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ABSTRACT

Carbamates are among the widely used agrochemicals due to their
broad spectrum of activity, high pesticide efficiency, and relatively
lower environmental half-life. Although they offer several
agricultural benefits, post-harvest carbamate residues in fruits and
vegetables pose significant health risks. Traditional methods such
as chromatography and enzyme inhibition assays are well-
established for the detection of pesticides. However, these methods
tend to be resource-intensive, often requiring sophisticated
equipment and advanced technical expertise, which can limit their
applicability in routine agricultural settings when quick testing is
essential. In this study, a paper-based colorimetric device was
developed by impregnating quercetin-modified  Silver
nanoparticles (Q-AgNPs) onto a paper substrate for the detection
of the carbamate pesticide, methomyl. The optimum pH of the test
solutions was found to be 7.43-8.00, while the optimum dipping
time is 60 s and the optimum drying time is up to 120 min. Digital
images of the developed strips were captured using a high-
resolution scanner and analyzed through Image] software,
providing a semi-quantitative measurement of methomyl
concentration in the samples. The detection limit was found to be
2.621 mg/L, with a limit of quantification (LOQ) of 7.943 mg/L.
Additionally, the percent recovery of the spiked samples was
estimated to be 93 to 95%, further verifying the efficiency of the
sensor in detecting methomyl residues. Furthermore, the
concentrations detected by the paper-based device were verified by
UV-Vis spectrophotometry, supporting its potential as a screening
tool for semi-quantitative on-site pesticide residue analysis,
promoting safer agricultural practices and consumer health
protection.
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INTRODUCTION

Pesticides are chemical substances used in agriculture to protect
crops against a wide range of pest and improve yield. These
pesticides are generally classified as neonicotinoids,
organochlorines, pyrethroids, organophosphates, and carbamates,
which have varying persistence in the environment (United States
Environmental Protection Agency [EPA], 2006). Over the past
three decades, carbamate pesticides have gained popularity in crop
protection, especially during later stages of crop growth, due to
their broad spectrum of effectiveness (Rowayshed, et al., 2013).
The discovery of the first known carbamate compound dates to the
mid-nineteenth century. Subsequently, in the 1960s and 1970s,
numerous carbamates were synthesized for pesticidal purposes.
Commonly used carbamate pesticides are N-methyl derivatives of
carbamic acid, such as bendiocarb, carbaryl, carbofuran,
methomyl, and several others (Gupta, 2014).

Although carbamates are generally less toxic than other pesticides,
studies have indicated that they possess comparable levels of
toxicity and are still regarded as hazardous, similar to
organophosphates (Jali et al., 2024; Xia et al., 2024). N-
methylcarbamate insecticides mostly cause acute toxicity by
preventing the activity of acetylcholinesterase (AChE), which
results in a buildup of acetylcholine (ACh) at cholinergic junctions.
Many symptoms can result from overstimulating the body, such as
muscarinic effects like increased salivation and gastrointestinal
distress and nicotinic effects like muscle weakness and blurred
eyesight. Serious poisoning can also result in coma and seizures,
and central nervous system symptoms that may lead to death due
to cardiorespiratory failure. Apoptosis, oxidative stress, and
carcinogenesis are among the various bodily systems that these
pesticides may impact (Moon, et al., 2012). For this reason, some
pesticides like carbamates are either regulated or banned in various
parts of Europe and the United States (US) (European Parliament
and Council of the European Union, 2009). However, these
chemicals are still being used in the Philippines, particularly in
regions with extensive crop and vegetable cultivation such as the
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Mt. Province, Ifugao in the Cordilleras, and Benguet province
(Ngidlo, 2013; Fertilizer and Pesticide Authority [FPA], 2024).

