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Highlights 

A simple and low cost biosensor was developed for detection of organophosphate 

pesticides. 

AChE-Chitosan/Pd-Cu NWs/GCE was utilized as an effective sensing platform.  

The biosensor displayed sensitive detection of malathion and the LOD was 1.5 ppt. 
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Palladium-copper nanowires were employed to construct a highly sensitive 

acetylcholinesterase electrochemical biosensor for the quantitative determination of 

organophosphate pesticides in vegetables and fruits. 
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ABSTRACT 

A highly sensitive acetylcholinesterase (AChE) electrochemical biosensor for the 

quantitative determination of organophosphate pesticides (OPs) in vegetables and 

fruits based on palladium-copper nanowires (Pd-Cu NWs) was reported. AChE 

immobilized on the modified electrode could catalyze hydrolysis of acetylthiocholine 

chloride (ATCl), generating an irreversible oxidation peak. When exposed to the OPs, 

the activity of the AChE was inhibited and the current significantly decreased. The 

detection mechanism is based on the inhibition of AChE. The Pd-Cu NWs not only 

provide a large active surface area (0.268 ± 0.01) cm2 for the immobilization of AChE, 

which was approximately 3.8 times higher than the bare glass carbon electrode, but 

also exhibit excellent electro-catalytic activity and remarkable electron mobility. The 

biosensor modified with Pd-Cu NWs displayed a good affinity to ATCl and catalyzed 

hydrolysis of ATCl, with a low Michaelis–Menten constant (KM) of 50.56 µM. Under 

optimized conditions, the AChE-Cs/Pd-Cu NWs/GCE biosensor detected malathion 

with wide linear ranges of 5 ~ 1000 ppt and 500 ~ 3000 ppb, and the low detection 

limit was 1.5 ppt (4.5 pM). In addition, the OPs biosensor has been applied to the 

analysis of malathion in commercial vegetable and fruit samples, with excellent 

recoveries in the range of 98.5% ~ 113.5%. This work provides a simple, sensitive 

and effective platform for biosensors and exhibits future potential in practical 

application for the OPs assay. 

Keywords：Acetylcholinesterase biosensor; Pd-Cu nanowires; Organophosphate 

pesticides; Malathion. 
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1. Introduction 

Organophosphate pesticides (OPs) play a significant role in modern agriculture 

all over the world owing to their high efficiency for insect eradication. However, 

pesticide residues pose an overwhelming threat to both human health and 

environment owing to their high toxicity and bioaccumulation effect [1-3]. Therefore, 

the establishment of a rapid, accurate, sensitive and reliable analytical technique for 

monitoring OP compounds is very necessary to protect humans and environmental 

safety. Compared with conventional analytical methods, such as liquid/gas 

chromatography-mass spectrometry, high-pressure liquid chromatography and 

enzyme-linked immuneoabsorbant assays, electrochemical sensors have drawn 

increasing attention attributing to their potential in miniaturization and portability, 

high sensitivity, rapid response, inexpensive instrumentation and simplicity of 

construction [4-6]. AChE biosensors have emerged as a promising alternative for 

rapid detection of pesticide residue [7-10]. However, there is still an urgent demand 

for fabricating an efficient and sensitive AChE biosensor with a low detection limit.  

Various nanomaterials have been synthesized and extensively utilised as 

electrochemical sensing platform to improve the conductivity, stability, 

biocompatibility, sensitivity and catalytic activity, as well as increase the loading of 

biomolecules, for example, enzymes, proteins and antibodies [11-14]. Recently, the 

applications of bimetallic alloy nanomaterials exhibit great potentials for constructing 

sensitive electrochemical sensing platforms [15-19]. Compared to the 

single-component nanostructures, the bimetallic nanomaterials not only generate a 
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synergic effect between catalytic activity and conductivity to facilitate the electron 

transfer, but also show the chemical stability and easy functionalization, resulting in a 

highly sensitive biosensing platform [20-23]. These good performances are related to 

the electronic interactions, change of atomistic arrangements and surface strain [24]. 

Bimetallic nanomaterials involving Pd are generally regarded as ideal candidates for 

modification of biosensors owing to the relatively low cost, earth abundant and 

versatility of Pd [25,26]. In these nanomaterials, Cu is often a second metal employed 

to combine with Pt or Pd to further enhance the catalytic activity of the noble metals 

[27]. Pd-Cu alloys were synthesised and then applied to develop sensors for 

electrochemical assay of melamine [28], glucose [29], hydrogen [21] and 

carcinoembryonic antigen [30]. However, there is little report about the application of 

Pd-Cu alloy for organophosphate pesticides. 

