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Abstract
In this study, a simple approach was developed based on imidacloprid stabilized silver nanoparticle (Imida-AgNPs) for the

sensitive detection of paraquat pesticide. Experimental parameters were optimized for the synthesis of the proposed sensor.

Imida-AgNPs, synthesized under the optimized reaction condition were characterized by UV–Vis spectrophotometer,

Fourier transform infrared (FT-IR) spectroscopy and atomic force microscopy (AFM). The Imida-AgNPs were spherical in

shape with an average size of 40–70 nm. The stability of Imida-AgNPs was checked towards changes in temperature, time,

pH, and salinity. The synthesized Imida-AgNPs were tested as a colorimetric sensor to detect a trace amount of paraquat

for the first time. The developed sensor was green, simple, selective and economical. The calibration curve for detection of

paraquat was found linear over the concentration range of 20–180 lM. The standard deviation (SD) was found to be

0.0019 lM with relative standard deviation (RSD) of 0.027%. The limit of detection (LOD) and limit of quantification

(LOQ) were found to be 6.27 lM and 19 lM respectively. Importantly, the sensor was successfully employed for the

detection of paraquat in real samples.
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Introduction

Paraquat (1,1-dimethyl-4,4-dipyridinium chloride) is

widely used as a quaternary ammonium herbicide all over

the world due to its low cost and remarkable effects on

plant cells for crop protection as well as horticultural use

[1]. Its herbicidal properties were first discovered in 1955

and it was introduced commercially in 1962 [2]. Paraquat

kills plants rapidly by deactivating the photosynthetic

mechanism due to their redox potential. Paraquat ion binds

near the ferrodoxin (FRD) binding site in photosystem I

(PSI), and accepts an electron, becoming paraquat mono-

cation free radical (PQ?), which initiates a series of reac-

tions leading to cell membrane disruption and plant death

[2]. However, it is extremely toxic to both animals and

humans, leading to thousands of fatalities and hospital

admissions due to accidental or intentional pesticide poi-

soning, especially in non-developed countries [3]. The

estimated oral lethal dose (LD50) of paraquat in humans is

35 mg/kg (20% solution 10–15 ml). The oral LD50 value

for monkeys is 50 mg/kg, for rats is 110 to 150 mg/kg and

for cows is 50 to 70 mg/kg [4]. It causes cellular damage

and necrosis in the brain, heart, lungs, liver, and kidneys.

As a result, due to its high acute toxicity and lacking a

specific, effective antidote [1], it has been banned for sale

and uses in many countries in recent years [5]. In this

connection, the development of efficient techniques for the

detection of paraquat has great significance. Hence, several

analytical methods have been reported for the detection of

paraquat such as flow injection analysis [6], gas chro-

matography [7], liquid chromatography [8], thin-layer

chromatography [9], electrophoresis [10], mass
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spectrophotometry [11], and electrochemistry [12].

Although these techniques can be efficiently used for

pesticide detection with high selectivity and sensitivity, but

these methods are expensive, time-consuming and com-

plicated in operation [13]. Therefore cheap, sensitive,

robust, selective, and technically simple yet effective

methods for detection of paraquat are still needed. In

contrast to these techniques, colorimetric detection is the

most convenient analytical technique in analyzing various

biological samples because of its inherent simplicity, high

versatility and sensitivity [14, 15]. Therefore, efforts have

been made to synthesize low cost and user-friendly

chemosensors for many years [16].

Currently, silver nanoparticles (AgNPs) have gained

enormous popularity in the field of sensors due to their

significant chemical, optical and electronic properties

[17, 18]. The AgNPs offer high surface energy that pro-

motes surface reactivity. Spectral properties of AgNPs

depend entirely on their size, shape, inter-particle spacing

and environment [19, 20]. Therefore, the geometry of these

nanoparticles would provide significant control over linear

and nonlinear optical properties [21]. These properties

allow AgNPs to be used in various chemical and biological

sensing applications such as a colorimetric sensor for his-

tidine [22], real-time probing of membrane transport in

living microbial cells [23], enhanced Infrared (IR)

absorption spectroscopy [24], laser desorption/ionization

mass spectrometry of peptides [25], colorimetric sensors

for measuring ammonia concentration [26], glucose sensor

for medical diagnostics [27], an optical sensor for hydrogen

peroxide [28] and biosensors for detection of pesticides

[29].