A few of the established methods for pesticide analysis include
chromatography coupled with mass spectrometry and enzyme
inhibition techniques like ELISA are renowned for their accuracy
and sensitivity (Hermanto et al., 2023). However, such traditional
methods are limited because they require costly instruments, and
the preparation of samples involves complex procedures and needs
specially trained operators. The interest in simplifying the detection
of substances such as pesticides is emphasized by the development
of chemical and biosensors, as well as the increase in attention to
the paper-based ones (Javed, et al., 2020). These detectors are
especially beneficial in resource-limited settings due to their
affordability, simple production, and minimal need for specialized
equipment. They enable rapid response in remote or outdoor
applications since they allow real-time and in-field detection with
observable color changes (Hermanto, et al., 2023; Javed, et al.,
2020).

Other recent studies have also worked on the optimization of the
performance of such paper-based detectors by embedding metal
nanoparticles, which are identified to possess both optical and
electrochemical characteristics. The unique localized surface
plasmon resonance (LSPR), thermal or electrochemical properties
of silver nanoparticles (AgNPs) are widely used in nanosensors,
especially when detecting pesticide residues in different samples.
They may also be produced by top-down synthesis done by
breaking down bulk material via physical force; or by bottom-up
synthesis done by the chemical reduction of silver salts, but the
most widespread method is the latter (Hermanto, et al. 2023). Using
capping and stabilizing agents can help in the reduction of silver
salts to produce silver nanoparticles and increase their functionality
for different applications. One of these capping agents is quercetin,
a flavonoid which was proven to effectively reduce silver ions
(Chen, et al., 2020, Pandian et al., 2021).

In this paper, we developed a paper-based colorimetric sensor to
detect a carbamate pesticide, methomyl, in real samples by
impregnating paper strips with the prepared quercetin-capped
silver nanoparticles.

MATERIALS AND METHODS

Apparatus

The synthesized silver nanoparticles (AgNPs) were confirmed
using a UV-VisF spectrophotometer (Shimadzu UV-1800) and the
changes in the functional groups were determined using Fourier
Transform Infrared (ATR-FT-IR) spectroscopy (Shimadzu
IR Affinity-1S), within a wavenumber range of 4000-700 cm™! with
aresolution of 4 cm™, and 20 scans (Bordbar et al. 2020; Tasca &
Antiochia, 2020). Test strip images were captured with a CanoScan
LiDE300 flatbed scanner and analyzed using Image] software
(version 1.51n, National Institutes of Health, USA).

Fabrication of the Paper-based sensor

Synthesis of Quercetin-modified Silver Nanoparticles (Q-AgNPs)
A 2.5 mL aliquot of 1.0 mM quercetin was added dropwise to 250.0
mL of 1.0 mM AgNOs solution, with constant stirring at 65 °C for
one hour at pH 8. During this process, silver ions (Ag") were
reduced to elemental silver (Ag®), causing the solution to turn
yellowish-brown. The resulting Q-AgNPs solution was filtered
using a 0.22 um syringe filter, after which, 30.0 mL of 0.1 M Tris
buffer was added for every 50.0 mL of Q-AgNPs solution (Bordbar
et al., 2020).

Fabrication of the Test Strips

The paper-based device was prepared using Whatman Grade No. 1
filter paper, cut into 1 cm x 4 cm strips. These paper strips were
impregnated with the synthesized Q-AgNPs in 0.1 M Tris buffer
solution for five minutes, then air-dried for two hours using a
hanger with clips and stored in transparent plastic ziplock bags
until further testing.

Colorimetric Analysis

The changes in the color were analyzed and calculated using
Imagel software. The software translates the color intensity of the
paper-based device to three numerical mean values referred to as
red, green, and blue color elements. In this analysis, control strips
with uniform color were first scanned to determine how well the
scanner could generate consistent quantitative values for different
hues of colors. This preparatory procedure ensures that the
quantitative values are based on the changes in color or hues of the
paper strips as determined by Imagel] and are not based on any
scanning inconsistencies. The difference between pre-exposure and
post-exposure values was calculated as:

AR = Eaﬁer - I?_befure
AG = (_;a_/ier - gbe/bre
AB = Baﬁer - Bbefm‘e

In these equations, the differences in the red, green, and blue
components are represented as AR, AG, and AB, respectively
(Bordbar et al., 2020). The colorimetric response ARGB of the
replicates was also generated using ImageJ and the average ARGB
was calculated for each sample for better estimation of the observed
color changes.