More recently, considerable attention has been devoted to nanowire structures 

due to their fascinating properties including high surface-to-volume ratio, excellent 

electrical conductivity, no particle aggregation and enhanced catalytic capacity. 

Multi-component wire-like nanostructures were prepared, such as Pd-Ni nanowires 

[31], Pt-Ag nanowires [32], Pd-Au nanowires [23]. The nanowires exhibited 

considerable stability, improved mass transfer efficiency, large surface area, all 

contributing to their favorable electrochemical performance. However, to the best of 

our knowledge, there is no report on the employment of Pd-Cu NWs for AChE 

biosensor. 
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In this study, an ultrasensitive, simple and cost-effective biosensor was 

constructed for the determination of pesticides on the basis of Pd-Cu NWs, coupled 

with Chitosan (Cs) to immobilize AChE. As a natural hydrophilic polysaccharide, 

Chitosan was employed to entangle with enzyme and nanomaterials due to its 

excellent biocompatibility, good adhesion, film forming capacity, nontoxicity and a 

susceptibility to chemical modifications [7]. Owing to its network-like nanostructure 

and synergistic electronic effect between Pd and Cu, Pd-Cu NWs are expected to 

immobilize more enzyme molecules and accelerate the electron transfer. The proposed 

biosensor showed high performance for monitoring malathion and the limit of 

detection (LOD) is 1.5 ppt (4.5 pM), which is much lower than those reported in 

previous researches [7], [34], [35], [36], [38], [39], [40], [44], [45], [46] and [47]. The 

simplicity, high accuracy at low cost and ease-to-operate of the proposed approach 

offers a promising strategy to develop OPs biosensor that can be applied to on-site 

detection of pesticides in vegetables and fruits. 

2. Experimental 

2.1. Reagents and Materials 

Acetylcholinesterase (Type VI-S, E.C.3.1.1.7, 500 U/mg from electric eels), 

acetylthiocholine chloride (ATCl) (≥ 99% purity), chitosan, Cu(NO3)2·3H2O and 

Triton X-114 were purchased from Sigma-Aldrich, USA. Malathion, ≥ 95% purity, 

was obtained from LGC Promochem (Wesel, Germany). Sodium borohydride (NaBH4, 

98%, powder) and Na2PdCl4 were purchased from Aladdin. The AChE stock solution 

(0.2 U/µL) was prepared by dissolving AChE in 0.1 M pH 7.4 phosphate buffered 
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saline. Phosphate buffered saline (PBS) was prepared by mixing the stock solutions of 

NaH2PO4 and Na2HPO4. A 1.25% (w/v) chitosan solution in 0.1 M acetic acid was 

prepared as reported previously [33]. A 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] in 1 M KCl 

solution was used in electrochemical impedance spectroscopy experiments. All 

aqueous solutions were freshly prepared with high purity water. 

2.2. Apparatus 

Electrochemical measurements were performed using a CHI 750E 

electrochemical working station (Shanghai Chen hua Co., China) with a standard 

three-electrode cell consisting of a platinum wire auxiliary electrode, a KCl saturated 

calomel reference electrode and a Pd-Cu NW coated 3-mm diameter glassy carbon 

working electrode. The electrochemical impedance spectroscopy experiments were 

carried out in 5 mM Fe(CN)6
4−/3−in 0.1 M KCl solution with the frequency ranging 

from 10-2 to 105 Hz. All other electrochemical measurements were performed in 0.1 M 

(pH 7.4) PBS. All measurements were performed at a constant temperature of 

20±1°C. 

The morphology and structure of the Pd-Cu NWs were investigated using a 

transmission electron microscope (JEOL JEM-200EX, Japan) and X-ray diffraction 

(XRD) patterns. X-ray diffraction (XRD) patterns of Pd-Cu NWs were obtained on a 

D/max-2500/PC X-ray diffractometer with Cu-Kα. Detection of malathion in samples 

was performed using a 1290-6460 LC-MS/MS system.  

2.3. Synthesis of Pd-Cu NWs  
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Pd-Cu nanowires were synthesized using a surfactant-directed aqueous method 

as reported previously [41]. Briefly, 2 mL of metal precursor Na2PdCl4 and 

Cu(NO3)2·3H2O with a total metal ions concentration of 1 M containing 0.5%wt 

Triton X-114 were prepared. Then, the freshly prepared NaBH4 (0.1 M, 5 mL) 

solution was quickly added into this solution under vigorous stirring. After 30 min, 

the resulting solution was centrifuged by deionized water and ethanol, respectively. 

