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coupled with silver nanoplate
transformation for insecticide detection†
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Sumana Kladsomboon,c Orawon Chailapakuld and Amara Apilux *a

A novel colorimetric method utilizing a bi-enzyme assay using silver nanoplates (AgNPls) as a direct signal

source was developed to enable rapid insecticide detection. This innovative system leverages the in situ

generated H2O2 from the consecutive enzyme-catalyzed reactions of acetylcholine hydrolysis and

choline oxidation to introduce oxidative etching of AgNPls, transforming them into aggregated silver

nanospheres (AgNSs). The morphological transformation of silver nanoparticles could be observed with

the naked eye due to the solution's color shifts from pink-violet to blue-violet. The presence of

insecticide, i.e., dichlorvos (DDVP), could inhibit acetylcholinesterase activity, thereby limiting H2O2

production and affecting the transformation of AgNPls into aggregated AgNSs. Furthermore, the extent

of AgNPl-to-aggregated AgNS transformation and the subsequent solution's color change was inversely

proportional to the amount of DDVP. Under optimal conditions, the developed bi-enzyme assay enables

the quantification of DDVP within 5 minutes, achieving detection limits of 0.5 ppm and 0.1 ppm by

naked-eye detection and UV-visible spectrophotometry, respectively. Furthermore, the practical

application of this assay was validated for detecting insecticides in real vegetable samples, demonstrating

both accuracy and reliability.
Introduction

Acetylcholine (ACh) is a key neurotransmitter involved in elec-
trical signal transmission at nerve junctions and muscle
contraction at neuromuscular junctions. It also plays a critical
role in regulating the appropriate muscle functions throughout
the body. Acetylcholinesterase (AChE) catalyzes the hydrolysis
of ACh into the inactive metabolites, i.e., choline and acetate,
within a microsecond following its action.1,2 However, in the
presence of organophosphates (OP) and carbamates (CM)
insecticides, i.e., specic inhibitors of AChE, the enzyme's
catalytic activity is suppressed, inhibiting the hydrolysis of
ACh.3,4 The accumulation of ACh in the synaptic space, known
as a cholinergic crisis, triggers the continuous contraction of
muscle, gland stimulation, and overaction of the central
nervous system, potentially leading to paralysis and death due
ulty of Medical Technology, Mahidol

alaya, Nakhon Pathom 73170, Thailand.

lty of Applied Science, King Mongkut's

ngkok 10800, Thailand

aculty of Medical Technology, Mahidol

laya, Nakhon Pathom 73170, Thailand

y Center of Excellence, Department of

n University, Bangkok 10330, Thailand

ESI) available: The logarithmic scale of
i.org/10.1039/d4na00585f

the Royal Society of Chemistry
to respiratory failure.5–7 Dichlorvos (DDVP), a synthetic organ-
ophosphate AChE inhibitor, is widely used in household,
industrial, and agricultural settings. DDVP is highly soluble in
water and volatile. DDVP can enter the body through various
routes including inhalation, skin contact, and ingestion.8 Given
that DDVP exerts its toxic effects by irreversibly inhibiting
neural acetylcholinesterase, stringent regulation of DDVP
contamination is essential.9,10 Even trace levels of insecticides
may lead to serious health issues, making the detection of
insecticide residues critically important for food and environ-
mental safety. Conventional techniques for detecting insecti-
cide residues include gas/liquid chromatography-mass
spectrometry (GC/LC-MS).11–13 While these methods offer high
sensitivity and selectivity, they are time-consuming, require
extensive sample pretreatment, and necessitate trained
personnel and expensive equipment. Alternatively, numerous
studies have leveraged the AChE inhibition by OP and CM
insecticides as an analytical tool for screening insecticide resi-
dues in food and environment.14–18 The degree of AChE inacti-
vation is directly proportional to the concentrations of these
specic inhibitors, i.e., OP and CM insecticides.2,4,19–21