Optimization of the Paper-based device and Analyte Condition

The ability of the method to produce strips with repeatable color
intensities is crucial for this study, hence, five (5) strips were
fabricated and analyzed with Image] software to determine the
reproducibility of the color intensities of the fabricated strips. The
optimum pH of the test solutions was determined by immersing the
strips in 25.0 mg/L methomyl solutions at various pH levels
ranging from 3.0 to 11.0, adjusted with either 0.1 M NaOH or 0.1
M HCI. The dipping time (5 s, 15 s, 30 s, and 60 s) and drying time
was monitored to determine the optimal conditions for color
intensity stabilization. The stability of the test strips after 2, 24, and
48 hours of storage, after exposure to methomyl, and the
reproducibility of the color intensities of the strips at varying
methomyl concentrations (0.1, 1.0, 5.0, and 15.0 mg/L) were also
analyzed to ensure consistent sensor response. In the comparison
of results, one-way Analysis of Variance (ANOVA) was used to
determine the significant differences of the mean ARGB response
values among the different levels of pH, dipping time, and drying
time.

Method Validation

Determination of Linear Range, Limit of Detection (LOD), and
Limit of Quantification (LOQ)

Ten (10) standard methomyl solutions with concentrations ranging
from 0.075 to 15.00 mg/L were prepared to establish the linear
range. Each concentration was tested in five (5) trials, and the mean
color intensities of the test strips were determined.

The limit of detection (LOD) was calculated using the formula
LOD =3.3 x s/m, where s is the residual standard deviation of the
regression and m is the slope of the calibration curve based on the
assumed range of the LOD value. Similarly, the limit of
quantification (LOQ) was calculated as LOQ = 10s/m.

Ultraviolet-Visible Spectrophotometry Analysis

Volume No. 19 | Issue No. 01 | 2026

249

SciEngg]



A comparative analysis was conducted using UV-Vis spectroscopy
to verify the response of the paper-based device. Distilled water
was used as a solvent blank for the baseline correction of the
analysis. The maximum wavelength of absorption of the methomyl
and Q-AgNPs was measured, and standard solutions with various
concentrations were prepared with concentrations ranging from
0.075 to 15.0 mg/L to generate the calibration curve. Afterwards,
0.4 mL of Q-AgNPs was added for every 10 mL of the solution.
Subsequently, the linearity, limits of detection (LOD), and limit of
quantification (LOQ) were also determined in this analysis.

Spiked-Real Sample Analysis

Preparation and Analysis of the Methomyl-Spiked Samples

In this study, eggplant was selected as the matrix to show the ability
of the paper-based device to detect methomyl. The eggplants were
harvested from homegrown plants, free from pesticides, prior to
spiking. Initially, the eggplants were thoroughly rinsed with
distilled water and were dried by patting the surface with tissue and

air-drying.

Once dried, 50.0 grams of eggplant were blended with 50.0 mL of
distilled water. Subsequently, 125 mL of a 100 mg/L methomyl
solution was added to the blended mixture, which was then diluted
to a final volume of 500 mL, yielding 25 mg/L methomyl-spiked
sample. The solution was stirred continuously for 30 minutes and
sonicated for 5 minutes to ensure proper mixing. After sonication,
the sample was divided into two portions and further diluted to
prepare methomyl-spiked samples with concentrations of 5 mg/L
and 10 mg/L. Each sample underwent two rounds of sonication,
mixing, and vacuum filtration to ensure uniform distribution of the
pesticide and the removal of any residual particulate matter,
resulting in a clear and homogeneous solution. The fabricated
paper-based device was used to detect methomyl in the real
samples, with the optimized conditions for pH, dipping time and
drying time applied for each. The mixtures were then subjected to
UV-Vis Spectroscopy to determine the concentration of methomyl.

