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Abstract
Dual-mode electrochemical aptasensor based on nitrogen-doped graphene (NG) doped with the conducting polymer polypyr-
role (PPy) nanocomposite is proposed for the determination of acetamiprid. NG/PPy was electrodeposited onto the glassy 
carbon electrode (GCE) using cyclic voltammetry technique. NG/PPy/GCE showed outstanding electrocatalytic activity 
for the oxidation of nitrite due to “active region” induced by the charge redistribution of carbon atoms. The ultrasensitive 
dual-mode biosensor for acetamiprid could be easily developed by coupling acetamiprid aptamers with the NG/PPy hybrid. 
The specific binding between acetamiprid and the aptamers resulted in the increase of differential pulse voltammetry (DPV) 
signal change and the decrease of chronoamperometry (CA) signal, and the concentration of acetamiprid could be measured. 
The working potentials of DPV and CA were − 0.2 ~ 0.4 V and − 0.4 ~ 0.4 V (vs. SCE), respectively. The dual-mode aceta-
miprid biosensor showed a wide linear range from 10−12 to 10−7 g mL−1, with low detection limits of 1.15 × 10−13 g mL−1 
and 7.32 × 10−13 g mL−1 through DPV and CA modes, respectively. Moreover, owing to high active area and superior con-
ductivity, as well as good electrocatalytic ability, the dual-sensing platform based on NG/PPy nanocomposite supported the 
quantification of acetamiprid in complex samples.

Keywords  Nitrogen-doped graphene · Polypyrrole · Electrochemical (bio-)sensor · Differential pulse voltammetry · Cyclic 
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Introduction

Acetamiprid (ACE) is a widespread neonicotinoid insecti-
cide with high efficiency [1]. Growing evidence shows aceta-
miprid not only has harmful effects on non-target organisms 
such as birds, fish, and bees, but also damages mammalian 
sperm function and embryonic growth [2–4]. Concerns 
about the potential health effects of the globalization of 
neonicotinoid insecticides are increasing.

To date, conventional instrumental approaches based on 
chromatographic technique, such as high-performance liquid 
chromatography and liquid/gas chromatographyemass spec-
trometry, were applied to detect acetamiprid residues in prac-
tical samples [5, 6]. However, these shortcomings, such as 

time-consuming, complex operation, and large-scale detec-
tion equipment, seriously limited the application of these 
methods in the field of on-site and real-time monitoring [7]. 
Electrochemical aptasensors for the assay of pesticide have 
attracted great attention because of their outstanding features 
such as high affinity, quick response, reproducible ability, and 
lower detection limit, as well as their mutual promotion with 
new micromachining technology [8–10].

Graphene-based functionalized nanomaterials have 
sparked much research interests in the field of electro-
chemical (bio-)sensors by virtues of flexibility, stability, 
stretchability, and high conductivity [11–13]. Especially, 
the nitrogen-doped graphene (NG) has higher electron 
activity, better stability, and greater reactivity than gra-
phene itself, because nitrogen element supplies extra lone 
pair electrons for graphene and the wettability of gra-
phene is improved [14–16]. Nitrogen doping could lead 
to a redistribution of the surface charge on the grapheme, 
increasing the free carrier density, and thus improving 
the catalytic activity of the graphene [17]. Moreover, NG 
could interact with biomaterials through stronger affinity, 
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leading to enhanced loading capacity of biomolecules [18]. 
Thus, NG can be used as an active electrode nanomaterial 
for the catalytic reaction or for the electrochemical assay 
of acetaminophen residues, dopamine, and DNA [19–21].

The conducting polymers have caught considerable 
attention in the field of the fabrication of electronic devices 
[22–25]. The combination of graphene and the conducting 
polymers can be a powerful means of preparing modified 
electrodes with high electrochemical performances. For 
instance, the conducting polymer polypyrrole (PPy), with 
environmental stability, high electrical conductivity, and 
flexibility, has been one of the most widely researched con-
ducting polymers in designing bioanalytical sensors [26, 27]. 
However, the preparation of NG doped polypyrrole nano-
composites using simple electrochemical methods and their 
application for the detection of acetamiprid are quite rarely 
reported.

