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Abstract
A dual-mode electrochemical biosensor for acetamiprid detection was proposed for the first time based on carbon quantum 
dots/Prussian blue (CQDs/PB)-functionalized poly(3,4-ethylenedioxythiphene) (PEDOT) nanocomposite. The nanocom-
posite with spherical stacking nanostructure showed high surface area, excellent catalytic ability, and cycling stability. The 
biosensor can be effortlessly constructed after the immobilization of acetamiprid aptamer. The concentration of acetamiprid 
can be determined by differential pulse voltammetry (DPV) based on its signal change deduced from the pristine PB. With 
the capture of acetamiprid, the response current (I-T) signal generated by hydrogen peroxide catalysis from the biosensor 
can also been used to establish the method for monitoring acetamiprid. The dual-mode biosensor showed a wide linear 
range from 10−12 g mL−1 to 10−6 g mL−1, low detection limits of 6.84 × 10−13 g mL−1 and 4.99 × 10−13 g mL−1, and ultrafast 
detection time of 25 s and 5 s through DPV and I-T mode, respectively. The biosensor possessed excellent selectivity and 
stability. More importantly, the biosensor was successfully applied to detect acetamiprid residues in vegetables, proving a 
promising approach for routine detection of pesticide in real samples.

Keywords  Dual-mode · Carbon quantum dots · Prussian blue · Conducting polymer · Biosensor · Differential pulse 
voltammetry · Acetamiprid

Introduction

The accumulation of acetamiprid (ATP) poses a threat to 
environmental security, food safety, and human health [1]. 
Thus, the development of a simple, sensitive, selective, and 
field-portable acetamiprid detection strategy is still immi-
nent. Many analytical methods have been applied for the 
detection of acetamiprid, mainly including gas chromatog-
raphy [2], high-performance liquid chromatography [3], and 
liquid/gas chromatography coupled with mass spectrome-
try [4]. Conventional techniques for pesticide detection are 
limited by the disadvantages of time-consuming, skilled 
manpower, high cost, and harsh operating conditions [5]. 
Different from those methods based on large instruments, 

the electrochemical biosensors provide a promising ana-
lytical alternative for pesticide analysis and gain significant 
attention due to their unique advantages, such as the rapid 
response time, the low limit of detection, the cost-effective-
ness, and ease to operate [6].

To improve the sensitivity and stability of the analysis, a 
variety of nanomaterials were successfully used to construct 
the biosensors for the assay of pesticide residue, including 
carbon-based nanomaterials and conducting polymers as 
well as nanocomposites in the form of nanoparticles, nanow-
ires, or porous nanostructures [7, 8]. Conducting polymers, 
such as polyaniline, polypyrrole, and polythiophene, have 
been extensively investigated as biosensor substrate for their 
enormous functionalization potential and favorable electro-
chemical functions [9]. For instance, poly(3,4-ethylenediox-
ythiophene) (PEDOT) was reported as a new electrochemi-
cal active material to construct the enzyme-based biosensor 
for the assay of organophosphate insecticides, which acted 
not only as a conductive formwork but also as an electro-
chemical mediator for thiocholine oxidation [10]. The 
combination of carbon-based material with the conducting 
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polymer has attracted much attention due to the synergistic 
effect in the electronic property.

In the large family of carbon-based materials, carbon quan-
tum dots (CQDs), as a fascinating class of zero-dimensional 
(0-D) carbon nanomaterials, have been applied in the fields 
of biological imaging, clinical diagnostics, biosensors, and 
catalysts due to their advantages such as high chemical stabil-
ity, good biocompatibility, high hydrophilicity, and mass pro-
duction at low cost [11]. Carboxyl-functionalized CQDs with 
high solubility in aqueous solution are beneficial to the immo-
bilization of a large number of biomolecules. The properties 
of carbon composites as sensing interface can be significantly 
improved after the modification with Prussian blue (PB) [12].