The Pd-Cu nanowires were re-dispersed in water before further characterization. 

2.4. Preparation of the AChE-Cs/Pd-Cu NWs/GCE biosensor 

Firstly, the glass carbon electrode (GCE) was sequentially polished in 0.3 µm 

and 0.05 µm alumina slurry, ultrasonically rinsed for 1 min each in ethanol, nitric acid 

and high purity water. Secondly, the electrode was electrochemically cleaned in 0.5 M 

H2SO4 solution by scanning in the potential range from 0 V to 1.2 V vs. SCE at a 

scanning rate of 100 mV/s. After being rinsed with high purity water and dried in an 

argon atmosphere, Pd-Cu NWs (20 µL, 1 mg/mL) were loaded onto the electrode 

surface. Finally, 11 µL of a mixture containing AChE and chitosan (AChE: Chitosan 

ratio= 1:10, 1.25%wt chitosan) was further immobilized on Pd-Cu NWs /GCE, which 

was then kept at 4°C for 8 h. The AChE-Cs/Pd-Cu NWs/GCE biosensor was stored at 

4 °C for future use. 

2.5. Sample pre-treatment for LC-MS/MS analysis 

The samples (courgettes, carrots, lettuces and orange) used in spiked experiment 

were prepared according to a Chinese Official Standard Method [42]. Briefly, 20 g of 

a homogenised sample was dissolved in 40 mL acetonitrile and 5 g sodium chloride. 
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Then, 20 mL of the supernatant was evaporated to 1-2 mL on a vacuum rotary 

evaporator at 40 °C. The concentrate solution obtained was purified using a 

carbon/NH2 cartridge and eluted with acetonitrile: toluene (3:1, v/v). Finally, the 

eluate was concentrated to dryness before reconstituted with acetonitrile: water (1:1, 

v/v) containing 0.1% formic acid. Prior to injection into the LC-MS/MS system, each 

sample was filtered through a 0.22 µm polytetrafluoroethylene filter.  

After the pretreatment, the prepared samples were detected by the proposed 

biosensor and LC-MS/MS method. The concentration of malathion in the sample was 

evaluated based on a calibration plot. 

2.6. Electrochemical analysis  

Malathion is an AChE inhibitor and chosen as a model because it is the most 

commonly used organophosphate insecticide. Therefore, in the present work it was 

chosen as standard pesticide for the AChE inhibition. Differential pulse voltammetry 

(DPV) measurements at 0.55 V were carried out in 0.1 M (pH 7.4) PBS containing 3.0 

mM ATCl. The original DPV response was recorded before incubation in malathion. 

Then, the electrode was slightly rinsed with PBS and immerged in a given 

concentration of malathion for 20 min, subsequently transferred into another cell of 

0.1 M PBS containing 3.0 mM ATCl for DPV measurements. The inhibitions of 

malathion were calculated as follows: 

[ ] 100/)((%) 00 ×−= IIIInhibition i  

Here, I0 and Ii were the peak currents of 3.0 mM ATCl on AChE-Cs/Pd-Cu NWs/GCE 

without and with malathion inhibition, respectively. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3. Results and discussion 

3.1. Characterization of the Pd-Cu NWs 

3.1.1. Transmission electron microscope characterization  

The morphology of Pd-Cu NWs was investigated by transmission electron 

microscope (TEM). As shown in Fig. 1A, the nanomaterials contain large frameworks 

and consist of high-quality intertwining nanowires. In the enlarged TEM images (Fig. 

1B), Pd-Cu NWs showed ultrathin characteristics and large surface area with an 

average diameter of 3 nm. Furthermore, these nanowires display no significant 

aggregation and there were no byproducts such as nanoparticles in the entire 

micrograph.  

The crystal structure of the PdCu NWs was further investigated by X-ray 

diffraction (XRD) (Fig. S1). The PdCu NWs present a classic face-centred cubic 

(FCC) structure, where the (111), (200), (220) and (311) planes derived from the Pd 

FCC structure are apparent without any obvious crystalline peaks corresponding to Cu 

or Cu oxide. The strongest (111) plane diffraction peak of the PdCu NWs was located 

between those of pure Pd (JCPDS. No.46-1043) and Cu (JCPDS. No. 04-0836), 

demonstrating the formation of the alloyed structure. 
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Fig. 1. TEM images of (A, B) Pd-Cu NWs. 

