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ABSTRACT: A sensitive electrochemical immunosensor for
procymidone detection was developed based on a supramolecular
amplification strategy. β-Cyclodextrin (β-CD)-based nanomaterials
were employed to immobilize ferrocene derivative (FC)-function-
alized antibodies/antigens through host−guest interactions. With
the presence of procymidone, the formed β-CD-labeled bio-
conjugates were immobilized on the antibody-modified electrode
after the immunoreaction, indicating fabrication of the immuno-
sensor. The FC/β-CD complexes were with multiplex electroactive
species and provided more sites for recognition groups, resulting in
signal amplification of the sensor. Monitored with differential pulse
voltammetry, the proposed immunosensor exhibited a wide linear
range from 5 pM to 0.1 μM with a low detection limit (LOD) of 1.67 pM. The as-prepared immunosensor possessed high
sensitivity, specificity, and stability and showed great potential for monitoring procymidone in the field of food safety.

1. INTRODUCTION
As a fungicide pesticide, procymidone (PCD) has been
worldwide used to prevent Sclerotinia sclerotiorum, gray
mold, and black spot of vegetables, fruits, and crops.1−3

Procymidone can accumulate in the human body through the
food chain. Long-time and excessive exposure to PCD might
cause organ deformities, lesions, and even cancer.4−7

Considering PCD residues posing a threat to consumers,
many countries have developed legislations to regulate and
control PCD in agricultural products.
Conventional methods for PCD determination are tradi-

tional techniques such as gas chromatography−mass spec-
trometry (GC−MS), high-performance liquid chromatography
(HPLC), HPLC−mass spectrometry (HPLC-MS), etc.8−10

However, these methods cannot meet the demand of the rapid
detection of PCD due to the need for professional operation,
expensive instruments, and time-consuming analysis, which
limits their application for real-time detection. Compared with
large-scale instruments, an immunoassay can be an efficient
method due to the advantages of high selectivity and high-
throughput detection and it improves the detection efficiency
to some extent.11 Generally, this method for the rapid
screening of PCD is applied to qualitative and semiquantitative
detection. Immunoassays combined with electrochemical
detection have aroused increasing interest because of their
fast response time, cost efficiency, and good specificity.12−15

Nevertheless, the sensitivity and stability of an immunoassay
could be limited by the restricted signal amplification
strategy16 and there have been insufficient detection methods
for PCD these recent years. Hence, there is an urgent need to

design appropriate methods for rapid, sensitive detection of
PCD in environmental samples and agricultural products.
Introducing functional materials with remarkable properties

into antibodies could improve their sensing performance,
which contributes to amplification of sensing signals and
further increases the sensitivity of sensors.17−19 Due to the
fascinating optical and electronic properties, gold nanoparticles
have been employed in sensing fields,20,21 which could improve
the electron transfer rate as well as capture antibodies.22,23 In
the meantime, macrocyclic compounds are proven to be
encouraging candidates for AuNP surface functionaliza-
tion.24−26 The introduction of gold composites and macrocycle
is expected to be an extensive improvement in the analytical
performance of the sensor by providing a higher electron
transfer rate as well as more active sites.27,28 Belonging to a
family of supramolecular hosts, β-cyclodextrin (β-CD) has
triggered extensive interest owing to its good water solubility,
environment-friendly properties, and remarkable molecular
recognition performance.29−31 β-CD possesses a unique inner
cavity and can selectively bind molecules to form stable host−
guest inclusion complexes, which has been widely utilized in
fabricating supramolecular functionalized sensing systems for
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the detection of pollutants.17,32−34 Ferrocene, a well-known
redox probe, has been a popular candidate for β-CD to form
Fc/β-CD complexes which are employed in electrochemical
sensors.35−37 Shen et al.38 reported an electrochemical sensor
based on host−guest nanonets of Fc−Fc/β-CD/PAMAM-Au
catalyzing amplification for procalcitonin detection. Yan et al.16

