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To solve the problem of uniform immobilization of gold-labelled antibodies on an electrode surface, an
antibody-labelled Abs-AuNPs@ZIF-67 probe was synthesized by a one-step wet chemical method, and
an electrochemical immunosensor based on gold-labelled antibody probes for the detection of pyrethroid
(PYR) pesticides was constructed. This method enhanced the uniform dispersion effect of gold-labelled
antibodies on the electrode surface and improved the immobilization level of broad-spectrum antibody.
The detection ranges for fenpropathrin and deltamethrin were determined to be 0.286-2.864 x 10° nM
and 1.979-1.979 x 10° nM, with linear correlation coefficients of 0.9941 and 0.9874, respectively. The
limits of detection for fenpropathrin and deltamethrin were determined to be 0.0258 nM and 1.712 nM,
respectively. This detection method was compared with the standard GC-MS method for the
determination of PYRs in vegetable samples. The electrochemical immunosensor showed a high
recovery rate (93.69%-102.11%) in a spiked sample recovery experiment. The constructed
electrochemical immunosensor shows high sensitivity, selectivity and stability. This study not only
provided a new gold-labelled antibody probe for the rapid detection of fenpropathrin and deltamethrin
but also provided a new pathway for the construction of electrochemical immunosensors for the
detection of other pesticides and small molecule targets.

Keywords: Gold-labelled antibody probes, Fenpropathrin, Deltamethrin, Electrochemical
immunosensor, Broad-spectrum antibodies, Synthetic pyrethroids.

1. INTRODUCTION

Pyrethroids (PYRs) are highly toxic and rapid insecticides. Their widespread use can easily lead
to residues, causing tremor syndrome and allergic reactions in humans[1, 2]. Fenpropathrin and
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deltamethrin pesticide residues in fruits and vegetables can affect human health and cause problems
related to PYR accumulation in the environment. Therefore, it is urgent to develop an economical and
reliable method suitable for field application. It is particularly important to develop a small molecule
target detection method for the sensitive detection of fenpropathrin and deltamethrin pesticides[3].

At present, the detection methods for PYRs include enzyme-linked immunosorbent assay[4, 5]
fluorescence analysis[6], chemiluminescence[7] and electrochemical immunosensors[8]. However, the
application of enzyme-linked immunosorbent assay (ELISA) in the rapid detection of pesticide residues
in vegetables is limited due to the high cost of antibody preparation and sample detection. Fluorescent
colorimetry is easily disturbed by pigments in vegetable matrices, which affects its accuracy.
Electrochemical immunosensors use the specific binding mechanism between antibodies to identify
targets to change the conformation of antibodies and the current signal on the electrochemical sensing
interface. Electrochemical biosensors have become a research hotspot in recent years due to their
advantages of high sensitivity, fast signal response and easy equipment miniaturization[9-13].

To sensitively detect PYRs and build an efficient recognition element for electrochemical
immunosensors, a signal amplification platform with a large specific surface area, good biocompatibility
and excellent detection performance is required[ 14]. Noble metal materials and transition metal alloys
have good biocompatibility, large specific surface area and electrical conductivity and are widely used
in the preparation of immunosensors, especially gold-labelled antibodies[15-17]. Metal-organic
frameworks (MOFs) with extremely high surface areas and high porosities are considered potential
supporting materials for the fabrication of immunosensors loaded with nanoparticle[18-21]. ZIF-67
prepared by one-step wet chemical synthesis in this study has a regular dodecahedron structure and a
large specific surface area, which provides abundant surface active sites for the attachment of gold-
labelled antibodies. ZIF-67 (MOF) shows great potential for constructing sensitive electrochemical
immunosensors[22-26]. Reduced graphene oxide (rGO) is the product of graphite oxidation stripping
and reduction, and the structure of rGO is very similar to GO. Compared with GO, rGO has better
conductivity and is easier to disperse, manipulate and prepare. rGO can be directly introduced into the
preparation of the electrochemical sensing interface. Its good electrical conductivity and electrochemical
sensing activity has led to its wide use as a sensor substrate material in electrochemical applications[27-
29].