3.1.2. Electrochemical characterization of modified electrode 

To study the electroactive surface area, cyclic voltammetry (CV) was carried out 

at a Pd-Cu NWs modified electrode using 0.1 M KCl as supporting electrolyte. Fig. 

2A shows the voltammogram of Pd-Cu NWs modified GCE over a range of scan rate. 

As shown in the Fig. 2A, a pair of stable and well-defined reversible redox peaks due 

to Fe3+/Fe2+ redox couple for Pd-Cu NWs/GCE is observed. In Fig. 2B, the plots of 

anodic peak current (a) and cathodic peak current (b) are proportional to the square 

root of scan rate with R2 =0.998 (N=3) for ipa～υ
1/2 and R2 =0.997 (N=3) for ipc～υ

1/2, 

respectively. According to the Randles–Sevsic equation [6] and [23], the electroactive 

surface area of Pd-Cu NWs/GCE had been calculated as (0.268 ± 0.01) cm2 from the 

slope of ip versus υ1/2, which was about 3.8 times larger than the surface area of the 

bare glass carbon electrode 0.0707 cm2 (GCE, φ=3 mm) and it was about 1.25 times 

larger than 0.214 cm2 (GCE, φ=4 mm) [23]. The increase of the active surface area 

was advantageous to the adsorption and enrichment of the substance being detected. 
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The results indicated that Pd-Cu NWs featured by large surface area could be utilized 

as immobilization platform. 

 

Fig. 2. (A) Cyclic voltammetry curves of Pd-Cu NWs/GCE in 5.0 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1 : 1) solution 

containing 0.1 M KCl at scan rate of (a) 10, (b) 20, (c) 30, (d) 40, (e) 50, (f) 60, (g) 80, (h) 100, (i) 200 and (j) 240 

mV·s−1. (B) Plots of anodic peak current (a) and cathodic peak current (b) versus υ1/2, respectively. 

3.2. Electrochemical behavior of the biosensor 

3.2.1. Electrochemical impedance spectroscopy (EIS) 

EIS is a powerful electrochemical measurement that has become increasingly 

popular in biosensing due to its good performance in probing interfacial properties of 

different modified electrodes [6]. A typical Nyquist plot is composed of a semicircle at 

high frequencies that is related to the electron-transfer-limited process and a linear 

part at low frequencies that is correlated with diffusion-limited process. In the 

semicircle, its diameter is often used to estimate the electron transfer resistance (Rct). 

In Fig. 3, curve a depicts the EIS plot at a bare GCE with an electron-transfer 

resistance about 310 Ω. At the Pd-Cu NWs modified electrode, the semicircle domain 

has dramatically decreased (the Rct is approximately 70 Ω) and the plot appears to be 

nearly linear, indicating the excellent electrical conductivity of the Pd-Cu NWs (curve 
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b). After the immobilization of AChE, the EIS of the AChE-Cs/Pd-Cu NWs/GCE 

(curve c) resulted in an apparent increase in the electron transfer resistance to 1250 Ω, 

which was attributed to the macro-biomolecule obstructing electron transfer reaction. 

The results of the Nyquist plots indicated that the Pd-Cu NWs could either enhance 

the conductivity of the electrode interface or facilitate the electron transfer. 

 

Fig. 3. EIS of (a) bare GCE (b) Pb-Cu NWs/GCE (c) AChE-Cs/Pd-Cu NWs/GCE bare and modified electrodes in 

1.0 M KCl containing 5 mM [Fe(CN)6]
3−/4− (1:1) with a frequency range from 0.01 Hz to 100 kHz, with an 

amplitude of 5 mV. 

3.2.2. Cyclic Voltammograms (CV) 

The CV measurements of 3 mM ATCl was conducted at the AChE biosensor in 

0.1 M (pH 7.4) PBS over the 30-150 mV·s−1 range are shown in Fig. 4A (curves a-f). 

These voltammograms showed an oxidation peak arising from 3.716 µA to 6.154 µA 

as the scan rate increased from 30 to 150 mV·s−1. Fig. 4B demonstrated a good linear 

relationship between the oxidation peak current and the square root of scan rate 

(R2=0.997, N=3, for i～υ1/2). According to the diffusion reaction, we deduce that the 

enzyme retained its biological activity and was not desorbed in process of the 
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employment of the biosensor. Consequently, the Cs was made use of immobilizing 

AChE, successfully prevented the loss of the AChE enzyme molecules, established a 

biocompatible microenvironment for enzyme and effectively improved the stability of 

the biosensor. 