employed Fc-β-CD@Fe3O4@SiO2@CDs-MWCNT nano-
structures to construct an electrochemical immunosensor for
carcino-embryonic antigens. In these previous research studies,
Fc derivative-bound β-CD molecules were used as trace labels
and contributed to the electrochemical responses. Normally,
Fc/β-CD complexes were immobilized on the substrate or
formed bioconjugates with the aid of other supporting
structures (such as polymer PAMAM or MWCNT in the
above work), which might result in complex processes for
fabricating sensors.
In this study, a simple sandwich-type electrochemical

immunosensor based on a supramolecular amplification
strategy was constructed for sensitive detection of PCD. The
fabrication process of the immunosensor consisted of the
following steps (Figure 1). First, a glass carbon electrode was
electrodeposited on gold, followed by immersion of mono-
clonal antibodies (Ab1). Subsequently, β-CD-capped GNPs
were synthesized and introduced to immobilize ferrocene
monocarboxylic acid-functionalized antigens (Ab2) based on
host−guest interactions. β-CD functional-labeled bioconju-
gates (FC/β-CD/GNPs−Ab2) were formed. Here, β-CD
capped GNPs played the role of carriers for antibodies and
electroactive species. FC/β-CD/GNP complexes could
provide more sites for Ab2 and increase electroactive species,
contributing to improved detection sensitivity and great signal
amplification. After that, with the presence of target PCD, β-
CD functional-labeled bioconjugates combined with Ab1 to
fabricate a sandwich-type immunosensor based on antigen−
antibody interactions. The proposed immunosensor was
monitored with differential pulse voltammetry. In addition,
the stability, specificity, and real sample applications of the
sensor were investigated. The proposed immunosensor
extended a wide linear range from 5 pM to 0.1 μM, along
with a low detection limit (1.67 pM). This work enriches the
immunoassay analysis strategy and contributes to the develop-
ment of rapid, quantitative, and sensitive detection of PCD.

2. MATERIALS AND METHODS
2.1. Reagents and Chemicals. Procymidone (PCD) was

purchased from Ehrenstorfer GmbH Co., Ltd. (Augsburg,
Germany). Procymidone monoclonal antibodies (Ab1, 6.3
mg/mL) and procymidone a complete antigen (Ab2, 8.5 mg/
mL) were obtained from Anti Biological Technology Co., Ltd.
(Shenzhen, China). β-Cyclodextrin (β-CD) and ferrocene
monocarboxylic acid (Fc−COOH) were purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, TCI). Chlor-
oauric acid (HAuCl4·4H2O), N-(3-(dimethylamino)propyl)-
N′-ethylcarbodiimide hydrochloride (EDC), N-hydroxysucci-
nimide (NHS), and bovine serum albumin (BSA) were
obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Pesticide standards including malathion
(MLT), carbofuran (CBF), diflubenzuron (DBZ), profenofos
(PFO), and prochloraz (PRO) were purchased from the Agro-
Environmental Protection Institute, Ministry of Agriculture
and Rural Affairs (Tianjin, China). All reagents and solvents
were analytical-reagent-grade and used without further
purification. Deionized water from a Milli-Q water purification
system was used to prepare all of the solutions (18.2 MΩ).
2.2. Instruments. Cyclic voltammetry (CV), electro-

chemical impedance spectroscopy (EIS), and differential
pulse voltammetry (DPV) measurements were performed
with a CHI 660E electrochemical workstation (Chenhua,
China). The morphology of the as-prepared particles was
measured using a Talos F200X transmission electron micro-
scope (FEI, America). Fourier transform infrared (FTIR)
spectra were measured with a Nicolet IS 10 spectrometer
(Thermo Fisher, America). UV−vis spectra were collected on
a Lambda 35 spectrophotometer (PerkinElmer, America).
2.3. Synthesis of β-CD-Capped GNPs. Gold nano-

