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Abstract
 A highly stable electrochemical biosensor for pesticide detection was developed. For the first time polymeric ionic liquids 
(PILs) were introduced to construct an acetylcholinesterase (AChE) biosensor . AChE was entrapped in PILs microspheres 
through an emulsion polymerization reaction, where negatively charged Au nanoparticles (Au NPs) can be immobilized by 
the positively charged PILs, leading to improved catalytic performance. The results suggest that the positively charged PILs 
not only provide a biocompatible microenvironment around the enzyme molecule, stabilizing its biological activity and 
preventing its leakage, but also act as a modifiable interface allowing other components with electron transport properties 
to be loaded onto the polymer substrate, thus providing an efficient electron transport channel for the entrapped enzyme. 
More notably, when AChE was immobilized in a positively charged environment, the active site  is closer to the electrode, 
promoting faster electron transfer. The detection limits of the constructed electrochemical biosensor AChE@PILs@Au 
NPs/GCE toward carbaryl and dichlorvos (DDVP) were 5.0 ×  10−2 ng  ml−1 and 3.9 ×  10−2 ng  ml−1, in a wide linear range of 
6.3 ×  10−2–8.8 ×  102 ng  ml−1 and 1.3 ×  10−1–1.4 ×  103 ng  ml−1, respectively. More importantly, the biosensor has high thermal  
and storage stability, which facilitates rapid field analysis of fruits and vegetables in a variety of climates. In addition, the 
biosensor reported has good repeatability and selectivity and has high accuracy in the analysis of peaches, tap water, and 
other  types of samples.
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Introduction

Pesticides are widely used as herbicides, insecticides, and 
fungicides in agriculture, industry, medicine, and other 
fields. However, due to their high toxicity, they pose a great 
threat to humans and animals [1, 2]. Conventional detec-
tion methods for pesticides include gas and liquid chroma-
tography (GLC), high-performance liquid chromatogra-
phy (HPLC), and surface-enhanced Raman spectroscopy 

(SERS). Although these methods have high sensitivity and 
low detection limits, they suffer from the disadvantages of 
complicated, laborious, costly instruments, and high skilled 
manpower [3, 4]. It is important to establish a fast and in situ 
method for pesticide and its derivatives analysis [5–7]. The 
amperometric acetylcholinesterase (AChE) biosensor has 
been proven to be a reasonable solution due to its advan-
tages of simple and rapid use [3, 8]. In order to construct 
a high-performance biosensor, the key consideration is to 
select an appropriate immobilization method and supporting 
matrix, thereby maintaining the biological activity of AChE 
and accelerating electron transfer.

For the enzyme immobilization, physical adsorption, 
beside entrapment method, covalent bond method, chemical 
cross-linking method, and electrochemical polymerization, 
the entrapment method is of great interest because of its 
great potential to maintain the stability of the biosensor [9]. 
Polymers can create a biocompatible microenvironment for 
the entrapped enzyme to maintain its activity, which is con-
ducive to improving the stability of constructed biosensors. 
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More importantly, using positively charged polymers to 
entrap negatively charged enzymes, the performance of 
the constructed biosensors can be further improved. The 
reason is that positively charged polymers have a specific 
interaction with negatively charged enzymes, which results 
in a tighter bond for improving stability. At the same time, 
such a positively charged polymer can also provide a suit-
able microenvironment for the entrapped negatively charged 
AChE to achieve a favorable orientation, thus facilitating 
the catalytic reaction toward acetylcholine chloride (ATCl) 
[6, 10]. However, it is a pity that the biocompatible polymer 
will greatly hinder the efficient electron transfer between 
the entrapped AChE and the surface of the electrode due 
to its non-conductivity, resulting in weak electrochemical 
performance of the biosensor. In consequence, it is desirable 
to compensate for this disadvantage by the modification of 
high conductivity materials [11–13].

Polymeric ionic liquids (PILs) have been widely used in 
the field of biosensing and enzyme immobilization as their 
certain electronic transmission properties [9]. In terms of 
enzyme immobilization, Ruiz et al. reported that polymeric 
ionic liquid particles (PIL-MP) have been found to provide a 
good microenvironment for the immobilized enzyme. Based 
on such a type of immobilization, the sensor prepared shows 
excellent stability [9, 10]. Besides, PILs are also used in the 
assembly of nanocomposites. Assembly between different 
components has been achieved by polymerizing ionic liq-
uids as inter-link, confirming the versatility of PILs [14]. 
Therefore, if PILs are used as a polymer matrix to entrap 
AChE, the following benefits will be achieved: Firstly, as a 
positively charged water-soluble polymer, PILs will inter-
act strongly with AChE electrostatically, and this interac-
tion will further enhance enzyme activity in a hydrophilic 
environment. Secondly, PILs can also act as a modifiable 
interface allowing other components with electron trans-
port properties to be loaded on the polymer substrate, thus 
providing an effective electron transport channel for the 
entrapped enzyme. In other words, PILs could provide a 
good microenvironment and a potential electron transport 
channel for AChE to achieve the analysis of pesticides with 
great performance.