Since single-mode sensing methods are often limited by 
signal capacity and sole analytical information, dual-mode 
biosensors with high accuracy and reliability are increas-
ingly favored [28]. Herein, we constructed a highly sensitive 
and reliable dual-mode biosensor based on NG/PPy for the 
assay of acetamiprid. NG not only provided more catalytic 
active sites, but also had a large number of functional groups 
(-COOH, -NH2) for the immobilization of biomolecules. 
PPy can enhance the conductivity of hybrids and increase 
the specific surface area of nanomaterials by reducing the 
accumulation of NG [29]. NG/PPy with porous structure 
interconnected by the nanosheets showed enhanced elec-
trocatalytic behavior for the oxidation of nitrite. The con-
centration of the acetamiprid could be monitored through 
both the changes of DPV peak current and the CA signal 
(Scheme 1). The CA method complemented the quantita-
tive detection of acetamiprid by the DPV method, forming a 
dual-mode detection strategy. The dual-mode biosensors can 
supply more detection options and double checks, leading to 
more reliable and accurate analytical results, as well as high 
selectivity and stability.

Experimental section

Chemicals and apparatus

Flake graphite, HONH3Cl, CH7ClN4, pyrrole, CuSO4, citric 
acid, H3PO4(70%), KNO3, and H2SO4 (98%) were obtained 
from Aladdin Regent (Shanghai, China).

For all electrochemical measurements, field emission 
scanning electron microscope (SEM), X-Ray photoelectron 
spectroscopy (XPS), Fourier transform infrared (FTIR), and 
X-ray diffraction (XRD), the required instruments and their 
models are listed in the supporting materials.

Preparation of NG/PPy nanocomposite

Graphene oxide (GO) and NG were synthesized using a 
modified Hummer’s method according to previous reports 
[30, 31]. And the specific synthesis steps and details of 
GO and NG are shown in the Supplementary Materials. 
NG (10 mg) was dissolved in 5 mL ultrapure water. Then 
pyrrole (52.5 µL) was added to the NG solution and dis-
solved by ultrasound to obtain the deposition solution. 
NG/PPy nanocomposite was deposited onto the glassy 
carbon electrode (GCE) by cyclic voltammetry (CV, 
Fig. S1). CV parameters were set as follows: scanning 
range (− 0.2 ~ 1.2 V), scanning speed (0.1 V s−1), and the 
number of cycles (15 cycles).

The electrochemical detection of nitrite

The catalytic ability of the NG/PPy nanocomposite for 
nitrite was investigated using the CV and I-T techniques. 
CVs were carried out in PBS (pH 7.4, 5 mL) before and 
after the addition of nitrite. The CV parameters were set 
in the scanning range from 0 to 1.2 V and the scanning 
speed of 0.1 V s−1. The I-T was performed in PBS (pH 7.4, 
5 mL) under the condition of continuous stirring at 0.8 V.

Scheme  1   The working principle of dual-mode biosensor based on 
NG/PPy nanocomposite. a Bare electrode; b NG/PPy/GCE; c DNA/
NG/PPy/GCE; d ACE/DNA/NG/PPy/GCE; e the dual-mode output
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The dual‑mode assay of acetamiprid

NG/PPy/GCE was immersed in PBS (pH 7.4, 0.2 M) con-
taining 0.4 M EDC, 0.1 M NHS, and 10−6 M acetamiprid 
aptamers for 60 min, and then washed three times with 
water and PBS, respectively. The aptasensor (DNA/NG/
PPy/GCE) was obtained. After DNA/NG/PPy/GCE was 
incubated in different concentration of acetamiprid for 
30 min, DPVs were recorded in [Fe(CN)6]4−/3− solution 
(5.0 mL, 5.0 mM) containing 0.1 M KCl. This was the 
first-mode of quantitative detection of acetamiprid. Mean-
while, after the capture of acetamiprid by the biosensor, 
the catalytic ability of the biosensor to nitrite was also 
weakened, and the catalytic current for the same amount 
of nitrite shown on the CA curves was also reduced, which 
was the second-mode of quantitative detection of acetami-
prid (Scheme 1).

Details of the preparation and determination of vegetable 
samples are listed in the supporting materials.