Analysis  of the Methomyl-Spiked Samples
Spectrophotometry

The multiple standard addition method was employed to minimize
matrix effects in the eggplant samples during the determination of
methomyl concentration. In this approach, 5 mL aliquots of
eggplant extract were transferred to 50-ml volumetric flasks, and
varying volumes of a 50 mg/L methomy] stock solution were added
to achieve final concentrations ranging from 0.075 to 12 mg/L.
These solutions were then analyzed using a UV-Vis
spectrophotometer, measuring absorbance at the wavelength
corresponding to the maximum absorption of the solution produced
from the reaction of methomyl and Q-AgNPs. A calibration curve
was constructed, and the concentration of methomyl was
determined from the x-intercept of the linear regression equation
derived from the calibration curve, with necessary corrections for
dilution factors.

using UV-Vis

RESULTS AND DISCUSSION
Synthesis of Quercetin-Modified Silver Nanoparticles

The synthesis of Quercetin-modified silver nanoparticles (Q-
AgNPs) was carried out through a bottom-up method. Initially, the
silver nitrate was dissolved in water, producing a solution rich in
silver ions (Ag"). Quercetin was then added, where it interacted
directly with these ions. Its phenolic hydroxyl groups acted as
natural reducing agents (Chahardoli et al., 2021) to convert the
silver ions into elemental silver (Ag°) (Figure 1A). Quercetin’s
aromatic rings then stabilized the electron transfer, allowing small
silver clusters, or nuclei, to gradually grow into nanoparticles
(Figure 1B) (Rohit & Kailasa, 2014; Mohammadi & Khayatian,
2017; Bhutto et al., 2018).

Ag°+Ho

AgNP

1A. Reduction of Ag+ ions to AgNPs

Ag’ +

Ag'ions Quercetin
Ag o+

AgNP Quercetin (oxidized)

Stabilized AgNPs

1B. Stabilization of AgNPs

Figure 1: Synthesis of Q-AgNPs.
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Figure 2: Absorption spectrum of the synthesized Q-AgNPs and Q-
AgNPs after interaction with Methomyl.

The synthesized Q-AgNPs were confirmed using the UV-Vis
Spectrophotometer. The absorption spectrum (Figure 2) of the
synthesized Q-AgNPs showed a maximum absorption at 403 nm,
which shifted to 425 nm after interaction with methomyl. This shift
is indicative of changes in the local refractive index and electron
density around the nanoparticles, which suggests that methomyl
interacted with the surface of the Q-AgNPs, altering their optical
properties (Tasca and Antiochia, 2020; Jana et al., 2016).

The AgNO; solution (Figure 3A) showed prominent peaks at
approximately 3325 cm™! due to O-H stretching, at 1635 cm™! due
to O-H bending, and 1342 cm™! due to the stretching of the Nitrate
ion (Mabhitha et al., 2011; Khandel et al., 2018; Upadhyay et al.,
2019; Mistry et al., 2021; Zhang et al., 2021). On the other hand,
the IR spectrum of quercetin (Figure 3B) exhibited prominent
peaks at signals around 3325.28 ¢cm™!, indicative of phenolic or
hydroxyl groups (O-H stretching vibrations), a C=O stretching
from carbonyl group, likely from a conjugated ketone at 1651 cm™;
a C-O stretching of the aromatic group and O-H bending between
~1420 cm™' and ~1270 cm™!', C-O stretching from ether or
flavonoid structure at 1087.85 cm™'; C-O-C at 1053.13 cm™, and
an aromatic C-H bending (out-of-plane) at ~880 cm™' (Rajhard, et
al., 2021).
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2974
1635

1087 ggo
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Figure 3: FT-IR Spectrum of (A) AgNO3 solution and (B) Quercetin in
ethanol.