particles were prepared by following the reported literature.39

15.6 mL of DI water (15.6 mL), 4.0 mL of 10 mM β-CD, and
0.2 mL of 20.3 mM HAuCl4 were first mixed at room
temperature. Subsequently, 0.04 mL of 1 M NaOH was added
to the above solution with vigorous stirring. Then the reaction
mixture was heated in a water bath at 60 °C for 10−15 min.
The color of the solution turned to red, indicating the
formation of gold nanoparticles.
2.4. Preparation of β-CD Functional-Labeled Bio-

conjugates (FC/β-CD/GNPs−Ab2). The proposed FC/β-

Figure 1. Schematic illustration of the fabrication process of the immunosensor.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c10354
ACS Omega 2025, 10, 3108−3115

3109

https://pubs.acs.org/doi/10.1021/acsomega.4c10354?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10354?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10354?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10354?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


CD/GNPs-Ab2 were prepared according to the literature.38

First, FC−COOH (35 mg) was suspended in 15 mL of DI
water with ultrasonication. Then, 10 mg of EDC and 10 mg of
NHS were added with continual stirring. The β-CD-capped
GNPs were treated with centrifugation at 12,000 rpm for 30
min. The obtained condensed GNPs were mixed with the FC
solution described above with the aid of ultrasonication.
Subsequently, 100 μL of Ab2 was added into the above
mixture for 4 h at 4 °C. Finally, the proposed β-CD functional-
labeled bioconjugates were collected by centrifugation, washed
with PBS, and stored at −20 °C for further use. For
comparison, the FC-labeled Ab2 bioconjugates (FC−Ab2)
were prepared with the same procedure without adding the
GNP solution.
2.5. Fabrication of the Immunosensor. The fabrication

process of the immunosensor is illustrated in Figure 1. First,
the GCE was polished with 1.0, 0.3, and 0.05 μm alumina,
followed by ultrasonicating it in isopropanol, ethanol, and DI
water and drying with nitrogen. Subsequently, electrochemical
deposition was carried out in 2 mL of 10 mM HAuCl4 under a
potential of −0.2 V for 60 s. The electrode was incubated in 10
μL of Ab1 overnight at 4 °C. Then, 10 μL of a 1 wt % BSA
solution was incubated for 60 min to block nonspecific active
sites. Next, 10 μL of PCD with different concentrations was
added dropwise onto the electrodes and incubated for 1 h at 4
°C. Finally, the sandwich-type immunosensor was fabricated
after immobilization of the Ab2-labeled bioconjugate suspen-
sion for 1 h at 4 °C. The immunosensor was rinsed with PBS
buffer, dried with nitrogen, and stored at 4 °C when not in use.
The performance of the proposed immunosensor was

evaluated by the differential pulse voltammetry (DPV)
technique with three electrode systems. A platinum wire was
used as the counter electrode, and a Ag|AgCl|3 M KCl
electrode was used as the reference electrode. The DPV
parameters applied were a 50 mV/s sweeping rate, a 60 ms
pulse width, a 0.5 s pulse period, and a voltage range from 0.1
to 0.6 V.
2.6. Pretreatment of Real Samples. Chives and

cucumbers were purchased from a local supermarket and
cleaned with distilled water to remove adsorptive residues from
farm sprays. Edible portions of these two vegetables were
crushed in vegetable juice. The sample (10 g) was immersed in
10 mL of acetonitrile, followed by the addition of magnesium
sulfate (4 g), sodium chloride (1 g), and trisodium citrate

dihydrate (0.5 g). Then the mixture was fully placed on a
vortex mixer, followed by centrifugation at 4200 rpm for 5 min.
Subsequently, the obtained supernatant was mixed with
magnesium sulfate (1.5 g), primary secondary amine (PSA,
150 mg), and graphitized carbon black (GCB, 15 mg). The
mixture was centrifuged at 4200 rpm for 5 min, followed by
filtration (0.22 μm membrane) to remove any suspended
particulate materials. The obtained solution was a real sample
for future use.

