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Abstract 

A flexible acetylcholinesterase (AChE) film biosensor, based on a 

AuNPs-MoS2-reduced graphene oxide/polyimide flexible film (rGO/PI) electrode, has 

been synthesized for paraoxon detection. In this study, the rGO/PI film acts as the 

flexible substrate and AuNPs are reduced by monolayer MoS2 under illumination. 

Transmission electron microscopy revealed that AuNPs are uniformly dispersed on 

the MoS2-rGO/PI electrode surface with a diameter ~10 nm. X-ray photoelectron 

spectroscopy indicated that a strong binding force exists between reduced AuNPs and 

monolayer MoS2. The AChE modified AuNPs-MoS2-rGO/PI flexible film biosensor is 

used to hydrolyze acetylcholine chloride and obtain a large current response at 0.49 V 

by differential pulse voltammetry, demonstrating successful immobilization of AChE. 

In view of the inhibition of paraoxon on the AChE, under optimal conditions, the 

AChE/AuNPs-MoS2-rGO/PI film biosensor shows a linear response over a 

concentration range 0.005–0.150 µg/mL, a sensitivity of 4.44 uA/µg mL
-1

, a detection 

limit of 0.0014 µg/mL, acceptable reproducibility and stability to paraoxon. The 

flexible film biosensor has also proved used for detection of paraoxon in real samples. 

 

Keywords: Photo-reduction, Flexible film, AuNPs/ MoS2, AChE, Pesticide 
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1. Introduction 

Organophosphorus pesticides (OPs) are known as toxic agricultural wastes, and 

they are widely used in increasing agricultural productivity. But the long-term 

accumulations can cause serious damage to human health as they irreversibly inhibit 

the catalytic activity of acetylcholinesterase (AChE) [1-4]. Therefore, in order to 

protect humans from the risk of pesticides in environmental water and food, it is of 

great significance to develop a fast and reliable analytical method for pesticide 

detection at very low concentration levels [5, 6]. 

One of the most promising research in this area is related to AChE biosensors 

[7-9]. First of all, it has fast response and high sensitivity [10]. Secondly, the combine 

nanostructure with enzyme has opened a new route in enzyme engineering [11, 12]. 

Therefore, numerous biosensors based on AChE have been developed for 

environmental monitoring, toxicity analysis and food quality control in recent years 

[13, 14]. For enzyme sensors, efficient immobilization of the enzyme on the electrode 

surface with maintaining its native catalytic activity is the key issue [15]. The existing 

immobilization methods include direct physical adsorption, physical entrapment in 

polymers or sol-gels and self assembling, but they are usually immobilized on glassy 

carbon modification electrode rather than flexible film electrode [16, 17]. So far, more 

and more researchers have shifted their attention to fabricate flexible electrode owing 

to its advantages in flexibility, lightweight, low cost and high surface area, which has 

been utilized widely in supercapacitor and battery [18, 19].  

Reduced graphene oxide/polyimide (rGO/PI) composite electrode is a class of 

conductive composite film electrode, consisted of rGO and PI. rGO as a nanometer 

carbon material exhibits rapid electron transfer kinetics, mechanical property and 

large specific surface area. PI is a polymer with good film forming property. The 

perfect combination between rGO and PI not only develops excellent electrical 

conductivity, mechanical property, flexibility and temperature tolerance [20-23], but 

also possesses wide potential range. So the rGO/PI film is a new potential flexible 

film electrode [24, 25]. 

It is known that AuNPs serve as one of most stable metal nanoparticles, have 

been widely applied in enzyme sensor for its strong Au-S bond effect, novel electrical, 

catalytic properties and good biocompatibility [26-28], and it is also employed to 

immobilize AChE in this work. Monolayer MoS2 is a direct band gap semiconductor 

with 1.8 eV [29], which particularly attracts attentions for photoelectric 

property, solar spectrum absorption, high specific surface area and relatively 

high carrier mobility. In most researches, AuNPs are usually coated on electrode 

surface and could easily fall off in the process of measurement. In this work, AuNPs 

are directly reduced on the monolayer MoS2 modified rGO/PI flexible film under 

illumination, which overcomes above deficiency. The formed AuNPs-MoS2-rGO/PI 

flexible film is used to construct AChE biosensor and shows good performance for 

paraoxon, illustrating the AuNPs-MoS2-rGO/PI flexible film is promising to be 

candidate in detecting organophosphorus pesticides.  