In brief, we consider the construction of an electrochemical immunosensor for the simultaneous
detection of fenpropathrin and deltamethrin and the synthesis of a gold-labelled Abs-AuNPs@ZIF-67
probe by a one-step wet chemical synthesis. The prepared AuNPs@ZIF-67 nanocomposite shows good
stability, enhances the uniform dispersion effect of the electrode surface, and overcomes the previous
agglomeration problem for antibody probes on the electrode surface.

2. EXPERIMENT

2.1 Reagent

A glassy carbon electrode (GCE, GaossUnion), saturated calomel electrode (SCE, GaossUnion),
and platinum electrode (PtE, GaossUnion) were used as the working electrode, reference electrode and



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220439 3

counter electrode, respectively, in the three-electrode platform system of the electrochemical sensor.
Co(NO3)2:6H>0, bovine serum albumin (BSA), and 1,2-dimethylimidazole were obtained from Sigma-
Aldrich (USA). The reagents used in the whole process, such as HAuCls-3H,0, CsHsO7Na3, NaBH4,
K>COs3, H3BOs3, K3[Fe(CN)g], NaOH and other chemical reagents, were at the analytical level. The
monoclonal antibodies (Abs) against PYR as the key recognition components were supplied by Beijing
Biodragon Immunotechnologies Co., Ltd. The graphene oxide (GO) was procured from Nanjing
XFNANO Materials Tech Co., Ltd. Deltamethrin and fenpropathrin, permethrin, profenofos,
isocarbophos, acetamiprid and imidacloprid were supplied by Beijing Yihuatongbiao Technology Co.,
Ltd.

2.2. Instrument

The resistivity of the ultra-pure water used in this work was standard 18.2 MQ-cm (Milli-Q
system, Millipore, USA). The operation of the electrochemical immunosensor was realized in an
electrochemical workstation (CHI660D, Shanghai Chenhua Co., Ltd., China). The FT-IR spectra were
acquired using an FT-IR spectrometer (Nicolet 5700, Thermo Scientific, USA). The UV-Vis spectra for
GO and rGO were measured by a multifunction microplate reader (Varioskan LUX, Thermo Scientific,
USA). The Abs-AuNPs@ZIF-67 was prepared by a centrifuge machine (ST16R, Thermo Scientific,
USA). TEM, STEM and EDS characterization of AuNPs and Abs-AuNPs@ZIF-67 was performed by
transmission electron microscopy (Tecnai G2 Spirit TWIN, USA). The surface morphologies of rGO
and Abs-AuNPs@ZIF-67/rGO were determined by field emission scanning electron microscopy (FE-
SEM, Quanta 250, FEI, USA). The Raman spectra for the samples were measured using a high-
resolution Raman spectrometer (HORIBA JY, France).

2.3 Preparation of the electrochemical immunosensor

2.3.1 Preparation of Abs-AuNPs@ZIF-67 antibody probes

AuNPs were prepared according to the method of Dong [30] by trisodium citrate reduction. The
AuNPs@ZIF-67 composites were synthesized by a one-step wet-chemical approach, schematically
illustrated in Scheme S1, Text S1. A 10 ml mixed solution containing 33.6 mmol (2.76 g) of 2-
methylimidazole in methanol was prepared. The prepared AuNPs solution with a particle size of about
12 nm was centrifuged and concentrated (12,000 rpm) to 10%. The first two mixed solutions were evenly
mixed for preparation using a magnetic stirrer. Co(NO)3-6H20 (1.6 mmol, 0.46 g) was added to 12 mL
methanol (solution B), and solution A and solution B were mixed together slowly and evenly and reacted
at room temperature for 3 h (400 rpm). The reaction was synthesized by a one-step wet chemical method,
centrifuged with AuNPs@ZIF-67, and then stored at 4°C. Then, 180 pL K>COz30. (1 M) solution was
added to 10 mL AuNPs@ZIF-67, and AuNPs@ZIF-67 was coupled with Abs in order to form an alkaline
environment. Then, 0.1 mg/mL of PYR broad-spectrum antibody (600 uL) was added and oscillated at
25°C for 30 min to ensure that positive charge cluster around the antibody protein formed a firm bond
with the negative charge around the gold nanoparticle through electrostatic adsorption. BSA (1,190 pL,
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10%, m/v) was added to seal the nonspecific binding sites by oscillating the reaction for 30 min. After
incubation at 4°C for 3 h, the supernatant was discarded after centrifugation (4,000 rpm, 5 min). Then,
1,000 pL of borate buffer solution (2.0 mM) was added and the mixture shaken until uniform. The above
operation was repeated and saved at 4°C.