 

Fig. 4. (A) CV of AChE-Cs/Pd-Cu NWs/GCE in 0.1 M pH 7.4 PBS containing 3mM ATCl at scan rate of (a) 30, (b) 

50, (c) 80, (d) 100, (e) 130 and (f) 150 mV·s−1. (B) Plot of oxidation peak current versus the square root of scan 

rate. 

3.3. Optimization of experimental parameters 

To further improve the performance of the biosensor, we optimized critical 

experimental parameters, such as the quantity of Pd-Cu NWs, the chitosan to AChE 

ratio, the PH of the PBS, the incubation time in the pesticide and the amount of AChE. 

To optimize each parameter, all other parameters are maintained at their optimal 

conditions.  

As shown in Fig. S2A, the quantity of Pd-Cu NWs has a great effect on the 

current response of the constructed biosensor. The response increased with increasing 

the quantity of Pd-Cu NWs and decreased after 20 µL (1 mg/mL) which may be 
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attributed to an increase in electrode resistance. Therefore, 20 µL Pd-Cu NWs were 

used to prepare the biosensor.  

The bioactivity of the immobilized AChE depends on the pH of the PBS (0.1 M). 

The pH effect on the performance of AChE-Cs/Pd-Cu NWs/GCE was studied in 0.1 

M PBS (pH from 5 to 10) containing 3 mM ATCl by DPV. According to the results 

shown in Fig. S2B, the current response increased in the range of 5–7 and decreased 

with the increasing pH value of PBS. When pH reached 7.4, the maximum current can 

be obtained. As a result, this pH value was used in further electrochemical detections.  

The influence of the chitosan to AChE ratio on the response of biosensor was 

also investigated. In Fig. S2C, the current response reached a maximum when the 

ratio of chitosan to AChE was 10:1. Hence, 10:1 was chosen as the optimal ratio of 

chitosan to AChE. 

Another important parameter was the incubation time in the pesticide. In Fig. 

S2D, the current showed significant decrease with the increase of inhibition time 

within 20 min. When the incubation time in pesticides exceeded 20 min, the current 

signal did not obviously change. The result maybe reveal that the binding interaction 

between OPs and active target groups in the AChE was saturated. Thus, the optimum 

inhibition time was selected as 20 min.  

The amount of enzyme also plays an important role on the response of biosensor. 

In Fig. S2E, with increasing the amount of immobilized AChE enzyme from 0.05 U to 

0.2 U, the current obviously increased, and then reached the maximum value at 0.2 U. 

However, to further increase the amount of enzyme, the current response decreased, 
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as a result of the over-thickness of immobilized AChE layer obstructing electron 

transfer reaction. In summary, pH 7.4, 11 µL of mixture of chitosan and AChE (10:1), 

20 µL (1 mg/mL) Pd-Cu NWs, 20 min incubation time and 0.2 U AChE were selected 

as the optimum conditions in the subsequent measurements (see the Supplemental 

Information, Fig. S2).  

3.4. Amperometric response toward ATCl 

The current-time curve of AChE-Cs/Pd-Cu NWs/GCE biosensor was 

investigated by successively adding ATCl into a stirred 0.1 M (pH 7.4) PBS and the 

results obtained are shown in Fig. 5A. The biosensor displayed a good liner 

correlation between the oxidation current (I) and the concentration of ATCl (C) in the 

range from 5 µM to 175 µM. The equation was I= 0.00269C+0.02924 (R2=0.998) (Fig. 

5B), with a sensitivity of 2.69 µA/mM. In order to value the enzymatic affinity and 

the ratio of microscopic kinetic constants, KM was calculated from the electrochemical 

version of Lineweaver–Burk equation [34] (Fig. 5C). The KM value for the proposed 

biosensor was 50.56 µM, which is lower than those of 106 µM [35], 67.4 µM [36] and 

131µM [37] reported by previous papers, implying the immobilized AChE had a 

higher affinity towards ATCl. In addition, as shown in Fig. 5A, the detection limit of 

ATCl was as low as 0.5 µM, illustrating the AChE has been effectively immobilized 

and the catalytic activity of AChE was successfully retained. 
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Fig. 5. (A) Amperometric responses for the sensor on successive addition of ATCl (0.5 µM, 5 µM, 15 µM, 25 µM, 

45 µM) to pH 7.4 PBS, at 0.55 V, constantly stirring. (B) The calibration curve for ATCl determination. (C) The 

Lineweaver–Burk plot of 1/Iss vs. 1/C.  