A colorimetric method based on the principles of AChE
enzymatic inhibition has been proposed as an alternative
pesticide detection assay with the advantages of simplicity,
rapidness, and cost-effectiveness.22–25 In comparison to other
insecticide detection methods, including optical and electro-
chemical approaches, the colorimetric method offers
Nanoscale Adv., 2024, 6, 6221–6228 | 6221
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signicant advantages in ease of use and eliminating the need
for complex platforms or multiple operational steps. Electro-
chemical methods, for instance, are oen hindered by reagent
instability and the requirement for sophisticated equipment,
issues that the colorimetric approach successfully mitigates26,27

Recently, gold nanoparticles (AuNPs) and silver nanoparticles
(AgNPs) have increasingly been employed in sensor applica-
tions due to their advantageous properties, including straight-
forward chemical fabrication, biocompatibility, stability, and
high extinction coefficients.28–31 Recently, AuNPs and AgNPs
have been applied to the detection of organophosphate and
carbamate pesticides.32–39 The color changes associated with the
morphological alterations of AuNPs and AgNPs caused by
nanoparticle aggregation or oxidation could be distinguished by
the naked eye. Additionally, the sensitivity and selectivity of
organic compound detection could be amended by the surface
functionalization of nanoparticles with specic ligands. Silver
nanoplates (AgNPls) possess high extinction coefficients and
could be readily oxidized and reduced at their surfaces.40–42

Moreover, the localized surface plasmon resonances (LSPRs) of
AgNPls could be tuned across the visible spectrum by tailoring
their morphology. Thus, AgNPls are proposed as appropriate
nanomaterials for use in this study.

In the bi-enzyme assay, the performance of AChE-based
colorimetric insecticide detection depends on the enzymatic
activities of AChE and choline oxidase (ChO). ChO further
oxidize choline in the presence of oxygen.43 AChE is preferen-
tially inhibited by OP and CM insecticides. The by-product, i.e.,
hydrogen peroxide (H2O2) could be quantied indirectly via the
redox reaction to determine AChE activity, which is inversely
proportional to the insecticide concentration. At low concen-
trations of H2O2 and AgNPls, AgNPls could be disintegrated to
silver nanospheres (AgNSs) through oxidative etching by H2O2.44

Additionally, at a low molar ratio of H2O2 : AgNSs, H2O2 might
also induce an aggregation of AgNSs.45 This study aimed to
develop a simple and rapid colorimetric method for detecting
OP and CM insecticides based on the inhibition of a bi-enzyme
assay, coupled with H2O2-induced decomposition of AgNPls
and subsequent H2O2-induced aggregation of AgNSs. The
results demonstrated that, under the optimized detection
conditions, the developed method could be employed for rapid,
direct insecticide detection in vegetables.

Experimental
Chemical and reagents

AgNPls with average lateral lengths of 45 and 50 nm were
synthesized following the procedure outlined in previous
work.45 Briey, silver nitrate (AgNO3) in a starch solution was
injected into a NaBH4 solution and stirred vigorously until
a bright yellow colloidal solution was obtained. Subsequently,
H2O2 solution was introduced to generate AgNPls from AgNSs.
Particle size was determined using transmission electron
microscopy (TEM), with lateral length measured directly from
TEM micrographs using ImageJ soware. A minimum of 250
particles were selected from 10–30 representative TEM micro-
graphs for analysis. The 45 nm AgNPls and 50 nm AgNPls
6222 | Nanoscale Adv., 2024, 6, 6221–6228
exhibited average particle sizes of 45.0 ± 6.3 nm and 50.4 ±

6.4 nm, respectively. The size distribution for the 45 nm ranged
from 24.5 to 60.6 nm, while that of the 50 nm AgNPls ranged
from 39.9 to 66.3 nm.

The stock solution of AgNPls was diluted with Milli-Q water
to achieve concentrations of 50, 100, and 150 ppm. The diluted
solutions were stored at room temperature and protected from
light until use in subsequent experiments. AChE from Elec-
trophorus electricus (electric eel) EC 3.1.1.7, ChO from Alcaligenes
sp. (15 U mg−1 solid), acetylcholine chloride, and 30% (w/w)
H2O2 solution were purchased from Sigma-Aldrich®. Sodium
dihydrogen phosphate (NaH2PO4) was purchased from BDH
Prolabo (Lutterworth, UK). All chemicals and reagents were
analytical grade. Milli-Q water (18 MU cm) was used for the
preparation of all solutions in this study.

