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A B S T R A C T

Using an ionic layer-by-layer self-assembly technique, colloidal gold nanoparticles (AuNPs) and diazo-resins
(DAR) were immobilised on the surface of a p-aminobenzenesulfonic acid-modified glassy carbon electrode to
form a matrix composite membrane for acetylcholinesterase (AChE) immobilisation. Photo-sensitive DAR was
used as the assembly interlayer to convert the ionic bond into a covalent bond to improve the biosensor stability.
These fabrication processes were followed by electrochemical impedance spectroscopy and cyclic voltammetry
to verify the membrane formation. Because of the introduction of AuNPs/DAR/AChE biofilms, the modified
electrode exhibited excellent electron transfer mediation and electrical conductivity. In addition, it exhibited
high sensitivity in the range of linear concentration from 1.0×10−8 to 1.0× 10−12 g L−1 with the detection
limit of 5.12× 10−13 and 5.85× 10−13 g L−1 for malathion and methyl parathion, respectively. More im-
portantly, the presented biosensor considerably improved stability because the electrostatic interaction was
converted into covalent bonds by UV irradiation. It is a simple, cheap and stable method for quantitative de-
tection of organophosphorus pesticides, and this method may pave a way for the sensitive, simple detection of
different analytes without the need of expensive instrumentation.

1. Introduction

Pesticides are widely applied to control the quantity of weeds, fungi,
insects and other harmful pests to improve the yield of crops [1,2].
Organophosphorus pesticides (OPs) are used worldwide because of
their high efficiency as insecticides, wide range of control and low cost.
However, OPs can also cause environmental pollution to water, air,
agricultural products and soil, and therefore negatively affect human
health. Irreversible OPs inhibit the activity of acetylcholinesterase
(AChE) and impact to the function of the central nervous system,
eventually leading to respiratory paralysis and death [3,4]. Therefore, a
method for the easy, sensitive, and rapid detection of OPs is very im-
portant for both human health and environmental safety [5]. There are
many techniques that can be used to OPs detection, including spec-
troscopy [6], gas or liquid chromatography [7–10], mass spectrometry
[11], fluorescence biological method [12], and enzyme-linked immune
system analysis [13]. Many of these methods are selective and accurate,
but are time-consuming and require expensive instrumentation. To
solve these problems, biosensors with rapid response, low cost, and
high specificity and sensitivity have been developed since the twentieth

century.
Electrochemical biosensors based on AChE are particularly attrac-

tive detectors because of their fast reaction and high sensitivity [14,15].
At the electrode surface, fixed AChE can catalyse the hydrolysis of
acetylthiocholine chloride (ATCl), producing the electroactive product
thiocholine (TCh); this shows an irreversible oxidation peak at about
0.68 V [16,17], which signifies pesticide detection. However, the oxi-
dation peak has high oxidation potential, which is weak, resulting in
poor sensitivity. Hence, a major research focus seeks to develop an
electrochemical biosensor based on AChE for improving the perfor-
mance of biosensors, therein reducing oxidation potential [18].

Carbon-based nanomaterials, colloidal gold nanoparticles (AuNPs)
[19], nanostructured conductive polymers, or composites have been
extensively investigated to increase the porosity, specific surface area
and conductivity of the electrodes and to create platforms for enhanced
loading of AChE, enabling significant increase in biosensors sensitivity
[20]. AuNPs are a focus for researchers owing to their performance:
they are highly conductive, have good biocompatibility [21], and have
served as a key element in the synthesis and catalysis of organic reac-
tions in biomedicine [21,22] and sensing applications [23,24].
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Furthermore, it has a lower oxidation potential and satisfactory se-
lectivity compared to the other metals.

