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Abstract
A colorimetric paper-based sensor is proposed for the rapid monitoring of six major organophosphate and carbamate pesticides.
The assay was constructed by dropping gold and silver nanoparticles on the hydrophilic zones of a paper substrate. The
nanoparticles were modified by L-arginine, quercetin, and polyglutamic acid. The mechanism of sensing is based on the
interaction between the pesticide and the nanoparticles. The color of nanoparticles changed during the interactions. A digital
camera recorded these changes. The assay provided a unique response for each studied pesticide. This method can determine six
individual pesticides including carbaryl, paraoxon, parathion, malathion, diazinon, and chlorpyrifos. The limit of detection for
these pesticides were 29.0, 22.0, 32.0, 17.0, 45.0, and 36.0 ng mL−1, respectively. The assay was applied to simultaneously
determine the six studied pesticides in a mixture using the partial least square method (PLS). The root mean square errors of
prediction were 11, 8.7, 9.2, 10, 12, and 11 for carbaryl, paraoxon, parathion, malathion, diazinon, and chlorpyrifos, respectively.
The paper-based device can differentiate two types of studied pesticide (organophosphate and carbamate) as well as two types of
organophosphate structures (oxon and thion). Furthermore, this sensor showed high selectivity to the pesticides in the presence of
other potential species (e.g., metal ions, anions, amino acids, sugar, and vitamins). This assay is capable of determining the
pesticide compounds in tap water, apple juice, and rice samples.
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Introduction

Among the different types of pesticides, organophosphates and
carbamates are the most used compounds for eliminating in-
sects and increasing the agricultural productivity [1]. However,
the pesticide residue contaminates the soil and water, with se-
vere environmental pollution level [1]. Furthermore, humans

are affected by these compounds through inhalation, skin pen-
etration, and contaminated food and water [2, 3]. These pesti-
cides inhibit the acetylcholinesterase enzyme (AChE) activity
resulting in neurological and respiratory disorders and even
death [4]. Therefore, the monitoring of pesticides in food and
environmental samples is a huge issue.

Chromatographic methods are the most commonly used
analytical assays for the measurement of pesticides [5].
These methods have the desired requirements to analyze
the trace amount of analytes encompassing high sensitivity,
reproducibility, and accuracy [5]. Enzyme-linked immuno-
sorbent assay (ELISA) is the other popular method based on
an antigen’s reaction, namely pesticides and antibody
linked with enzyme [6]. Despite being highly sensitive, this
method suffered from antibody usage, which requires ani-
mals [7].

Free enzyme optical sensor based on the lock-key principle
provides a simple and inexpensive device in which the pesti-
cides react with appropriate colorimetric receptors [8].
However, it shows disappointing results for the simultaneous
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analysis of compounds with similar structures in the complex
mixture [9].

To improve the selectivity, the array-based devices can be
constructed by assembling a set of sensors that created a fin-
gerprint pattern for a specified sample in the presence of other
interferences [10]. Organic dyes, metal complexes, or nano-
particles can be used as sensing elements in the array structure.
Nanoparticles (NPs) are sensitive sensing nanomaterials
thanks to many properties such as high adsorption coefficient
and the high surface-to-volume ratio [3‚ 11, 12]. A high ad-
sorption coefficient happens because of the localized surface
plasmon resonance (LSPR) which is the main properties of
NPs [13]. This phenomenon occurs due to the interaction of
the metal with incident electromagnetic radiation leading to
the collective oscillation of conductive electrons at the inter-
face of metal NPs [13]. The robustness of LSPR depends on
various parameters such as size, shape, and composition of
NPs as well as the interparticle distance between two individ-
ual NPs. The LSPR of NPs strongly affects the optical prop-
erties of metallic NPs [14, 15]. Among the various type of
metallic NPs, gold (Au), silver (Ag), and copper (Cu) NPs
show the high SPR absorption bands in the visible wave-
lengths. The respective prepared solution of these NPs has
intense color [13]. Compared to CuNPs, both AuNPs and
AgNPs are more attractive because of their unique properties
such as high stability, biocompatibility, and versatility [16].
These advantages cause these NPs to show excellent analyti-
cal performance as chemical and biochemical sensors. NPs
can be coated by stabilizing agents with different physical
and chemical features contributing to various interactions
(e.g., Van der Waals, covalent, or hydrogen bonding). The
unique optical properties of NPs can change after being ex-
posed to the analyte due to the aggregation or the characteris-
tic surface changes [17].

