and CMs based on an
ACHhE inhibition assay was newly developed,
as shown in Figure 1. The filter paper was
chosen to serve as a supportive material for
the immobilization of AChE, and an indoxyl
substrate because of its inexpensive cost and
efficient handling of pre-treated reagents.
The colorimetric measurement involves the
catalytic hydrolysis of indoxyl acetate by
AChE, which afterward produces a blue col-
or according to the reaction shown in
Scheme 1. The pesticide detection is based
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on the inhibition of AChE activity by OP and
CM pesticides, which reduces the color in- 20 R - = el T e
tensity of the hydrolyzed indoxyl acetate and
can be observed by the naked eye and with
an image analysis software.
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Subsequently, under the optimized condi-
tions mentioned above, the AChE-coated pa-
per and substrate-coated paper were con-
structed on a foldable plastic sheet as shown
in Figure 1. However, there is a limitation to
this paper-based assay: the reaction is ineffi-
cient because of the ineffective interaction
among the pre-deposited reagents on the pa-
per under dry conditions. Therefore, a novel
and simple wet system was developed and
integrated into the paper-based sensor. The
assay was performed by repeated applica-
tions of the buffer solution onto the sensing
area through a hole in the cover sheet after
the incubation of the sample. The results
(Figure 2c¢) indicated that the enhanced color
intensity was obtained by increasing the
number of applications of the buffer solution
and waiting 5 min between the drops. A
double loading of the buffer was found ap-
propriate for color development. This is due
to the wet assay allowing for the efficient
mixing of the pre-deposited reagents on the
paper-based substrate. Thus, this approach
was subsequently applied for further testing.

Effect of inhibition time

Pirimicarb was selected as a representa-
tive pesticide to investigate the effect of in-
cubation time on the efficiency of the AChE
inhibition assay. The process was performed
by adding 10 pL of various concentrations
(1, 10, and 50 ppm) of pirimicarb to the test
zone, followed by incubating for 0, 5, 10 or
20 min. Subsequently, 10 uL of 20 mM PBS
buffer was added twice to the test zone via
the buffer adding hole. The results showed
that the color intensity of the detection zone
decreased with the increase in the concentra-
tion of pirimicarb. The color change was
clearly observed when the incubation time
was increased up to 10 min, after which the
response remained steady (Figure 3). There-
fore, the sample solution was incubated with
the enzyme-immobilized paper for 10 min at
room temperature before being subjected to
the hydrolysis reaction of the substrate.
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Figure 3: Effect of incubation time on pesticides
detection by the developed device: (a) Meas-
urement of pirimicarb at 0, 1, 10, 20 ppm with dif-
ferent incubation times. (b) Plot of background-
subtracted intensity determined by digital-image
analysis versus the concentrations of the added
pirimicarb solutions; represent to (a).

Performance of the paper-based AChE in-
hibition assay for pesticides detection

The performance of the paper-based
AChE inhibition device was examined
against concentrations of OPs (dichlovos and
paraoxon) and CMs (carbaryl, carbofuran,
and pirimicarb). The intensity of the blue
color at the test zone dramatically decreased
with the increase in concentration of insecti-
cides, which could easily be observed by the
naked eye after 10 min of assay (Figure 4).
The saturated inhibition concentration of car-
baryl, carbofuran, dichlovos, paraoxon, and
pirimicarb was found to be 50, 1, 50, 10 and
100 ppm, respectively. The limit of detection
(LOD) by visual detection was estimated to
be 0.5 ppm of carbaryl, 0.005 ppm of carbo-
furan, 0.1 ppm of dichlovos, 0.5 ppm of pa-
raoxon and 0.5 ppm of pirimicarb. The varia-
tion in sensitivity is due to the difference in
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Figure 4: Determination of limit of detection
(LOD) of the paper-based device for pesti-
cide screening. A representative visual im-
age of AChE inhibition on the sensing areas
with various concentrations of (i) carbaryl,
(i) carbofuran, (iii) dichlorvos, (iv) paraoxon
and (v) pirimicarb. Image shown in repre-
sentative of those seen in three independent
repeats.

the biomolecular rate constant of AChE in-
hibition in the pesticides. The limit of detec-
tions provided by our developed device were
slightly superior than that of previous re-
ports, which were sensitive enough for the
screening of pesticide residues in contami-
nated agricultural products to meet the max-
imum residual concentration (MRL) of pes-
ticides declared by the European Union (EU)
(http://ec.europa.eu/sanco pesticides/public/

?event=homepage) and Japan  (JA)
(http://www.m5.ws001.squarestart.ne.jp/fou

ndation/search.html). The recommended
MRLs vary among the pesticides within each
food group because the MRLs are set based
on the permissible use of a pesticide on a

crop under the Good Agricultural Practice
(GAP), the expected residues and the toxico-
logical reference values of each pesticide
(e.g., chronic toxicity and acute toxicity).