There have been many reports on various biosensors fabricated with
AuNPs and AChE for the detection of OPs. A number of beneficial AChE
immobilisation strategies have been developed based on the principles
of encapsulation, physical adsorption and layer-by-layer self-assembly
[25–29]. Among these methods, layer-by-layer self-assembly has been
widely used because of its simplicity, low cost, wide selection of ap-
propriate materials and precision of film composition control [30].
Layer-by-layer self-assembly by weak electrostatic force adsorption has
been used to prepare enzyme biosensors in most previous studies;
however, the stability of enzyme biosensors could be further improved
through the strong covalent bond [31–33]. Thus, the purpose of this
paper is to use layer-by-layer self-assembly technology to prepare stable
covalently attached multilayer assemblies of P-ABSA/DAR/AuNPs/
DAR/AChE (P-ABSA: p-acetamidobenzenesulphonyl azide) film in order
to improve the stability of enzyme biosensors. Such a film would be an
ideal material to detect OPs, having both a low detection limit and high
sensitivity.

2. Experimental

2.1. Chemical reagents

Gold (III) chloride hydrate (HAuCl4), Acetylcholinesterase (AChE
1000 U/mg) from electrophorus electrics (electric eel),
Paraformaldehyde, Variamine Blue RT Salt and Acetylthiocholine
chloride> 99% (ATCl) were purchased from Sigma Aldrich Phosphate
buffered saline (PBS, pH 6.0) was prepared from KH2PO4, K2HPO4 and
0.1M KCl. Sulfuric acid (H2SO4) and ZnCl2 were purchased from
Sinopharm Group Chemical Reagent Co., Ltd. P-amino benzene sulfonic
acid was obtained from Aladdin reagent official website. In this study
distillated water was used to obtain all solutions.

2.2. Apparatus

Electrochemical measurements were accomplished with a CHI660E
(ShangHai Chenhua Co., China). The electrochemical cell consisted of a
three-electrode system, the modified glassy carbon electrode (GCE) was
used as the working electrode, Pt tablets acted as the counter electrode,
and Hg/Hg2Cl2 electrode was applied as the reference electrode. All
potentials in this paper were referenced to this saturated calomel
electrode. The Portable UV-light WDH-204B (Shanghai Chi Tang
Industrial Co., Ltd.) was applied to make the electrode Cross-linked.
The decentralized and size of AuNPs was determined by transmission
electron microscopy (TEM, Tecnai G2 S-twin of American company).
UV–vis adsorption spectra were measured by Double-beam UV–vis
spectrophotometer TU-1901 (Beijing Pu analysis of general instrument
limited liability company).

2.3. Preparation of colloidal gold nanoparticles

Colloidal gold nanoparticles were prepared by citrate reduction of
HAuCl4 in aqueous solution in this paper [34]. All glass-ware was
cleaned in a bath by freshly prepared 1:3 HNO3: HCl, then rinsed
thoroughly in distilled water and dried in air. Next, 0.425mL 0.01%
HAuCl4 in the 25mL round bottom flask was boiled under vigorous
stirring. The color of the solution was changed from light yellow to
burgundy when 1.70mL of 1% sodium citrate was joined to the solu-
tion. Boiling was continued for 15min; the heating mantle was then
removed, and stirring was continued for an additional 15min. The re-
sulting solution of colloidal gold nanoparticles were stored in a brown
bottle and kept at 4 °C after it reached room temperature.

2.4. Preparation of diazo-resins

Measured 6.6 mL sulfuric acid was put to a 50mL conical flask,
which was in an ice bath. The following steps were to avoid light. When
the temperature dropped to 0–5 °C, the 50mL conical flask containing
sulfuric acid was added Variamine Blue RT Salt (3 g, 10mM) under the
condition of stirring. Appropriate amount of polyoxymethylene (0.36 g,
12 tendency) were added to 50mL conical flask at 0–5 °C constant
stirring 3 h. ZnCl2 (2 g) were dissolved in 12mL distilled water (re-
leasing heat), placed in 4 °C for later use. After the completion of the
reaction, ZnCl2 solution was added to the reaction system, then the
mixed system were placed in the refrigerator overnight at 4 °C. In the
second day, the mixed solution was filtrated till the sediment layer
cracked but did not turn black. The product was dissolved in 60mL of
non-water ethanol, and 60mL of ether was added to extract the solid.
The solid was finally washed twice with 100mL of ether. After re-
peating the above steps, the solid product of yellow diazo-resins was
dried at Vacuum overnight and stored in the refrigerator.