Reagent preparations

The stock solution of AChE (5000 U mL−1) was diluted to
prepare solutions with concentrations of 500, 1000, and 2500 U
mL−1. ChO solutions with concentrations of 1, 5, 10, 20, and 40
U mL−1 were prepared from a stock ChO solution of 80 U mL−1.
All Enzyme solutions were stored at −20 °C. Substrate solutions
were prepared by diluting 500 mM ACh stock solution to nal
concentrations of 10, 25, 50, 75, 100, and 250 mM and were
stored at 4 °C until use in experiments.

Absorbance measurements

UV-visible spectra of the sample solutions were acquired using
a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientic
Inc., USA).

Effects of AgNPl sizes on H2O2 detection

Firstly, 5 mL of H2O2 solutions at concentrations of 0.5, 1.0, and
5.0 mM were injected into microtubes. Subsequently, 3 mL of
45 nm or 50 nm AgNPl solution at a xed concentration of
150 ppm was introduced and thoroughly mixed. The reaction
mixtures were then incubated for 5 minutes, aer which the
absorbance was measured.

Optimization of bi-enzyme assay conditions

AgNPl concentration. AgNPls at concentrations of 50, 100,
and 150 ppm were initially investigated. A bi-enzyme solution
consisting of 500 U per mL AChE and 10 U per mL ChO was
prepared in a 1 : 1 volume ratio. Then, 6 mL of 50 mM ACh was
added to 6 mL of the bi-enzyme solution. The mixture was mixed
until homogeneous and subsequently incubated at room
temperature (RT) for 15 minutes. Following incubation, the
solution was mixed with the AgNPl solution at the specied
concentration and incubated for an additional 5 minutes.
Finally, the absorbance of the nal solution was measured.

AChE concentration. AChE at concentrations of 100, 250,
500, 1000, and 2500 U mL−1 was used to prepare the bi-enzyme
solution with an equal concentration of 10 U per mL ChO. The
volume ratio of AChE to ChO was maintained at 1 : 1. Typically,
6 mL of 50 mM ACh was added to 6 mL of the prepared bi-enzyme
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00585f


Fig. 1 Plot of DA for 45 nm and 50 nm AgNPls at various concen-
trations of H2O2 (measured at 550 nm for 45 nm AgNPls and 570 nm
for 50 nm AgNPls). Digital photographs of AgNPls before and after the
addition of H2O2 are shown in the inset.
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solution, thoroughly mixed, and incubated at RT for 15
minutes. Subsequently, the solution was combined with
150 ppm AgNPls and further incubated for an additional 5
minutes. Finally, the absorbance of the mixture was measured.

ChO concentration. Bi-enzyme solutions were prepared with
a constant AChE concentration of 500 U mL−1 and ChO at
varying concentrations of 5, 10, 20, 40, and 80 U mL−1 in a 1 : 1
volume ratio. Then, 6 mL of 50 mM ACh was added to 6 mL of the
bi-enzyme solution, thoroughly mixed, and incubated at RT for
15 minutes. The solution was then combined with 150 ppm
AgNPls and incubated for an additional 5 minutes. Finally, the
absorbance of the mixture was measured.

ACh concentration. Six microliters of the bi-enzyme solution
containing 500 U per mL AChE and 40 U per mL ChO (in a 1 : 1
volume ratio) was mixed with 6 mL of ACh at varying concen-
trations of 0, 10, 25, 50, 75, 100, and 250 mM and incubated at
RT for 15 minutes. The solution was subsequently combined
with 150 ppm AgNPls and incubated for an additional 5
minutes. Finally, the absorbance of the mixture was measured.

Bi-enzyme assay coupled with AgNPls for insecticide detection

Dichlorvos (DDVP) at concentrations of 0, 0.1, 0.5, 1, 2.5, 5, 7.5,
and 10 ppm was employed as a model for insecticide detection.
The detection was carried out under the optimized assay
conditions. Six microliters of the bi-enzyme solution containing
500 U per mL AchE and 40 U per mL ChO (in a 1 : 1 volume ratio)
were pre-mixed with 3 mL of DDVP and incubated at RT for 15
minutes. Subsequently, 3 mL of 250 mM ACh was added as the
substrate for the enzymatic reaction, and the solution was
incubated at RT for an additional 5 minutes. Finally, 150 ppm
AgNPls were added, and the absorbance of the nal solution
was measured aer a further 5 minute incubation.