Results and discussion

Characterization of NG/PPy nanocomposite

The surface morphology and microstructure of NG/PPy 
nanocomposite were characterized by SEM with an accel-
erating voltage of 5.0 kV. As shown in Fig. 1, obviously, 

the NG/PPy nanocomposite exhibited a nanosheet structure, 
and interlacing between the nanosheets created a three-
dimensional porous structure. During the electrochemical 
polymerization of NG/PPy in a mixed solution containing 
pyrrole monomer and NG, the negatively charged NG with 
carboxyl groups could act not only as dopants to balance the 
positive charges in PPy chain, but also as “soft templates” to 
guide the growth of PPy. The NG dopant was the key factor 
to form the hierarchical porous morphology. Therefore, the 
interlaced-nanosheet structure of the NG/PPy nanocompos-
ite provided a large surface area and more binding sites for 
the immobilization of biomolecules. The XRD patterns of 
NG and NG/PPy nanocomposites are shown in Fig. S2.

Characterization of the biosensor construction 
process

The formation of the NG/PPy nanocomposite and the suc-
cessful immobilization of acetamiprid aptamers were con-
firmed by FTIR and XPS measurements. Figure 2A shows 
the FTIR spectra of the GO/PPy, NG/PPy, and DNA/NG/
PPy. In the FTIR spectrum of GO/PPy, the peaks at 3446, 
1364, and 1041 cm−1 were ascribed to O–H (stretching), 
C-O–H (bending vibrations), and C–O–C (stretching) 
groups, indicating that GO/PPy contained a large number 
of oxygen-containing functional groups [32, 33]. As the PPy 
skeleton contained the C-N bond and the N–H bond, the 
corresponding peaks appeared in 1111 and 1275 cm−1 of 

Fig. 1   The SEM images of NG/
PPy nanocomposite at low and 
high magnification
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GO/PPy. In the FTIR spectrum of the NG/PPy nanocom-
posite (curve b), the new appearance of adsorption peaks at 
1393 was due to the C = N bond. In addition, the peak val-
ues of the C-N bond and N–H bond increased significantly. 
The results strongly indicated the successful generation of 
N-doping structure of NG and the preparation of NG/PPy 
nanocomposite [34]. More interestingly, the new bands in 
the FTIR spectrum of DNA/NG/PPy appeared at 1273 and 
1381  cm−1, corresponding to the asymmetric stretching 
vibration and symmetric stretching vibration of the phos-
phate group. This indicated that DNA had been successfully 
attached to the modified electrode and the aptasensor has 
been successfully constructed.

The XPS measurements were also used to study the 
composition of the NG/PPy nanocomposite and the suc-
cessful immobilization of acetamiprid aptamers. As 
shown in Fig. 2B, the fully scanned spectra of the NG/

PPy nanocomposite contained C 1  s (284  eV), N 1  s 
(399.74 eV), and O 1 s (531.73 eV), which illustrated 
that the conducting polymer PPy (the source of C and N 
element) and NG (the only source of O element) were 
successfully synthesized into an integral composite. Com-
paring the XPS pattern of the NG/PPy nanocomposite 
(Fig. 2B) and the DNA/NG/PPy nanocomposite (Fig. 2C), 
it could be observed that after the immobilization of aceta-
miprid aptamers, the new peak (P 2p) appeared with the 
decrease of C 1 s peak and the increase of O 1 s, showing 
the successful attachment of acetamiprid aptamer. The 
quantitative analysis of the modified surfaces is shown in 
Table S1. The results showed that the nitrogen content of 
NG/PPY (13.48%) and DNA/NG/PPY (13.46%) was more 
than twice that of GO/PPY (6.36%), which fully proved the 
successful preparation of nitrogen doped graphene oxide.

Fig. 2   (A) FTIR of GO/PPy (a), NG/PPy (b), and DNA/NG/PPy (c); XPS images of NG/PPy nanocomposite (B) and DNA/NG/PPy nanocomposite (C)
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Catalytic property of NG/PPy/GCE for nitrite

The electrochemical oxidation of nitrite on LiClO4/PPy/
GCE, NG/PPy/GCE, and DNA/NG/PPy/GCE was investi-
gated using CV and I-T techniques. Figure 3A shows that 
LiClO4/PPy/GCE did not show any oxidation responses of 
nitrite, proving that nitrite could not undergo electrochemi-
cal oxidation on this surface (curve a1, a2). In contrast, an 
oxidation peak appeared on the NG/PPy/GCE and DNA/
NG/PPy/GCE in the presence of nitrite, with the oxidation 
peak at about 0.85 V (curve b2, c2). Therefore, NG doped 
PPy could act as a catalyst for nitrite oxidation, in which NG 
played a key role. It could be observed from Fig. 3B that 
NG/PPy/GCE continuously oxidized nitrite for 50 cycles, 
and the well-defined and stable oxidation peak of nitrite 
remained unchanged, indicating that the NG/PPy/GCE had 
long-term stability for the oxidation capacity of nitrite.