Moreover, array structures’ efficiency depends on the sub-
strate utilized to perform and control the experiment [18].
Compared to various types of the substrate such as glass,
silicon, plastic, and polymers [19–21], the device created by
the paper is easily available, flexible, and easily customized
with indicators, exploiting the porous structure of the paper to
load the reagents before the analysis, working as substrate and
reservoir, as well [22, 23]. Using biological recognition ele-
ments such as DNA and enzyme, the paper-based analytical
devices (PADs) have shown the capability to determine with
colorimetric detection the pesticides [24–29]. However, these
assays are encountering the drawbacks of low storage stability
due to the presence of the bioreceptors [30]. The use of inor-
ganic materials including the quantum dots [31, 32], molecu-
larly imprinted polymer [33], metal oxide [30], and NPs
[3, 34], allowed to deliver paper-based sensor with improved
storage stability.

Experimental

Chemicals and solution

The stabilizing agents including L-arginine, quercetin, and
polyglutamic acid (PGA); the studied pesticides consisting
of carbaryl, paraoxon, parathion, diazinon, chlorpyrifos, and
malathion; and some materials such as cysteine, histidine,
ascorbic acid, and lysine were obtained from Sigma-Aldrich
(USA). Silver nitrate (AgNO3), gold (III) chloride trihydrate
(HAuCl4·3H2O), sodium borohydride (NaBH4), potassium
nitrate (KNO3), sodium nitrate (NaNO3), calcium nitrate
tetrahydrate (Ca(NO3)2·4H2O), magnesium nitrate hexahy-
drate (Mg(NO3)2·6H2O), sodium citrate, sodium sulfate
(Na2SO4), sodium nitrate (NaNO3), sodium sulfide (Na2S),
sodium cyanide (NaCN), ethanol, boric acid, and tris-
hydroxymethyl methane (Tris) were purchased from Merck
Chemical Company (Germany). D-Glucose and sucrose were
purchased from Fluka. The sensor was fabricated on
Whatman Grade No. 2 filter paper (Whatman LTD
Company). The pesticide solutions (30 μg mL −1) were ini-
tially prepared in ethanol and diluted to the desired concentra-
tions with deionized water.

Apparatus

The data for the characterization of nanoparticles were collect-
ed by field emission scanning electron microscopy (FE-SEM;
MIRA3 TESCAN) and SEM-attached energy-dispersive
spectroscopy (EDX) (MIRA3 TESCAN). Transmission elec-
tron microscopy (TEM) was used to show the morphology of
synthesized NPs (Philips, EM 208S). The designing patterns
were drawn and printed on a paper substrate by AutoCAD
2016 software and an HP LaserJet printer 1320. The photos
were taken by a Canon EOS 750D digital and were analyzed
by Image J software (1.51n, National Institutes of Health,
USA). MATLAB R2015 scientific software was applied for
all statistical analysis.

Synthesis of studied NPs

The following experimental procedures were used to synthe-
size six studied NPs:

AgNPs functionalized by L-arginine NaBH4 powder (0.01 g)
was dissolved in 100.0 mL of deionized water. Then,
500.0 μL of the prepared solution was gradually mixed with
50.0 mL of silver nitrate solution (1.0 × 10−4 M) under stirring
conditions. During this time, the solution turned yellow. After
that, 1.0 mL of the aqueous solution of L-arginine (1.0 ×
10−3 M) was added to 10.0 mL of unmodified AgNP solution
to prepare L-arginine capped AgNPs. The excess amount of
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amino acid was eliminated by centrifuging the prepared mix-
ture [35].

AuNPs functionalized by L-arginine Under the stirring condi-
tion, the aqueous solution of 400.0 μL of NaBH4 (2.5 ×
10−4 M) was gradually added to the boiled HAuCl4 solution
(1 × 10−4 M) until the yellow color of the mixture changed to
ruby-red. Then, 1.0 mL of L-arginine solution (1.0 × 10−3 M)
was introduced to 10.0 mL of the previous mixture. The mix-
ture’s pH was adjusted at 7.0 by the addition of 30.0 μL of
NaOH solution [36, 37].

AgNPs modified by quercetin Ethanolic solution of quercetin
(800.0 μL) (1.0 × 10−3 M) was gradually added to 100.0 mL
of AgNO3 solution (1.0 × 10−3 M). The mixture was stirred
vigorously. The experiment was continued until a stable
yellow-brownish color appeared [38].

AuNPs modified by quercetin The alkaline solution of quer-
cetin (0.5 mL) (2.0 × 10−3 M) was prepared an appropriate
amount of the quercetin in (1.0 × 10−2 M) NaOH solution
and immediately mixed with 10.0 mL of the aqueous solution
of HAuCl4 (1.0 × 10−3 M). The mixture was kept on the stirrer
for 15 min. Over this time, the color of the solution turned to
red [39].