Herein, PILs were introduced to design and synthesize 
a sandwich-like core–shell structural AChE@PILs@Au 
NPs composite. In such a structure, PILs act as both enzyme 
immobilizer and modifier for the first time to construct 
amperometric AChE electrochemical biosensors. AChE 
was entrapped in the PILs to act as the inner core, while the 
middle layer was PILs and assembled Au NPs was the outer 
layer. Due to the charge property of PILs and the electron 
transport channel of Au NPs, the constructed electrochemi-
cal detection platform AChE@PILs@Au NPs/GCE showed 
a high sensitivity for the detection of carbaryl and dichlor-
vos (DDVP). In addition, AChE@PILs@Au NPs/GCE also 

exhibits high stability, including long-term stability and ther-
mal stability.

Experimental methods

Materials and chemicals

AChE (C3389, 500 U  mg−1 from electric eel) and ATCl 
were obtained from Sigma. 1-vinylimidazole, bromoeth-
ane, methanol, ethyl acetate, acetone, Span 80, hydrochloric 
acid, sodium dihydrogen phosphate  (NaH2PO4), and diso-
dium hydrogen phosphate  (Na2HPO4) were purchased from 
Sinopharm Chemical Reagent Co., Ltd. N, N' methylenebi-
sacrylamide (bis) and dodecane were purchased from Alad-
din Industry (Shanghai) Co., Ltd. Ammonium persulfate 
(APS), N, N, N', N' Tetramethylethylenediamine (TEMED) 
and Tris (hydroxymethyl) methyl aminomethane (Tris) were 
purchased from Macklin Reagent Co., Ltd. Prepare Tris–HCl 
by mixing 20 mM HCl and 20 mM Tris solution. Mix the 
stock solutions of 0.1 M  NaH2PO4 and 0.1 M  Na2HPO4 to 
prepare a phosphate buffer. All other reagents are of ana-
lytical grade, and deionized water is used throughout the 
experiment.

Apparatus and measurement

All electrochemical analyses were performed through a 
three-electrode potentiostat/current state workstation. The 
amperometric sensing method was selected to obtain excel-
lent analytical performance [4, 8]. A modified glassy car-
bon electrode (GCE) was used as a working electrode, the 
platinum electrode was used as an auxiliary electrode, and 
Ag/AgCl electrode was used as a reference electrode. The 
surface morphology of the ionic liquid-related materials 
was analyzed by a scanning electron microscope (scanning 
electron microscope, SEM, JEOL JSM-7400F) operating at 
5 kV, and the tested samples were freeze-dried and prepared. 
Zeta sizer Nano-ZS particle analyzer (Malvern Corp, UK) 
was used to collect particle size distribution and Zeta poten-
tial data of various materials related to PILs. On the Perkin-
Elmer instrument, the Fourier transform infrared spectrum 
of the sample was measured with a potassium bromide tab-
let as the medium. In ESCALAB 250, X-ray photoelectron 
spectroscopy (XPS) measurement was performed on the 
instrument (150 W, spot size of 500 μm, Al Kα radiation of 
1486.6 eV) to obtain surface element information of various 
materials.

Preparation of poly  (ViEtIm+Br−) (PILs) microgel 
with entrapped AChE (AChE@PILs).

The poly  (ViEtIm+Br−) was prepared by the method of con-
centrated emulsion polymerization in the literature [10]. 
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The dispersed water phase is composed of the monomer 
 ViEtIm+Br− (0.125 g), AChE (50–150 U), cross-linking 
agent bis (0.005–0.01 g), and initiator APS (0.0025 g), in 
which the dispersant was 20 mM Tris–HCl. The oil phase 
consists of dodecane (75 μL) and spans 80 (25 μL). The 
emulsion was prepared by adding the dispersed water phase 
dropwise to the oil phase; the polymerization was started 
by adding TEMED to the emulsion; after a period of reac-
tion, the precipitated polymer was washed with acetone and 
phosphate buffer, separated by centrifugation (4000 rpm, 
10 min), and then freeze-dried.