Both CV and I-T techniques were performed to exam-
ine the sensitivity of NG/PPy/GCE toward the detection 
of nitrite under the optimum conditions. The CV response 
current increased with the nitrite concentration in the linear 
range of 0.02–0.40 mM with the linear equation (i = 1678.73 
c—36.78, R2 = 0.991), and NG/PPy/GCE displayed an 
excellent catalytic activity toward nitrite sensing with the 
detection limit of 0.017  mM (Fig.  3C). Amperometric 
I-T curves of LiClO4/PPy/GCE and NG/PPy/GCE were 
obtained by injecting nitrite (0.2 mM) in magnetic stirring 

PBS (pH 7.4) at the constant potential of 0.8 V. As shown 
in Fig. 4D, LiClO4/PPy/GCE showed almost no oxidation 
current towards the addition of nitrite while the NG/PPy/
GCE displayed much larger response current towards nitrite, 
which was consistent with the results of CVs (Fig. 3A). The 
regression equation of Δi = 0.409 c + 0.176 (R2 = 0.99) was 
obtained with a linear range of 0.20–3.20 mM and the detec-
tion limit of 1.0 µM (S/N = 3). This superior sensing perfor-
mance of NG/PPy/GCE for nitrite could be ascribed to the 
interlaced nanosheet microstructure, the excellent conductiv-
ity, and the large electroactive area.

Electrochemical construction process 
of the biosensor

Chronocoulometry (CC), CV, and EIS techniques were all 
used to characterize the nature of NG/PPy nanocomposite 
and the stepwise construction of the acetamiprid biosen-
sor. CC is a convenient and valuable technique to estimate 
the electroactive area of the modified electrodes. Accord-
ing to the Cottrell equation [Q(t) = (2nFAD1/2π−1/2C)
t1/2 + Qdl + Qads] [35], the electroactive area of the bare 
electrode, LiClO4/PPy/GCE, NG/PPy/GCE, DNA/NG/PPy/
GCE, and ACE/DNA/NG/PPy/GCE was calculated (refer to 
the supporting materials for the meaning of each parameter). 
Figure 4(A and B) shows that the slope of NG/PPy/GCE 
reached the maximum among the five electrodes, exhibiting 

Fig. 3   (A) Cyclic voltam-
mograms of LiClO4/PPy/GCE 
(curve a1, a2), NG/PPy/GCE 
(curve b1, b2), and DNA/NG/
PPy/GCE (curve c1, c2) in the 
absence (a1, b1, c1) and pres-
ence (a2, b2, c2) of 0.24 mM 
nitrite in PBS (pH 7.4) at scan 
rate of 0.1 V/s. (B) The stability 
experiment of NG/PPy/GCE for 
the oxidation of 0.12 mM nitrite 
(50 cycles of CVs) in PBS (pH 
7.4) at scan rate of 0.1 V/s. (C) 
Cyclic voltammetry curve of 
nitrite (0.02–0.4 mM) catalyzed 
by NG/PPy/GCE (linear calibra-
tion curve in inset). (D) The 
I-T curves of LiClO4/PPy/GCE 
(curve a) and NG/PPy/GCE 
(curve b) to successive addition 
of 0.2 mM nitrite into stirring 
PBS (5 mL, pH 7.4)
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that the active area of NG/PPy/GCE (curve c) was the largest 
among them. The active surface area of the NG/PPy/GCE 
(curve c, 0.391 cm2) was counted, which was 57 and 4 times 
larger than that of the bare GCE (curve a, 0.00684 cm2) 
and the LiClO4/PPy/GCE (curve b, 0.098 cm2), respectively. 
More encouraging, with the immobilization of acetamiprid 
aptamer and the capture of acetamiprid molecules, the active 
areas of DNA/NG/PPy/GCE (curve d, 0.299 cm2) and ACE/
DNA/NG/PPy/GCE (curve e, 0.195 cm2) decreased signifi-
cantly, which was due to the non-conductivity of apatamer 
and acetamiprid. These results showed that NG/PPy nano-
composite could provide the large electroactive area for the 
immobilization of biomolecules, and the microstructure 
of NG/PPy nanocomposite revealed by SEM was further 
confirmed.

