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ABSTRACT 

A sensitive electrochemical acetylcholinesterase (AChE) biosensor based on reduced 

graphene oxide (rGO) and silver nanoclusters (AgNCs) modified glassy carbon electrode 

(GCE) was developed. The rGO and AgNCs nanomaterials with excellent conductivity, 

catalysis and biocompatibility offered an extremely hydrophilic surface, which facilitated the 

immobilization of AChE to fabricate the organophosphorus pesticide biosensor. Carboxylic 

chitosan (CChit) was used as cross-linker to immobilize the AChE on rGO and AgNCs 

modified GCE. The AChE biosensor showed favorable affinity to acetylthiocholine chloride 

(ATCl) and could catalyze the hydrolysis of ATCl. Based on the inhibition of 

organophosphorus pesticide on the AChE activity, using phoxim as a model compound, the 

inhibition of phoxim was proportional to its concentration ranging from 0.2 to 250 nM with a 

detection limit of 81 pM estimated at a signal-to-noise ratio of 3. The developed biosensor 

exhibited good sensitivity, stability and reproducibility, thus providing a promising tool for 

analysis of enzyme inhibitors and direct analysis of practical samples. 

 

 

Page 2 of 23Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



3 

 

1. Introduction 

Organophosphorus pesticides (OPs) are widely employed in the field of agriculture owing 

to their high efficiency. Unfortunately, pesticide residues threat human health due to their high 

toxicity to acetylcholinesterase (AChE), which is essential for the function of central nervous 

system in humans.
1,2

 Therefore, for human health safety and environmental protection 

purpose, it is very important to develop a sensitive, rapid, reliable and economical analytical 

method for detection and determination of these toxic substances. Comparison with the 

conventional analytical methods, such as liquid chromatography,
3,4

 gas chromatography,
5,6

 

surface plasmon resonance,
7,8

 and immunoanalytical techniques,
9
 electrochemical biosensors 

with advantages of fast response, high sensitivity, low cost, miniaturization, and on-site 

analysis, have been a promising alternative to rapidly detect pesticides. Among them, AChE 

based electrochemical biosensors are particularly attractive due to their fast response and high 

sensitivity.
10

 The principle of biosensors using AChE as a biological recognition element is 

based on the inhibition of the enzyme’s natural catalytic activity by the agent that is to be 

detected.
11

 The AChE immobilized on an electrode surface can catalyze the hydrolysis of 

acetylthiocholine chloride (ATCl) to produce an electro-active product of thiocholine (TCh), 

which used as a marker for pesticide detection. And the sustained prevalence of pollution 

continues to motivate the development of new biosensors for the detection of OPs in 

environmental and biological samples. 

Nanostructured materials are excellent carriers due to their unique chemical and physical 

properties. Graphene-based hybrids with metals, metal oxides and polymers have received 

increasing attention during recent years, due to these hybrids affording significant 

physicochemical properties by effective adjustment or interaction of graphene sheets and 

incorporated materials.
12

 A graphene-based nanocomposite has been developed as an 

enhanced sensing platform for biosensors because these kinds of nanocomposite films may 

generate synergistic effects to enhance the sensitivity.
13,14

 Silver nanoclusters (AgNCs) have 

been widely used for developing of electrochemical sensing platforms due to its high 

conductivity, large surface area, excellent catalytic activity, and biocompatibility.
15−17

 AgNCs 

exhibit high catalytic activity and could provide a suitable microenvironment to retain 

biological activity for biomolecule immobilization. AgNCs facilitate more efficient electron 
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transfer between the immobilized biomolecules and electrode substrates. This has led to the 

construction of electrochemical biosensors with enhanced analytical performance using 

AgNCs and graphene nanocomposite.
18,19

  

Chitosin (Chit) is an abundant natural biopolymer with excellent film forming ability, 

biocompatibility and nontoxicity, which provides natural microenvironment to the enzyme 

and also gives sufficient accessibility to electrons to shuttle between the enzyme and the 

electrode.
20

 Carboxylic chitosan (CChit) offers carboxyl to cross-linking with AChE and the 

covalent immobilization of enzyme, which results in greater stability and better biomolecule 

activity.
21−23

 