Imidacloprid (1-[(6-chloro-3-pyridinyl) methyl]-N-ni-

tro-2-imidazolidinmine) is a widely used insecticide in

agriculture. It was synthesized in 1985 by Nihon Bayer

Agrochem. Imidacloprid (Imid) is highly effective against

sucking insects like aphids, whitefly, leafhoppers and

mealybugs. It is also highly effective against some biting

insects, including Colorado beetle and paddy stem borers.

Imidacloprid is more toxic to insects as compare to mam-

mals because it binds much more strongly to insect neuron

receptors than to mammal neuron receptors [30, 31]. Imi-

dacloprid was chosen for this work because of its little

chronic effect on mammals and their strong interaction

with silver ion due to the electron-donating ability of

nitrogen atoms of Imidacloprid to silver ions.

In this article, we have synthesized imidacloprid stabi-

lized silver nanoparticle (Imida-AgNPs) in an aqueous

medium under room temperature through the chemical

reduction method. The formation of synthesized nanopar-

ticles was confirmed by UV–Vis Spectrophotometer,

Fourier Transform Infrared (FT-IR) spectroscopy and

Atomic Force Microscopy (AFM). The Imida-AgNPs were

applied for the detection of paraquat in water and soil

samples.

Experimental

Materials and Reagents

Highly pure analytical grade chemicals and reagents were

used in this study such as silver nitrate (AgNO3) and

sodium borohydride (NaBH4) were purchased from Sigma

Aldrich, USA. Deionized (DI) water was provided by the

industrial analytical center University of Karachi. Imida-

cloprid, acetamiprid, penoxyprop-p-ethyl, emamictin ben-

zoate, cypermethrine, thiamethxion, lambda cyhalothrine,

prochloraz, acetochlor chloropyrifos, pendimethalin, and

paraquat were purchased from a local supermarket.

Instrumentation

The synthesized Imida-AgNPs were characterized with the

help of a UV–Visible spectrophotometer (Thermo Scien-

tific Evolution 300). The formation of nanoparticle was

monitored with UV–Vis spectra in the term of the Surface

Plasmon Response (SPR) band. The formation of

nanoparticles was further confirmed with the help of FT-IR

spectra in the dried sample using KBr disc. The FT-IR

spectra were recorded between 4000 and 400 cm-1 on

(Bruker Victor 22 spectrometer). The shape and size were

measured with the help of AFM (Agilent Technology 5500

USA). A drop from the Imid-AgNPs suspension was taken,

transferred on to a cleaned mica surface, dried and ana-

lyzed. For imaging, a high-frequency Si cantilever

(125 lm, 22 N/m and 330 kHz) was used [32].

Synthesis of Imida-AgNPs

Imida-AgNPs with an average diameter of 40–70 nm were

synthesized according to a previously reported method with

slight modifications [33]. In detail, stock solutions of silver

nitrate (1.0 mM) and imidacloprid (1.0 mM) were prepared

and diluted to (0.1 mM). Solution of imidacloprid (0.1 mM)

were mixed with (0.1 mM) of silver nitrate solution in the

ratios of 5:1, 15:1,6:1,10:1, 8:1,3:1 and 1:1 in different vials.

Followed by stirring and then (0.3 ml, 4 mM) solution of a

freshly prepared NaBH4 was added. The transparent color-

less solution was immediately turned greenish-yellow

which confirmed the formation of Imida-AgNPs.

Stability of Imida-AgNPs

The stability of Imida-AgNPs was checked towards chan-

ges in temperature, time, pH, and salinity with the help of
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UV–Visible spectrophotometer [34]. To examine heat

stability, the solution of synthesized nanoparticle was

heated up to 100 �C. The stability of Imida-AgNPs in an

aqueous medium of different pH (1–12) was tested with the

help of pH adjustment of the colloidal solution with NaOH

or HCl (0.1 M). The effect of sodium chloride (NaCl)

solution on the stability of Imida-AgNPs was analyzed in

the range of (0.1 mM–2.0 M). The stability of Imida-

AgNPs with respect to time was also determined from

initial synthesis till months to study the storage capacity.