2.3.2 Preparation of substrate materials (rGO)

First, GO solution (100 mg) was prepared in 100 mL ultra-pure water, and an ultrasonic bath was
conducted for 30 min to evenly disperse the GO colloid. After adding 1 mol/L. NaOH solution to adjust
the pH of the dispersant to 9.5, 800 mg NaBH4 was dispersed in 100 mL GO dispersant and stirred at
90°C for 1 h. When NaBH4 was added, the brown dispersion immediately turned black, indicating an
increase in rGO content[27]. Finally, ultra-pure water was used to filter and wash the dispersion.

2.3.3 Preparation of the Abs-AuNPs@ZIF-67/rGO/GCE immunosensor

AuNPs@ZIF-67 Abs-AuNPs@ZIF-67

2 o
¢ Es

AuNPs 'V Abs @ BSA PYRs # Abs-AuNPs@ZIF-67 <& rGO

Scheme 1. Schematic illustration for the fabrication of the electrochemical immunosensor.

Scheme 1 shows a schematic diagram of the label-free electrochemical immunosensor fabricated
on the GCE. First, the GCE was cleaned by polishing with alumina powder and ultrasonication in a
mixture of water and ethanol. An aliquot of rGO dispersed sample (8 pL) was immobilized onto the
cleaned GCE surface as substrate material. An aliquot of gold-labelled antibody probe (Abs-
AuNPs@ZIF-67) dispersed sample (8 uL) was mounted onto the substrate material surface. The
modified electrode was dried at room temperature for 30 min.

Then, the nonspecific binding site was blocked and the modified electrode was blocked with 8
pL BSA (0.5 wt %) solution for 30 min. Finally, 8 pL. PYRs were added to the surface of the modified
electrode and incubated at 37°C for 50 min. This modified GCE constituted the working electrode and
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was used for further experimental studies.

2.4 Electrochemical detection methods

With the construction of the electrochemical immunosensor for PYR detection, the
electrochemical behavior of the electrode surface changed. To investigate and analyze this change, cyclic
voltammetry (CV) scanning was performed in [Fe(CN)s]>"* solution (pH 7.4, 5.0 mM). The potential
parameter range for electrochemical scanning was set as -0.1 V to + 0.6 V, and the standard scanning
rate was 0.05 V/s. . In this process, two kinds of electrochemical immunosensors were prepared under
the best experimental conditions, and their CV electrochemical response values were measured. The CV
response values for each electrochemical immunosensor after BSA blocking were measured and denoted
as [. After the surface of the electrode was washed and blow-dried, the CV response value of the
electrode of the electrochemical immunosensor after adding the PYR-containing solution was collected
and denoted as I,. After calculating the Al value (AI=I>-I1), the relationship between Al and the PYR
concentration was analyzed.

2.5 Pretreatment of samples

Samples of lettuce and baby cabbage purchased from a market were crushed into slurries, and
each sample (50.0 g) was accurately weighed. Each solution was extracted with 160.0 mL methanol-
PBS (70%, v/v) and then mixed for 2 min. After homogenization, the subsequent experimental solution
was formed after filtration with a 0.45 pm filter membrane.