2.5. Preparation of covalently attached multilayer assemblies of P-ABSA/
DAR/AuNPs/DAR/AChE

Glassy carbon electrode was first polished with 0.05 µm alumina
slurry and rinsed thoroughly with distilled water. Then the electrode
was successively sonicated in acetone and distilled water. The cleaned
GCE was analysed in 5mM P-ABSA solution containing 0.1 M KCl at a
scan rate of 10mV/s over a potential range of + 0.5–+1.4 V (SCE).
The GCE was functionalised with P-ABSA by electrochemical mod-
ification to obtain a sulfonic-fuctionalised monolayer film [35]. After
the modification, the modified electrode was sonicated in water for
10min to remove the physically adsorbed materials. P-ABSA was found
to have modified the surface of the GCE with negatively charged sul-
fonate groups. The electrode was placed in a 5mL containing 0.3mg/
mL DAR solution soak for 15min, the positively charged diazo groups
of the DAR solution were adsorbed onto the electrode surface by elec-
trostatic attraction interactions. Then the modified electrode was im-
mersed in the AuNPs solution for 15min. As DAR is positively charged,
it would be adsorbed to negatively charged AuNPs by electrostatic layer
self-assembly, thus preparing the GCE/P-ABSA/DAR/AuNPs modified
electrode. After this, the modified electrode was immersed in the DAR
solution for 15min 5 µL containing 5 U of AChE solution coated with
the modified electrode surface was stood for 30min. AChE was dis-
solved in a pH 7.5 PBS solution; because the isoelectric point of AChE is
5.6 (pI = 5.6) with negative charge, it was easy to combine the posi-
tively charged DAR to form GCE/P-ABSA/DAR/AuNPs/DAR/AChE
modified electrode by electrostatic interaction. Finally, the fabricated
films were exposed to UV light for a given time to ensure completion of
the reaction. The principle of covalent bond formation is as follows. It is
well known that the diazonium group is very active and can decompose
rapidly under UV irradiation or heating. The DAR used in this paper
contains such diazonium groups. Cationic phenyl groups can be formed
in polyion chains, which can react easily with nucleophilic compounds.
Here, the sulfonate groups on the electrode surface, modified by P-
ABSA, are nucleophilic. It can be inferred that sulfonate groups at the
electrode surface react readily with the diazonium groups of DAR under
UV irradiation. Moreover, the carboxylate groups on AuNPs surfaces
are nucleophilic, and thus it is plausible that there is a photoreaction
between the carboxylate groups on the AuNPs surfaces and the diazo-
nium group of DAR. Similarly, the carboxylate groups on AChE can also
react with the diazonium group of DAR under UV irradiation. In this
way, the covalently attached multilayer films were obtained. The de-
position process of the films was conducted in the dark to avoid the
decomposition of DAR. Scheme 1 shows the processes of layer-by-layer
self-assembly of covalently attached multilayer films on the GCE.

B. Jiang et al. Talanta 183 (2018) 114–121

115



3. Results and discussion

3.1. Characterisation of AuNPs and DAR

AuNPs and DAR were characterised by UV–vis spectroscopy, and
the absorption maxima were 522 and 377 nm (Fig. 1a–b), respectively.
The UV peaks of AuNPs and DAR were approximately 520 and 380 nm,
respectively. This result is similar to that obtained in previous articles
[36,37], indicating that the synthesis of AuNPs and DAR was successful.
Transmission electron microscopy observations indicated a particle
diameter of AuNPs of 21 nm (Fig. 1c). The sizes of AuNPs are consistent
with those reported in previous literature [34]. It could also be seen
from Fig. 1(c) that the prepared AuNPs were uniformly dispersed and
could be used for subsequent experiments.