AgNPs functionalized by PGA PGA (0.5 mL) (0.1 wt%) was
transferred to a round-bottom flask containing 20.0 mL of
deionized water, 0.5 mL of NaOH (0.5 M), and 10.0 mL of
glucose (1% w/v). The mixture was stirred for 5 min. Then,
the prepared solution was mixed with 0.5 mL of AgNO3

(0.1% w/v). Forming AgNPs is accompanied by changing
the solution’s color from colorless to yellow color [40].

AuNPs functionalized by PGA First, 20.0 mL of the aqueous
solution of HAucl4 (5.0 × 10−2M) was mixed with 10.0 mL of
D-glucose solution (3.0 × 10−2 M). To this solution, 1.0 mL of
PGA (0.1% w/v) was added. The reaction was completed by
adding dropwise addition of NaOH (280.0 μL, 0.5 M). In this
time, the red color of the solution was observed [40, 41].

After finishing the synthesis procedures, the prepared solu-
tionwas centrifuged at 3900 rpm for 20min to remove the free
capping agents and free metal ions from the synthesized NPs.
The residue was then re-dispersed in deionized water to form
the NP solution.

Fabrication of paper-based sensor array

The PAD was fabricated by printing the proposed pattern (rep-
resented in Fig. 1a) on a paper substrate. The proposed pattern
was drawn in AutoCAD software. Then, the paper was kept in
the oven at 200 °C for 45 min. In this condition, the printer ink
was penetrated the substrate texture, delivering suitable

hydrophobic barriers [42]. The hydrophilic part consisted of
six circular spots, and it was used for the detection and sampling
zones. In detail, each spot was coated with 1.0 μL of selected
sensing element constituted of NPs dissolved in buffer solution.
The injection zone consists of a rectangular area that covers the
whole of the detection zone. The image of the fabricated PAD-
based sensor array is shown in Fig. 1.

Colorimetric analysis

For pesticide detection, the fabricated PAD was folded. The
injection zone was placed on the detection part. Then, 10.0 μL
of each pesticide was added to the sampling zone. This valuewas
appropriate for effective and complete interaction between ana-
lyte and NPs. The analyte was homogeneously distributed on the
surface of the paper and simultaneously interacted with NPs in
different detection zones. The sensor images were collected after
15 s. To avoid the effect of ambient light during the image
acquiring process, the photos were captured in the laboratory
cabinet. For each sensing element, changes in the color of NPs
were calculated using ImageJ software.

The software also converted the color intensity of each spot
embedded in the PAD structure to three numerical mean
values corresponding to red, green, and blue color elements.
This experiment was performed for both PAD photos obtain-
ed before and after exposure to the pesticide. The difference
between the color values of the before and after photos was
calculated by the following equation:

ΔR ¼ Rafter−Rbefore

ΔG ¼ Gafter−Gbefore

ΔB ¼ Bafter−Bbefore

In this equation, the difference values of red, green, and
blue color elements were shown with ΔR, ΔG and ΔB, re-
spectively. Finally, for six spots used in the array, the results
were accumulated in a data vector with 18 members (3 RGB
color elements for 6 different NPs) for each pesticide. Next,
each spot’s difference values were re-converted to color inten-
sity to provide a color difference map. Five repetitive mea-
surements were performed for each experiment. Scheme S1
presents a summary of the colorimetric procedure.

In the pesticide analysis, 30 response vectors were obtained
for the 6 tested pesticides and were collected in a dataset with
the size (30 × 18). This matrix was applied as an input of
statistical methods such as principal component analysis
(PCA), hierarchical cluster analysis (HCA), and linear dis-
criminate analysis (LDA) to find the discriminatory ability
of PAD.

As such, PAD was used to determine the different amounts
of individual pesticide (0.1 ng mL−1 to 30 μg mL−1). For each
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determination, the Euclidean norm of the response vector was
calculated as the response of the sensor array. These values
were plotted against the different concentrations to obtain the
calibration curve.

For quantitative analysis, the simultaneous determination
of 6 pesticides was studied using a training set containing
twenty standard mixtures. Each mixture was provided accord-
ing to a regular guideline [43], summarized in Table S1. The
developed sensor analyzed the standard solutions. The collect-
ed data with the size of (20 × 18) was subjected to the partial
least squares (PLS) method to fabricate a mathematical model.

A prediction set including five standard mixtures (Table S1)
was used to evaluate the resulting model.