3. RESULTS AND DISCUSSION
3.1 Characterization of Abs-AuNPs@ZIF-67/rGO/GCE

3.1.1 Characterization of AuNPs

Field emission transmission electron microscopy (FE-TEM) images (Figure 1B) show that the
AuNP samples present a face-centred cubic (FCC) lattice with an Au interlayer spacing of 0.24830 nm.
The prepared AuNPs show a globular shape (Figure 1A) and uniform distribution (Figure 1C and 2D).
Figure 1D confirms the homogeneous distribution of AuNPs with an average size of approx. 10-12 nm.
The morphology of the prepared nanostructures was revealed by FE-TEM images, indicating that the
AuNPs were well prepared.
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Figure 1. FE-TEM images of the AuNPs (A), (B), (C), (D) at different magnifications; FE-TEM images
representing the lattice size of the AuNPs (B); FE-TEM image of the size distribution of the
AuNPs (D).

3.1.2 Characterization of gold-labelled antibody probes (Abs-AuNPs@ZIF-67)

UV-Vis absorption spectroscopy was used to evaluate the combining ability of the AuNPs,
AuNPs@ZIF-67 and Abs-AuNPs@ZIF-67. Figure 2 shows the UV-Vis absorption spectra for
conventional gold-labelled antibody probes. The UV-Vis spectrum for AuNPs is shown in Figure 2A-a.
At a wavelength of 522 nm, a strong plasma absorption peak induced by collective electron oscillations
was observed for the 12 nm AuNPs. Figure 2A-b show UV-Vis absorption spectra for AuNPs bound to
Abs protein. After modification by Abs, the plasma absorption peak for the AuNPs showed a redshift
from 522 nm to 537 nm. The resonant wavelength and bandwidth of the AuNPs were related to the
particle size and shape, refractive index and temperature of the surrounding medium. This change is
attributed to the change in the dielectric properties around the Abs-AuNPs after the conjugation of
AuNPs and Abs[31, 32].

Figure 2B shows the UV-Vis absorption spectra for the gold-labelled antibody probes used in this
study. Figure 2B-c shows the UV-Vis absorption spectra for ZIF-67. Figure 2B-d shows the UV-Vis
absorption spectra for the AuNPs. Figure 2B-b shows the UV-Vis absorption spectra for Abs protein-
stabilized AuNPs@ZIF-67. The optical properties of AuNPs@ZIF-67 showed one peak at 586 nm,
which could be related to the *A»(F)—*T1(P) transition and the metal-ligand charge transfer (MLCT) for
Co(II) ions. The plasma absorption peak for the gold-labelled antibody probe shifted from 522 nm to
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534 nm after the modification of the antibody, similar to the shift observed for of the conventional gold-
labelled probe from 522 nm to 537 nm. This shift after conjugation of AuNPs@ZIF-67 with Abs was
attributed to the changes in the dielectric nature surrounding the AuNPs@ZIF-67 due to the presence of
Abs. The above analysis characterized the successful preparation of gold-labelled antibody probes[32].

Figure 2C shows the Raman spectra for the prepared GO and rGO. This figure shows obvious
Raman characteristic vibration peaks for the D-band (Alg) and G-band (E2g) of graphene at 1349.86
cm™! and 1597.33 em![33], and the D-band and G-band of rGO at 1345.09 cm™ and 1597.33 cm™,
respectively[34]. The GO Ip/Ig value is smaller than the rGO Ip/Ig value. Figure 2D shows the FT-IR
spectra for GO and rGO. It can be observed from the figure that a large number of functional group
peaks appear on GO within the detected wavelength range.
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Figure 2. UV-Vis absorption spectra for gold-labelled antibody probes (A), (B). Raman spectra for GO
and rGO (C). FT-IR spectra for GO and rGO (D).

The strong absorption peaks observed at 3422 cm and 1053 cm™ were attributed to the
stretching vibration of hydroxyl groups in the GO plane, the stretching vibration peak of C=0O at 1723
cm’!, the characteristic stretching vibration peak of C=C at 1627 cm™ and 1224 cm™!, and the stretching
vibration peak of carboxyl C-OH at 1390 cm™!. This indicates that GO contains functional groups such
as hydroxyl and carboxyl groups[33]. However, the stretching vibration peaks for rGO in different
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functional groups shows a significant decrease, indicating that a large number of functional groups were
reduced after GO was reduced to rGO. The Raman spectra and the FT-IR spectra proved that the rGO in
the constructed electrochemical immunosensor was successfully synthesized.