2. Material and methods 
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2.1 Materials and Instruments 

Monolayer MoS2 was purchased from XFNANO company (nanjing, china), 

HAuCl4 was obtained from Aladdin industrial corporation (Shanghai, China), 
Acetylcholinesterase (500 UN) and acetylcholine chloride (ATCh) came from Sigma, 

paraoxon was belong to J&K Scientific. The other regents were of analytical grade 

and were used without further purification.  

All electrochemical experiments were performed on CHI 832 Instruments (CH 

Instrument, USA). All Characteristics were achieved by field-emission scanning 

electron microscope (FE-SEM) (Hitachi S-4800, Japan), transmission electron 

microscopy (TEM) (FEI Tecnai G
2
 F30), high-resolution transmission electron 

microscopy (HRTEM), X-ray diffraction (XRD) (RigakuD/max-2400) and X-ray 

photoelectron spectroscopy (XPS). The xenon lamp (CHF-XM-500W, Beijing 

Trusttech Co.Ltd.) offered the light source.  

2.2 Fabrication of rGO/PI flexible film electrode 

The rGO/PI flexible film acts as the working electrode with the geometric area of 

0.1256 cm
2
, synthesized according to our previous work [30]. The mass ratio of 

rGO/PI is 15%. A Pt wire and a saturated calomel electrode correspond to counter and 

reference electrode, respectively. In order to strip the rGO/PI composite film from 

indium tin oxide (ITO) substrate, the rGO/PI-ITO was immersed in 5 M KOH 

solution, then dried at room temperature after washing with deionized water.  

2.3 Construction of AChE/AuNPs-MoS2-rGO/PI biosensor 

The procedures for the preparation of AuNPs-MoS2-rGO/PI biosensor are shown 

in Schematic 1. Firstly, 100 ul (0.015 mg/mL) ethanol dispersion solution of 

monolayer MoS2 was dropped on rGO/PI flexible film electrode to form MoS2 

modified rGO/PI flexible electrode (MoS2-rGO/PI) after dring at room temperature. 

Secondly, MoS2-rGO/PI flexible electrode was immersed in 10 mL 0.300 mg/mL 

HAuCl4 aqueous solution for 20 min under illumination, and then washed thoroughly 

with deionized water to remove unreduced Au
3+

. Monolayer MoS2 has 1.8 eV direct 

bandgap, and the AuCl4
-
 will capture the electron that valence band jumped into 

conduction band to form AuNPs when it is illuminated. Thirdly, the obtained 

AuNPs-MoS2-rGO/PI film was soaked in 0.1 M phosphate buffer solution (PBS, pH 

7.4) with 0.051 mg/mL AChE and stored in refrigerator at 4℃ for 24 h. Because of 

the specific strong interaction between AuNPs and S, the stability of 

AChE/AuNPs-MoS2-rGO/PI film sensor is further improved. The film biosensor 

should be washed with PBS before measuring.  
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Schematic 1 Fabrication processes of AChE/AuNPs-MoS2-rGO/PI flexible modified 

electrode and the reduction mechanism of AuNPs. 

 

3. Results and Discussion 

3.1 Characterizations  

The morphology of rGO/PI film was investigated in detail by SEM. Shown in 

figure 1a is a cross-section image, and it is clear that rGO uniformly dispersed in PI 

film. For the enlarged view of figure 1b, one can even observe the typical layer 

morphology of rGO. These results indicate rGO and PI can form homogeneous 

flexible film without agglomeration, which not only provides a large specific surface 

area and more active sites but also retains good electrical conductivity of rGO. Figure 

1c-d show the rGO/PI flexible film is 11 um in thickness with the size of 1cm ×1 cm. 
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Figure 1 SEM of rGO/PI (a) cross-section, (b) cross-section enlarged, (c) thickness, (d) 

the picture of rGO/PI film. 