Real sample analysis

In this study, tap water, apple, and rice samples were selected
as matrices to demonstrate the ability of the sensor to detect
the pesticides in real samples. In detail, five different solutions
were prepared by mixing six pesticides at different concentra-
tions. All samples were individually spiked with eachmixture.
For apple and rice, 20.0 g of the contaminated samples were

Fig. 1 a The schematic of
designing PAD. b The image of
the fabricated sensor array. c A
pattern for the introduction of
sensing elements. d Response of
sensor and e color profiles for 6
different types of pesticides
(1.0 μg mL−1). The experiment
was done at optimized conditions
(Tris buffer (0.5 μL, 0.10 M,
pH = 9.0) and 0.35 μL of NPs).
The response of the sensor was
captured after 15-s incubation
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crushed fine and added to 25.0 mL of methanol. After sonica-
tion, the mixture was filtered using syringe filters (0.22 μm) 3
times [44]. The solution was used for further studies. The
spiked water samples were analyzed without any pretreat-
ment. Then, the fabricated PAD was exposed to 10.0 μL of
each real sample. The obtained results were investigated by
the PLS calibration model to find the concentration of each
pesticide in the studied samples.

Results and discussion

In this study, the performance of a paper-based colorimetric
sensor array was evaluated to detect different types of pesti-
cides. The array is composed of AuNPs and AgNPs, which are
synthesized with non-enzyme capping agents. These NPs
show an absorbance peak in the visible wavelength region,
being appropriate for colorimetric detection. These NPs indi-
cate different responses to various types of pesticides, thanks
to the different interactions in the chemical structure of cap-
ping agents and analytes. The best interaction is obtained at
optimized conditions. Besides discrimination, the sensitivity
of the sensor was investigated in both individual and simulta-
neous determination of six studied pesticides.

Characterization

Standard analytical methods characterized the processes of
nanoparticles preparation and sensor fabrication. The mor-
phology of prepared NPs was verified by TEM. Figure 2 in-
dicates that all NP were monodispersed and synthesized in a
spherical shape. The size distribution histograms obtained by
dynamic light scattering (DLS) measurements were applied to
estimate the hydrodynamic diameter of synthesized NPs. The
bar plots shown in the inset of each TEM image reveal that the
size of NPs was normally distributed around 28, 40, and
36 nm for AgNPs modified by arginine, quercetin, and
PGA, respectively. The respective values for AuNPs are equal
to 20 nm, 20 nm, and 24 nm. The absorption spectra of syn-
thesized NPs (Fig. S2) indicate a unique plasmon resonance
peak at 410 nm for arginine capped AgNPs, 525 nm for argi-
nine capped AuNPs, 430 nm for quercetin capped AgNPs,
520 nm for quercetin capped AuNPs, 405 nm for PGA capped
AgNPs, and 530 nm for PGA capped AuNPs. In these wave-
lengths, the respective absorbance intensities of each
employed NPs were achieved as 1.11, 1.10, and 0.69 for
AgNPs and 0.63, 1.19, and 0.59 for AuNPs modified by argi-
nine, quercitin, and PGA, respectively.

Figure S3 shows the FT-IR spectra of the free modifier and
the respective synthesized NPs. The similarity in several par-
ticular IR bonds demonstrates that these materials successfully
functionalized the NPs. The description of the FT-IR spectra

of each synthesized NPs was represented in supporting infor-
mation document (Section 1).

The SEM images of the fabricated sensor are shown in Fig.
S4. This figure illustrated the structure of bare filter paper and
hydrophobic barrier and the distribution of synthesized NPs
on the surface of hydrophilic zones. Also, Fig. S5 shows the
EDX spectra of arginine capped AgNPs and AuNPs with the
strong peaks located at 3 keV and 2.3 keV, respectively. It is
used to confirm the presence of silver and gold elements in the
synthesized NPs.

The additional information about these experiments was
represented in supporting information (Section 1–2). Also,
the relevant plots are reported in Fig. S2-S5 and Table S2.

Repeatability and stability

To ensure that the sensor manufacturing process is repeatable,
five PADs were individually fabricated. The color intensity of
each sensing element was calculated in RGB values and the
relative standard deviation (RSD) was measured for each col-
or element. As shown in Table S3, the RSD % of the red,
green, and blue color elements are respectively equal to
1.03, 1.05, and 1.18 for L-arginine capped AgNPs; 0.89,
0.93, and 1.03 for L-arginine capped AuNPs; 0.39, 0.68, and
0.98 for quercetin capped AgNPs; 0.40, 0.82, and 1.04 for
quercetin capped AuNPs; 0.70, 1.14, and 0.96 for PGA
capped AgNPs; and 0.84, 0.93, and 1.19 for PGA capped
AuNPs. As seen, the RSD amounts are lower than 10% for
each color element, indicating no significant difference was
observed between the color values. Therefore, the sensor was
prepared by a repeatable procedure.