3.1.3 Characterization of Abs-AuNPs@ZIF-67/rGO

AuNPs on ZIF-67 were observed by field emission transmission electron microscopy (FE-TEM).
The TEM, SEM and STEM results show that AuNPs were dispersed and spherical and ZIF-67 has a
regular dodecahedron structure (Figure 3A and 3B) with an average particle size of 200 nm.
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Figure 3. FE-TEM images for ZIF-67 (A). FE-SEM images for ZIF-67 (B). FE-TEM images for Abs-
AuNPs@ZIF-67 (C). STEM images for Abs-AuNPs@ZIF-67 (D). EDX spectra for Abs-
AuNPs@ZIF-67 (E). Elemental mapping for Co and Au (F). FE-SEM images for rGO (G). FE-
SEM images for Abs-AuNPs@ZIF-67/rGO (H).
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Figure 2 shows the successful binding of AuNPs to ZIF-67, while scanning transmission electron
microscopy (STEM, Figure 3D) shows the complete fusion of AuNPs and ZIF-67. AuNPs were
uniformly adhered to the surface of ZIF-67 without a clear boundary. The presence of AuNPs in the
composites was confirmed by energy spectral analysis (EDS) of AuNPs@ZIF-67 (Figure 3C and 3E)
and the element distribution mapping phase (Figure 3F), which shows that the composites were
composed of Au and Co. To intuitively understand the nanostructure of the AuNPs@ZIF-67 samples,
STEM tests were performed. More importantly, the STEM maps for Co and Au were found to match
well with the dispersive spectroscopy (EDS) analysis of Co and Au in AuNPs@ZIF-67, indicating that
AuNPs were uniformly loaded and compacted in ZIF-67. TEM characterization of Abs-AuNPs@ZIF-
67/rGO and rGO-modified electrodes shows that Abs-AuNPs@ZIF-67 probe was uniformly
immobilized on the surface of rGO-modified electrode.

3.2 Optimization of the immunosensor conditions

To explore the optimal immunosensor performance, different experimental parameters were
systematically studied in this work. Figure 4A shows the effect of the coupling rate between the antibody
and AuNPs on the immunosensor performance, which influenced the charge transfer efficiency of the
electrode interface. The coupling efficiency between AuNPs and antibody has an important influence on
electrochemical immunosensor detection. We know that an increased number of antibodies on the sensor
surface can increase the sensitivity of the test but will also increase in the cost of the test. At the same
time, the electrical conductivity of Abs-AuNPs is decreased by the coupling of too many antibodies. In
this work, the effects of coupling different concentrations of antibody and AuNPs on the conductivity of

¥+ the interface of the

the sensor interface were studied. The redox capacity of [Fe(CN)s
electrochemical immunosensor was measured by the CV method. When the concentration of the
antibody was 6.0 nug/mL, a larger Al value was obtained (Figure 4A). The minimum average deviation
was obtained at this concentration, indicating that the electrochemical immunosensor prepared under
this condition has the best stability. Therefore, 6.0 pg/mL was selected as the optimal antibody
concentration.

Second, the effect of the incubation time was was studied to establish the minimum immuno-
reaction time that assures the interaction between the Abs-AuNPs@ZIF-67 on the immunosensor surface
and the PYRs. The incubation times were 25 min, 30 min, 35 min, 40 min and 45 min. When the target
pesticide was present in solution, the PYRs-Abs complex was formed at the immunosensor interface,
weakening the electron transfer ability and resulting in a decrease in the peak current. The incubation
time of the antibody was also very important for the performance of the immunosensor. A short time
might not allow the target pesticide to fully bind to the antibody, while an extended time might lead to
the inactivation of the antibody to a certain extent. The number of complexes was correlated with the
specific recognition time of the PYR pesticide small molecule and the gold-labelled antibody. Therefore,
the specific recognition between gold-labelled antibodies and PYR pesticides is affected by the reaction
time. Over time, an increasing number of pesticide molecules wre captured on the surface of the
electrode, resulting in electron transfer and a gradual increase in Al (Figure 4B). When the critical point
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was reached (40 min), the sensor surface compounds reached saturation. The Al values did not change
significantly when the culture time was further increased. Therefore, 40 min was chosen as the best
incubation time for the immunosensor and pesticide target.