PB, a classical prototype of transition metal hexacyano-
metalates, has been widely studied due to its unique revers-
ible redox activity, catalytic property, good biocompatibility, 
and easy preparation [13]. And PB-based sensing platforms 
have been used for the assay of hydrogen peroxide, L-cysteine, 
and protein [10, 14, 15]. However, consideration of its special 
limited stability, gradual decrease of catalytic activity, and low 
Coulomb efficiency, the application of PB in the field of sensing 
and energy storage has been greatly constrained. It is an effec-
tive strategy to solve this issue that PB forms the composites 
with various nanomaterials, including the conducting polymer, 
carbon nanotube, graphene, graphene oxide, and graphene 
quantum dots [14, 16–18]. So far, the preparation and applica-
tion of CQDs/PB nanocomposites have received little attention.

Since the single-mode detection method may easily lead 
to no ability of self-verification of the results and poor anti-
interference capacity, the dual-mode biosensors have shown 
much higher effectiveness and reliability using two different 
principles and relatively independent signal output [19]. In 
this work, we proposed an electrochemical dual-mode bio-
sensor for ultrasensitive and ultratrace detection of acetami-
prid based on the PEDOT/CQDs/PB nanoparticles. CQDs/
PB hybrid was firstly prepared through PB anchored on car-
boxylated CQDs by a spontaneous redox reaction between 
FeSO4 and K3[Fe(CN)]6. Subsequently, CQDs/PB acted as 
“template” to guide the formation of PEDOT/CQDs/PB 
nanoparticles. Integrating the reversible redox activity of 
PB and good biocompatibility of CQDs with the favorable 
electrochemical properties of PEDOT, the prepared PEDOT/
CQDs/PB nanoparticles can provide a good substrate for 
the immobilization of acetamiprid aptamer to construct the 
novel dual-mode biosensor (Scheme 1).

Experimental section

Reagents and apparatus

H2O2 (30%) and KMnO4 were bought from Laiyang Kangde 
Chemical Co., Ltd. EDOT, acetamiprid, methyl parathion, 

chlorpyrifos, and fenitrothion were obtained from Aladdin 
regent (Shanghai, China). Acetamiprid aptamer (ctg aca cca 
tat gaa ga) was obtained from Shanghai Bioengineering Co., 
Ltd (Shanghai, China).

For all electrochemical measurements, field emission 
scanning electron microscope (SEM) of the modified elec-
trodes, Fourier transform infrared (FTIR), X-ray photoelec-
tron spectroscopy (XPS), X-ray diffraction (XRD) analysis, 
and high-performance liquid chromatography (HPLC), the 
required instruments and components, are listed in the sup-
porting materials.

The synthesis of nanomaterial

The synthesis of CQDs and CQDs/PB

According to the previous report, the carboxylated CQDs 
were synthesized successfully [20]. The preparation process 
of CQDs and CQDs/PB was described in the supporting 
material.

The synthesis of PEDOT/CQDs/PB

Ten-milligram CQDs/PB composite was dissolved in 
5 ml deionized water under the ultrasonic condition. Ten-
microliter EDOT was subsequently dropped and ultrasoni-
cally treated until it was completely dissolved to obtain the 
deposition solution. The PEDOT/CQDs/PB composites 
were deposited onto glassy carbon electrode (GCE) using 

Scheme  1   The working principle of dual-mode biosensor based on 
PEDOT/CQDs/PB. (a) The bare GCE; (b) PEDOT/CQDs/PB/GCE; 
(c) DNA/PEDOT/CQDs/PB/GCE; (d) ATP/DNA/PEDOT/CQDs/PB/
GCE; (e) the dual-mode output
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cyclic voltammetry (CV) technique with the potential range 
from − 0.2 V to 1.2 V and 15 cycles (Figure S1). The modi-
fied electrode was defined as PEDOT/CQDs/PB/GCE.

The electrochemical sensing of hydrogen peroxide 
on PEDOT/CQDs/PB

The catalytic ability of the PEDOT/CQDs/PB composite for 
hydrogen peroxide was investigated using the CV and I-T 
techniques. The specific parameters are listed in the sup-
porting material.