 

TEM and HRTEM display the structure of AuNPs-MoS2-rGO/PI film. Uniform 

AuNPs (Figure 2a) can be find on the momolayer MoS2 surface. Figure 2b shows that 

the diameter of AuNPs is 10 nm, and it is much smaller compared with previous 

publications [31, 32]. It can also observe a lattice spacing of 0.232 nm, corresponding 

to the (111) plane of AuNPs. To further confirm the structure of AuNPs, the sample 

was researched by selected area electron diffraction(SAED) and XRD. As shown in 

figure 2c, there are five diffraction rings, and the diffraction ring for (111) plane 

seems much brighter than others, demonstrating the preferential crystal growth of 

AuNPs along the (111) plane. Figure 2d reveals the XRD results of obtained flexible 

films. The broad strong diffraction peak at 24° comes from rGO (curve a). Aside from 

diffraction peaks of MoS2 (curve b), the rest of four diffraction peaks in curve c could 

be indicated to the crystal planes (111), (200), (220) and (311) of AuNPs, which 

matched with the hexagonal structure of Au (JCPDS 65-8601). The worth noting is 

that the (111) diffraction peak also exhibits the highest intensity, indicating the 

preferential growth of (111) plane. This is consistent with the result of SAED pattern. 

 

 

Figure 2 (a) TEM image of AuNPs modified monolayer MoS2. (b-c) HRTEM and 

selected area electron diffraction images of AuNPs. (d) XRD patterns of rGO/PI 

(curve a), MoS2-rGO/PI(curve b), and AuNPs-MoS2-rGO/PI flexible film(curve c). 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 

7 

 

In order to gain more insight on the chemical state and the surface compositions 

of AuNPs-MoS2-rGO/PI composite film, XPS technique studied the film, as shown in 

figure 3. The wide scan survey reveals that the sample contains the elements of Au, S, 

Mo, C, N and O (figure 3a). It is clear that S and Mo elements belong to monolayer 

MoS2 (figure 3b-c), and C, N and O elements come from the substrate rGO/PI. Two 

peaks at 84.2 eV and 87.9 eV in figure 3d are corresponding to Au 4f7/2 and Au 4f5/2 

binding energies [33], proving the formation of metallic gold. What is particularly 

noteworthy is that the binding energies of S 2p and Mo 3d shift negatively, meanwhile, 

the binding energy of Au 4f shift positively, as compared to the standard spectrum. 

This is because the electron of AuNPs transfer to MoS2 and further form Au-S bond 

[34-36], indicating strong binding force existed beween the AuNPs and monolayer 

MoS2. 

 

 

Figure 3 XPS spectra of AuNPs-MoS2-rGO/PI composite film: (a) survey, (b) S 2p, (c) 

Mo 3d, (d) Au 4f. 

3.2 Electrochemical behavior of ATCh at AChE/AuNPs-MoS2-rGO/PI electrode 

The direct electrochemistry behaviors of the AChE/AuNPs-MoS2-rGO/PI film 

electrode towards ATCh were investigated by cyclic voltammetry (CV) with scan rate 

of 20 mV/s. Figure 4a shows CVs of the AChE/AuNPs-MoS2-rGO/PI flexible film 

electrode without ATCh (curve a) and with 90 mg/mL ATCh (curve b) in 0.1 M PBS 

(pH=7.4). In the absence of ATCh, there was no any redox peak appearing between 

0.2 and 0.8 V, which confirms the stability of AChE/AuNPs-MoS2-rGO/PI film 

electrode in the potential region. After adding 90 mg/mL ATCh solution, a oxidation 

peak at 0.49 V was obtained with a significant increase of peak current, indicating the 
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AChE/AuNPs-MoS2-rGO/PI film electrode exhibits electrocatalytic activity to ATCh. 

These results demonstrate the AChE is successfully immobilized on 

AuNPs-MoS2-rGO/PI film electrode. 