In this work, rGO and AgNCs were synthesized by a chemical reduction method and 

characterized by transmission electron microscopy (TEM) and UV–vis absorption 

spectroscopy (UV–vis). The synthesized rGO and AgNCs with excellent conductivity, 

catalysis, and biocompatibility offered a hydrophilic surface for AChE adhesion. Furthermore, 

the specific affinity between the Ag and mercapto groups makes the thiocholine easily 

concentrate on the electrode surface, thus increasing the detection response. CChit was used 

as cross-linker to immobilize the AChE on rGO and AgNCs nanocomposte modified GCE. 

Finally, Chit was used as a protective membrane of the AChE biosensors to improve the 

stability of the biosensor. The biosensor exhibited excellent affinity to its substrate and the 

catalytic effect on the hydrolysis of ATCl. The biosensor has been demonstrated as a device 

with acceptable stability and reproducibility for the analysis of pesticides. 

 

2. Experimental 

2.1 Reagents and apparatus 

Natural graphite powder, silver nitrate, carboxylic chitosan and sodium citrate were 

purchased from Sinopharm Chemical Reagent Co. Ltd. (China). Acetylcholinesterase (EC 

3.1.1.7, 518 U mg
–1

 from electric eel), acetylthiocholine chloride, phoxim, 

N-(3-dimethylaminopropyl)- N′-ethylcarbodiimide (EDC) and N-hydroxysuccinimide (NHS) 

were purchased from Sigma-Aldrich (USA). Hydrazine solution was obtained from Fuchen 

Chemical Reagent Factory (Tianjin, China). All other chemicals and reagents were of 

analytical grade, and used as received. Phosphate buffer solution (PBS 20 mM) with different 
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pH values was used as supporting electrolytes. Deionized water was used through all 

experiments. 

The electrochemical measurements were performed on a CHI660D electrochemical 

workstation (Shanghai, China). A standard three electrode cell was used for all 

electrochemical experiments with bare and modified glassy carbon electrode (GCE, d = 3 mm) 

as working electrode, a platinum (Pt) wire as an auxiliary electrode and an Ag/AgCl as a 

reference electrode, respectively. All experiments were performed at room temperature. 

UV–vis spectra were obtained on Agilent 8453 spectrophotometer. High-resolution 

transmission electron microscopy (HRTEM) was performed on a JEOL JEM-2100 Electron 

Microscope at an acceleration voltage of 200 kV.  

 

2.2 Preparation of AgNCs  

AgNCs were prepared according to a modified Lee and Meisel method.
24,25

 All glassware 

was rigorously cleaned before use by treatment with aqua regia (HCl:HNO3 = 3:1) followed 

by thorough rinsing with deionized water. A sample of AgNO3 (25 mg) was dissolved in 

deionized water (250 mL) and heated rapidly to boiling under stirring. A solution of 1% 

trisodium citrate (5 mL) was added. The solution was kept on boiling gently for 20 min. The 

obtained AgNCs colloid solution was olive green. The concentration of synthesized AgNCs 

was ~30 µM, which as used directly for the fabrication of biosensors. 

 

2.3 Synthesis of reduced graphene oxide 

Graphene oxide (GO) was synthesized from natural graphite powder using a modified 

Hummers′ method.
26−29

 Reduced graphene oxide (rGO) was prepared by the chemical 

reduction of GO using hydrazine as the reducing agent. Briefly, the GO (150 mg) was 

dispersed in deionized water (100 mL) by ultrasonication for more than 2 h. After that, 

hydrazine solution (3 mL) was added to the above homogeneous dispersion. The resulting 

solution was then refluxed at 95 °C for 24 h. The filter cake was washed with water and 

methyl alcohol for several times and finally dried at 60 °C. 