The lifetime of the sensor was evaluated by monitoring the
color values of each sensing element for a period of time. As
illustrated in Fig. S6, no color changes were observed for
1 month. After this time, the sensor cannot tolerate physical
or chemical variations.

Optimization

The assay responses to studied pesticides can be influenced by
some effective parameters such as the volume of NPs, pH,
type, and concentration of buffer solution. These parameters
should be optimized to find the maximum responses of the
sensor for each analyte. Discrimination ability function (DAF)
[43] was used to find the best conditions. The definition of this
equation is given in supporting information (Section 3). The
maximum amount of DAF was selected as the optimum value
for each parameter.

For the first experiment, a different volume of NPs (0.1 to
0.5 μL) was used to interact with the selected pesticides. As
shown in Fig. S7a, the best interaction was observed when the
volume of NPs was 0.35 μL. Therefore, 0.5 μL of buffer
solution and 0.35 μL of NPs were mixed. The results were
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not suitable at higher volumes because the sensing elements
have intense color and prevent the minor changes obtained by
the interaction of analytes and NPs.

The volume of the mixture was adjusted to 1.0 μL by
adding 0.15 μL of deionized water. This mixture was applied
to fabricate each sensing element for further study.

The interaction of NPs and pesticides was investigat-
ed at different pH levels in the range of 3.0 to 11.0. As
illustrated in Fig. S7b, the higher DAF value was
achieved at pH 9.0 for all studied NPs. The weak inter-
actions occurred in acidic and strong alkaline media due
to the protonation of functional groups and electrostatic
repulsions, respectively.

Also, the response of the sensor was monitored in two
different types of buffer solution (Tris and borate) at an opti-
mal pH. Using the Tris buffer in the sensing element matrix,
the suitable responses were observed (Fig. S7c). Therefore,
this buffer was selected for further study.

The buffer concentration is the last critical factor investigat-
ed in this study. As seen in Fig. S7d, the DAF value gradually
increased by changing the concentration of the buffer solution
from 0.02 to 0.10. At higher concentrations, the response of the
sensor was decreased clearly because of ionic interferences.

Assay observations

The colorimetric responses of the sensor to six studied pesti-
cides were presented in Fig. 1d. As seen, the interaction of

sensing elements with a specified pesticide causes the aggre-
gation of NPs. Therefore, the color of the sensor changed from
red to purple for AuNPs or from pale yellow to brown for
AgNPs. These changes depend on the strength of bonding
between NPs and analytes. Each NP covers by a specified
capping agent and the used capping agent possesses various
functional groups in its structure. For example, arginine and
PGA contain amino and carboxyl groups, while quercetin
includes hydroxyl and carbonyl groups in their structure.
These functional groups participate in the H-bonding interac-
tions with the analytes, categorized in hydrogen donating or
hydrogen accepting materials or none of them.

On the other hand, the electrical charge on the surface of
NPs and analytes can be different. One material is more pos-
itive, and the other is more negative; therefore, they can inter-
act together through electrostatic interaction. Also, the cap-
ping agents varied in size. Arginine is smaller molecules so
that it can interact with most of the analytes. However, PGA is
a polymer compound and occupies more space around the
central core [45]. Therefore, a big-sized analyte cannot inter-
act with this capping agent because of steric hindrance.
Capping agents can be involved in the electrophilic or nucle-
ophilic interactions because of the high affinity of phosphor
atom to form P-N, P-O, or P-S bonds [46, 47]. Finally, a
typical analyte can take part in H-bonding, electrostatic or
nucleophilic interaction (maybe all of them) based on its struc-
tural chemistry. So, it can show different behavior toward six
studied NPs. The aggregation of NPs after interaction with

Fig. 2 The TEM images and hydrodynamic size histograms of synthesized NPs. a L-Arginine capped AgNPs. b Quercetin capped AgNPs. c PGA
capped AgNPs. d L-Arginine capped AuNPs. e Quercetin capped AuNPs. f PGA capped AuNPs
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pesticides was confirmed by SEM images given in Fig. S8. It
is schematically shown in Scheme S2.