Detection of insecticide residues in real samples

To evaluate the feasibility of the assay, the optimized detection
conditions were applied to real samples, including lettuce and
choy. These vegetable samples were initially screened for
insecticide residues by gas chromatography-tandem mass
spectrometry (GC-MS/MS) (Bruker SCION Triple Quadrupole
Detector, Germany) with the QuEChERS (Quick, Easy, Cheap,
Effective, Rugged, and Safe) sample preparation method.46 The
insecticide-free vegetables were then spiked with standard
DDVP (at a ratio of 1 mL g−1) to achieve concentrations of 1 and
5 mg DDVP per kg sample. Aer 24 hours of incubation, 1 g of
the DDVP-spiked lettuce and choy leaves were chopped and
immersed in 20 mM PBS with 20% ethanol at pH 7.4. The
supernatant was subsequently analyzed for insecticide residues
as described in the previous section.

Results and discussion
The effects of AgNPl sizes on H2O2 detection

A broad range of color changes could be observed in AgNPls due
to simultaneous variations in size and shape.47 The initial
particle size of AgNPls may also inuence the sensitivity of H2O2

detection. Accordingly, the synthesized 45 nm and 50 nm
© 2024 The Author(s). Published by the Royal Society of Chemistry
AgNPls were rst evaluated for H2O2 detection. The change in
absorbance (DA) was employed to assess the effectiveness of
H2O2 detection and was calculated using eqn (1):

DA = Atest − Ablank (1)

where DA is dened as the difference in absorbance, Atest
represents the absorbance of the test solution, and Ablank
corresponds to the absorbance of the blank solution without
H2O2. Ablank and Atest were measured at wavelengths of 550 nm
and 570 nm for the 45 nm and 50 nm AgNPls, respectively.

As the concentrations of H2O2 increased, the DA values for
both AgNPls increased due to the oxidative etching of the
nanoplates, as illustrated in Fig. 1. A greater DA was observed
for the 45 nm AgNPls, likely attributable to their higher
extinction coefficients and surface-to-volume ratio, which
facilitate interactions with analyte molecules. H. Shim and M.
H. Kim similarly reported the extinction of silver nanoprisms
exposed to sodium bromide at different reaction intervals,
nding that the extinction of etched silver nanoprisms with
absorption maxima at 560–570 nm was lower than that of those
with absorption maximum at 540–550 nm.48 Specically, the
45 nm AgNPls may exhibit a higher extinction coefficient than
the 50 nm AgNPls due to particle rounding. However, the optical
properties of AgNPls are inuenced by multiple factors,
including size, shape, degree of tip snipping, aspect ratio, and
dispersing medium. Consequently, the extinction coefficient of
size- or shape-specic AgNPls has never been reported. Existing
studies primarily focus on the extinction coefficients of spher-
ical nanoparticles which can be synthesized with high
uniformity.49

The results indicated that 45 nm AgNPls exhibited greater
sensitivity for H2O2 detection compared to 50 nm AgNPls.
Consequently, 45 nm AgNPls were selected for further
experiments.
Optimization of bi-enzyme assay conditions

The bi-enzyme assay utilized consecutive enzymatic reactions:
the ACh hydrolysis catalyzed by AChE and the choline oxidation
catalyzed by ChO, as shown in eqn (2) and (3), respectively.
Nanoscale Adv., 2024, 6, 6221–6228 | 6223
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Scheme 1 Illustration of the bi-enzyme assay for insecticide detection
based on AgNPl transformation.

Fig. 3 DAratio of AgNPls at various concentrations in the bi-enzyme
assay, with the corresponding digital photographs shown in the insets.
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AcetylcholineþH2O ��!AChE
cholineþ acetic acid (2)

CholineþH2Oþ 2O2 �!ChO betaine aldehydeþ 2H2O2 (3)

The in situ generated H2O2 could be utilized for successive
AgNPl etching and AgNS aggregation. To maximize the effi-
ciency of the proposed assay, several sensing parameters,
including concentrations of AgNPls, AChE, ChO, and ACh were
systematically optimized.