3.5. Pesticide determination  

Fig. 6A shows the DPV responses of malathion at an AChE-Cs/Pd-Cu NWs/GCE 

before and after being incubated in malathion for 20 min. No peak was observed, 

without the addition of ATCl in the PBS (curve i). After injecting 3.0 mM ATCl in the 

cell, an oxidation peak appeared at 0.564 V (curve a). This peak has most likely 

resulted from the oxidation of thiocholine, which was generated by the catalysed 

hydrolysis of ATCl by AChE. In the presence of increasing malathion, the 

corresponding peak current (curve b-h) decreased. It suggests that the activity of 

AChE was reduced, which could be ascribed to the interaction between pesticides and 

serine hydroxyl groups of AChE. 

Fig. 6B shows that the relationship between inhibition percentages of 

AChE-Cs/Pd-Cu NWs/GCE biosensor and malathion. Linear calibration plots (Fig. 

6C, Fig. 6D) were obtained in two ranges, from 5 ppt to 1000 ppt, 

(I(%)=14.34+0.029C(ppb), R2=0.999, N=3 ) and from 500 ppb to 3000 ppb 
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(I(%)=65.19+4.624C(ppm), R2=0.997, N=3). The limit of detection was estimated to 

be 1.5 ppt (signal-to-noise ratio of 3). Compared with the previous studies [7], [34], 

[35], [36], [38], [39], [40], [44], [45], [46] and [47], it displayed either much lower 

detection limit or wider linearity ranges. The results are summarized in Table 1. It 

suggests that the Pd-Cu NWs-based biosensors could satisfy the need for the fast and 

sensitive detection of malathion. 

Fig. 6. (A) DPV responses of AChE-Cs/Pd-Cu NWs/GCE in 0.1 M pH 7.4 PBS solution with (a-h) or without (i) 

3.0 mM ATCl after incubation with malathion for 20 min. Malathion concentration (a)–(h): 0 ppt, 1 ppt, 50 ppt, 0.3 

ppb, 0.5 ppb, 1 ppb, 5 ppb, 10 ppb. (B) Plot of the inhibition rate versus malathion concentration. (C) and (D) 

show the calibration curves for malathion determination. 

Table 1 Comparisons of this proposed AChE biosensor with other biosensors for the 
detection of malathion. 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

AChE biosensors Linear range KM 

(mM) 

Detection 

limit 

References 

AChE/Chit-PB-MWNTs 

-HGNs/Au 

0.05-75 nM 0.21 0.05 nM [7] 

AChE-MWCNTs-Au-CHIT/GCE 

 

 

3-3000 nM 

and 

6-45 µM 

0.268 1.8 nM [34] 

CS/AChE/PB-CS/ERGO 

-AuNPs-β-CD/GCE 

24-6000 pM 0.106 12.4 pM [35] 

AChE/CNT-NH2/GCE 0.2-1 and 1-30 

nM 

0.067 0.08 nM [36] 

AChE/PAn-PPy-MWCNTs/GCE 0.03-1.5 and 3-75 

µM 

------- 3 nM [38] 

AChE-AuNPs-CaCO3/silica 

sol-gel/AuE 

0.1-100 nM ------- 0.1 nM [39] 

AChE/CPBA/AuNPs/RGO-CS/GC

E 

1.5-30 and  

60-300 nM  

0.16  1.5 nM [40] 

AChE/sol–gel/SPE 10-500 nM ------- 3.6 nM [44] 

Fe3O4NP/c-MWNT/Au 0.1-40 nM ------- 0.1 nM [45] 

AChE/MWCNT/CA/NPG 3-1500 nM ------- 1.5 nM [46] 

AChE-Fe3O4NPs/c-MWCNTs/ITO 0.1-70 nM ------- 0.1 nM [47] 

AChE-Cs/Pb-Cu NWs/GCE 5-1000 ppt and 

500-3000 ppb 

(15-3000 pM and 

1500-9000 nM) 

0.05 1.5 ppt 

(4.5 pM) 

This issue 

SPE: screen printed carbon electrode 

NPG: nanoporous gold film 

Au/AuE: gold electrode 

3.6. Reproducibility and stability 

To evaluate the reproducibility of the as-prepared biosensor, DPV measurements 

were carried out by six different AChE-Cs/Pd-Cu NWs/GCE electrodes in pH 7.4 

PBS containing 3.0 mM ATCl after being incubated in 10 ppb malathion for 20 min. 