 

2.4 Fabrication of AChE@CChit/AgNCs/rGO/GCE biosensor 
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Prior to modification, the glassy carbon electrode (GCE, 3 mm in diameter) was polished 

with 0.3 µm and 0.05 µm alumina slurry, and then ultrasonically cleaned in water, ethanol and 

water for 2 min, respectively. The electrode was allowed to dry in a stream of nitrogen. The 

modified electrodes were prepared by a simple casting method. Typically, an aliquot of 10 µL 

rGO aqueous dispersion (1 mg mL
−1

) was dropped on the surface of the electrode and dried in 

air. Then, 10 µL of the AgNCs solution was coated on the rGO/GCE and dried at room 

temperature. Afterwards, 6 µL of AChE@CChit aqueous solution (0.04 U µL
−1

 AChE, 0.15% 

CChit, 1 mM NHS and 1 mM EDC, 20 mM PBS) was dropped onto the AgNCs/rGO/GCE 

and then dried overnight at 4 °C. Finally, the modified electrode 

(AChE@CChit/AgNCs/rGO/GCE) was rinsed with 20 mM PBS and covered with 3 µL 0.1% 

(wt %) chitosan solution as a protective membrane and then stored at 4 °C. As a control, 

AChE@CChit/rGO/GCE and AChE@CChit/AgNCs/GCE were also produced. The 

fabricating processes of the AChE biosensor are shown in Scheme 1. 

 

2.5 Electrochemical measurements 

The obtained biosensor was immersed in PBS solutions containing different 

concentrations of phoxim for 10 min, and then transferred to an electrochemical cell of 10 mL 

PBS (pH 7.0) containing 1.0 mM ATCl to test the electrochemical response. The inhibition 

rate of phoxim was calculated as follows:  

Inhibition (%) = (Ip,control – Ip,exp)/Ip,control × 100% 

where Ip,control and Ip,exp were the peak currents of ATCl on AChE@CChit/rGO/GCE without 

and with organophosphorus pesticide inhibition, respectively. Inhibition (%) was plotted 

against the concentration of the pesticide to obtain linear calibration curve. 

 

3. Result and discussion 

3.1 Characterization of rGO and AgNCs 

   The morphologies of the as-prepared rGO and AgNCs were investigated by employing 

HRTEM. As shown in Fig. 1A, it was observed that a few layers of crumpled sheets of rGO 

morphology with a wrinkled paper-like structure, which is beneficial for maintaining a high 

surface area and dispersion of nanopaticles on the surface of the electrode. Fig. 1B showed 
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the TEM of synthesized AgNCs. The AgNCs with a diameter of ~2 nm, were distributed 

uniformly, which minimized the barrier of the electron transfer between rGO layers and 

resulted in the excellent electrochemical property. We investigated the as-prepared AgNCs by 

UV-vis spectroscopy. As shown in Fig. 2, narrow absorption peak at 400 nm was observed, 

indicating the monodispersion of spherical AgNCs, which is consistent with the previous 

report.
25

 These characterizations proved the successful preparation of rGO and AgNCs.  

 

3.2 Electrochemical behavior of AChE@CChit/AgNCs/rGO/GCE 

Cyclic voltammetry (CV) was employed to evaluate the performance of the fabricated 

biosensor during stepwise modification. Fig. 3A shows the cyclic voltammetric curves of 

different AChE modified electrodes in the presence of 1.0 mM ATCl in pH 7.0 PBS. As 

shown in Fig. 3A, AChE can hydrolyze ATCl to produce thiocholine, which shows an 

irreversible oxidation peak at 0.74 V (curve c). No amperometric response could be observed 

at AChE@CChit/AgNCs/GCE (curve a) and AChE@CChit/rGO/GCE (curve b). The 

improvement of the oxidation signal for the AChE biosensor results from the excellent 

conductivity of the rGO sheets and the well biocompatibility and electrocatalytic property of 

the AgNCs. AgNCs/rGO provided an extremely hydrophilic surface for AChE adhesion. The 

AgNCs/rGO possessed excellent conductivity, catalytic activity and biocompatibility which 

were attributed to the synergistic effects of AgNCs and rGO. CChit was used to immobilize 

enzymes on the surface of AgNCs/rGO/GCE, keep the enzyme activities and improve 

electrons to shuttle between the enzyme and the electrode. Besides, Chit protective membrane 

was used to prevent the loss of the enzyme molecules, improve the anti-interference ability of 

the biosensor and provide a biocompatible microenvironment to maintain enzymatic activity. 