In addition, the pH value of the buffer solution is a necessary condition for electrochemical
immunosensors, because it affects the biological activity of the antibody and the electrochemical
performance of electrochemical immunosensors. On this basis, a series of potassium ferricyanide
solutions with pH 6.0-9.0 were selected as the experimental conditions. As shown in Figure 4C, the
electrochemical signal response of the electrochemical immunosensor increased with a change in pH
value from 6.0 to 7.5, reaching the maximum signal response at 7.5, and then decreased with a further
increase in pH value.
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Figure 4. Optimization of the experimental parameters for the electrochemical immunosensor sensor:
(A) Antibody probe concentration; (B) Incubation time; (C) pH value.

3.3 Electrochemical detection of PYRs

As shown in Figure 5A, we used CV to evaluate the electrochemical characteristics of the
electrochemical immunosensor. The CV electrochemical spectrum shows a pair of reversible redox
peaks on the bare electrode sensor surface (e). After rGO was modified on the electrode surface, the peak
current for the electrode shows a significant increase due to the good conductivity of rGO (d). When the
rGO substrate was modified by Abs-AuNPs@ZIF-67, the peak current was reduced. The decrease in the
peak current of the electrode (c) was due to the organometallic frame structure and gold-labelled
antibody modification on its surface, which reduced the conductivity of the sensing interface. When BSA
was added to the surface of the electrochemical immunosensor to block nonspecific sites, the peak
current of the immunosensor continued to decrease (b). With the addition of PYRs, the peak electrode
current decreased again (a), and the formation of complexes between PYRs and Abs further limits the
electron transfer ability in the system.

Electrochemical impedance spectroscopy (EIS) is an efficient method for detecting the interface
properties of sensors by setting Nyquist plots for each surface modification step, helping to assess the
charge transfer coefficient[35, 36]. ZView software was used for circuit fitting of the Randle equivalent
circuit, as shown in Figure 5B. The diameter of the semicircle in the EIS impedance characterization
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diagram represented the charge transfer resistance (Rct). The Rct for rGO/GCE (d) was higher than that
for GCE (e), indicating that rGO promoted electron transfer during the electrode reaction. The Rct value
(c) for the electrode modified with the gold-labelled antibody probe was significantly larger than that for
rGO/GCE. When BSA (b) and PYRs (a) were further modified on the electrode, the Rct showed a
successive increase. The EIS and CV spectra measured for the sensor in this experiment were consistent.