The dual‑mode assay of acetamiprid

PEDOT/CQDs/PB/GCE was immersed in PBS (pH 7.4, 
0.2 M) containing 0.4 M EDC, 0.1 M NHS, and 10−6 M 
acetamiprid aptamer for 1.0 h, and then it was washed with 
water and PBS three times, respectively. The aptasensor 
(DNA/PEDOT/CQDs/PB/GCE) was obtained. After DNA/
PEDOT/CQDs/PB/GCE was incubated in different concen-
trations of acetamiprid, DPV was recorded in 5.0 mL PBS 
(pH 4.0, 0.2 M). This was the first mode of acetamiprid 
detection. Meanwhile, with the capture of acetamiprid, the 
catalytic ability of the biosensor for hydrogen peroxide 
was also weakened, and the catalytic current of the same 
amount of hydrogen peroxide shown on the I-T curve was 
also reduced, which was the second mode of acetamiprid 
detection (Scheme 1).

Preparation and determination of the real sample

Fresh cabbage was cultivated in our laboratory. Cabbage 
samples were pretreated as follows. The cabbages were 
washed and dried for standby. Cabbages (10 g) were added 
to the system containing 5 mL of water and 20 mL of ace-
tonitrile. The mixture was ultrasonicated for 30 min and 
filtrated. The obtained filtrate was centrifuged at 4000 rpm 
for 15 min, and the acetonitrile in the supernatant was rotat-
ably evaporated at 55 °C; then, the concentrated solution 

was obtained. Finally, the concentrated sample was diluted 
100-fold with PBS (pH 7.4) for the following acetamiprid 
detection.

For the acetamiprid analysis in the diluted cabbage 
extract, various amount of acetamiprid (with the final con-
centrations of 0, 10−12, 10−11, 10−10, 10−9, 10−8, 10−7, and 
10−6 g  mL−1) were dropped into the obtained matrix of 
the diluted cabbage samples. The DPVs were recorded in 
5.0 mL PBS (pH 4.0, 0.2 M).

Results and discussion

The characteristics of the nanocomposites

The surface morphology of the CQDs, CQDs/PB, and 
PEDOT/CQDs/PB were characterized by SEM. Figure 1 
showed that the PEDOT/CQDs/PB nanocomposite was uni-
formly stacked granules with an average particle diameter 
of 100 nm. CQDs/PB nanocomposite with a large amount 
of carboxyl groups was very soluble in water and nega-
tively charged, which made it suitable to act as an excel-
lent dopant for the polymerization of conducting polymers 
(Figure S2). Negatively charged dopants can balance the 
positively charged PEDOT backbone to ensure the success-
ful development of polymerization, such as peptide, protein, 
multi-walled carbon nanotubes, and graphene oxide [21, 
22]. Therefore, CQDs/PB nanocomposite acted as “tem-
plates” to guide the polymerization of PEDOT, protecting 
the CQDs/PB nanoparticle as a covering shell. PEDOT/
CQDs/PB nanocomposite formed a uniform granular nano-
structure and expanded the surface area of the modified 
electrode.

XPS measurement was used to study the composition 
of PEDOT/CQDs/PB and the successful immobilization of 
acetamiprid aptamer. As shown in Fig. 2A, the fully scanned 
spectra of PEDOT/CQDs/PB contained S 2p (163.97 eV), 
C 1 s (286.11 eV), N 1 s (409.4 eV), O 1 s (533 eV), and Fe 
2p (708.4 eV), which illustrated that the conducting polymer 

Fig. 1   SEM images of PEDOT/
CQDs/PB at low and high 
magnifications
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PEDOT (the only source of S element) and CQDs/PB (the 
only source of Fe element) were successfully synthesized 
into an integral composite. Estimating from the Fe 2p pat-
tern (Fig. 2B), it could be observed that three binding energy 
peaks of Fe 2p3/2 and Fe 2p1/2 were located at 708.2, 711.2, 
and 724.8 eV, which were corresponding to the presence 
of [Fe(CN)6]4−, Fe3+, and PB nanoparticles, respectively 
[23]. Upon comparing the XPS pattern of PEDOT/CQDs/
PB (Fig. 2A) and DNA/PEDOT/CQDs/PB (Fig. 2C and D), 
it could be found that after the immobilization of acetami-
prid aptamer, new P 2p peak appeared with the decrease of 
S 2p and Fe 2p peaks, showing the successful attachment 
of aptamer. Table S1 shows the quantitative analysis of the 
modified surfaces.