3.2. Cyclic voltammetry in H2SO4 solutions

The deposition processes of DAR/AuNP bilayers were subsequently
characterised by cyclic voltammetry (CV). Fig. 2 displays the CV curves
of DAR/AuNP bilayers on a GCE in 1M H2SO4 solutions. There was an
oxidation peak at 0.48 V and a reduction peak at 0.35 V in the potential
region from –0.1 to 1.4 V. However, in this potential range, no current
response was observed on a bare GCE (Fig. 2a). The redox peaks are
attributed to the existence of reversible redox transitions on the col-
loidal gold nanoparticles. From the Fig. 2(b–e), we could see that the
higher the number of layers, the greater the peak current value. These
data proved that the presence of AuNPs and the chemical reversibility
on the surface reaction.

3.3. Cyclic voltammetry in K3Fe[CN]6 solutions

To check the electronic communication between immobilised
AuNPs and the electrode, the electrochemical behavior of the electrode
surface when modified with DAR/AuNPs bilayers was studied in K3Fe
[CN]6 solution. K3Fe[CN]6 was subjected to a reversible electro-
chemical reaction on various electrodes and was widely used as an
electrochemical probe to detect the properties of the film on the surface
of the peak. From Fig. 3(a), we could see that K3Fe[CN]6 exhibited
almost reversible behavior on bare GCE. After the electrodes were made
with P-ABSA, an insulating layer having many anions on the GCE was

produced. It introduced barriers to electron transfer at the interface.
This was reflected by the disappearance of the current response for K3Fe
[CN]6, there was nearly no obvious current response for K3Fe[CN]6 in
Fig. 3(f). However, after modification with one bilayers of DAR/AuNPs,
the redox peaks of K3Fe[CN]6 were again observed in Fig. 3(b), in-
dicating that the AuNPs improved the electron transfer between K3Fe
[CN]6 and the electrode. Compared with a bare GCE, however, the
obtained current response was smaller. This might be due to the pre-
sence of poorly conductive DAR. Furthermore, there was a repulsion
interaction between the AuNPs with negative charge and K3Fe[CN]6.
From Fig. 3(b–e), it is clear that all current responses were smaller
compared with the instance of one layer of DAR/AuNP, and this may be
the result of nonconductive DAR and the effect of film thickness.

3.4. Electrochemical impedance spectroscopy of various modified electrodes

The electronic communication between GCEs and immobilised
AuNPs was further studied by electrochemical impedance experiments
in order to obtain further kinetic information. Fig. 4 shows the elec-
trochemical impedance spectroscopy of GCEs modified with P-ABSA
and DAR/AuNPs with different bilayer numbers (n), and also the bare
GCE. It could be seen that the exposed objects were almost straight, and
almost no distinct semicircle shape could be observed in Fig. 4(a),
which indicated very small electron transfer resistance existence. The
appearance of a large semicircle (Fig. 4e) after the GCE was modified by
a layer of P-ABSA indicated that the electron transfer resistance here
was greatly increased because of the nonconductive nature of P-ABSA.
When the GCE was modified with a layer of DAR/AuNPs, the semicircle
diameter decreased dramatically due to the existence of AuNPs in
Fig. 4(b) and increased again with the increasing layer numbers of
DAR/AuNPs because of the nonconductive DAR and the effect of film
thickness in Fig. 4(c and d). These data were consistent with CV ex-
periments results. Furthermore, with raised numbers of DAR/AuNPs,
the increase of the semicircular diameter does not change, which means
that the assembling process is uniform and continuous.

3.5. Selection of experimental conditions

3.5.1. The effect of pH
The CV results of GCE/P-ABSA/DAR/AuNPs/DAR/AChE in 0.1M

Scheme 1. Ideal assembling model of the covalently attached multilayer films containing DAR, AuNPs, and AChE on the GCE.