Furthermore, the specific affinity between the Ag and mercapto groups makes the thiocholine 

easily concentrate on the electrode surface, thus increasing the amperometric response.  

Fig. 3B displays the typical cyclic voltammograms of AChE@CChit/AgNCs/rGO/GCE 

biosensor in the absence and presence of 1 mM ATCl in pH 7.0 PBS. No peak was observed 

at AChE@CChit/AgNCs/rGO/GCE (curve a) in 20 mM PBS. While 1.0 mM ATCl was added, 

an irreversible oxidation peak at 0.74 V was observed at AChE@CChit/AgNCs/rGO/GCE 

(curve b), attributed to the oxidation of thiocholine, the hydrolysis product of ATCl catalyzed 
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by immobilized AChE. The results demonstrate that AChE could retain its bioactivity when 

cross-linking with CChit and immobilized on AgNCs-rGO/GCE. 

 

3.3 Optimization of experimental parameters 

   To improve the sensitivity of the AChE@CChit/AgNCs/rGO/GCE, the experimental 

parameters, such as buffer pH, enzyme loading amount, incubation time and ATCl 

concentration were optimized by CV. The bioactivity of the immobilized AChE depended on 

the buffer pH. Fig. 4A showed the relationship between catalytic amperometric response of 

AChE to ATCl and solution pH in 20 mM PBS containing 1.0 mM ATCl. The maximum peak 

current was obtained at about pH 7.0 in the pH range from 4.0 to 10.0. Thus, pH 7.0 was 

chosen in the following experiments.  

   Another important aspect for the preparation of biosensor was the loading amount of 

AChE. The effect of the loading amount on the biosensor ranging from 4 µL to 10 µL was 

investigated in 20 mM PBS (pH 7.0) containing 1.0 mM ATCl. As shown in Fig. 4B, the 

amperometric response increased with increasing amount of AChE and reached the maximum 

at about 6 µL, then decreased obviously when the amount of AChE was increased further. 

This phenomenon could be attributed to the higher resistance for the electrochemical 

processes which was caused by the increase of AChE film's thickness. Therefore, 6 µL AChE 

was selected as the optimal enzyme amount. 

The inhibition time was one of the most influential parameters in the pesticide analysis. 

Therefore, the dependence of the phoxim on incubation time was also studied in a pesticide 

solution (5 nM). As shown in Fig. 4C, phoxim displayed an increasing inhibition to AChE 

with the increase of immersion time (2 to 14 min), and when the incubation time was longer 

than 10 min, the curve trended to a stable value, indicating that the binding interaction with 

active target groups in the enzyme reached saturation. However, the maximum value of 

inhibition was not 100%, which was likely attributed to the binding equilibrium between 

pesticides and binding sites in the enzyme. Thus, a 10 min incubation time was used in 

subsequent experiments.  

The amperometric response of the biosensor to ATCl in 20 mM PBS was also investigated.  

As shown in Fig. 4D, with increasing ATCl concentration from 0.03 to 4.0 mM, the 

Page 8 of 23Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



9 

 

amperometric response of the biosensor increases. The amperometric response of the 

biosensor was a linear function of ATCl concentration in two segments. With a further 

increase in ATCl concentration, a response plateau appeared, showing the characteristics of 

Michaelis–Menten kinetics.
30,31

 The results indicate that the AChE@CChit/AgNCs/rGO/GCE 

biosensor had a great affinity and catalysis to its substrate ATCl. On the basis of these results, 

1.0 mM ATCl was selected for further inhibition experiments and real sample detecting. 