The FTIR spectrum of CQDs (Figure S3A, curve a) 
showed strong features at 1593  cm−1, 1361  cm−1, and 
1271 cm−1 corresponding to the symmetric and antisym-
metric stretches of C = O and C–O–C respectively, which 
was consistent with the presence of the carboxylate groups 
of CQDs [24]. For the FTIR spectrum of CQDs/PB (curve 
b), the new band appeared at 2084  cm−1, which was 
ascribed to the stretching vibration peak of C≡N, prov-
ing that PB has successfully combined with CQDs as a 
whole. More interestingly, for the spectrum of PEDOT/
CQDs/PB, the new appearance of the band at 1065 cm−1 
corresponded to the stretching vibration absorption peak 
of C-S, suggesting the successful preparation of PEDOT/
CQDs/PB.

UV–vis spectral analysis was performed to verify 
the preparation of CQDs and CQDs/PB (Figure S3B). 
CQDs have been reported to display strong optical 
absorption in the UV and near-visible regions [24]. It 
was observed that CQDs aqueous solution had an obvi-
ous absorption peak at 322 nm (curve a). In addition, 
there was a strong absorption peak at 693 nm corre-
sponding to PB [25] (curve b).

The XRD pattern of the CQDs (Figure S3C, curve a) 
also displayed a broad peak centered at 29.5° (2θ), which 
was also attributed to the highly disordered carbon atom 
[26]. For the patterns of CQDs/PB and PEDOT/CQDs/PB, 
the diffraction peaks at 17.55°, 24.75°, 35.40°, and 39.00° 
(curves b and c) referred to the reflections of the face-
centered-cubic phase of PB [14]. After the co-deposition 
of PEDOT and CQDs/PB, these patterns of the PB peaks 
did not change significantly.

The catalytic property of hydrogen peroxide 
by PEDOT/CQDs/PB

As shown in Figure S4A, PEDOT/CQDs/PB/GCE dis-
played a pair of well-defined redox peaks, corresponding 
to the reversible transformation between PB and Prus-
sian white [27]. With the addition of H2O2, the cathode 
peak/anode peak current of PEDOT/CQDs/PB/GCE 
increased (curve b), indicating that PEDOT/CQDs/PB 

Fig. 2   XPS survey spectra of 
the PEDOT/CQDs/PB (A) and 
DNA/PEDOT/CQDs/PB (C). 
High-resolution XPS spectra for 
Fe 2p (B) of the PEDOT/CQDs/
PB and P 2p (D) of the DNA/
PEDOT/CQDs/PB
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nanocomposite had good catalytic performance for H2O2. 
Figure S4B showed that the maximum response current 
to hydrogen peroxide was produced at 0  V. A typical 
amperometric I-T plot of PEDOT/CQDs/PB/GCE was 
studied by continuously adding H2O2 to PBS (pH 4.0) at 
0.0 V (Figure S4C). The response current was linear with 
the H2O2 concentration ranging from 0.1 mM to 0.9 mM 
with a detection limit of 0.0287 mM (Figure S4D). More 
detailed discussions are listed in the supporting materials.