A comparison of the IR spectrum of AgNO; and Q-AgNPs (Figure
4) shows similarities at around ~3325 cm™' and at ~1638.74 cm!
(Mahitha et al., 2011; Khandel et. al, 2018; Mistry, et al., 2021),
but the absence of a peak at around 1342 cm™! is consistent with
the removal of the nitrate-containing precursor following the
formation of Ag nanoparticles. Quercetin not only reduced Ag" but
also acted as a capping agent, adsorbing onto the nanoparticle
surfaces and providing stability by preventing aggregation, which
helped transform small silver nuclei into nanoparticles (Upadhyay
et al., 2019). A visible color change—from clear to dark brown—
signaled the successful formation of colloidal silver nanoparticles
(Bordbar et al., 2020). As shown in Figure 4, quercetin peaks are
absent in the synthesized Q-AgNPs which is likely due to its
relatively low concentration and the overlap with the AgNP
background.
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Figure 4: Superimposed FT-IR spectra of AGQNO3 solution and Q-AgNPs.
Interaction Mechanism of Methomyl Detection

Methomyl primarily interacts with Q-AgNPs through non-covalent
forces rather than forming direct chemical bonds. However, its
functional groups—such as the carbonyl (C=0) and carbamate (-
NHCOO) groups—can interact with the surface of Q-AgNPs .
These interactions are likely facilitated by hydrogen bonding,
coordination, or adsorption onto the nanoparticle surface.
Specifically, the carbonyl oxygen and carbamate group of
methomyl may coordinate to surface silver atoms, while the
hydroxyl groups of quercetin may interact with methomyl’s amide
(-NH) or ester (-COO-) groups (Figure 5) (Bordbar et al., 2020;
Dhavle et al., 2021; Hoang et al., 2021).
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Methomyl

v

Figure 5: Proposed interaction mechanism of methomyl with Q-AgNPs.

The binding between methomyl and the quercetin layer can lead to
a redistribution of charge, which affects the surface plasmon
resonance (SPR) of the AgNPs. The shift in the maximum
absorption peak from 403 nm to 425 nm at Figure 2 confirmed this
effect. As a result of this interaction, a visible color change is
observed on the paper-based detector, providing a straightforward
visual confirmation of the presence of methomyl.

Optimization of the Paper-based device and Analyte Condition

Repeatability Test

Five (5) Q-AgNP strips, as shown in Figure 6A, were analyzed with
Imagel software to test the variation of the color intensities of the
freshly prepared test strips. The ANOVA test revealed that the
variations of the mean color intensities were not statistically
significant with Fcalc = 1.7988 < Fcrit = 2.6207, which means that
the method produces reproducible sensors.

pH

The findings on the effect of pH (Figure 6B) indicated that
methomyl solutions with pH 7.43 and pH 8.00 showed the highest
and most stable color intensities on the test strips. The test strips
did not produce enough coloration at pH values equal to or less than
5.0. At pH 10.0, the strips turned yellowish-brown, but the
discoloration disappeared when the pH was increased above pH
10.0. This may be due to methomyl undergoing hydrolysis in basic
conditions or structural changes in acidic conditions due to
protonation (Tomasevi¢ et al., 2015). In a similar study, Bordbar
and team (2020) reported that the optimum pH for the silver
nanoparticle impregnated paper sensors is pH 9.00. A weak
interaction at acidic and basic media can modify the nanoparticle
surface charge, causing inconsistent color intensities in the paper
Sensors.