To obtain more reliable measurements,
the semi-quantitative determination of color
intensity was performed using the Imagel
software analysis. Figure 5 shows the cali-
bration curves obtained by plotting the back-
ground-subtracted color intensity versus the
standard concentrations of each pesticide.
The limit of detection is given by ICs,
which was the concentration of pesticide that
inhibited 50 % of the AChE activity. The
LODs were found to be 0.003 ppm of carbo-
furan, 0.3 ppm of dichlorvos, 0.5 ppm of
carbaryl, 0.6 ppm of paraoxon and pirimi-
carb. The results indicated that the visual de-
tection provided a good detection perfor-
mance, comparable to the semi-quantitative
analysis.

Detection of OP and CM residues in food
samples

To investigate the performance of the
paper-based sensor in determining pesticide
residues in real samples, the approach was
applied to the screening of OPs and CMs in
lettuce and brown rice. The confirmed pesti-
cide-negative lettuce and brown rice were
spiked with various concentrations of each
pesticide (0, 0.1, 0.5, 1, 5, 10, and 25 mg/kg)
and exposed to the paper-based pesticide
sensor under the aforementioned optimal as-
say conditions. The color intensity of the pa-
per-based sensor in response to the pesticides
was quantitated by the Image] software and
expressed in terms of the color intensity dif-
ference (Al) between the blank sample (Ipjank)
and the pesticide spiked sample (Ispikeq). The
plots of Al (Iplank — Ispiked) Versus pesticide
concentration are shown in Figure 6. The Al
increased with pesticide concentration and
the color intensity change could be easily
distinguished by the naked eye when concen-
trations of pesticides were above 5 mg/kg.
The semi-quantitative analysis by image
processing provides a LOD of 1 mg/kg. The
diminution of sensitivity toward OP and CM
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Figure 5: Plots of mean color intensity values determined by digital image analysis using Image J and
the concentrations of the added pesticides solutions (i) carbaryl, (ii) cabofuran, (iii) dichlorvos, (iv)
paraoxon and (v) pirimicarb, from three independent repeats. The curves were fitted by the Hill equa-
tion. Data are the means (+ the standard deviation) of 3 independent measurements.

residues in lettuce and brown rice samples is
due to either the poor recovery of the pesti-
cides or the interference effect of sample ma-
trix.

The analytical recoveries of the spiked
pirimicarb at 0.5 and 5 mg/kg in rice and let-
tuce samples were evaluated using Hill’s
equation. The sample solution was subjected
to the extracted pesticide residue by using 2
different protocols: (1) immersion in 20 mM

PBS buffer at pH 7.4 and (2) the QUEChERS
extraction method. In the case of immersion
with PBS buffer, the optimum percentage of
methanol added in the buffer was investigat-
ed to improve the recovery. The effect of
methanol on the enzyme activity was stud-
ied, and 20 mM PBS at pH 7.4 in combina-
tion with 20 % methanol was selected for
subsequent study (data not shown). The re-
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sults of the analytical recoveries are shown
in Table 1.

The QUEChERS extraction method with
a paper-based sensor gave excellent results
that were in a good agreement with
QuEChERS and GC/MS-MS analyses. The
analytical recoveries ranged between 88 and
110 %. 20 mM PBS at pH 7.4 in combina-
tion with 20 % methanol provided analytical
recoveries ranging between 62 and 69 %
while 20 mM PBS at pH 7.4 gave 31-38 %
recovery. Moreover, this assay exhibited
precisions (% RSD) in the range of 5.8 to
14.8 % and 6.4 to 15.7 % for lettuce and rice,
respectively.

These results indicated that the matrix
could affect the accuracy of the method.
Thus, this approach is able to perform pesti-
cide screening. However, when the MRL

values in food are lower than 1 mg/mL, the
QuECHERSs procedure is required.

Enhancement of pesticide detection per-
formance by the self-contained pre-
concentration method

The paper-based sensor is able to absorb
a high amount of solution in the sensing ar-
ea. For this reason, the analyte can be instan-
taneously concentrated on the paper by re-
peatedly loading the sample solution on the
test zone. The performance of the self-
contained pre-concentration method was in-
vestigated in the detection of pirimicarb in
spiked lettuce and brown rice samples at 0,
0.01, 0.2 and 5 mg/kg concentrations. Then,
10 ul of sample solution was repeatedly ap-
plied to the test zone for 1, 2, 3, 4 and 20
times at 5-min intervals. The results are
shown in Figure 7. The increasing number of
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Figure 6: Detection of pesticide residues at different concentrations in lettuce and brown rice. The re-
sults are presented as (i) photographs and (ii) plots of the mean intensity of the sensing area on the

paper-based sensor versus pesticide concentration.
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Table 1: Determination of the spiked pirimicarb at 0.5 and 5 mg/kg in rice and lettuce samples with dif-
ferent sample preparation procedures using 20 mM PBS pH 7.4, 20 mM PBS pH 7.4 + 20 % metha-
nol, and QUEChERS-extraction by the developed method and compared with GC-MS/MS.