Preparation of AChE@PILs@Au NPs

50.0 μL AChE@PILs solution was taken to a centrifuge 
tube, and 10.0 mL Au NPs solution was added to the tube; 
shake for 10 min, and observe that the solution turns from 
white to purple. The purple solid AChE@PILs@Au NPs 
composite was obtained by centrifuge separation (4000 rpm, 
10 min).

Fabrication of AChE@PILs@Au NPs/GCE

The GCE was continuously polished with alumina powder, 
then cleaned, ultrasonically treated in a water bath, and dried 
with nitrogen. 10.0 μL of AChE@PILs@Au NPs solution 
was dripped onto the surface of the electrode. After drying at 
room temperature, 5.0 μL of Nafion (0.5 wt%) was dropped 
onto the electrode surface and completely dried at 4 ℃ to 
obtain the modified electrode.

Electrocatalytic and sensing performance of AChE@
PILs@Au NPs/GCE

Incubate AChE@PILs@Au NPs/GCE for 10  min with 
standard carbaryl or DDVP solutions containing different 
concentrations, and then evaluate the electrochemical reac-
tion in an electrolytic cell containing 8.0 mM ATCl in 0.1 
phosphate buffer (pH 7.5). The inhibitory effect of carbaryl 
and DDVP is calculated as follows:

Among them, I0 is the peak current of ATCl on the bio-
sensor, and I1 is the peak current of ATCl on the biosensor 
after carbaryl or DDVP inhibition.

Recovery studies of fruit, vegetable, and water 
samples

The standard addition method was used to evaluate the per-
formance of the prepared biosensor. Tomatoes, peaches, 
and tap water were used in this study. First, tomatoes and 

(1)Inhibition(%) = I
0
− I

1
∕I

0
× 100%

peaches samples were washed with deionized water and then 
dried at room temperature. Then, we added 30.0 g of each 
sample into 150.0 mL phosphate buffer (0.1 M, pH 7.5) and 
mixed it well in a blender. The samples were placed in an 
ultrasonic bath for 5 min and then centrifuged for 10 min 
(4000 rpm). Subsequently, different amounts of carbaryl or 
DDVP were added to the fruit, vegetable, and water samples, 
and the electrochemical response was obtained by the dif-
ferential pulse voltammetry (DPV) technique.

Results and discussion

Fabrication of AChE@PILs@Au NPs/GCE

Scheme 1 depicts the synthetic process of the as-fabricated 
biosensor. As shown, AChE@PILs were first synthesized 
using emulsion polymerization to achieve effective AChE 
entrapment in the form of microspheres. Because the two-
component structure of AChE@PILs is positively charged 
overall, it may bind the negatively charged inorganic com-
ponent Au NPs based on electronic static assembly. As a 
result, the as-prepared AChE@PILs@Au NPs behave in a 
three-layer core–shell structure. PILs act as a link between 
AChE, and Au NPs play an important role in this structure. 
On the one hand, PILs provide a good biocompatible micro-
environment for the AChE nucleus in the inner layer, and on 
the other hand, it assembles the Au NPs shell in the outer 
layer, providing an immobilized substrate for efficient elec-
tron transport channels. The assembling of Au NPs enhances 
the electron transfer rate of AChE@PILs@Au NPs/GCE and 
amplifies the thiocholine (TCl) electrocatalytic oxidation 
peak current signal. When pesticides are present, the activ-
ity of AChE is inhibited and the hydrolysis process of ATCl 
catalyzed by AChE is inhibited, as is the electrocatalytic 
oxidation of the hydrolysis product TCl.

Characterization of AChE@PILs@Au NPs

The morphology of PILs, AChE@PILs, AChE@PILs@Au 
NPs was observed by scanning electron microscopy (SEM) 
(Fig. 1A, B, D). As we can see from the figures, PILs and 
AChE@PILs were all spherical structures formed by con-
centrated emulsion polymerization under the action of the 
template. The microemulsion of AChE@PILs contained 
more components than PILs. However, compared with 
Fig. 1A,B, the average particle size of the one-component 
PILs was slightly larger than the two-component AChE@
PILs, which were 4.2 µm and 2.7 µm, respectively. This is 
because of the electrostatic interaction between AChE and 
PILs in the two-component system. As shown in Fig. 1C, 
negatively charged AChE and positively charged monomer 
 ViEtIm+Br− had a strong interaction. This strong interaction 
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tended to form smaller polyemulsion microspheres, which 
led to a decrease in particle size after AChE was entrapped. 
As reported in a theoretical study before, when AChE is 
immobilized on a positively charged surface, the active site 
is closer to the electrode, which promotes faster electron 
transfer [6]. Meanwhile, zeta potentials of the binary system 

formed by the polymerization and Au NPs were 25 mV 
and − 5.5 mV, respectively (Fig. 1C), which enabled the pos-
itively charged binary system further to assemble the nega-
tively charged Au NPs. The assembly results were shown in 
Fig. 1D; as can be seen, further assembly of Au NPs did not 
change the morphology of the binary components. Notably, 