Dipping Time

Four (4) batches of test strips, each prepared in triplicate, were
immersed in a 25.0 mg/L standard methomyl solution, with each
batch subjected to varying dipping durations (5 s, 15 s, 30 s, and 60
s) (Figure 6C). After immersion, the strips were dried for two hours
to ensure proper color fixation. The test strips immersed for 60

;\
4 /T‘ ‘ l\
p l!;T' . A
F i1 ) - ’ Y
Oy w ' 2 L) "
j\/( ", CT’ R o
o o XX
Ag’ AL
\/1 )T ? % Ag°
o' AT < .
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seconds showed more pronounced coloration, indicating that
enough time was allowed for the methomyl molecules to interact
with the reactive agents on the paper (Bordbar et al., 2020).
Prolonged exposure ensured sufficient interaction between
methomyl and the test strip reagents, resulting in more reliable
color shifts. On the contrary, shorter immersion times (5-30 s)
resulted in less intense coloration because of insufficient fixation
of the methomyl on the strips. Furthermore, a Relative Standard
Deviation (RSD) of 3.89% at 60 s was calculated, demonstrating
minimal variation in the measurements, as RSD10% indicates good
reproducibility (Bordbar, et al. 2020; Pang et al., 2022).

Drying Time

The test strips exposed to methomyl solution were hung and left to
dry via air-drying, and the color intensities of the test strips were
recorded every 10 min. ANOVA test revealed that there were no
significant differences in the color intensities of the strips from 10
min to 120 min of drying time, with Fcalc=0.17 < Fcrit=2.22. For
consistency, all test strips in the succeeding tests were dried for 80
min to ensure proper drying. Allowing adequate drying time
ensures that the color response accurately represents the methomyl
concentration. The RSD values of all recorded times are less than
10%.

Reproducibility of Assay Responses

The response of the test strips at varying methomyl concentrations
are shown in Figure 6E. Visual inspection revealed that the color
intensities within each set were closely comparable, as confirmed
by the RSD values, which were below 10%, indicating minimal
variations at different concentrations.

Stability Test

Significant color differences were observed after storing the used
test strips for (a) 2 h, (b) 24 h, and (c) 48 h (Figure 6F). The
ANOVA test revealed a significant difference in the mean color
intensities of the varying storage durations with Fcalc=7.3 > Fcrit=
5.14. Through visual inspection, the discoloration of the test strips
is noticeable at 24 h, which changed further after 48 hr. This means
that the used test strips should be read within 2 h as the color
changes noticeably after24 h.
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Figure 6: Optimization of the Paper-based Colorimetric Device.

Analytical Evaluation
Linear Range

The linear range for the standard methomyl solutions was revealed
to be between 0.50 mg/L to 15.00 mg/L. The calibration curve

F. Effect of storage durations 2 hr, 24 hr, and 48 hr to the
color intensities of the strips.

equation based on the ARGB response has a correlation coefficient
(R?) of 0.9846 (Figure 7), proving the direct relationship of the

color intensity of the strips to the methomyl concentration.
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Figure 7: Linear range of the Standard Methomyl Concentrations as determined using the Paper-based Detector.

Limits of Detection (LOD) and Quantification (LOQ)

The Limit of Detection (LOD) and Limit of Quantification (LOQ)
were calculated based on the calibration curve derived from lower
methomyl concentrations ranging from0.50 mg/L to 5.00 mg/L,
with a calibration curve of , y = 2.0722x + 5.0979. The LODof the
fabricated device was calculated to be 2.621 mg/L, while the LOQ
was 7.943 mg/L. In comparison, Bordbar and team (2020) used
concentrations in the ng/mL range for the calibration curve and

calculated lower LOD values for all the pesticides tested. In
comparison, other paper-based devices showed lower LOD like the
acetylcholine esterase-AgNP for the detection of profenofos which
achieved an LOD of 0.04 mg/L when calculated from the
calibration curve with standard concentrations ranging from 0.05
mg/L to 2.50 mg/L (Hermanto et al., 2023). Similar studies are
shown in the table below.

Table 1: Related studies on paper-based devices for the detection of pesticide residues.

Authors and Research title

LOD and/or LOQ

Assay Method

This study

2.621 mg/L for the limit of detection and
7943 mg/L for the limit of
quantification.

Paper-based device impregnated with
Quercetin-AgNP

Smartphone-coupled  three-layered

paper-based  microfluidic  chips
demonstrating stereoscopic capillary-
driven fluid transport towards

colorimetric detection of pesticides
(Wu et al., 2022)

34 nM (equivalent to 0.0055 mg/L)
calculated from the linear range of 0.14-
1.85 umol/L (0.022 to 0.30 mg/L) for
methomyl.