B. Jiang et al. Talanta 183 (2018) 114–121

116



PBS containing 1mM ATCl with pH values varying between 5.0 and 7.0
are presented in Fig. 5. It was found that the oxidation peak current
increased with increasing pH of PBS, reaching its maximum at 6.0, and
then decreased with the subsequent increase of pH. This might be due
to the presence of AChE, which isoelectric point was 5.6. It would be

deactivated with improper pH. Herein, the pH 6.0 PBS was chosen as
the supporting electrolyte for the detection with the consideration that
this pH relatively approached the environmental pH.

Fig. 1. a, 1b: UV–vis absorption spectra of AuNPs and DAR. c: TEM image of AuNPs.

Fig. 2. CVs of: bare GCE (a); GCE/P-ABSA/DAR/AuNPs (b); GCE/P-AB SA/(DAR/
AuNPs)2 (c); GCE/P-ABSA/(DAR/AuNPs)3 (d); GCE/P-ABSA/ (DAR/AuNPs)4 (e) in 1mM
solution. Scan rate: 100mV/s.

Fig. 3. CVs of 1mM K3Fe[CN]6 and 1mM K4Fe[CN]6 containing 0.1 M KCl at: bare GCE
(a); GCE/P-ABSA/DAR/AuNPs (b); GCE/P-ABSA/(DAR/Au- NPs)2 (c); GCE/P-ABSA/
(DAR/AuNPs)3 (d); GCE/P-ABSA/(DAR/AuNPs)4 (e). GCE/P-ABSA (f); Scan rate:
100mV/s.
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3.5.2. The effect of Substrate concentration
In this paper, the response current signal about different con-

centrations of ATCl in 0.1M PBS (pH 6.0) buffer solution was in-
vestigated, and the experimental results were shown in Fig. 6. The
catalytic current increased together with increasing concentration of
ATCl, which was varied between 1 and 2mM. When the ATCl con-
centration was 2mM, the current response reached its maximum;
however, when the ATCl concentration was more than 2mM, the cur-
rent response decreased. This was because the increased ATCl con-
centration caused the enzyme activity centre to be gradually occupied
by the substrate. Therefore, 2 mM ATCl solution was selected as the
ideal substrate concentration for the determination of OPs.

3.5.3. The effect of UV crosslinking time
The relationship between UV crosslinking time and current response

was also investigated over the range of 15–90 s. The results of these
experiments are shown in Fig. 7, indicating that the UV crosslinking
time increased with the reduction of current. However, when the UV
crosslinking time was greater than 15 s, the peak was slightly reduced,
because the resistance of the covalent bond of AuNPs and DAR on the

GCE surface could decrease the transfer of electrons. At a UV cross-
linking time of 15 s, ionic bonds could not be completely converted to
covalent bonds, resulting in the instability of the composite film.
However, for a UV crosslinking time of greater than 60 s, the activity of
the enzyme was reduced because of prolonged exposure to UV light,
and therefore the sensitivity of the biosensor was decreased. Conse-
quently, a UV crosslinking time of 30 s was selected for this research.

3.6. The effect of potential scan rate

GCE/P-ABSA/DAR/AuNPs/DAR/AChE electrode with different scan
rates (20–160mV/s) was investigated in 0.1 M PBS solution containing
2mM ATCl. As could be seen from Fig. 8, the peak current of oxidation
increased gradually with the increase of scanning rate. When the
scanning rate increased, the relationship between the oxidation peak
current and the square root of the scanning rate was linear (The inset
image in Fig. 8). The oxidation peak current (Ia) versus the scan rate (ν)
showed a linear relationship of I (μA) =0.07606ν +10.5075 (R2

=0.99576). The anodic and cathodic peak currents were linearly
proportional to the scan rates, which indicates that the electrocatalytic

Fig. 4. Complex impedance plots in 5mM Fe(CN)63−/4−containing 0.1 M KCl at: bare
GCE (a); GCE/P-ABSA/DAR/AuNPs (b); GCE/P-ABSA/(DAR/Au- NPs)2 (c); GCE/P-ABSA/
(DAR/AuNPs)3 (d); GCE/P-ABSA (e); The frequency range is 10−1–10−5 Hz.