Construction of a dual‑mode acetamiprid 
aptasensor

As shown in Scheme 1, PEDOT/CQDs/PB was employed as 
an electrochemical sensing platform for the assay of aceta-
miprid. CV is a convenient and practical way to character-
ize the step-by-step preparation of modified electrodes. Fig-
ure 3A shows that the bare electrode had no peak in 0.2 M 
PBS (pH 4.0). Interestingly, after acetamiprid aptamer was 
immobilized onto the PEDOT/CQDs/PB-modified electrode, 
the well-defined redox peak current of PB decreased obvi-
ously. When acetamiprid was specifically captured by the 
biosensor, the aptamer-acetamiprid complex reduced the 
peak current of PB (curve d). These results indicated that 
PEDOT/CQDs/PB was an excellent electrochemical indi-
cator. As shown in Fig. 3B, the DPV tests were also used 
to characterize the properties of the biosensors. Typically, 
the bare GCE showed a smooth straight line (curve a). The 
sequential immobilization of both acetamiprid aptamer and 
acetamiprid led to the corresponding decrease of the oxi-
dation peak current of PB. Furthermore, Figure S5 shows 
that the electrochemical reaction on the biosensor was a 
diffusion-controlled process.

The dual‑mode aptasensor for the assay 
of acetamiprid

Figure  S7 shows the best DPV parameter setting: the 
increased voltage was 0.1 V; the amplitude was 0.1 Hz; the 

pulse width was 0.06 s; and the pulse period was 0.5 s. The 
optimal detection pH was 4.0 and the optimal number of 
deposition cycle for PEDOT/CQDs/PB was 12 cycles.

Under the optimized experimental conditions, the 
biosensor was performed for the quantitative assay of 
acetamiprid. The peak current of DNA/PEDOT/CQDs/
PB/GCE decreased with the increasing acetamiprid con-
centration (Fig. 4A). The signal inhibition rate (ΔI/I0) 
was in a linear relationship with the acetamiprid con-
centration within the range from 10−12 to 10−6 g mL−1, 
where I0 represents the signal value without acetami-
prid, and ΔI is the current change. Linear fitting equa-
tion was ΔI/I0 = 0.05779 log C + 0.7087 (R2 = 0.993) 
(Fig. 4B) with the detection limit (LOD) of the method 
6.84 × 10−13 g mL−1 (S/N = 3).

Incubation of acetamiprid with different concentrations 
on the biosensor may change its catalytic ability for H2O2, 
thus affecting the response current (ΔI). The I-T method 
was used to determine the response current of the biosensor 
incubating different concentrations of acetamiprid towards 
H2O2 (0.1 mM), as shown in Fig. 4C. Figure 4D shows that 
the linear regression equation (ΔI =  − 0.1257 C + 0.6075, 
R2 = 0.994) was obtained with the acetamiprid concentra-
tion within the range from 10−12 to 10−6 g mL−1, and the 
LOD of the method was 4.99 × 10−13 g mL−1. The dual-
mode excellent analytical performance of the biosen-
sor for acetamiprid detection was compared with that of 
other biosensors previously reported in Table 1. The lower 
detection limit and the wider linear range may be attributed 
to the following reasons. Firstly, PEDOT/CQDs/PB can 
effectively integrate the merits of three components, with 
excellent electrical conductivity and its own electrochemi-
cal indicator. Secondly, spherical PEDOT/CQDs/PB with 
a large surface area had a large number of carboxyl groups 
for fixing the aptamers and provided a biocompatible envi-
ronment to maintain the activity of the aptamers. Finally, 
the forceful and selective combination between aptamer 
and acetamiprid ensured the excellent sensing performance 
of the biosensor.

Fig. 3   CV (A) and DPV (B) of 
the sensors recorded in 0.2 M 
PBS (pH 4.0). The curves 
represent the bare electrode (a), 
PEDOT/CQDs/PB/GCE (b), 
DNA/PEDOT/CQDs/PB/GCE 
(c), and ATP/DNA/PEDOT/
CQDs/PB/GCE (d)
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The specificity and stability of the aptasensor