UV–Visible Analysis and Colorimetric Detection

The chemosensing ability of imida-AgNPs was investi-

gated toward different available pesticides (i.e acetamiprid,

penoxyprop-p-ethyl, emamictin benzoate, cypermethrine,

thiamethxion, lambda cyhalothrine, prochloraz, acetochlor

chloropyrifos, pendimethalin, and paraquat). Pesticides

solutions (0.1 mM) were prepared in deionized (DI) water

and 1.5 ml of each pesticide solution was mixed with

1.5 ml of imida-AgNPs respectively. No significant color

changes were observed in the solution except for the

paraquat, which turned to light pink from greenish-yellow.

The change in color and absorbance was determined as a

measure of colorimetric sensing of paraquat. The primary

interaction was checked through a UV–Visible spec-

trophotometer. The sensing selectivity of Imida-AgNPs

towards the pesticide (paraquat) was further studied by

interacting the fixed concentration and volume of Imida-

AgNPs with already sensed pesticide (paraquat) and

interfering pesticides (the other tested pesticides) as men-

tioned earlier. Further, the effects of pH (4–12), tempera-

ture (\ 100 �C) and salinity were also checked using UV–

Vis spectroscopy. After finding out the sensitivity and

selectivity, the various concentrations of paraquat solutions

were prepared and all of these concentrations were treated

with an equal volume of Imida-AgNPs to trace the lower

detection limits (LDL) and higher detection limits (HDL).

Real Sample Analysis

To find out the applicability of the synthesized nanoparticle

for practical application, the known amount of paraquat

was spiked in water and soil samples. Water was collected

from the university campus. The soil sample was collected

from local fields in District Swat of Pakistan. The soil was

diluted ten times in DI water before use.

Results and Discussion

Synthesis and Characterization of Imida-AgNPs

Imida-AgNPs were synthesized by chemical reduction of

silver ions in the presence of imidacloprid as a capping

agent due to its excellent binding sites. The schematic

representation of Imida-AgNPs formation is given in

Fig. 1.

The strong interaction between imidacloprid and silver

ions has been explained by the electron-donating ability of

nitrogen atom to silver ions. The greenish-yellow color of

Imida-AgNPs exhibited an absorption peak in the area of

380–450 nm (Fig. 2a) which is being the characteristic

peak for AgNPs. Different molar ratios showed the

absorption spectra in the area of 380–450 nm, however, the

molar ratio 5:1 of AgNO3 and pesticide (Imidacloprid)

showed the optimum results as confirmed by UV–Visible

spectroscopy (Fig. 2b). Hence, 5:1 was selected as the

optimized ratio for the maximum production of the Imida-

AgNPs. To confirm the interaction of Imidacloprid and

silver we studied the FT-IR spectra of pure Imidacloprid

and Imida-AgNPs [35]. The Imidacloprid alone exhibited

peaks at 1110.50 cm-1, 1140.92 cm-1, 1370.12 cm-1,

1410.78 cm-1, 1561.78 cm-1 and 3347.85 cm-1. The

peak due to NH at 3347.85 cm-1 became broad which

confirmed that the NH group was involved in the reduction

of silver ions and stabilization of Imida-AgNPs [33]

(Fig. 2c). The size and surface morphology were analyzed

by AFM, the Imida-AgNPs were spherical in shape with an

average size of 40–70 nm (Fig. 2d, e).

Stability of Imida-AgNPs

The shelf life and stability of freshly synthesized Imida-

AgNPs was checked through physical/chemical parameters

to assess their applicability in different fields [36]. Imida-

AgNPs were found stable at room temperature for several

days showing no aggregation or sedimentation of

nanoparticles as reflected from the SPR band having no

prominent change in the absorbance and wavelength

(Fig. 3a). However, a slight decrease in the intensities of

the peaks was observed which may be due to the diffusion

of the stabilizing molecules from the NPs surfaces and

subsequent changes in the shape and size of the NPs. In the

same way, the synthesized nanoparticles also showed

adequate stability at high temperatures, but a small

decrease can be observed in SPR bands (Fig. 3b). The

relatively slight decrease in the peak intensity could be

attributed to the oxidative damage at high temperature [37].