Fig. 5. CVs of GCE/P-ABSA/DAR/AuNPs/DAR/AChE in 0.1M PBS containing 1mM ATCl
with the pH values varying from 5.0 to 7.0.

Fig. 6. CVs of GCE/P-ABSA/DAR/AuNPs/DAR/AChE in 0.1M PBS (pH 6.0), ATCl con-
centrations are respectively 1mM/2mM/3mM/4mM.

Fig. 7. CVs of GCE/P-ABSA/DAR/AuNPs/DAR/AChE in 0.1 M PBS (pH 6.0) containing
2mM ATCl, the UV crosslinking time is 0 s/15 s/30 s/45 s/60 s/75 s/90 s.

B. Jiang et al. Talanta 183 (2018) 114–121

118



behaviours of OPs are surface electron transfer processes.

3.7. Detection of pesticides

The GCE modified by P-ABSA/DAR/AuNPs/DAR/AChE was dipped
sequentially in PBS solutions with different concentration of pesticide
obtaining homologous cyclic voltammetry curves. As shown in Fig. 9(a
and b), the oxidation peak currents of ATCl on GCE/P-ABSA/DAR/
AuNPs/DAR/AChE were decreased with the concentration of malathion
and methyl parathion increasing. The observed trend in the peak cur-
rent could be assigned to the binding interaction of malathion and
methyl parathion with the active target groups in enzyme, thus redu-
cing the enzymatic activity to its substrate. The inset images in
Fig. 9(a–b) show that both the attenuation of current and the con-
centration of pesticides follow a linear relationship of Y =3.24575X −
16.98509 (R2 = 0.9894) X =−log(malathion) and Y =1.9123X −
8.25933 (R2 =0.992) X =−log(methyl parathion). A correlation be-
tween the current and inhibition rate (s) from this variation was

determined in Fig. 10(a–b). A formula for the calculation of inhibition
rate of AChE is obtained as follows:

= −Inhibition I I I% ( )/ *100%0 1 0

Where I0 and I1 denote the current in the absence and presence of OPS
respectively. %Inhibition versus −log[malathion] and −log[methyl
parathion] followed a linear relationship of %Inhibition
=−13.05767X + 176.57778 (R2 =0.98626) and %Inhibition
=−13.8X + 167.667 (R2 =0.992). The detection limit (LD) of ma-
lathion and methyl parathion were calculated by using the equation
given below:

=LD SB b3 /

SB is the standard deviation of the blank solution and b is the slope
of the analytical curve. Figs. 9 and 10 showed a good inhibition rate of
malathion and methyl parathion with a detection limit of 5.12×10−13

g L−1 for malathion and 5.85×10−13 g L−1 for methyl parathion. The
analytical performance of malathion in the case of the resulting bio-
sensor was compared with other reported AChE biosensors, and these
results were summarised in Table 1. This shows that this biosensor had
a wide detection range and a low detection limit.

3.8. Repeatability

The same enzyme electrode was detected once a day within a week
in the presence of 10−10 g L−1 malathion in PBS solution containing
2mM ATCl. The results were compared to reveal the repeatability of the
OPs biosensor. The relative standard deviation (RSD) of OPs biosensor
was found to be 4.37%, which proved a good repeatability.
Additionally, the storage stability of the prepared biosensor was eval-
uated in 0.1M PBS at 4 °C. After the first 14-day storage, the biosensor
in the presence of ATCl did not decrease obviously. Furthermore, after a
35-day storage period, the biosensor still retained 82% of its initial
current response, thus demonstrating a desirable storage stability.

3.9. Real sample analysis with the proposed biosensor

To further investigate the potential practical application of the
proposed biosensor to the analysis of real samples, the GCE/P-ABSA/
DAR/AuNPs/DAR/AChE biosensor was used to monitor methyl para-
thion in tap water, well water and Chinese cabbage by the recovery test.
The average recovery test was conducted by using the standard addition

Fig. 8. CVs of GCE/P-ABSA/DAR/AuNPs/DAR/AChE electrode in 0.1M PBS (pH 6.0)
containing 2mM ATCl at various scan rates (20–160mV). Inset: the plot of the peak
current versus scan rate.