Scheme 1  Schematic illustration of the AChE biosensor structure and its working mechanism to ATCl

Fig. 1  SEM images of (A) PILs 
and (B) AChE@PILs. (C) zeta 
potential of AChE (a), mono-
mer  ViEtIm+Br− (b), AChE@
PILs (c), and Au NPs (d). (D) 
SEM images of AChE@PILs@
Au NPs
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no scattered Au NPs were observed around AChE@PILs@
Au NPs, indicating that Au NPs were completely loaded on 
the surface of AChE@PILs as an assembly. In other words, 
we constructed a triune composite consisting of a binary 
core and an Au NPs shell. The interaction between PILs and 
AChE was beneficial to the immobilization of the enzyme, 
and Au NPs could also act as a channel to achieve efficient 
electron transport on the electrode surface.

Figure 2A presents the FT-IR spectra of PILs, AChE@
PILs, and AChE. The C = N characteristic stretching vibra-
tion peaks located in the range of 1700–1500  cm−1, and the 
peaks located at 1440  cm−1 and 1160  cm−1 belonged to the 
imidazole ring which confirmed the presence of PILs. After 
AChE was entrapped, the peaks located at 3360  cm−1 and 
3100  cm−1 appeared which were attributed to the stretching 
vibration of C-H in the alkyne group and benzene ring. The 
results were consistent with those of the AChE spectrum, 
which confirmed the successful entrapment of AChE. Fur-
thermore, the π-π interaction between AChE and PILs could 
make them more firmly combined, which could avoid the 
leakage of AChE molecules.

To further investigate the chemical compositions of 
AChE@PILs@Au NPs, an X-ray photoelectron spectrum 
(XPS) was carried out. The fully scanned XPS peaks of 
AChE@PILs@Au NPs were shown in Fig. 2B. Elements C, 
N, O, and Au were detected. The high-resolution XPS spec-
trum of C 1 s was deconvoluted into six peaks at 286.2 eV, 
285.6 eV, 285.1 eV, 284.7 eV, 284.1 eV, and 283.7 eV 
(Fig. 2C). The two characteristic binding energy peaks at 

283.7 eV and 285.6 eV correspond to C≡C and C = N. These 
results also verified the existence of AChE and imidazole 
ring in the AChE@PILs, further confirming the success-
ful formation of AChE@PILs. After electrostatic assembly 
of AChE@PILs and AuNPs, the Au 4f XPS spectrum of 
AChE@PILs@Au NPs displayed photoelectron lines at 
binding energies of 82.96 eV and 87.79 eV (Fig. 2D) [15]. 
This was corresponding to the peaks of Au  4f7/2 and Au 
 4f5/2. These results verified the existence of Au NPs in the 
AChE@PILs@Au NPs, further confirming the common 
loading between organic components, inorganic compo-
nents, and enzymes in the ternary system.

The assembly of AChE@PILs and Au NPs was monitored 
using a UV–vis spectrum. The Au NPs solution was added 
to AChE@PILs and centrifuged to obtain the supernatant. 
The Au NPs solution itself was centrifuged under the same 
conditions for comparison. Supplementary Fig. S2 shows 
the absorption band of Au NPs (curve b), located at 519 nm. 
When Au NPs were combined with AChE@PILs, there was 
no absorption band on curve a. This could be attributed to 
the electrostatic assembly of positively charged AChE@
PILs and negatively charged Au NPs [16]. By monitoring 
the assembly process, it was observed that Au NPs were 
effectively enriched onto the surface of the binary structure, 
and AChE@PILs@Au NPs ternary structure was formed.

Supplementary Fig. S3 shows the X-ray diffraction 
(XRD) patterns of AChE@PILs@Au NPs and AChE@PILs. 
The strong peaks located at 2θ = 38.184°, 44.392°, 64.576°, 
and 77.547° corresponded to the (111), (200), (220), and 

Fig. 2  (A) FI-IR spectrum of 
PILs (a), AChE@PILs (b), and 
AChE (c). (B) Full spectrum 
for AChE@PILs@Au NPs and 
AChE@PILs. (C) Au 4f and 
(D) C 1 s XPS spectrum of 
AChE@PILs@Au NPs
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(311) diffraction patterns of typical Au [17], suggesting the 
successful decoration of Au NPs onto AChE@PILs.