These results demonstrate the successful assembly of the electrochemical immunosensor.
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Figure 5. Characterization of different modification steps by CV (A) and EIS (B) in 5.0 mM
[Fe(CN)s]> 7 containing 0.1 M KCI (pH 7.4). Typical CV curves of the developed sensor in with
different concentrations of (C) fenpropathrin (0.1 ng/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, 1
pg/mL, 10 ug/mL, 100 pg/mL) and (D) deltamethrin (1 ng/mL, 10 ng/mL, 100 ng/mL, 1 pg/mL,
10 pg/mL, 100 pg/mL). The linear relationship between the CV intensity and the logarithm for
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Under the optimum working conditions for the electrochemical immunosensor, we investigated
the correlation between the PYR concentration (C) and the relative difference of the electrochemical
redox peak signal (Al). As the concentration of the PYR sample was increased, more PYRs-Abs
combinations were bound to the interface of the electrochemical immunosensor, increasing the
impedance of the immunosensor surface and weakening the electron transfer ability , thereby increasing
Al Figure 5C and Figure SE show the CV relationship for fenpropathrin and deltamethrin concentrations
respectively. Figure 5D and Figure 5F show a linear correlation between Al and the logarithms of the
fenpropathrin and deltamethrin concentrations, respectively. The linear correlation coefficients (R2)
were determined to be 0.9941 and 0.9874, respectively. The linear equations were expressed as
AI=3.5616+1.76129LogC and AI=0.09932+1.58283LogC, respectively. The LOD can be obtained by
substituting the mean value (B0) and standard deviation (SD) determined for the negative samples after
three tests into the calculation formula (LOD=B0-3*SD). The limits of detection for fenpropathrin and
deltamethrin were determined to be 0.009 ng/mL (0.0258 nM) and 0.865 ng/mL (1.712 nM), respectively.
The detection ranges for fenpropathrin and deltamethrin were 0.1-1.0 x 10° ng/mL (0.286-2.864 x 10°
nM) and 1.0-1.0 x 10° ng/mL (1.979-1.979 x10° nM), respectively.

We compared these parameters with those obtained for other types of sensors, such as
electrochemical luminescence sensors (ECL) and surface-enhanced Raman spectroscopy sensors
(SERS), as shown in Table 1. The results showed that the electrochemical immunosensor in this
manuscript has a wide detection linear range and a low LOD, indicating that this research work has a
certain significance and potential.

Table 1. Comparison with other types of electrochemical sensors for PYRs detection

Method Pesticide Linear range (hM) LOD (nM) Reference
ECL Permethrin 2.6-4.3 x 10° 2.9 [9]
SERS Permethrin 100-2.0 x 10° 3.5 [37]
SERS Cyfluthrin 46.052-2.302 x 10° 0.115 [38]
SERS Cyfluthrin 0.1-10* 0.1 [39]
SERS Cypermethrin 103-106 10° [40]
] Fenpropathrin ~ 0.286-2.864 x 10° 0.0258 )
Electrochemistry This work

Deltamethrin ~ 1.979-1.979 x 10° 1.712

3.4 Performance test for the electrochemical immunosensor

The performance of the electrochemical immunosensor was evaluated by the important indices
of selectivity, reproducibility and anti-interference. The neonicotinoid pesticides acetamiprid and
imidacloprid (Figure 6A-e and 6A-f) and the organophosphorus pesticides probromophos and
thionophos (Figure 6A-g and 6A-h) were selected as interfering pesticides to explore the changes in the
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electrochemical response signals of sensors for different interfering substances before and after
incubation. Figure 6A-j shows the data for a matrix solution in the absence of the target. Figure 6A-c
shows the data for a mixture of PYRs (fenpropathrin) and non-PYRs (acetamiprid, imidacloprid, propion,
thionophos aquifers). Figure 6 A-d shows the data for the mixture of PYRs (deltamethrin) and non-PYRs
(acetamiprid, imidacloprid, propion, thionophos aquifers). Figure 6A-i shows the data for the mixture of
the standard solutions (fenpropathrin, deltamethrin, acetamiprid, imidacloprid, probromophosphoron,
and thionophos). The relatively small Al value indicated that it was difficult for the gold probe to bind
to these interfering pesticide molecules. Unlike nontarget objects, Figure 6A-a, 6A-b, 6A-c and 6A-d
show relatively large Al values, which proved that the electrochemical immunosensor had good anti-
interference and selectivity abilities. To verify the reproducibility of the constructed electrochemical
immunosensor, four electrodes were prepared under the same conditions to detect 6.00 ng/mL and 1.00
pug/mL fenpropathrin and deltamethrin, respectively. The relative deviations (RSD) for the four
electrodes were 1.63% and 2.26%, respectively, indicating that the immunosensor performs well in terms
of reproducibility (Figure 6B).

The stability of the electrochemical immunosensor was also tested. The prepared immunosensors
were stored at 4°C and used for detection at 0 h, 72 h, 168 h and 336 h. The electrochemical signals for
the fenpropathrin immunosensor and deltamethrin immunosensor were determined to be 94.83%-99.82%
and 83.19%-97.48% of the initial signal, respectively, and the electrochemical immunosensor
demonstrated good stability (Figure 6C).