Paper-based colorimetric Sensor GC-MS/MS
Added 20 mM PBS 20 mM PBS +20 % QUEChERS QUEChERS
Sample (ma/kg) (n=3) MeOH (n=3) (n=3) (n=3)
Found % Re- | Found % Re- | Found % Re- | Found % Re-
(mg/kg) |covery| (mg/kg) |covery| (mg/kg) |covery| (mg/kg) |covery
05 |0.16+0.02| 32 [0.35+0.05| 69 |0.45+0.03| 89 0.58+0.03 | 116
Lettuce
5 1.88+0.17| 38 |[3.34+0.42| 67 5.51+0.42 | 110 |4.95+1.12 99
Brown 05 |0.16+0.02| 31 [0.31+0.04| 61 |0.43+0.05| 88 0.52+0.08 | 104
Rice 5 1.71+0.17| 37 |3.20+0.24| 64 |5.06+0.68| 101 |4.97+0.40 99
(i) Lettuce sample Brow Rice sample
0 ‘-.1 “"
g y v
o
E 001 ™
= :
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£ C
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Figure 7: (i) Photographs and (ii) plots of the mean intensity of the pre-concentration method with
multiple applications of 20 pL of 0.01, 0.2, and 5 mg/kg spiked pirimicarb in lettuce and brown rice

sample application resulted in the decreasing
color intensity of the test zone. The color in-
tensity change compared with the negative
control could be clearly distinguished by the
naked eye with 4 applications of 0.2 and

5 mg/mL of pirimicarb in spiked lettuce and
brown rice samples, respectively. The self-
contained pre-concentration method provid-
ed good detection sensitivity toward pirimi-
carb (concentrations as low as 0.2 mg/kg),
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which was sufficiently sensitive for the
screening of pirimicarb residues at MRLs of
5 mg/kg in lettuce for EU standards and 0.3
and 1 mg/kg in brown rice and lettuce, re-
spectively, for JA standards. The total analy-
sis time was 45-60 min, which was adequate
for home usage. For sample concentrations
as low as a default MRL of 0.01 mg/kg, a
sufficient signal could be obtained by the re-
petitive application of the sample up to 20
times. Nevertheless, the analysis took ap-
proximately 3 hours due to the slow absorp-
tion of the sample solution on the paper.

To cope with such a limitation, the se-
quential heating of the paper-based sensor
after each cycle of sample application was
proposed to accelerate the dehydration and
absorption processes. The effect of tempera-
ture on the enzymatic reaction on the paper-
based sensor was investigated. The color in-
tensity of the hydrolyzed indoxyl acetate de-
creased when the paper-based sensor was
heated above 45 °C on the hotplate. This in-
dicated that the AChE activity and the sub-
strate stability were influenced by tempera-
ture. The heating method was then per-
formed at 40 °C for the determination of
0.01 mg/kg pirimicarb residue in lettuce and
rice samples. The color change was visibly
distinguishable when the total analysis time
was reduced to approximately 40 min. Thus,
the pre-concentration method was success-
fully improved to enhance the limit of detec-
tion, and heating approaches can be included
to reduce the analysis time.

These findings demonstrated the poten-
tial application of the paper-based AChE in-
hibition assay combining a wet assay devel-
oped herein for the screening of OP and CM
residues in real samples. To enhance the per-
formance of the developed device for the de-
tection of OP and CM residues at low con-
centrations below 5 mg/kg, the effective ex-
traction process or the pre-concentration
method were required.

Storage stability

To determine the storage stability, the
developed device spotted with ACE and in-
doxyl acetate was stored at room temperature
(=27 °C), 4 °C, and —20 °C for multiple days.
The enzyme and substrate immobilized on
paper were stable, and retained almost 85 %
of efficient activity for up to three months,
one week and two days of storage at -20 °C,
4°C and room temperature, respectively.
The stability of the substrate is an important
consideration for extending shelf life. The
storage stability can be enhanced by keeping
the device in aluminum foil zipped under in-
ert atmosphere and stored in the freezer to
prevent exposure from light, air and mois-
ture.

CONCLUSION

The paper-based sensor with wet assay
developed herein provides a simple and rapid
screening method for pesticide detection.
Measuring the samples requires only an ad-
dition of the sample followed by the applica-
tion of a buffer solution after an incubation
step. The pesticide residues can be observed
by the naked eye or with an image pro-
cessing program as a result of the color
change produced by the reaction between
AChHE and indoxyl acetate. The limitation of
detection for OPs and CMs ranged between
0.005 and 0.1 ppm, depending on the pesti-
cide. The assay was successfully applied in
the screening of OP and CM residues in ag-
ricultural products with a LOD of 5 mg/ml
by the naked eye. The sample preparation by
solvent  extraction and/or the pre-
concentration method can be carried out to
enhance the sensitivity of the device in de-
tecting pesticide residues at a default MRL
of 0.01 mg/kg. The paper-based sensor com-
bined with the wet assay provides an alterna-
tive tool for the convenient screening of pes-
ticide residues in food and environment with
low cost, minimized reagent consumption,
and simple operation by non-trained person-
nel. The protocols herein also aimed to en-
hance the sensitivity of paper based-devices
for the measurement of other assays.
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