Figure 4C shows that NG/PPy/GCE (curve b) displayed 
much larger redox peak current than that of the bare elec-
trode (curve a), indicating that the NG/PPy nanocompos-
ite was excellently conductive. After the immobilization 
of acetamiprid aptamer on the surface of NG/PPy/GCE, 
the peak current of DNA/NG/PPy/GCE decreased (curve 
c), owing to the fact that large-sized and non-conductive 
DNA macromolecules greatly inhibited the electron trans-
fer. As expected, a further decrease of the peak current was 
observed after the specific capture of acetamiprid with the 
biosensor (curve d).

The EIS plot included a semicircle whose chord length 
was equal to the resistance of electron transfer (Ret) [36]. 

Figure 4D illustrates that the NG/PPy/GCE was almost 
a straight line (curve b), indicating the excellent electron 
transfer ability of NG/PPy-modified electrode. The Ret 
values of DNA/NG/PPy/GCE and ACE/DNA/NG/PPy/
GCE increased sharply in turn (159 and 417 Ω, curves c 
and d), which was ascribed to the electrostatic repulsion 
force between the negatively charged DNA and the nega-
tive [Fe(CN)6]3−/4− probes and the successful formation of 
DNA-acetamiprid complexes.

Dual‑mode detection of acetamiprid

The DPV technique was used under optimized conditions for 
quantitative measurement of acetamiprid. For a sufficiently 
specific binding between acetamiprid and the biosensor, the 
immobilization of the acetamiprid aptamer and the incuba-
tion time of acetamiprid were set to 60 min and 30 min, 
respectively (Fig. S5). Figure 5 shows the DPVs of different 
concentrations of acetamiprid on the biosensor, and the peak 
current decreased with the increase of acetamiprid concen-
tration. A linear relationship between the signal inhibition 
rate (ΔI/I0) and acetamiprid concentration was obtained, 
with a wide linear range covering 6 orders of magnitude 
from 10−12 to10−7 g mL−1. The linear fitting equation was 
ΔI/I0 = 0.09645 log c + 1.6292 (R2 = 0.996) (Fig. 5B), where 
I0 represented the signal value without acetamiprid, and ΔI 
was the current change. The detection limit was calculated 
as 1.15 × 10−13 g mL−1 based on 3Sb/m (Sb and m were the 

Fig. 4   CC (A and B) of the 
bare electrode (a), LiClO4/
PPy/GCE (b), NG/PPy/GCE 
(c), DNA/NG/PPy/GCE (d), 
and ACE/DNA/NG/PPy/
GCE (e) recorded in 5 mM 
[Fe(CN)6]4−/3−; CV (C) and EIS 
(D) of the construction process 
of the biosensor in the solution 
containing 0.1 M KCl and equi-
molar 5 mM [Fe(CN)6].4−/3− (a: 
the bare electrode; b: NG/PPy/
GCE; c: DNA/NG/PPy/GCE; d: 
ACE/DNA/NG/PPy/GCE)
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blank standard deviation of 10 repetitive blanks and the cali-
bration curve slope, respectively).

The CA detection method of the biosensor was also inves-
tigated, while the response current of the biosensor to the 
same concentration of nitrite was recorded at different con-
centration of acetamiprid. In the CA detection mode, the 
response current produced by the nitrite decreased after the 
biosensor was incubated in acetamiprid (Fig. 5C), which 
was ascribed to the fact that the catalytic ability of the bio-
sensor for nitrite was inhibited by acetamiprid. Figure 5D 
shows that the linear regression equation [I =  − 169.94 log 
c + 4111.6, R2 = 0.994] was obtained with the acetamiprid 
concentration within the range from 10−12 to 10−7 g mL−1, 
and the LOD of the method is 7.32 × 10−13 g mL−1. This 
dual-mode signal report could prove each other and enable 
more reliable detection. Compared with the other detec-
tion methods (Table S3), the dual-mode method showed a 
lower detection limit and a wider linear range. The excellent 
analytical performance of the biosensor may be attributed 
to its excellent conductivity, the high electroactive surface 
area, and the forceful combination between aptamer and 
acetamiprid.