Fenpropathrin
B Deltamethrin

a b ¢ d e f g h j 72 168
Sample Sample Time/h

Figure 6. (A) Specificity of the immunosensor. (B) Reproducibility of the immunosensor. (C) Stability
of the immunosensor.

3.5 Detection of synthetic PYRs in vegetable samples

To test the detection capability of the constructed electrochemical immunosensor for real samples,
we prepared a sample matrix solution containing lettuce and baby cabbage obtained from a supermarket
and used it in a detection experiment. The final labelled sample solution was prepared in different
concentrations for detection and analysis. The test results obtained for the spiked vegetable sample
solution are shown in Table 2. The recoveries ranged from 93.69% to 102.11%, and the relative standard
deviations (RSD) ranged from 1.27% to 4.38%. The results show that the electrochemical immunosensor
constructed by this method has a high recovery rate and a low RSD. Table 2 shows that the recovery rate
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of the constructed electrochemical immunosensor is greater than 90%. The detection results obtained for

gas chromatography-mass spectrometry (GC-MS) are shown in Table 3. The results show that the

prepared electrochemical immunosensor has high specificity and good repeatability and has great

application potential for the detection of PYRs in vegetables.

Table 2. Recovery of the sensor in samples (n=3)

Sample Pesticides (ﬁgllorlﬁlc_l) qualr\l/'lc(ia?; l(Jr:S/dm L) RSD (%) Recovery (%)
0 0 - -
Fenpropathrin ~ 100.00 93.69 1.85 93.69
1000.00 1021.07 4.38 102.11
Lettuce 0 0 ) )
Deltamethrin 71.70 68.22 1.54 95.15
717.00 726.83 3.61 101.37
0 0 - -
Fenpropathrin ~ 100.00 98.73 2.64 98.73
Baby 1000.00 997.12 2.59 99.71
cabbage 0 0 ) )
Deltamethrin 71.70 70.62 1.27 98.49
717.00 708.93 3.23 98.87
Table 3. Detection results for GC-MS
Samples  Pesticides (ﬁ‘;ﬂ?ﬁ) MeaSt(Jrrg;jmqliJ)antity RSD (%) Recovery (%)
Lettuce Fenpropathrin 0 ) N
100.00 110.21 2.62 110.21
0 0 - -
Ci%t;ée Deltamethrin 71.70 76.20 5.30 94.01

4. CONCLUSION

This work constructed a novel electrochemical immunosensor labelled with a broad-spectrum

antibody probe by a one-step wet chemistry method for the rapid detection of pyrethroid pesticides in
vegetables. First, the Abs-AuNPs@ZIF-67 probe was formed by coupling the PYRs antibody with the a
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signal amplification element, AuUNPs@ZIF-67. Then, the Abs-AuNPs@ZIF-67 probe was fixed onto the
surface of the rGO-modified GCE electrode. This method enhanced the uniform dispersion effect of
gold-labelled antibody on the electrode surface and improved the immobilization level for the broad-
spectrum antibody. The fenpropathrin and deltamethrin concentrations showed a good correlation with
the electrochemical signal under optimal experimental conditions, with linear correlation coefficients of
0.9941 and 0.9874, respectively.The detection ranges for fenpropathrin and deltamethrin were
determined to be 0.286-2.864 x 10° nM and 1.979-1.979 x 10° nM, respectively. The limits of detection
for fenpropathrin and deltamethrin were 0.0258 nM and 1.712 nM, respectively. The electrochemical
immunosensor was found to show a high recovery rate (93.69%-102.11%) in a spiked sample recovery
experiment. The constructed electrochemical immunosensor had high selectivity and stability. This work
created a new gold-labelled antibody probes for the rapid detection of PYRs and provided a reference
idea for the construction of electrochemical immunosensors for the detection of other pesticides and
small molecule targets.
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