The assay principle is illustrated in Scheme 1. First, the in
situ generated H2O2 from the bi-enzyme reaction was utilized to
oxidatively etch AgNPls to AgNSs. Subsequently, H2O2-induced
aggregation caused the AgNSs to recombine to a plate-like
shape. In the presence of OP or CM insecticides, the AChE
activity was suppressed, preventing the generation of H2O2,
consequently, no morphological changes occurred in the
AgNPls. The transformation of AgNPls in the bi-enzyme assay
was conrmed by transmission electron micrographs, as shown
in Fig. 2(a), which were transformed to Fig. 2(b). Partial etching
of AgNPls occurred when insecticides were present in the bi-
enzyme system, resulting in a mixture of etched AgNPls and
AgNSs, as shown in Fig. 2(c). The effects of H2O2 were limited to
the etching of AgNPls to small AgNSs without the dissolution of
the generated nanospheres. From the TEM micrograph shown
Fig. 2 TEM images of (a) pristine AgNPls, (b) AgNPls after the bi-enzym

6224 | Nanoscale Adv., 2024, 6, 6221–6228
in Fig. 2(b), AgNSs aggregation could be observed on the
surfaces of the AgNPls. This observation conveys a clue to the
H2O2 etching on starch-stabilized AgNPls that it might prefer-
entially occur on the [111] facets of AgNPls.

This is possible because starch molecules do not show
preferential adsorption on specic silver crystal facets.49 The
reduction in maximum extinction intensity at 550 nm for the
initial AgNPls, following the bi-enzyme reaction, indicates that
some AgNPls were completely etched into nanospheres during
the reaction. Additionally, the redshi of the AgNPls to 570 nm
aer the bi-enzyme reaction may be attributed to an increase in
the aspect ratio of the remaining AgNPls,50 due to a decrease in
their thickness. Aggregation of the generated AgNSs post bi-
enzyme reaction was observed from as a shoulder peak, corre-
sponding to the multipolar plasmon resonance modes at 430–
450 nm. Multiple transformations of AgNPl shapes have also
been reported in the colorimetric detection of xanthine in
human plasma and sh meat using AgNPls.51

Optimization of AgNPl concentration. AgNPls at concentra-
tions of 50, 100, and 150 ppm were evaluated to determine the
optimal concentration for the bi-enzyme assay, while other
parameters, including concentrations of AChE, ChO, and ACh
were kept constant. The presence of the ACh substrate in the bi-
enzyme system generated H2O2, triggering the transformation
of AgNPls into plate-like aggregated AgNSs. This morphological
transformation was evidenced by a visible color change from
pink-violet to blue-violet.
e assay, and (c) AgNPls after the bi-enzyme assay with 5 ppm DDVP.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) DAratio of AgNPls in reaction solution at various ChO
concentrations. (b) UV-visible spectra of the test solution (with 40 U
per mL ChO) and the blank solution (without ChO). Corresponding
photographs of the test and blank solutions are shown in the insets.
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The digital photographs of the sensing solutions, as shown
in the insets of Fig. 3, clearly demonstrate that the color of the
control tube without ACh and the test tube with ACh was
distinguishable when 150 ppm AgNPls was used. The effec-
tiveness of the bi-enzyme assay was evaluated by the difference
in the absorbance ratio, i.e., DAratio,as dened in eqn (4)

DAratio ¼
�
A570

A550

�
sample

�
�
A570

A550

�
blank

(4)

where A570 and A550 represent the absorbance of the solution at
wavelengths 570 nm and 550 nm, respectively. The highest
DAratio value for the solution with 150 ppm AgNPls indicated
that this concentration was the most effective for the bi-enzyme
assay. Consequently, AgNPls at a concentration of 150 ppmwere
selected for further experiments.