 

3.4 Inhibition measurements 

Based on the inhibition of phoxim on the immobilized AChE activity, a simple and 

effective way for monitoring phoxim was successfully proposed. The inhibition effect of 

phoxim was investiaged by DPV measuring the amperometric response of biosensor to 1.0 

mM ATCl after incubation for 10 min by different concentration of phoxim. The DPV was 

performed from 0.5 to 0.8 V with pulse amplitude of 50 mV, pulse width of 50 ms, and scan 

rate of 100 mV s
−1

. As shown in Fig. 5A, with the response of the biosensor before and after 

10 min of incubation in 2 × 10
−10

, 4 × 10
−10

, 6 × 10
−10

, 1.5 × 10
−9

, 4.5 × 10
−9

, 1.5 × 10
−8

, 6.0 × 

10
−8

, and 2.5 × 10
−7

 M phoxim, the peak currents (curves b → i) dramatically decreased 

compared with that on the control (curve a), and the decrease in peak current increased with 

the increasing concentration of phoxim. Calibration plot of inhibition percentage versus 

phoxim concentration is shown in Fig. 5B. Linear equations of phoxim was I(%) = 23.806 

logc + 5.296 from 0.2 nM to 250 nM with a correlation coefficient of 0.9966, and the 

detection limit was estimated to be 81 pM at a signal-to-noise ratio of 3. The analytical 

performance of the resulting biosensor is compared with other reported electrochemical 

sensors for detection of phoxim, including the enzyme-based and non-enzyme sensors, and 

the results are summarized in Table 1. It can be seen that the proposed biosensor exhibited a 

lower detection limit and a wider range. The higher sensitivity can be ascribed to the large 

surface area of rGO to increase the loading amount of AChE and the specific affinity between 

the Ag and mercapto groups to facilitate the thiocholine easily concentrate on the electrode 

surface, thus increasing the detection response. The results demonstrate that the proposed 

biosensor exhibits a satisfactory performance in terms of detecting trace amounts of pesticide 

phoxim. 
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3.5 Reproducibility and stability of biosensor 

The reproducibility of the biosensors was evaluated by assaying five different electrodes 

in 1.0 mM ATCl after being immersed in 20 nM phoxim for 10 min. The relative standard 

deviation (RSD) was found to be 4.7%, indicating an acceptable reproducibility. Similarly, the 

intra-assay precision of the biosensor was estimated by assaying one enzyme electrode for 

five replicate measurements. RSD was found to be 3.8%, which proved a good repeatability. 

The long-term storage stability was a critical issue for practical application of the proposed 

biosensor. The prepared AChE@CChit/AgNCs/rGO/GCE biosensor was stored at 4 °C when 

not in use. No obvious decrease in the response of ATCl was observed in the first 7-day 

storage. After a 30 day storage period, the biosensor retained 92% of its initial current 

response, indicating a good storage stability. 

 

3.6 Analysis of real samples 

To investigate the practicality and reliability of an analytical method, spike recovery is a 

useful tool. A standard addition method was adopted to estimate the accuracy of the proposed 

biosensor. Table 2 shows the results obtained by analysis of these spiked samples. The 

recoveries of the tap water were observed in the range of 89.7 to 96.6%. The low relative 

standard deviations for phoxim demonstrated the high precision of analysis. The results 

indicated that the biosensor exhibited a good accuracy for the pesticides sensing in real 

samples and a great potential for practical application. 

 

4. Conclusions 

In summary, combining the advantageous characteristics of rGO and AgNCs, a novel 

AChE biosensor based on rGO–AgNCs has been developed. The AChE was selected as the 

model enzyme to evaluate the functionalization and the potential of rGO-AgNCs as versatile 

enzyme immobilization nanomaterials for the biosensor deign. The rGO-AgNCs 

nanocomposites showed excellent conductivity and biocompatibility, which had larger surface 

areas that were favorable for AChE adhesion and improve stability of the AChE biosensor. 