The RSD was obtained to be 1.8%, indicating an acceptable reproducibility. Similarly, 

the repeatability was investigated with six independent DPV measurements and the 

RSD was 2.2%. 
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To investigate long-term stability, the current responses of the biosensor were 

tested for 30 consecutive days. The fabricated bioelectrode was stored at 4 °C. After a 

week, the response current of the biosensor decreased to 96% of the initial signal. 

After a storage period of 30 days, the biosensor maintained 91% of its original current 

signal, showing a favorable stability of the electrochemical sensor. 

3.7. Interference study 

In order to demonstrate the selectivity of the AChE-Cs/Pd-Cu NWs/GCE 

biosensor, the effect of the most common interfering electroactive substances was 

investigated. The amperometric responses of 3.0 mM ATCl in the absence and 

presence of interfering species including ascorbic acid, citric acid, glucose, metalions 

(Cu2+, Pb2+), p-nitroaniline, toluene, oxygen-containing inorganic ions (NO3
−, SO4

2− 

and PO4
3−) in the PH 7.4 PBS were presented in Fig S3 (in Supplemental Information). 

The results revealed that no significant changes in the signals were detected in the 

presence of ascorbic acid, citric acid, glucose, Cu2+, Pb2+, NO3
−, SO4

2− and PO4
3−. 

However, p-nitroaniline and toluene severely interfered with the determination. 

3.8. Method validation 

Method trueness and precision were evaluated by recovery studies. Samples 

confirmed as not containing the malathion by our laboratory were used as blank and 

spike aliquots for recovery determination. Recovery studies were carried out at the 

concentration of 0.2 ppb and three replicates were performed. The samples were 

spiked with appropriate volumes of malathion and afterwards shaken for uniform 
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distribution, then held for 30 min before prepared following the procedure describes 

as sample pre-treatment. Recovery results and the RSDs were listed in Table 2. 

The recoveries of malathion from spiked vegetable and fruit samples ranged 

from 98.5% to 113.5% and the RSDs were below 10%, complying with the 

requirements of SANCO 2007/3131 [43]. This demonstrated that the method has 

relatively good accuracy and precision. 

3.9. Application to real samples 

To further assess the applicability of the prepared biosensor, the AChE-Cs/Pd-Cu 

NWs/GCE was employed to detect malathion in courgettes, carrots, lettuces and 

orange samples, obtained from a local market. For comparison, the same samples 

were also analyzed by LC-MS/MS and the results obtained are tabulated in Table 2. 

As shown in Table 2, the LOD of the sensors is lower than those of LC-MS/MS 

method, in which the pesticides with concentration lower than 1.4 ppb cannot be 

detected. Moreover, the concentration levels detected by the biosensor were lower 

than the European maximum residue levels (Table S1, in Supplemental Information). 

Consequently, it was possibly concluded that the AChE-Cs/Pd-Cu NWs/GCE 

biosensor would be served as a promising monitoring method for OPs residues 

analysis. 

 

Table 2. Correlation of the concentrations of pesticides content in vegetables and fruits 

determined directly by the proposed biosensor and LC-MS/MS. 

Sample Malathion biosensors  LC-MS/MS method 

  
Measured 

value (I %) 

Averaged 

value 

Recovery 

(%) 

RSD (%) 

n=3 

Averaged 

value 
Recovery (%) 

RSD (%) 

n=3 

Malathion a   9.87 ppb 98.7 3.4 10.39 ppb 103.9 1.6 
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    24.33 ppb 97.3 2.1 24.73 ppb 98.9 2.3 

Courgettes 8.34 N/A b   5.1 N/Ac     

Carrots 3.24 N/A b   3.4 N/Ac     

Lettuces 9.06 N/A b   6.7 N/Ac     

Orange 5.17 N/A b   2.3 N/Ac     

Added (0.2 ppb)       

 

      

Courgettes 35.24 0.227 ppb 113.5 4.3 N/Ac     

Carrots 21.87 0.197 ppb 98.5 7.9 N/Ac     

Lettuces 27.93 0.218 ppb 109 3.7 N/Ac     

Orange 31.54 0.223 ppb 111.5 5.4 N/Ac     

a. Since the limit of detection (LOD) of the proposed AChE biosensor is much lower than the LC-MS/MS method, the 

standard samples for LC-MS/MS were diluted before measurement with AChE biosensor. 

b. The inhibition rate is lower than 10%, so we assume that pesticides are not detected. 

c. Concentration of malathion lower than 1.4 ppb cannot be detected out by LC-MS/MS method. 