However, the nanoparticles were stable and no aggregation

and precipitation were observed. Similarly, the SPR bands
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of Imid-AgNPs were recorded at different pH mediums

(1–12). The Imid-AgNPs remain stable in the range of pH

(5–10) but in highly acidic (pH\ 5) and basic medium

(pH[ 10) reduction or distortion in SPR bands was

observed (Fig. 3c). This may be due to the fact that the

surface charge (that keep the NPs dispersed in solution and

regulate electrostatic repulsion) of the NPs was altered in

highly acidic and basic medium and resulted in little

aggregation of the NPS [38]. The stability of Imida-AgNPs

was checked in different concentrations (0.1 mM–2.0 M)

of NaCl solution. Generally, AgNPs are not chemically

stable and react strongly with inorganic ligands such as

chloride (Cl-1). Cl-1 has a strong affinity for oxidized

silver and is often present in natural water and soil, hence,

NaCl was used in this study [39]. As shown in Fig. 3d, an

increase in NaCl concentration induced a reduction in SPR

bands of Imida-AgNPs, which indicated the strong affinity

of Cl- for Ag? ions [40].

Detection of Pesticides

Generally, the interaction of conjugates with nanoparticles

may detect either by quenching or shifting of SPR band.

Imida-AgNPs was investigated by monitoring the UV–

Visible spectrophotometer. The UV–Visible spectra of the

synthesized nanosensor exhibited a characteristic absorp-

tion band at 400 nm. The SPR band was monitored upon

the addition of different pesticides, such as Acetamiprid,

Penoxyprop-p-ethyl, Emamictin Benzoate, Paraquat, Thi-

amethxion, lambda Cyhalothrine, Prochloraz, Acetochlor

Chloropyrifos, Pendimethalin and Cypermethrine. Only

paraquat considerably affected the UV peak by quenching

and shifting in the absorption peak (400–485 nm) with

redshift 85 nm (Fig. 4a). Furthermore, the color of Imida-

AgNPs was changed from yellow to light reddish, which

indicated the strong binding affinity of Paraquat with

Imida-AgNPs. Due to its high sensitivity and specificity,

the synthesized nanosensors were used for the detection of

paraquat in water and soil samples. The detection of pes-

ticides was also checked at different medium in the range

of pH (2–14). The results showed that paraquat can be

easily detected in the medium with pH range (4–12) but the

highly acidic medium (pH\ 4) affected the detection

(Fig. 4b). Furthermore, the interaction of various concen-

trations of paraquat with Imida-AgNPs was also studied.

The results showed that there was a linear relation between

Imida-AgNPs concentration and paraquat (Fig. 4f). The

minimum and maximum sensing of paraquat in different

solutions were determined by change in color and

quenching of the peak. This was done by adding the dif-

ferent concentrations of paraquat in Imida-AgNPs solu-

tions. Upon increasing the concentration above 20 lM, the

change in color from yellow to light pink and quenching of

SPR band was observed (Fig. 5d). Similarly, the high

detection limit was 180 lM (Fig. 4c, d). The strong inter-

action between imidacloprid and silver ions has been

explained by the electron-donating ability of the nitrogen

atom of imidacloprid and silver ions [41].

To measure selectivity, different pesticides including

Phenoxyprop-p-ethyl, Prochloraz, Acetochlor, Aendi-

methalin, Cypermethrine, lambda Cyhalothrine, and

Emamictin Benzoate, were tested in combination with

paraquat. The results showed that the presence of any of

the above-mentioned pesticides not interfered with para-

quat (Fig. 4e).

Imida-AgNPs were successfully employed as a chemi-

cal-sensor for sensitive and robust determination of para-

quat in water and soil samples. Different properties of the

sensor towards parquet were compared with those of some

previously reported sensors for the detection of paraquat

(Table 1). The proposed simple and easy method was found

to be valuable for the colorimetric detection of pesticides.

Real Sample Analysis

The synthesized nanosensor was added to the standard

solution (20–180 lM) of paraquat in tape water. The

results showed that the nanosensor was only specific to

paraquat and was free from the influence of various other

substances present in the tap water (Fig. 5a). Agricultural

soil samples were collected from the local agriculture field.