Optimization of AChE concentration. To optimize the
concentration of AChE in the bi-enzyme reaction, AChE
concentrations of 100, 250, 500, 1000, and 2500 U per mL were
evaluated. The DAratio values slightly increased at AChE
concentrations of 100 and 250 U mL−1, then leveled off beyond
500 U per mL AChE, as shown in Fig. 4(a). Additionally, the
color of AgNPls in the reaction solutions changed from pink-
violet to blue-violet at 500 U per mL AChE. Consequently, the
lowest effective concentration of 500 U per mL AChE was
selected for further study to minimize enzyme consumption.
Fig. 4(b) displays the UV-visible spectra of the blank solution
without AChE and the sensing solution with 500 U per mL
AChE. The absorbance at 550 nm in the blank solution dimin-
ished, and the absorptionmaximum shied to 570 nm upon the
addition of 500 U per mL AChE. This color shi indicates the
oxidation of AgNPls and the formation of plate-like aggregates
Fig. 4 (a) DAratio of AgNPls in reaction solutions at various AChE
concentrations. (b) UV-visible spectra of the blank solution (without
AChE) and the sensing solution (with 500 U per mL AChE). Corre-
sponding digital photographs of the blank and sensing solutions are
shown in the insets.

© 2024 The Author(s). Published by the Royal Society of Chemistry
of AgNSs induced by in situ-generated H2O2. Furthermore, the
aggregation of the generated AgNSs following the bi-enzyme
reaction is evidenced by the shoulder peak corresponding to
the multipolar plasmon resonance modes at 430–450 nm
(Fig. 4(b)).

Optimization of ChO concentration. The concentration of
was varied at 5, 10, 20, 40, and 80 U mL−1, while the concen-
trations of AChE, ACh, and AgNPls were xed at 500 U mL−1,
Fig. 6 (a) DAratio of AgNPls in reaction solutions at various ACh
concentrations. (b) Plot of DAratio of AgNPls with 250 mM ACh at
different incubation times.

Nanoscale Adv., 2024, 6, 6221–6228 | 6225
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50 mM, and 150 ppm, respectively, in the bi-enzyme solutions.
The results indicated that 40 U per mL ChO yielded the highest
DAratio (Fig. 5(a)). Consequently, 40 U per mL ChO was selected
for the bi-enzyme assay. The UV-visible spectra in Fig. 5(b)
further conrmed the oxidation of AgNPls by in situ generated
H2O2 at the optimized ChO concentration. The maximum
absorption of the test solution shied from 550 nm to 570 nm.
Additionally, the color shi of the bi-enzyme solution from
pink-violet to blue-violet was visible to the naked eye.

Optimization of ACh concentration and incubation time.
The concentration of the ACh substrate in the bi-enzyme reac-
tion was optimized to maximize assay efficiency. A range of ACh
concentrations, including 10, 25, 50, 75, 100, and 250 mM was
evaluated. Bi-enzyme solutions containing optimized concen-
trations of AChE (500 U mL−1), ChO (40 U mL−1), and AgNPls
(150 ppm) were mixed with ACh at the specied concentrations.
The highest DAratio was observed at 250 mM ACh. Because the
Table 1 Validation of the proposed bi-enzyme assay validation using nak

Sample Image results Added DDVP (mg kg−1)

Lettuce

0

1

5

Choy

0

1

5

Fig. 7 DAratio of AgNPls in reaction solutions with DDVP concentra-
tions ranging from 0.5 to 10 ppm, shown on a linear scale. The cor-
responding solution colors and the color chart are displayed in the
insets.
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signal remained stable at this relatively high concentration,
250 mM was selected as the optimal condition (Fig. 6(a)).
Additionally, the reaction time for the bi-enzyme assay was
investigated. The results in Fig. 6(b) showed that DAratio
increased sharply within 5 minutes and leveled off thereaer.
These ndings suggest that the optimal ACh concentration and
detection time are 250 mM and 5 minutes, respectively.
Determination of insecticide residues using the optimized bi-
enzyme assay

To evaluate the performance of the developed assay, dichlorvos
or 2,2-dichlorovinyl dimethyl phosphate (DDVP) was used as
a representative insecticide. The effects of DDVP on the bi-
enzyme assay were examined at various concentrations,
including 0, 0.1, 0.5, 1, 2.5, 5, and 10 ppm, as shown in Fig. 7.
Under optimal conditions, DDVP concentration as low as
0.1 ppm induced a color shi in the sensing solution from pink-
violet to blue-violet, which was clearly observable to the naked
eye. When DDVP concentrations exceeded 5 ppm, the pink-
violet color of the bi-enzyme solutions remained unchanged.
This phenomenon could be attributed to AChE inhibition by
DDVP, resulting in decreased H2O2 production and, conse-
quently, suppressed oxidation of AgNPls. The lowest DDVP
concentration detectable by the naked eye was 0.5 ppm.