Smartphone-coupled three-layered paper-
based microfluidic chip

A portable and automatic dual-readout
detector integrated with 3D-printed
microfluidic nanosensors for rapid
carbamate pesticides detection (Zhao
etal., 2021).

0.003102 mg/L for carbamate residues.

3D printed microfluidic chip with AuNP

A paper-based colorimetric sensor
array for discrimination

and simultaneous determination of
organophosphate

and carbamate pesticides in tap water,
apple juice, and rice (Bordbar et al.,
2020).

29.0, 22.0, 32.0, 17.0, 45.0, and 36.0 ng
mL™! (equivalent to 0.029 mg/L to
0.036 mg/L)

for carbaryl, paraoxon, parathion,
malathion, diazinon, and chlorpyrifos,
respectively.

Paper-based devices of AgNP with L-
Arginine, AuNP with L-Arginine, AgNP
with quercetin, AuNP with quercetin, AgNP
with PGA and AuNP with PGA

Bioactive Paper Sensor Based on the
Acetylcholinesterase for the Rapid
Detection of Organophosphate and
Carbamate Pesticides (Badawy and
Aswad, 2014).

The detection limit was 6.16x10™* mM
(0.100 mg/L) for methomyl by testing
the inhibitory effect in the range of
6.16x107® and 0.620 mM (equivalent to
9.99x10%to 101 mg/L).

Biopolymer chitosan gel immobilized with
glutaraldehyde as crosslinker, with AChE
and 5,5'-dithiobis(2-nitrobenzoic) acid
(DTNB) and acetylthiocholine iodide
(ATChI)

The LOD of the fabricated paper-based device (2.621 mg/L) is
higher than the detection limits reported by other studies, which
typically reach the pg/L range. Nonetheless, this performance

remains suitable for detecting methomyl at concentrations that may
occur in highly contaminated agricultural runoff or freshly treated
crops, which could be as high as 235.37 mg methomyl for every
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1kg of plant material in the case of the spinach plant (Ramadan et
al., 2021). However, the current sensitivity would limit the
detection of minimal pesticide residues with concentrations lower
than the LOD, which could happen if the crop was harvested
several days after the treatment, as methomyl has a half-life of
about 2-3 days (Ramadan et al., 2021; El-Hefny et al., 2019; EFSA,
2015).

Ultraviolet-Visible Spectrophotometry Analysis

A strong linear relationship was observed for Q-AgNP—methomyl
standard solutions in the range of 0.075-15 mg/L, with the
regression equationy = 0.1787x + 0.0011 and an R? of 0.9966,
confirming the direct proportionality of the abs to the
concentration. The calculated LOD LOQ using UV-Vis
spectroscopy was 0.247 mg/L and 0.749 mg/L, respectively. In this
study, however, UV-Vis spectroscopy was only used to verify the
response of the paper-based device, rather than provide the full
analytical validation. Because both techniques rely on a similar
underlying mechanism, UV-Vis spectroscopy cannot be used as a
reference method for analytical validation. Validation of such
paper-based device requires more robust assessments of accuracy
which can be provided by methods like chromatography.

Calibration Curve
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Figure 8: Calibration curve of Q-AgNP—-methomyl standard solutions.
Spiked-Real Sample Analysis