The synthesized nanosensor was added to the soil filtrate

containing paraquat. The results suggested that the syn-

thesized nanosensor was specific only to paraquat and was

Fig. 1 Schematic representation

of Imida-AgNPs formation
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not affected by other substances present in the soil sample

(Fig. 5b). Human urine was spiked with a solution

(20–180 lM) of paraquat. The synthesized nanosensor was

added to the prepared solution. The results suggested that

the nanosensor particularly identified paraquat in human

urine similar to DI water (Fig. 5c).

Sensing Mechanism

The addition of paraquat to Imida-AgNPs resulted in a

change in color from yellow to light reddish. This change

was followed by changes in the surface plasmon resonance

spectra of the Imida-AgNPs. The paraquat interacted with

Imida-AgNPs through the mechanism of p–p stacking of

aromatic ring forming charge transfer complexes. In the

formation of charge transfer complexes, paraquat with high

Fig. 2 Characterization of Imid-AgNPs. a UV–Visible spectra

Imidacloprid, silver nitrate and Imid-AgNPs, b UV–Visible spectra

Imid-AgNPs synthesized by reacting different ratios of imidacloprid

and silver nitrate solution, c FT-IR Spectra of both Imidacloprid and

Imida-coated AgNPs, d and e AFM images of Imid-AgNPs
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Fig. 3 Stability of Imida-AgNPs. a UV–Vis spectra of Imida-AgNPs after different time intervals, b effect of temperature on the stability of

Imida-AgNPs, c effect of pH on stability of Imida-AgNPs and d effect of Salt (NaCl) on Stability of Imida-AgNPs

Fig. 4 Detection of Paraquat using Imida-AgNPs. a UV–Visible

spectra showing the change in SPR peak after addition of available

pesticides to Imida-AgNPs, b detection of paraquat using Imida-

AgNPs in different pH, c UV–Vis absorption spectra of Imida-AgNPs

by the addition of paraquat in the concentration range of 20–100 lM,

d UV–Vis absorption spectra of Imida-AgNPs by the addition of

paraquat in the concentration range of 100–180 lM and e UV–Vis

absorption spectra of Imida-AgNPs in the presence of various

pesticide (Imidacloprid, acetamiprid, penoxyprop-p-ethyl, emamictin

benzoate, cypermethrine, thiamethxion, lambda cyhalothrine,

prochloraz, acetochlor chloropyrifos and pendimethalin) and f linear

regression curve (concentration vs absorbance)
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electronegativity acted as an electron acceptor, and the

aromatic ring of imidacloprid (as capping agent of Imida-

AgNPs) acted as electron donors. This resulted changes in

the surface plasmon resonance spectra [46]. The model of

interaction between paraquat and Imida-AgNPs which

caused the aggregation is proposed in Fig. 6.

Fig. 5 Detection of paraquat in different samples. a Detection of

paraquat in tape water using Imida-AgNPs, b detection of paraquat

soil employing Imida-AgNPs, c detection of paraquat in urine sample

using Imida-AgNPs and d photographs of Imida-AgNPs solution

(from yellow to light reddish)

Table 1 Previously reported

sensors for the detection of

paraquat

Method Sensor LOD (lM) References

Colorimetry Cyclen dithiocarbamate-functionalized silver nanoparticles 7.21 [42]

Colorimetry AgNPs Capped with p Hydroxybenzoic Acid 8.3 [43]

Fluorescence Pyrenyl salicylic acid 0.270 [44]

Colorimetry Carboxylatopillar[5]arene-Modified Gold Nanoparticles 0.2 [45]

Fig. 6 Sensing mechanism and interaction between paraquat and Imida-AgNPs
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Conclusions

Imida-AgNPs were successfully employed as a chemical

sensor for sensitive and robust determination of paraquat in

environmental and agricultural samples. The synthesized

nanoparticles were found very sensitive for the detection of

paraquat with limit of detection (LOD) 6.27 lM under the

optimized conditions. The proposed method was found to

be valuable for the colorimetric detection of pesticides in

real water and soil samples. Furthermore, the strategy can

be employed for the detection of hazardous substances in

agricultural and environmental samples.
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