The constructed biosensor exhibited many merits such as high sensitivity, wide linear 
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response range, low detection limit, good fabrication reproducibility, and acceptable stability. 

Moreover, it can also be used for direct analysis of practical samples, which would be a new 

promising tool for pesticides analysis. 
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Figure captions: 

 

Scheme 1 Schematic illustration of the biosensor fabrication and the principle for OPs 

determination. 

 

Fig. 1 HRTEM images of rGO (A) and AgNCs (B). 

Fig. 2 UV-vis absorption spectrum of the as-synthesized AgNCs. 

Fig. 3 (A) Cyclic voltammograms of AChE@CChit/AgNCs/GCE (a), 

AChE@CChit/rGO/GCE (b), and AChE@CChit/AgNCs/rGO/GCE (c) in 20 mM PBS (pH 

7.0) containing 1.0 mM ATCl. (B) Cyclic voltammograms of 

AChE@CChit/AgNCs/rGO/GCE in the absence (a) and presence (b) 1.0 mM ATCl in 20 mM 

PBS (pH 7.0). Scan rate: 0.05 V s
−1

. 

Fig. 4 Effect of pH (A) and AChE amount (B) on the amperometric response of the 

AChE@CChit/AgNCs/rGO/GCE in 20 mM PBS containing 1.0 mM ATCl. (C) Effect of 

incubation time on the inhibition rate of the AChE@CChit/AgNCs/rGO/GCE in 20 mM PBS 

(pH 7.0) containing 1.0 mM ATCl and 2 nM phoxim. (D) Amperometric response of the 

AChE@CChit/AgNCs/rGO/GCE to different concentration of ATCl in 20 mM PBS (pH 7.0). 

Fig. 5 (A) DPV of the AChE@CChit/AgNCs/rGO/GCE in 20 mM PBS containing 1.0 mM 

ATCl after incubation with (a → i) 0, 2 × 10
−10

, 4 × 10
−10

, 6 × 10
−10

, 1.5 × 10
−9

, 4.5 × 10
−9

, 

1.5 × 10
−8

, 6.0 × 10
−8

 and 2.5 × 10
−7

 M phoxim for 10 min. (B) Linear relationships between 

the inhibition percentage and phoxim concentration. 

 

Table 1 Comparison of performance of the other electrochemical sensors for phoxim 

detection
a
 

Table 2 Determined results of phoxim in spiked water samples (n = 5) 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Table 1 

Comparison of performance of the other electrochemical sensors for phoxim detection
a
 

Electrode Technique Linearity (nM) Detection limit (nM) References 

Gold NEEs i − t 59 − 12000 µM 4.8 µM 32 

AChE/ZrO2/Chit/GCE i − t 6.6 − 440 µM 1.3 µM 33 

AChE-AuNPs-SF/Pt i − t 5 − 20 2 34 

AChE/PB/GCE i − t 0.17 − 33 0.033 35 

GR/GCE LSV 20 − 20000 8 36 

Chit/AChE/SnSe2/GCE CV 26.8 − 17000 13.4 37 

P3MT/NGE/GCE CV 20 − 200 6.4 38 

rGO/AuNPs/GCE DPV 10 − 10000 3 39 

AChE@CChit/AgNCs/rGO/GCE DPV 0.2 − 250 0.081 This work 

a
 NEEs: nanoelectrode ensembles; SF/Pt: silk fibroin/platinum electrode; PB: prussian blue; 

P3MT/NGE: poly(3-methylthiophene)/nitrogen doped graphene; i − t: chronoamperometry; 

LSV: linear sweep voltammetry. 
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Table 2 Determined results of phoxim in spiked water samples (n = 5) 

Sample Added (M) Found (M) Recover (%) RSD (%) 

1 

2 

3 

4 

0 Not detected – – 

1 × 10
–9

 0.91 × 10
–9

 91.2 4.2 

5 × 10
–9

 4.83 × 10
–9

 96.6 3.7 

1 × 10
–8

 0.90 × 10
–8

 89.7 5.5 
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