For quantitative analysis using UV-visible spectrophotom-
etry, a standard curve was constructed between the A550/A570
ratio and the logarithmic concentration of DDVP in the range
of 0.1–10 ppm (Fig. S1†). The limit of detection (LOD) was
calculated as 0.1 ppm, using the formula LOD = 3SD/slope.
This calculated LOD was sufficiently low for the screening of
insecticide residues in contaminated agricultural products.
The maximum residue limits for pesticides, as established
by the governments of Thailand and Japan, are 0.2 ppm for
citrus fruits, rice, and grains and 0.1 ppm for leafy
vegetables.52,53
ed-eye detection with a color chart and UV-visible spectrophotometry

Detected DDVP (mg kg−1)

% Recovery % RSDNaked eyes UV-vis

ND ND — —

$0.5–4 1.3 130 7.1

$5 4.1 82 5.9

ND ND — —

$0.5–4 1.2 120 9.8

$5 4.7 94 5.5

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Detection of DDVP insecticide residues in real samples

The analytical and practical performance of the developed bi-
enzyme assay for insecticide detection was further evaluated
using lettuce and choy as representative vegetable samples. The
insecticide-free samples were veried using GC-MS/MS. The
conrmed DDVP-negative vegetables were spiked with DDVP at
concentrations of 1 and 5 mg kg−1. The results are presented in
Table 1. For naked-eye detection, the color of the sensing
solution was compared to the color chart shown in the insets of
Fig. 7. By visual observation, the DDVP residue levels in the
lettuce and choy samples were estimated to be in range of$0.5–
4 ppm and $5 ppm for the spiked concentrations of 1 and
5 ppm, respectively. Moreover, the short analysis time of
approximately 5 minutes enhances its applicability for routine
screening purposes.

Using UV-visible spectrophotometric measurements, DDVP
concentrations in lettuce samples spiked with 1 ppm and 5 ppm
DDVP were quantied as 1.3 ppm and 4.1 ppm, respectively. For
choy samples, DDVP levels were determined to be 1.2 ppm and
4.7 ppm for the respective spiked concentrations of 1 ppm and
5 ppm. The analytical recovery ranged from 82% to 120%, with
relative standard deviation (RSD) values between 5.5% and
9.8%, conrming both accuracy and reliability. The developed
bi-enzyme assay demonstrates signicant potential for insecti-
cide detection, offering simplicity and rapid results compared
to previous enzyme-based colorimetric methods. Further veri-
cation across a wider range of insecticide residues and real-
world samples would encourage broader applicability and
robustness.
Conclusions

The bi-enzyme assay coupled with silver nanoplates (AgNPls)
has demonstrated signicant efficacy for the colorimetric
detection of insecticide residues. AgNPls underwent the pink-
violet to blue-violet color transition when reacted with the in
situ generated H2O2 from the bi-enzyme reaction. The under-
lying sensing mechanism hinges on the unique morphological
decomposition pathway of AgNPls characterized by the oxida-
tion of AgNPls and the subsequent plate-like aggregation of
generated silver nanospheres. Under the optimized conditions,
this assay could detect the model DDVP insecticide residues at
concentrations as low as 0.5 and 0.1 ppm by the naked eye and
UV-visible spectrophotometry, respectively. The simplicity and
practicality of this assay make it an affordable solution for on-
site testing, with results readily observable within approxi-
mately 5 minutes.

Moreover, the bi-enzyme assay has been successfully applied
to real samples including lettuce and choy. The analytical
recovery ranged from 82 to 120% and the relative standard
deviations (RSD) between 5.5% and 9.8% were within the
acceptable ranges. These results underscore the assay's reli-
ability and accuracy. The developed bi-enzyme assay coupled
with AgNPls presents a compelling, rapid, and cost-effective
method for screening of insecticide residues in agricultural
products.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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