 

 
Figure 4 (a) CVs of the AChE/AuNPs-MoS2-rGO/PI flexible film electrode without 

ATCh (curve a) and with 90 mg/mL ATCh (curve b) in 0.1 M PBS (pH=7.4). (b) 

Effects of incubation time on peak current of ATCh at the 

AChE/AuNPs-MoS2-rGO/PI electrode. All the scan rate is 20 mV/s. 

 

Before the constructed film biosensor was immersed in the standard solution of 

paraoxon, the incubation time of AChE/AuNPs-MoS2-rGO/PI film electrode was 

measured by DPV. It is find that the oxidation peak currents of ATCh increased with 

incubation time from 2 to 15 min, and the oxidation peak current reaches maximum at 

15 min (figure 4b). After the incubation time exceeded 15 min, the oxidation peak 

currents decreased with time increase. So the optimum incubation time of 

AChE/AuNPs-MoS2-rGO/PI film electrode is 15 min. 

 

 

Figure 5 (a) CVs of the AChE/AuNPs-MoS2-rGO/PI flexible film electrode for 90 

mg/mL ATCh in 0.1 M PBS (pH=7.4) at various scan rates (curves a-g): 0.01, 0.02, 

0.05, 0.08, 0.10, 0.15, 0.20 V/s. (b) The plots of Ipa vs.ν
1/2

. 

 

The effect of scan rate on the electrochemical response of ATCh at the 

AChE/AuNPs-MoS2-rGO/PI flexible film electrode was also studied by CV. Figure 5 

presents CVs of the AChE/AuNPs-MoS2-rGO/PI flexible film in PBS contained 90 

mg/mL ATCh with various scan rates. In the range of 0.01 - 0.20 V/s, the anodic peak 
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currents increased linearly with the square root of scan rate, which illustrates the 

electrochemical reaction of ATCh at the AChE/AuNPs-MoS2-rGO/PI flexible film is a 

typical diffusion-controlled process [37, 38]. 

3.3 Application of the AChE/AuNPs-MoS2-rGO/PI electrode in paraoxon sensing  

Accroding to the inhibition mechanism of organophosphorus pesticide to AChE, 

differential pulse voltammetry (DPV) measurement was performed to evaluate the 

sensitivity of AChE/AuNPs-MoS2-rGO/PI film to paraoxon in PBS with 90 mg/mL 

ATCh. Figure 6a clearly reveals that the peak currents decreased gradually with the 

paraoxon concentrations ranging from 0.000 to 0.500 µg/mL, indicating paraoxon 

inhibits intensively the catalytic hydrolysis of AChE. Figure 6b shows the plots of 

anodic peak currents versus paraoxon concentrations, and the 

AChE/AuNPs-MoS2-rGO/PI film displays an extended linear range from 0.005 to 

0.150 µg/mL, a sensitivity of 4.44 uA/ug mL
-1

, a detection limit of 0.0014 µg/mL. 

Compared with other previous paraoxon enzyme sensors, it can be concluded that the 

AChE/AuNPs-MoS2-rGO/PI film sensor has good superiority in terms of detection 

limit and sensitivity, as shown in Table 1 [13, 39-42]. 

 

 
Figure 6 (a) DPV responses of AChE/AuNPs-MoS2-rGO/PI flexible electrode in PBS 

within (a-g) or without (h) 90 mg/mL ATCh after inhibition with paraoxon for 15 min. 

Paraoxon concentration (a)-(g): 0.000, 0.005, 0.050, 0.075, 0.100, 0.150, 0.500 µg/mL. 

(b) The calibration curves obtained from the DPV responses in (a).  

 

Table 1 The Linear ranges and detection limits of different modified electrodes for the 

determination of paraoxon. 