The possible structural variation of AChE before and after 
entrapment can be further confirmed by the Raman spectrum 
(Supplementary Fig. S4). Compared with AChE@PILs@Au 
NPs (a) and AChE@PILs (c) in Supplementary Fig. S4A, 
it was obvious that the addition of Au NPs could increase 
the Raman signal intensity. In other words, AChE@PILs@
Au NPs could achieve surface enhancement Raman spec-
troscopy (SERS). SERS proved that Au NPs and AChE@
PILs were closely bound, and Au NPs were located on the 
surface of AChE@PILs instead of the environment. Sup-
plementary Fig. S4B shows the different spectrums of the 
films in the presence (AChE@PILs@Au NPs) and absence 
(PILs@Au NPs) of AChE. The resulting spectrum closely 
resembled the Raman features of AChE [18], confirming 
the availability of enzyme active sites on the electrode sur-
face. The region between 1620  cm−1 and 1700  cm−1 and the 
region between 1200  cm−1 and 1300  cm−1 were assigned to 
the secondary structure amine I and III from AChE [6]. The 
band at 1550  cm−1 was characteristic of tryptophan resi-
dues of the side chains, the bands from 1400 to 1500  cm−1 
were mainly related to scissoring modes from  CH2 methyl-
ene groups, the band at 1362  cm−1 was due to  CH2 bending 
vibration, and bands between 800  cm−1 and 1150  cm−1 were 
considered to be the stretching vibrations from aliphatic side 
chains (C–C and C-N bonds) of AChE. Bands of 921  cm−1 
and 1072  cm−1 were related to the presence of alanine, while 
the band at 946  cm−1 was related to lysine, glutamate, and 
serine. Therefore, AChE entrapped by PILs@Au NPs still 
had natural enzyme activity.

Electrochemical behavior of the AChE@PILs@Au 
NPs/GCE

The electrochemical behavior of different electrodes was 
examined by cyclic voltammetry (CV). Figure 3A shows 
the CVs for AChE@PILs@Au NPs/GCE, AChE@PILs/
GCE, PILs/GCE, and GCE. All modified electrodes showed 
a pair of quasi reversible redox peaks with a formal potential 
(Ep) of 0.23 V, which is the characteristic potential of the 
[Fe(CN)6]3−/4− electric pair. The introduction of AChE dras-
tically decreases the currents, owing to its non-conductive 
property. As expected, the addition of AuNPs obviously 
increased the currents, indicating that Au NPs can signifi-
cantly improve the conductivity of electrode materials. Fig-
ure 3B exhibits the impedance spectra of AChE@PILs@Au 
NPs/GCE, AChE@PILs/GCE, and PILs/GCE. Electronic 
transfer resistance (Ret) values of PILs/GCE and AChE@
PILs/GCE were 28 ± 2.5 Ω and 49 ± 3.8 Ω. After AChE 
was entrapped, the Ret value increased obviously, which 
proved that the enzyme was immobilized successfully. It 
is worth noting that under the same enzyme dosage, Ret of 

the modified electrode added with Au NPs was significantly 
lower than AChE@PILs/GCE, which was consistent with 
the previous CVs analysis. Obviously, AChE@PILs@Au 
NPs/GCE had the lowest Ret value and the highest conduc-
tivity compared with AChE@PILs/GCE and PILs/GCE [19]. 
Figure 3C shows the results of the DPV responses of vari-
ous electrodes in 0.1 M phosphate buffer containing 8.0 mM 
ATCl. It can be found that for three electrodes, there was no 
oxidation peak occurring in the lack of AChE. Oxidation 
peaks occurred at AChE@PILs@Au NPs/GCE and AChE@
PILs/GCE. These phenomena illustrated that the entrapped 
AChE on PILs/GCE can catalyze the hydrolysis of ATCl to 
produce electroactive TCl which can be further oxidized on 
the surface of the electrode [20]. Comparing AChE@PILs@
Au NPs/GCE and AChE@PILs/GCE, their oxidation peak 
currents were 6.1 ± 0.50 μA and 2.4 ± 0.34 μA, respectively. 
The former was 2.54 times that of the latter. The electron 
transfer ability of the modified electrode was significantly 
improved with the addition of AuNPs. The reaction process 
was further studied by the change of current response at dif-
ferent scan rates. Figure 3D shows the current response of 
AChE@PILs@Au NPs/GCE at different scan rates in 0.1 M, 
pH 7.5 phosphate buffer containing 8.0 mM ATCl. When 
the scan rates increased in the range of 40 to 220 mV  s−1, 
the oxidation peak current increased and the oxidation peak 
moves to the positive potential. As shown in the illustration, 
the peak current is proportional to the square root of the 
sweep speed, which represents the oxidation reaction on the 
electrode was a diffusion-controlled process.