As shown in Fig. 1d, malathion has high interest in interac-
tion with all sensing elements because of various active sites in
its chemical structure. AgNPs synthesized by arginine and PGA
can discriminate between carbamic pesticide and organophos-
phorus compounds. These NPs aggregated in the presence of
phosphor-containing materials which resulted in appearing in
the deep brown color. However, paraoxon has a weak interac-
tion with these NPs. It can only increase the color intensity of
the sensing element to intense yellow. Probably, these NPs
have a high affinity to sulfur-containing compounds, while
paraoxon has no sulfur atom in its chemical structure. The
similar response was obtained for the reaction of diazinon and
PGA-AgNPs due to the interferences of methyl groups in the
analyte structure. The quercetin-AgNPs can be used to differ-
entiate between two classes of organophosphate pesticides
(thion and axon). It tended to interact with thio-based organo-
phosphates while showing no responses to oxon compounds.
These NPs have strong interaction with carbaryl through hy-
drogen bonding between nitrogen atom in carbaryl structure
and hydroxyl groups of quercetin. The quercetin-AuNPs can
identify the amino-containing pesticides (carbaryl, diazinon,
and chlorpyrifos). These NPs and PAG-AuNPs create a differ-
ence between thions with amino substituent and parathion pes-
ticide. In the end, arginine-AuNPs can be introduced as an
appropriate sensing element for detecting diazinon in the pres-
ence of the other organophosphorus pesticide, chlorpyrifos.

The absorption spectra of each synthesized NPs after interac-
tion with studied pesticides are shown in Fig. S9. As shown in
this figure, each NPs have a different tendency to different types
of pesticides. The location of the maximum wavelength did not
change when the NPs have no interaction with pesticides. On the
other hand, a redshift was observed in the absorption spectrum
after the aggregation of NPs in the presence of pesticides.

Changes in the color of the proposed sensor are represented
in a format of colorimetric profiles (Fig. 1e). Each profile is
considered as an identity card for each studied pesticide com-
prising the important data about the name, type, chemical
structure, and also physiochemical properties. The difference
maps confirmed all observations obtained by visual detection.
However, the minor changes in the color of NPs are well
exhibited in this figure. For example, the difference between
the color of arginine-AgNPs in the presence of oxon and thion
pesticides was clearly elucidated. Also, the map of PGA-
AgNPs indicated the less color intensities for paraoxon or
diazinon rather than the other organophosphates.

Analytical features

The proposed array was individually exposed to different con-
centrations of each studied pesticides. For this purpose, the
solution of the pesticide compound was prepared with the

concentration in the range of 0.0 to 30.0 μg mL−1. Then,
10.0 μL of each prepared solution was added to the injection
zone. The complete interaction was achieved after 15 s. After
this time, the color changes in the detection zone were moni-
tored by a camera. After image processing, each concentra-
tion’s colorimetric difference map was obtained and represent-
ed in Fig. 3. As observed in this figure, the changes in the color
of sensing elements were correlated with the concentration of
pesticides. By increasing the concentration, the color intensity
of each spot embedded in the colorimetric map was raised.
Also, the calibration curve was drawn by plotting the
Euclidean norm of the response vector of each concentration
against the concentrations of pesticides. Figure 4 indicates that
the relationship between the response of assay and the amount
of pesticide was linear in the range of 35.0 ng mL−1–
2.5 μg mL−1 for carbaryl, 25.0 ng mL−1–5.0 μg mL−1 for para-
oxon, 35.0 ng mL−1–5.0μgmL−1 for parathion, 20.0 ng mL−1–
2.5 μg mL−1 for malathion, 50.0 ng mL−1–7.5 μg mL−1 for
diazinon, and 40.0 ng mL−1–2.5 μg mL−1 for chlorpyrifos.
The limits of detection for these determinations are represented
in Table 1 which are equal to 29.0, 22.5, 32.5, 16.7, 44.6, and
36.1 ng mL−1 pertinent to carbaryl, paraoxon, parathion, mala-
thion, diazinon, and chlorpyrifos, respectively. The detection
limit was obtained according to the 3σ/m criterion (where σ is
the standard deviation of the blank or standard deviation of the
intercept and m is the slope of the calibration plot).

Discrimination analysis

The efficiency of the sensor for discrimination of pesticides was
statistically verified using some recognition methods such as
PCA and HCA. PCA converts the raw data matrix into two
individual matrices which are defined as score (T) and loading
(L) matrices. The new data in the score matrix was sorted ac-
cording to reducing the variances. Therefore, the first columns
of this matrix (which are called as principle component) include
the highest explained variances and minimum noisy data. The
first principle components (PCs) can be used for further visual-
ization and determination analysis. The PCA score plot shown
in Fig. 5awas obtained by plotting the second PC versus the first
PC. This figure shows that 92% of the important information
(explained variances) were distributed in the space of two first
PCs. As it was clear, six individual pesticides were well sepa-
rated and classified into two organophosphate and carbamate
families. The sulfur-containing pesticides were completely dis-
criminated from the other analytes. Also, a proper dissociation
was observed between the pesticides comprising amino groups
and the other thion materials. The first PC can differentiate be-
tween the compounds with aromatic and aliphatic pesticides.