Using the developed sensor, methomyl in the spiked eggplant
samples was detected with mean recovery rates of 93.26% for 5
mg/L and 94.81% for 10 mg/L, respectively, while the recovery
rates using the UV-Vis Spectrophotometer were 98.09% for 5
mg/L and 97.85% for 10 mg/L, respectively. These values fall
within the acceptable analytical recovery range (80 — 110%),
proving the reliability of the sensor in detecting methomyl at
varying concentrations (Taverniers, et al., 2010). The Fcalc values
for the comparison of the two methods in 5 mg/L and 10 mg/L
concentrations exceeded the Fcrit values, which means that the two
methods have significantly different variances, with UV-Vis
spectroscopy demonstrating higher precision compared to the
paper-based device as reflected by the lower variance and higher
recovery rates (Figure 9). On the other hand, Welch’s t-test
confirms that their means are not statistically different, with two-
tailed p-values of 0.391 (5 mg/L) and 0.447 (10 mg/L), which are
both greater than the significance level of 0.05. Paper-based
sensors are known to have low sensitivity, short linear range and
higher susceptibility to error (Pang et al., 2022), primarily due to
the inconsistent distribution of the reacting substance in the paper
substrate. The statistical results suggest that although the response
of the paper-based device shows more variation compared to the
UV-Vis spectrophotometer, the mean responses of the two methods
are comparable.
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Figure 9: Comparison of the Recovery of the Paper Detector (PBD) and
UV-Vis Spectroscopy at 5 mg/L and 10 mg/L.

CONCLUSION

In this study, a paper-based colorimetric sensor was developed to
detect methomyl pesticide residues in eggplant samples using
quercetin-modified silver nanoparticles (Q-AgNPs). This sensor
relies on the principle of the optical properties of silver nanoparticle
and the stabilizing function of quercetin and thus demonstrates a
potential cost-effective alternative to the routine methods of
pesticide detection. In addition, this paper-based device can
potentially be used as a preliminary tool for detecting pesticide
residues under field conditions, especially in areas where
sophisticated laboratory equipment is scarce. Efforts were made to
optimize the sensor for a more stable and reproducible
performance. The best conditions were established as the pH being
7.43-8.00, dipping time of 60 s, and drying time of 80 min. In these
conditions, the paper-based device had a linear detection range of
0.50-15.00 mg/L for methomyl with a R>=0.9846, a LOD of 2.621
mg/L, and LOQ of 7.943 mg/L. The paper-based device recovered
93.26-94.81% of the methomyl concentration, which is
statistically comparable to the results using the UV-Vis
spectrophotometer (97.85-98.09%).

This comparability makes it a promising preliminary tool for rapid
testing of pesticides on-site, however, it cannot replace established
analytical techniques yet, especially if regulatory quantification is
required. Overall, if the reagents are readily available, the test strips
can be prepared in 125 min to ensure proper drying. The duration
of sample preparation depends on the complexity of the sample, but
the reaction with the strips can be done in 60 to 120 min, which
mostly involves the drying of the strips. Its portability and ease of
use can support safer agricultural practices and contribute to
consumer health protection, especially in settings with limited
resources, albeit needing improvements, which are mentioned in
the recommendations below.

Since the paper-based device was only tested with methomyl, the
response of the sensor with other carbamate pesticides should be
determined. Large-scale sensor testing for various agricultural
products other than eggplant must also be performed to determine
its versatility and effectiveness in other food matrices. The duration
of effectiveness of the reagents and the expiration of the fabricated
test strips must also be determined to check if the strips can be
prepared several days before the field analysis, which would lessen
the time of preparation. LOD and LOQ of the sensor can also be
determined by using blank replicate analysis, estimation using low
concentrations of methomyl, or by using lower analyte
concentrations in the formulation of the calibration curve. The
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latter was used for this research due to the practicality of having a
calibration curve based on the assumed linear range, but the
calculated LOD was generally higher than those reported in the
references. The use of lower standard concentrations could prevent
this overestimation. Moreover, instead of wusing UV-Vis
spectroscopy, chromatography is a better option in the verification
of the sensor’s response and analytical validation. However, such
instrument was not available to the researchers during the conduct
of this study. Other emerging techniques like smartphone digital
imaging can be used to test the colorimetric response of the strips,
to create a more portable and field-ready paper device. Lastly, the
stability under various environmental factors such as temperature
and humidity, should be further evaluated to further establish its
usability in diverse environmental conditions.
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