Selectivity, stability, and reproducibility

If the biosensor could provide a platform with high selec-
tivity for the target, the initial separation of samples could 
be avoided. To estimate the selectivity of the dual-mode 

biosensor, several kinds of interferents, such as maltose, 
ascorbic acid, saccharose, citric acid, NaCl, CuSO4, chlor-
pyrifos, methyl parathion, fenitrothion, glyphosate, hyd-
roquinone, catechol, rutin, urea, dopamine, and glucose, 
were investigated. At smaller concentration (10−9 g mL−1) 
of acetamiprid, a larger ΔIp/I0 was found for acetamiprid 
while much smaller changes were observed in 10−6 g mL−1 
of the interferents (Fig. S6A). Figure S6B shows that the 
response current (I) to nitrite after incubation with aceta-
miprid changed greatly while that of the interferences 
remained basically unchanged. These results indicated that 
the dual-mode biosensor possessed excellent selectivity 
for acetamiprid.

The reproducibility of the constructed biosensor was 
tested through both intra- and inter-assays. The intra-assay 
was performed using the same batch of six biosensors for 
the detection of acetamiprid (10−9 g mL−1), whereas the 
inter-assay was carried out in six different batches. For 
the DPV mode, 5.02% and 4.21% relative standard devia-
tion (RSD) for intra-assay and inter-assay measurements 
were obtained, respectively. For the CA mode, 3.32% and 
2.98% RSD of the intra-assays and the inter-assays were 
obtained. These results indicated high reproducibility of 
dual-mode biosensor. Moreover, after 10 days of continu-
ous detection of acetamiprid (10−9 g mL−1), the results of 
the DPV method and the CA method were 92% and 87% 
of the original value, respectively, hinting at a desirable 
level of stability.

Fig. 5   A DPV curves of DNA/
NG/PPy/GCE recorded in 
the solution containing 0.1 M 
KCl and equimolar 5 mM 
[Fe(CN)6]4−/3− for detection of 
acetamiprid; C CA curves of 
DNA/NG/PPy/GCE recorded 
in the PBS (pH 7.4) containing 
6 mM sodium nitrite (curves 
blank and a–g represented 
acetamiprid concentration of 
0 and 10−12–10−6 g mL−1); B, 
D corresponding relationship 
between acetamiprid concentra-
tion and response signal (inset: 
the linear fitting equation). The 
working potentials of DPV 
and CA were − 0.2 ~ 0.4 V 
and − 0.4 ~ 0.4 V (vs. SCE), 
respectively
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Real sample detection

To confirm the practical application of the dual-mode 
strategy in the assay of acetamiprid, the dual-mode detec-
tion results were compared with that of the typical high-
performance liquid chromatography (HPLC) technique. 
HPLC technique was used to detect acetamiprid in veg-
etable extracts according to the previous reports [37, 38]. 
Acetamiprid in the same sample was detected by DPV and 
CA methods, respectively. The detection results of the two 
methods confirmed each other, and the coincidence rate 
(DPV/CA) between the detection results fell between 93.8 
and 103.6% (Table 1). Furthermore, the dual-mode detection 
results were basically consistent with the detection results 
of HPLC, indicating that the application of the dual-mode 
biosensor for the detection of acetamiprid in real samples 
was practically achievable. According to the current GB 
2763–2016 in China, the maximum residue limits of aceta-
miprid in vegetables are 1.0 mg L−1. The detection limit of 
the dual-mode biosensor for vegetables was 1.15 × 10−7 mg 
L−1 and 7.32 × 10−7 mg L−1 (DPV and CA modes). The 
dual-mode biosensor could meet the requirement for the 
quantitative detection of residual acetamiprid in vegetables. 
It was pointed out that when this method was used to detect 
pesticide residues in actual samples, vegetable samples need 
to be processed cumbersome. This was far from the require-
ment of samples without pretreatment.

Conclusion

A dual-mode DPV and CA biosensor based on the NG/PPy 
nanocomposite has been constructed and exhibited high sen-
sitivity and selectivity for the detection of acetamiprid. The 
NG/PPy nanocomposite was prepared by a one-step elec-
trodeposition method, which combined with the advantages 
of NG (excellent catalytic ability) and PPy (good electrical 
conductivity). The dual-mode biosensor provided diversified 
analytical data for the detection of acetamiprid compared 
to single-mode method. It was expected that the dual-mode 
strategy using the NG/PPy platform could significantly 

improve the analysis efficiency and accuracy and pave a 
new way for the development of biosensors for pesticide 
residue analysis.
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