According to HCA dendrograms, the studied pesticides
were divided into 3 clusters: carbamates, axons, and thions.
As shown in Fig. 5b, each cluster includes the relevant
analytes and no misclassification was observed in this study.
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Also, the ability of the sensor was examined by LDA.
Therefore, the response was distributed into a training set to
propose the LDA model and a prediction set to investigate the
model proficiency. Figure S10 demonstrates that the devel-
oped model is reliable to predict the unknown sample with
high accuracy. Also, the discrimination results obtained by
this method are more acceptable than the previous analyses.
Two first LDA factors can clearly differentiate between car-
bamate and organophosphates, axon and thions.

HCA methods evaluated the discrimination analysis of the
pesticides at the other concentrations. For this study, the pesticide
was used with the following concentrations: 75.0 μg mL−1,
100.0 μg mL−1, 250.0 μg mL−1, and 500.0 μg mL−1. The
HCA dendrograms, presented in Fig. S11, confirm that the de-
veloped sensor created a clear difference between individual pes-
ticides as well as their categories at very low concentrations.

Analysis of pesticide mixtures

The PLS regressionmethodwas applied to verify the potential of
the sensor to determine six studied pesticides in a mixture. The

mixing solutions for training and validating the PLS model are
represented in Table S1. The mathematical model was run via
effective numbers of latent variables obtaining by the leave-one-
out cross-validation (LOO-CV) method. The accuracy of the
model was evaluated by calculating the root mean square errors
(RMSE) for both calibration and prediction sets. As shown in
Table 2, the PLSmethod provided low error values meaning that
themodel is acceptable to find the concentration of pesticides in a
sample with high accuracy. Also, Fig. 6 indicates the high cor-
relation between the real concentrations of analytes and those
obtained by the developed model. The obtained coefficients of
determination (R2) are included in Table 2. The results confirm
that the model is highly reliable to determine the unknown sam-
ple concentration.

Study of selectivity

In addition to pesticides, the sensor was individually exposed
to 25 μg mL−1 of the potential interferences including K+,
Na+, Ca2+, Mg2+, SO4

2−, NO3
−, I−, Br−, Cl−, S2−, CN−, cyste-

ine, histidine, lysine, ascorbic acid, glucose and sucrose,

Fig. 3 The colorimetric profiles
of the sensor in the presence of
pesticides at different
concentrations
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methoxychlor, perthane, mirex, toxaphene, trichlorfon,
tebuconazole, propiconazole, and chlorothalonil. The results
were demonstrated in colorimetric maps (Fig. S12) and then
analyzed by HCA in Fig. S13. For clarification, the responses
to these materials were entirely distanced from those obtained
by pesticides. Therefore, the proposed sensor provides a spe-
cific pattern for each studied pesticide. Interestingly, this sen-
sor has a high performance for the distinction between various

types of chemicals such as cations, anions, vitamins, amino
acids, and sugars besides pesticides. In the next experiment,
the probe was applied to analyze the mixture of each interfer-
ing species (with different concentrations) and 1 μg mL−1 of
each studied analytes. As illustrated in Table S4, the sensor
responses to pesticides were not affected by the foreign mate-
rials while their concentration was 25-, 50-, or 100-fold of
analyte concentration.

Fig. 4 Discrimination results
obtained by a PCA and b HCA.
The concentration of pesticides is
equal to 1.0 μg mL−1. The
experiment was done under
optimum condition (Tris buffer
(0.5 μL, 0.10 M, pH = 9.0) and
0.35 μL of NPs). The response of
the sensor was captured after 15-s
incubation

Table 1 The analytical results for
quantitative analysis of studied
pesticides

Analyte Linear range Detection limit (ng mL−1) R2

Carbaryl 35.0 ng mL−1–2.5 μg mL−1 29.0 0.990

Paraoxon 25.0 ng mL−1–5.0 μg mL−1 22.0 0.986

Parathion 35.0 ng mL−1–5.0 μg mL−1 32.0 0.987

Malathion 20.0 ng mL−1–2.5 μg mL−1 17.0 0.992

Diazinon 50.0 ng mL−1–7.5 μg mL−1 45.0 0.985

Chlorpyrifos 40.0 ng mL−1–2.5 μg mL−1 36.0 0.988
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Reproducibility of assay responses

To evaluate the reproducibility of the sensor, each pesticide
(1 μg mL−1) was examined for 5 times and the RSD for the
results was calculated. As shown in Table S5, the RSD% values
for five repetitive determinations of carbaryl, paraoxon, parathi-
on, malathion, diazinon and chlorpyrifos are equal to 5.15, 4.44,
3.85, 5.95, 5.37, and 5.91, respectively. The amounts of RSD are
lower than 10% for each measurement, confirming that the array
provided the reproducible responses for each analyte.