To evaluate the selectivity of the dual-mode biosensor, sev-
eral kinds of pesticides and inorganic salts were used as 
the possible interferences, such as maltose, ascorbic acid, 
saccharose, citric acid, chlorpyrifos, methyl parathion, feni-
trothion, azathioprine, parathion-methyl, fenitrothion, urea, 
glucose, carbofuran, KCl, NaNO2, and CuSO4. As shown in 
Fig. 5A, the interference studies were estimated at the opti-
mum conditions in 1.0 μM acetamiprid solution and various 
concentrations of the interference species. The tolerance 

limit concentration was considered the concentration of the 
interference species which offered an error of less than 5% 
in the measurement of acetamiprid [35, 36]. As shown in 
Fig. 5A and B, 500-fold of KCl, NaNO2, CuSO4, maltose, 
ascorbic acid, saccharose, citric acid, urea, and glucose; 
200-fold of chlorpyrifos, methyl parathion, fenitrothion, and 
azathioprine; 100-fold of parathion-methyl; and 20-fold of 
fenitrothion and carbofuran did not cause no obvious inter-
ference in the determination process of acetamiprid. These 
results indicated that the dual-mode biosensor possessed the 
excellent selectivity for acetamiprid.

Fig. 4   (A) DPV curves of the 
DNA/PEDOT/CQDs/PB/GCE 
towards different concentra-
tions of acetamiprid; (B) the 
signal inhibition rate (ΔI/I0) of 
the biosensor after incubation 
with different concentrations of 
acetamiprid. The inner illustra-
tion showed the linear relation-
ship between the logarithm of 
acetamiprid concentration and 
ΔI/I0. (C) The response current 
of the biosensor incubated with 
different concentrations of 
acetamiprid towards 0.1 mM 
H2O2; (D) the relationship 
between acetamiprid concen-
tration incubated by biosensor 
and ∆I. The inner illustration 
showed the linear relationship 
between logarithm of acetami-
prid concentration and ∆I. a–h 
represent the concentration of 
acetamiprid from 0, 10−12, to 
10−6 g mL.−1

Table 1   Analytical performance of acetamiprid detection platforms

rGO, reduced graphene oxide; AgNPs, silver nanoparticles; PB, Prussian blue; AuNPs, gold nanoparticles; TAN, tetrahedral aptamer nanostruc-
ture; cDNA-UCNPs, complementary DNA-conjugated upconversion nanoparticles; CQDs, carbon quantum dots; MWCNTs/rGONRs, MWCNTs/
reduced graphene oxide nanoribbons

Sensing platform Detection technique Detection limit/M Linear range/M Reference

Nitrogen-doped graphene DPV 0.15 × 10−9 5.0 × 10−10 to 7.8 × 10−6 [28]
Au-rGO DPV 2.9 × 10−15 0.1 × 10−12 to 10.0 × 10−9 [29]
Gold nanoparticles DPV 0.086 × 10−6 0.25 × 10−6 to 2.0 × 10−6 [30]
rGO-AgNPs/PB-AuNPs CV 0.3 × 10−12 1 × 10−12 to 1 × 10−6 [31]
Au-TAN ECL 0.0576 × 10−12 0.1 × 10−12 to 10 × 10−9 [32]
cDNA-UCNPs Fluorescence 0.65 × 10−6 4.0 × 10−9 to 5.1 × 10−7 [33]
MWCNTs/rGONRs Photoelectron-chemical 0.2 × 10−12 0.5 × 10−12 to 10 × 10−6 [34]
PEDOT/CQDs/PB DPV

I-T
3.1 × 10−15

2.3 × 10−15
4.5 × 10−15 to 4.5 × 10−9

4.5 × 10−15 to 4.5 × 10−9
This work
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Moreover, 50 cycles of CV curves of the biosensors were 
recorded in PBS (pH 4.0). The DNA/PEDOT/CQDs/PB/
GCE was able to retain 98.8% of its initial value of oxida-
tion peak current after 50 cycles, while the DNA/PEDOT/
PB/GCE just retained 80.1% (Fig. 5C and D). These results 
clearly indicated that the DNA/PEDOT/CQDs/PB/GCE had 
excellent stability.