Electrode Liner range (µg/mL) Detection limit(µg/mL) References 

AChE/Au-MoS2-rGO/PI 0.005-0.150 0.0014 this work 

AChE/PANI-MWCNT/GC 0.069-1.350 0.2614 [13] 

AChE-SFb/MWNTsc/GCE 0.963- 550.4 0.1376 [39] 

AChE/PAMAM-Au/CNTs/GCE 0.001- 0.025 0.0011 [40] 

AChE-ChOx/MWCNT/SPE up to 55.04 0.0138 [41] 

AChE/Ni-NTA–cGO/GC 0.0003
 
-2.75 0.0002 [42] 

 

3.4 Reproducibility and stability 
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In order to evaluate the reproducibility of AChE/AuNPs-MoS2-rGO/PI, five film 

electrodes were investigated in the same conditions towards 0.05 ug/ml paraoxon. The 

relative standard deviation (RSD) with 4.68% indicates the proposed film electrode 

possesses good reproducible. As to the long-term stability, the biosensor was stored in 

refrigerator (4℃) for one week, and the peak current of the same electrode remained 

96.0% of its initial value, suggesting the good stability of the 

AChE/AuNPs-MoS2-rGO/PI sensor. In this work, the detection of paraoxon is 

realized by the irreversible inhibition effect, which paraoxon occupies the active site 

of AChE hydrolyzed ATCh, so the biosensor is used only once. 

                              

3.5 Real sample analysis 

The application of the proposed AChE/AuNPs-MoS2-rGO/PI electrode was 

studied in vegetable sample. Before the test, the vegetable leaves were soaked in 10 

mL ultrapure water for 24 h, and then took 1 mL above water into 9 mL PBS 

contained 90 mg/mL ATCh. The obtained solution is as vegetable water sample. Next, 

a standard solution of paraoxon was added into vegetable water sample and the 

detections were performed for three times by DPV method under the same conditions 

(Table 2). The recoveries keep between 99% and 104% with RSDs of 1.78–4.81%, 

performing prominent accuracy and reliability. Therefore, the 

AChE/AuNPs-MoS2-rGO/PI sensor shows great potential for the analysis of real 

samples. 

 

Table 2  Determination of paraoxon in vegetable sample. 

Added(ng/ml)  Found (ng/ml) Precision (ng/ml) Recovery(%) RSD(%) 

10.0 10.4   10.4±0.5 104 4.81 

50.0 50.5   50.5±0.9 101 1.78 

150.0 149.3  149.3±2.8 99 1.87 

 

4. Conclusions 

In this work, we have constructed a paraoxon sensor based on 

AChE/AuNPs-MoS2-rGO/PI flexible film. The focus is that AuNPs are reduced on 

MoS2-rGO/PI flexible film by means of the photo reduction method. The results of 

DPV display that AChE modified AuNPs-MoS2-rGO/PI flexible film electrode has 

large current response toward ATCh, and shows a linearity range of 0.005–0.150 

ug/ml, a sensitivity of 4.44 uA/µg mL
-1

, a detection limit of 0.0014 µg/ml, good 

stability and reproducibility for paraoxon. The proposed flexible film biosensor can be 

used to detect organophosphorus pesticide in real samples. 
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We 

constructed a 

paraoxon sensor 

based on 

AChE/AuNPs-

MoS2-rGO/PI 

flexible film. In 

this work, the 

rGO/PI film acts 

as the flexible 

substrate and 

AuNPs are 

reduced by 
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monolayer 

MoS2 under 

illumination. 

The AChE 

modified 

AuNPs-MoS2-r

GO/PI flexible 

film biosensor 

was used to 

hydrolyze 

acetylcholine 

chloride and 

obtained a large 

current response 

at 0.49 V by 

differential 

pulse 

voltammetry. 

For paraoxon 

detection, the 

obtained 

AChE/AuNPs-
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MoS2-rGO/PI 

flexible film 

also shows good 

sensing 

property. 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 

19 

 

An rGO/PI 

flexible film 

electrode 

fabricated 

without 

aggregation.  

AuNPs 

reduced on 

MoS2-rGO/PI 

flexible film via 

optical 

reduction. 

The prepared 

biosensor 

displays good 

response to 

acetylcholine 

chloride. 

The prepared 

biosensor 

exhibits good 

stability and 
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reproducibility 

to paraoxon. 
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