Pesticide analysis in real samples

To monitor the capability of the assay for detecting pesticides
in real samples, including tap water, apple and rice were con-
taminated with mixtures of six studied pesticides. The content
of each mixture was summarized in Table S6. The colorimet-
ric method and the developed PLS model estimated the
amount of each pesticide were analyzed by the studied sam-
ples. As reported in Table S6, no pesticides were detected in
the real samples before contamination. Also, the appropriate
recovery values (93–107%) were obtained for the spiked ma-
terials. The results affirm that the proposed sensor is highly
efficient for detecting pesticides in both environmental and
food samples.

Finally, Table S7 illustrates that the analytical performance
of the assay was comparable to previous reports. The prior
methods based on enzymatic reactions were highly sensitive,
but they did not produce a selective (or specific) responses to
individual pesticides. They responded to various types of or-
ganophosphates or carbamates, which is an important chal-
lenge for these methods, especially when the different pesti-
cides simultaneously existed in real samples. Also, these assay
used an enzyme which increased the cost and time of

Fig. 5 The assay responses in the
presence of studied pesticides at
different concentrations. The
concentration changed from
0.2 ng mL−1 to 30.0 μg mL−1.
The linear range is shownwith the
solid black circles. The
experiment was done at optimized
conditions (Tris buffer (0.5 μL,
0.10 M, pH = 9.0) and 0.35 μL of
NPs). The response of the sensor
was captured after 15 s incubation

Table 2 The statistical information obtained by PLS regression models

Analyte PLS factor RMSEC RMSEP R2C R2P

Carbaryl 6 12 11 0.973 0.975

Paraoxon 7 10 8.7 0.975 0.978

Parathion 7 9.4 9.2 0.974 0.974

Malathion 6 12 9.6 0.977 0.981

Diazinon 7 15 12 0.978 0.979

Chlorpyrifos 7 10 11 0.975 0.975
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treatment. The other methods utilize toxic materials as
sensing elements that are not safe for the environment
and humans. Compared to these assays, our work de-
scribed 3D origami paper based optoelectronic tongue
for detection of pesticide. This designing pattern help to
prevent the coffee effect and to leach the sensing reagents.
Therefore, it does not require to use stabilizers for
immobilizing the reagents on the paper. Also, most of
the responses are not wasted. In this work, we used nano-
particles which are synthesized by organic compounds
and without needing enzyme, antibody or DNA. These
NPs have antibacterial properties and safe. They were
produced through an inexpensive and low-cost method
and the assay preparation was not time-consuming. This
assay was fabricated based on the colorimetric sensor ar-
ray technology; therefore, it provided a specific response
for each type of pesticide. It can also simultaneously de-
termine the various type of pesticides in the real sample
without any preparation methods to remove the foreign
species. It can result that our proposed method can solve
the drawbacks of the previous methods.

Conclusion

A new colorimetric probe was developed using the paper-
based optical sensor array strategy. The detection principle is
based on the aggregating AgNPs that are synthesized with
different inexpensive chemical compounds and observing
the color changes of sensing elements. The sensor has a high
potential to clearly discriminate between different types of
pesticides and distinguish them from the other foreign species.
The assay indicated a sensitive, reproducible, and reliable re-
sponses for quantitative analysis of analytes in both individual
and mixture samples. Due to the simplicity in the fabrication
of PAD and rapidity in the detection, the probe can be applied
as a cost-effective and available method to monitor pesticides
in the real samples. However, the proposed method has some
limitations: the detection mechanism is irreversible, the assay
requires time for extraction of pesticide from real samples and
it is not stable for more than a month.

Funding This study is financially supported by the Research Councils of
Baqiyatallah University of Medical Sciences.

Fig. 6 The results were obtained
by the PLS models for the
simultaneous analysis of the
studied pesticides. Solid circles
and square markers were used to
assign the training and test
datasets, respectively. The
experiment was done at the
optimized condition (Tris buffer
(0.5 μL, 0.10 M, pH = 9.0) and
0.35 μL of NPs). The response of
the sensor was captured after 15-s
incubation
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