Optimization of the biosensor

In this study, cross-linking degree, AChE concentration in 
the water phase, pH during the polymerization reaction, 
and incubation time were optimized, respectively (Supple-
mentary Fig. S5). The following optimal parameters were 
selected for subsequent experiments: The degree of cross-
linking was 5%, the AChE concentration in the water phase 
was 250 U  mL−1, the pH during the polymerization reaction 
was 8.0, and the incubation time was 10 min.

Bioelectrocatalytic activity and analytical 
performances

The bioelectrocatalytic activity of the optimum AChE bio-
sensor was investigated by recording the DPV curves in a 
series of different concentrations of ATCl (Fig. 4A). The 
I value increased monotonically with the ATCl concentra-
tion changing from 0 to 10 mM. The bioelectrocatalytic 
response follows the Michaelis–Menten kinetics [21]. A 
linear 1/I (μA−1) vs. 1/[ATCl]  (mM−1) plot (Fig. 4B) was 
obtained. By using the Lineweaver–Burk equation [Eq. (2)], 
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the apparent Michaelis–Menten constant (Km) was obtained 
to be 9.7 mM.

where I is the steady-state current after the substrate is 
injected. Imax is the maximum current calculated at saturation 
concentration, and [ATCl] is the substrate concentration.

The analytical performance of AChE@PILs@Au NPs/
GCE exposed to a series of concentrations of two pesticides 
was investigated. Both carbaryl and dichlorvos have the tox-
icity of reducing the activity of AChE; dichlorvos inhibits 
AChE by the phosphorylation of the serine residue in the 
active site, while carbaryl carbamylate this residue [4, 8, 22]. 
The addition of carbaryl or DDVP could reduce the catalytic 
activity of AChE, and the covalent binding of the pesticide 
blocks the serine hydroxyl group of AChE, resulting in a 

(2)1∕I = K
m
∕Imax ⋅ 1∕[ATCl] + 1∕Imax

reduction of the total charge of the catalytic active site, the 
oxidation peak current of ATCl hydrolysate decreased. The 
inhibition rates of the two pesticides on AChE@PILs@
Au NPs/GCE were used to calculate pesticide concentra-
tions. Under the optimized conditions described above, the 
analytical performance of different concentrations of car-
baryl and DDVP on biosensor was tested (Fig. 4C, E). The 
linear relationship between inhibition measurements and 
pesticide concentration was obtained (Fig. 4D, F). It can 
be seen that the inhibition rate of carbaryl on the AChE@
PILs@Au NPs/GCE-modified electrode was linear with the 
logarithm of its concentration. The equation was inhibi-
tion (%) = 4.8log c(carbaryl) + 14 (R = 0.98) and inhibition 
(%) = 77 log c(carbaryl) − 1.4 ×  102 (R = 0.99). The linear 
range is observed to be 6.3 ×  10−2–1.3 ×  102 ng  mL−1 and 
1.3 ×  102–8.8 ×  102 ng  mL−1 with LOD of 5.1 ×  10−2 ng  mL−1 
(3σ rule) and LOQ of 1.7 ×  10−1 ng  mL−1. Similarly, the 

Fig. 3  (A) CVs for AChE@PILs@Au NPs/GCE (a), AChE@PILs/
GCE (b), PILs/GCE (c), and GCE (d) in 5 ×  10−3  M Fe(CN)6

3−/4− 
containing 0.1 M KCl. (B) EIS for AChE@PILs@Au NPs/GCE (a), 
AChE@PILs/GCE (b), and PILs/GCE (c) in 5 ×  10−3 M Fe(CN)6