Conclusion 

In summary, a simple and reliable AChE-Cs/Pd-Cu NWs/GCE biosensor was 

constructed for monitoring OPs. The Pd-Cu NWs showed obvious advantages, such 

as a large active area (0.268 cm2), remarkable catalytic activity and conductivity, 

relatively low cost, unique synergy properties, and favorable chemical stability. The 

biosensor was characterized by CV, DPV, EIS and amperometry, exhibiting 

unprecedented performance, such as a favorable affinity to ATCl (KM = 50.56 µM), 

acceptable precision and reproducibility, long-time stability, wide linear detection 

range and a low detection limit for malathion. The determination of spiked malathion 

in vegetable and fruit samples (courgettes, carrots, lettuces, orange) were tested with 

excellent recoveries by the proposed biosensor. 
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Table 1 Comparisons of this proposed AChE biosensor with other biosensors for the detection of malathion. 

AChE biosensors Linear range KM (mM) Detection limit References 

AChE/Chit-PB-MWNTs-HGNs/Au 0.05-75 nM 0.21 0.05 nM [7] 

AChE-MWCNTs-Au-CHIT/GCE 3-3000 nM and 6-45 µM 0.268 1.8 nM [34] 

CS/AChE/PB-CS/ERGO-AuNPs-β-CD/GCE 24-6000 pM 0.106 12.4 pM [35] 

AChE/CNT-NH2/GCE 0.2-1 and 1-30 nM 0.067 0.08 nM [36] 

AChE/PAn-PPy-MWCNTs/GCE 0.03-1.5 and 3-75 µM ------- 3 nM [38] 

AChE-AuNPs-CaCO3/silica sol-gel/AuE 0.1-100 nM ------- 0.1 nM [39] 

AChE/CPBA/AuNPs/RGO-CS/GCE 1.5-30 and  60-300 nM 0.16 1.5 nM [40] 

AChE/sol–gel/SPE 10-500 nM ------- 3.6 nM [44] 

Fe3O4NP/c-MWNT/Au 0.1-40 nM ------- 0.1 nM [45] 

AChE/MWCNT/CA/NPG 3-1500 nM ------- 1.5 nM [46] 

AChE-Fe3O4NPs/c-MWCNTs/ITO 0.1-70 nM ------- 0.1 nM [47] 

AChE-Cs/Pb-Cu NWs/GCE 5-1000 ppt and 500-3000 ppb     

(15-3000 pM and 1500-9000 

nM) 

0.05 1.5 ppt (4.5 pM) This issue 
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Table 2. Correlation of the concentrations of pesticides content in vegetables and fruits determined directly 

by the proposed biosensor and LC-MS/MS. 

Sample Malathion 

biosensors 

    LC-MS/MS 

method 

  

 Measured 

value (I %) 

Averaged 

value 

Recovery 

(%) 

RSD (%) Averaged 

value 

 Recovery 

(%) 

RSD (%) 

    n=3    n=3 

Malathion a  9.87 ppb 98.7 3.4 10.39 ppb  103.9 1.6 

  24.33 ppb 97.3 2.1 24.73 ppb  98.9 2.3 

Courgettes 8.34 N/A b  5.1 N/Ac    

Carrots 3.24 N/A b  3.4 N/Ac    

Lettuces 9.06 N/A b  6.7 N/Ac    

Orange 5.17 N/A b  2.3 N/Ac    

Added (0.2 

ppb) 

        

Courgettes 35.24 0.227 ppb 113.5 4.3 N/Ac    

Carrots 21.87 0.197 ppb 98.5 7.9 N/Ac    

Lettuces 27.93 0.218 ppb 109 3.7 N/Ac    

Orange 31.54 0.223 ppb 111.5 5.4 N/Ac    

a. Since the limit of detection (LOD) of the proposed AChE biosensor is much lower than the LC-MS/MS method, the standard samples for 

LC-MS/MS were diluted before measurement with AChE biosensor. 

b. The inhibition rate is lower than 10%, so we assume that pesticides are not detected. 

c. Concentration of malathion lower than 1.4 ppb cannot be detected out by LC-MS/MS method. 
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