Real sample analysis

The dual-mode biosensor was used to detect acetamiprid 
pesticide in Chinese cabbage cultivated in our laboratory 
to verify the possibility of practical application. Different 
concentrations of acetamiprid were added into 100-fold 
diluted Chinese cabbage extract to perform the valida-
tion procedure. For the DPV mode (Figure S8), the linear 

equation (ΔI/I0 = 0.05573 log C + 0.7123, R2 = 0.998) was 
obtained with the acetamiprid concentration range from 
10−12 to 10−6 g mL−1. It was found that the slope of the 
linear curve obtained in PBS and vegetable juice was close, 
which proved that the biosensor had good selectivity and 
robustness. Moreover, to further confirm the practical 
application of the dual-mode strategy in the assay of aceta-
miprid, the HPLC technique was used to detect acetami-
prid in vegetable extract according to the previous report 
[37]. As shown in Table 2, the coincidence rate (DPV/I-T) 
between the detection results fell between 91.5 and 100%. 
The detection results of HPLC were basically consistent 
with the dual-mode detection results. The detection limit of 
the dual-mode biosensor for vegetables was 6.84 × 10−7 mg 
L−1 and 4.99 × 10−7 mg L−1 (DPV and I-T modes). Accord-
ing to the current GB 2763–2016 in China, the maximum 

Fig. 5   (A and B) The interfer-
ence tests using dual-mode 
biosensor towards the mixture 
of maltose (a), ascorbic acid 
(b), saccharose (c), citric acid 
(d), chlorpyrifos (e), methyl 
parathion (f), fenitrothion (g), 
azathioprine (h), parathion-
methyl (i), fenitrothion (j), urea 
(k), glucose (l), carbofuran (m), 
KCl (n), NaNO2 (o), CuSO4 
(p) and acetamiprid, and only 
acetamiprid (q). (C) CV curves 
of 50 circles by the biosensor in 
a PBS (pH 4.0). (D) Oxidation 
peak current changes of DNA/
PEDOT/CQDs/PB/GCE (a) and 
DNA/PEDOT/PB/GCE (b) at 
different cycle numbers

Table 2   Determination of acetamiprid in vegetable samples (n = 3)

RSD (%) (n = 3), 1′, 2′, 3′, and 4′ samples were obtained by diluting 1, 2, 3, and 4 samples 1000 times

Sample HPCL method (μg mL−1) Sample Biosensor method (ng mL−1)

Detected RSD (%) Detected by DPV RSD Detected by I-T RSD (%) Coincidence 
rate (DPV/I-T) 
(%)

1 0.045 5.6 1′ 0.043 5.1 0.047 3.2 91.5
2 0.094 1.6 2′ 0.089 3.8 0.096 2.5 92.7
3 0.47 2.1 3′ 0.045 2.9 0.045 1.7 100
4 0.97 1.0 4′ 0.094 4.1 0.095 2.4 98.9
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residue limits of acetamiprid in vegetables are 1.0 mg L−1. 
Therefore, the dual-mode biosensor could meet the require-
ment for the quantitative detection of residual acetamiprid 
in vegetables.

At the same time, it was noted that when this method 
was applied to the detection of pesticide residues in actual 
samples, vegetable samples need to be processed cumber-
some. It is expected that further developed detection meth-
ods could realize the direct detection of samples without 
pretreatment.

Conclusion

A dual-mode (DPV and I-T) biosensor based on PEDOT/
CQDs/PB has been constructed for the detection of aceta-
miprid. Within the designed assaying system, PB provided 
a sensitive electrochemical signal, and PEDOT/CQDs/PB 
with good catalytic ability for hydrogen peroxide produced 
a significantly enhanced current signal. These unique 
sensing performances, such as high sensitivity, wide lin-
ear range, and low detection limit, made this assay a very 
practical method for the detection of pesticide residues in 
actual samples. It is expected that the dual-mode strategy 
for the development of biosensor may open perspectives 
towards the construction of new biosensors with high sen-
sitivity, accuracy, and selectivity.
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