3−/4− 
containing 0.1 M KCl. (C) DPV responses of AChE@PILs@Au NPs/

GCE (a), AChE@PILs/GCE (b), and PILs/GCE (c) in 0.1 M phos-
phate buffer, pH 7.5 containing 8.0 mM ATCl. (D) CVs for AChE@
PILs@Au NPs/GCE in 0.1  M phosphate buffer, pH 7.5 containing 
8.0 mM ATCl at different scan rates from 40 to 220 mV  s−1. Inset: a 
plot of peak current versus scan rate. Error bars: SD, n = 3 
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inhibition rate of DDVP on AChE@PILs@Au NPs/GCE 
was linear with the logarithm of the concentration of DDVP. 
The equation was inhibition (%) = 6.1log c (DDVP) + 13 
(R = 0.99) and inhibition (%) = 28log c (DDVP) − 17 
(R = 0.99). The linear range was observed to be 
1.3 ×  10−1–25 ng   mL−1 and 25–1.4 ×  103 ng   mL−1 with 
LOD of 3.9 ×  10−2  ng   mL−1 (3σ rule) and LOQ of 
1.3 ×  10−1 ng  mL−1. In addition, the results show that we 
classify according to the fixing method of AChE; the com-
parison of AChE@PILs@Au NPs/GCE with other biosen-
sors is shown in Table 1. Compared with the biosensors that 
also use the entrapment method, AChE@PILs@Au NPs/
GCE had the lowest LOD. Compared with other methods, 
except for the entrapment, AChE@PILs@Au NPs/GCE had 
a wider linear range and a comparable lower LOD. The wide 
linear range may be derived from the protection of positively 
charged substances against irreversible inhibition of AChE 
biosensors [23].

The AChE@PILs@Au NPs/GCE were stored at a tem-
perature of 4 ℃, and the stability of the proposed biosen-
sor was checked by repeated DPV measurements (Fig. 5A). 
The retained response after 30 days of storage was 95%; 
after 68 days, storage was 93% (Fig. 5B and Supplementary 
Fig. S6).

Figure 5C shows the remaining activity of the AChE@
PILs@Au NPs/GCE electrodes after thermal treatment at 
different temperatures. It has been reported that the intro-
duction of PILs can significantly improve the thermal sta-
bility of enzymes. Here, we use electrochemical reactions 
to discuss the thermal stability of the biosensor [34]. After 
thermal treatment of the electrodes at 35 ℃, 45 ℃, and 55 
℃ for 20 min, their remaining activity showed a trend of 
first increasing and then decreasing. Heated at 55 ℃ for 
20 min, the entrapped AChE retained 73% of the initial 
activity, while the unprotected AChE was easily inacti-
vated at high temperatures. It was previously reported that 

Fig. 4  (A) The DPV responses 
of the AChE@PILs@Au NPs/
GCE to various concentrations 
of ATCl. (B) Plot of  I−1 versus 
 [ATCl]−1. (C) DPV responses 
for AChE@PILs@Au NPs/GCE 
in 0.1 M phosphate buffer (pH 
7.5) without and after inhibition 
with different concentrations 
of carbaryl for 10 min. (D) 
Calibration plot for carba-
ryl determination. (E) DPV 
responses for AChE@PILs@Au 
NPs/GCE in 0.1 M phosphate 
buffer (pH 7.5) without and 
after inhibition with different 
concentrations of DDVP for 
10 min. (F) Calibration plot for 
DDVP determination. Voltage: 
0.65 V, inhibition time: 10 min, 
error bars: SD, n = 5
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unencapsulated AChE activity was reduced by 60% at 42–48 
℃ [35]. Obviously, the thermal stability of AChE is signifi-
cantly improved due to its entrapment; the PILs layer can 
minimize the impact of the microenvironment changes on 
AChE. This performance can be used to dissolve pesticides 
in actual samples at high temperatures and can be directly 
detected in hot solutions without cooling, which improves 
efficiency.

Repeatability and anti‑interference studies 
of the biosensor toward ATCl

In addition, the repeatability was studied by using DPV to 
perform 5 measurements under constant conditions, with 
an RSD value of only 3.68%. The anti-interference studies 
were evaluated by measuring the amperometric response 
in the presence of some possible interferents, such as glu-
cose,  PO4

3−, citric acid, metal ions, inorganic salts, and 
pesticides. The results were shown in Fig. 5D. In the pres-
ence of glucose, citric acid,  Mg2+,  SO4

2−,  NO3
−,  Fe3+, and 

 Cu2+, almost no significant interference was observed. In 
addition, the addition of chlorpyrifos and malathion was 
also studied. AChE@PILs@Au NPs/GCE responded to all 
three pesticides. The results showed that the constructed 

biosensor responded to both organophosphorus and carba-
mates pesticides.