Fig. 9. a: CVs of GCE/P-ABSA/DAR/AuNPs/DAR/AChE in 0.1 M PBS (pH 6.0) containing 2mM ATCl in malathion concentration range of 10−8–10−12 g L −1. Inset: the calibration curve
between the attenuation of current and the concentration of malathion. b: CVs of GCE/P-ABSA/DAR/AuNPs/DAR/AChE in 0.1M PBS (pH 6.0) containing 2mM ATCl in methyl parathion
concentration range of 10−8 –10−12 g L −1. Inset: the calibration curve between the attenuation of current and the concentration of methyl parathion.
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method, and these results are summarised in Table 2. This shows that
the values of the recovery for the determination were in the range of
95–106%. Therefore, these further tests demonstrated that the bio-
sensor exhibits excellent accuracy for the detection of OPs in real
samples and consequently have significant potential for practical ap-
plication.

4. Conclusion

In this paper, a novel stable covalently attached multilayer films
was successfully constructed by using layer-by-layer self-assembly
technique. Experimental results showed that the P-ABSA/DAR/AuNPs/
DAR/AChE film exhibited excellent electron transfer mediation and
electrical conductivity towards the pesticides in water. The biosensor
possessed a low detection limit for both malathion and methyl para-
thion over a wide linear range with fine precision and reproducibility.
The biosensor also showed good recovery in the analysis of real samples
and thus has significant potential for practical application. Moreover,
the storage stability testing of the biosensor revealed a high level of
stability, indicating that the strong covalent bond used to modify the

electrode also improved the stability of the biosensor compared with
weak electrostatic force adsorption. It is anticipated that covalently
attached multilayer assemblies could be used to fabricate stable enzyme
biosensors in future research. The film simplified the electrode pre-
treatment and preparation processes compared with other preparation
methods. Therefore, the film is suitable for the quantitative detection of
trace OPs. This preparation method can also be extended to other
proteins, enzymes and biomolecules fixed by functional AuNP/DAR
films, which will greatly expand the use of biomolecules and nanoma-
terials in biosensor applications.
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Sample Electrode Linear range Detection Limit Ref.

Malathion AChE-Cs/Pd-Cu NWs/GCE 15–9,000,000 pM 4.5 pM [38]
AChE/PEDOT-MWCNTs/FTO 0.001–10,000,00 pM 0.001 pM [39]
AChE/CS-Ti3C2Tx/GCE 0.01–100,00 pM 0.003 pM [40]
GCE/P-ABSA/DAR/AuNPs/DAR/AChE 0.003–30 pM 0.0016 pM This work

Methyl parathion NF/AChE-CS/SnO2NPs-CGR/GCE 0.1–10,000 pM 0.05 pM [41]
NF/AChE–CS/Pt NPs–CGR–NF/GCE 0.1–10,000 pM 0.05 pM [42]
NF/AChE/GNPs/CS/nano-PPCPE 0.038–38,000 pM 0.019 pM [43]
GCE/P-ABSA/DAR/AuNPs/DAR/AChE 0.0038–38 pM 0.0022 pM This work

Table 2
Recovery tests of methyl parathion in tap water, well water and Chinese cabbage.

Sample Added amount
(g/L)

Measured amount
(g/L)

Recovery (%)

Tap water 10−10 g/L 1.04 × 10−10 g/L 104%
10−9 g/L 1.05 × 10−9 g/L 95%

Well water 10−10 g/L 0.96 × 10−10 g/L 96%
10−9 g/L 0.95 × 10−9 g/L 95%

Chinese cabbage 10−10 g/L 0.97 × 10−10 g/L 106%
10−9 g/L 0.96 × 10−9 g/L 97%
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