To confirm the sensitivity and applicability of the method, 
tomatoes and peaches were tested by modified electrodes 
(Supplementary Table S1). Recovery studies were carried 
out in fruit, vegetable, and water samples by the stand-
ard addition method. The recoveries ranged from 96.9 to 
102.6%. These results showed that the proposed biosensor 
is feasible in practical applications.

Conclusions

A highly stable electrochemical biosensor for pesticide 
detection was successfully developed. The AChE@PILs@
Au NPs/GCE electrochemical biosensor was constructed 
by entrapping AChE in PILs with subsequent immobiliza-
tion of negatively charged Au NPs through the electrostatic 
assembly. The result showed that positively charged PILs 
not only provide a biocompatible microenvironment around 
the AChE molecule to maintain activity and prevent its leak-
age but also improve the stability of the immobilized AChE 
molecule. The introduction of PILs also realized the combi-
nation of Au NPs to improve the electrical conductivity of 
the electrode material. The detection of carbaryl and DDVP 

Table 1  Comparisons of the as-prepared biosensors with other biosensors for the determination of carbaryl and DDVP

Stability of the biosensor toward ATCl

Immobilization method of 
AChE

Analyte Biosensors Storage stability Linear range (ng  mL−1) Detection 
limit (ng 
 mL−1)

References

Entrapment Carbaryl AChE@PILs@Au NPs/GCE 30 days (95%) 6.3 ×  10−2–8.8 ×  102 5.0 ×  10−2 This work
(UCNPS)/polydopamine 

(PDA)-based hydrogel
NR 0.50–2.0 ×  102 0.50 [22]

AChE/PDA-Gr/PPy NWs/
IDlE

NR 50–1.5 ×  103 8.0 [24]

DDVP AChE@PILs@Au NPs/GCE 30 days (95%) 1.3 ×  10−1–1.4 ×  103 3.8 ×  10−2 This work
Chromoionophore (ETH5294) 

(CM) doped sol–gel film
15 days 5.0 ×  102–7.0 ×  103 5.0 ×  102 [25]

SPE-Al2O3-AChE 150 days (90%) 2.2 ×  101–1.8 ×  104 2.2 [26]
Au/LA/SWCNT: PEDOT/

AChE
30 days
(89%)

0–5.0 ×  102 0.44 [27]

Methods except entrapment Carbaryl GCE/pGON-e-AChE 20 days (87%) 3.0 ×  10−1–6.1 1.5 ×  10−1 [28]
AChE-Au NP-DS1-IC-PPy/

GCE
7 days (44%) 5.0 ×  10−2–2.5 ×  10−1 3.3 ×  10−2 [6]

G-AChE/PANI/GCE 18 days (90%) 3.8 ×  101–1.9 ×  102 20 [29]
Ag/rGO/CS/AChE NR 1.0 ×  10−5–1.0 ×  103 1.0 ×  10−9 [30]

DDVP GCE/Nafion-GRO-Er-AChE 28 days (87%) 1.0–2.0 ×  101, 5.0–102 2.0 [31]
GCE/AChE-PB NR 1.0 ×  10−2–10 2.5 ×  10−3 [32]
GCE/[BSmim]HSO4-Au NPs-

porous carbon
30 days (95%) 1.0 ×  10−4–1.0 6.6 ×  10−5 [33]

GCE/TiO2-CS@MS@
AuNRs/CS/AChE

30 days (96%) 4.0–3.0 ×  103 1.2 [19]
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by such a biosensor has a super-wide linear range and a low 
detection limit. In addition, the biosensor constructed has 
good repeatability, anti-interference ability, high thermal 
stability and storage stability, and has high accuracy in the 
analysis of peaches, tap water, and other practical samples. 
Moreover, the improvement of the thermal stability of the 
immobilized enzyme was realized. The π-π conjugation 
effect of PILs gives it the potential to combine with other 
carbon-based components, which expands the application 
prospect of materials.

Supporting information

Size distribution of PILs and AChE@PILs in water; UV–vis 
spectrum for supernatant of AChE@PILs@Au NPs and Au 
NPs; XRD patterns for AChE@PILs@Au NPs and AChE@

PILs; Raman spectrum of AChE@PILs@Au NPs, PILs@Au 
NPs and AChE@PILs; Difference Raman spectrum between 
PILs@Au NPs and AChE@PILs@Au NPs; Effect of the 
cross-linking ratio, AChE concentration, pH during polym-
erization, incubation time; Stability study of AChE@PILs@
Au NPs/GCE during 68 days; Recovery studies of spiked 
carbaryl and DDVP in fruit, vegetable and water samples.
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