3. RESULTS AND DISCUSSION
3.1. Characterization of β-CD-Capped GNPs and FC/β-

CD/GNP Complexes. The morphology of as-prepared β-CD-
capped GNPs was determined through TEM. As shown in
Figure 2A, the nanoparticles were observed to be well
dispersed, with a Gaussian particle size distribution of about
8.8 nm.
FTIR spectroscopy was conducted for structure analysis.

Figure 2B displays the FTIR spectra of FC−COOH (black
curve), β-CD (red curve), β-CD/GNPs (blue curve), and FC/
β-CD/GNPs (green curve). Characteristic vibration peaks of
FC−COOH and β-CD are marked with black and red dashed
lines, respectively (Figure S1). In the spectrum of FC−COOH,
three evident peaks at 1476, 1284, and 1109 cm−1 were
assigned to the C�O vibration, C−H stretching, and FC ring
tilt, respectively. Ferrocene with bands at 836 and 783 cm−1

would be expected to be prominent also in the spectrum of the
inclusion complex.40 In the spectrum of β-CD, characteristic
absorption peaks at 3400 and 2927 cm−1 were attributed to the
O−H stretching vibration and C−H stretching, respectively.
The characteristic peak at 1081 cm−1 was assigned to the C−C
bending vibration.41 Several major peaks of FC/β-CD/GNPs
complexes were consistent with β-CD and FC−COOH. The
decrease of the absorption peaks of the functional groups of
guest molecules in the FTIR spectrum of FC/β-CD/GNPs was
observed, indicating the encapsulation of FC−COOH inside
the β-CD cavity and conformation of the formation of the
complexes.
Furthermore, the interactions between FC−COOH and β-

CD functional materials were investigated with UV−vis
measurement. As illustrated in Figure S2, FC−COOH showed
a characteristic absorption peak at 445 nm (red curve). The
absorption peak of FC−COOH was observed to be blue-
shifted to 440 nm (blue curve) after the addition of β-CD/

Figure 2. (A) TEM image of β-CD-capped GNPs. The inset shows the size distribution of β-CD/GNPs. (B) FTIR spectra of FC−COOH, β-CD,
β-CD/GNPs, and β-CD/GNPs/FC.
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GNPs, implying the interaction between FC−COOH and β-
CD/GNPs. A distinct absorption peak at 520 nm (marked
with a green arrow in the black curve) was attributed to β-CD/
GNPs, which displayed a decreased intensity after interaction
with FC−COOH (blue curve).
3.2. Electrochemical Characterization of the Immu-

nosensor. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements were carried out
to monitor the modification of the electrode in the presence of
5 mM [Fe(CN)6]3−/4− as a redox probe in 0.1 M KCl (Figure
3). As shown in Figure 3A, the bare GCE showed a pair of
well-defined redox peaks (black curve). An increased current
was observed after electrodeposition of gold because of the
larger electron transfer to the electrode surface (red curve).
Subsequently, the redox current decreased attributed to the
hindering effect with the assembly of Ab1 (blue curve). BSA
could block the nonspecific binding sites, resulting in a further
decrease of the redox current (pink curve). In addition, the
introduction of PCD could also inhibit electron transfer to the
electrode due to the binding between PCD and the antibody
Ab1. The peak currents were with an apparent decrease (green
curve). DPV measurements were conducted in a PBS buffer
without any redox probe. As illustrated in the inset of Figure
3A, a typical DPV peak was obtained after the modification of
Ab2 conjunctions. The occurrence of peak current ascribed to
the FC group of the β-CD-labeled Ab2 bioconjugates provided

strong evidence of the successful fabrication of the sandwich-
type immunosensor.
EIS is also a valuable method to characterize the interface

properties of the surface-modified electrodes. Figure 3B
illustrates that the bare GCE had a small semicircle diameter,
suggesting a small electron transfer resistance (Rct) of the
electrode (black curve). With the electrodeposition of gold, a
distinct decrease of the semicircle was observed (red curve),
indicating a lower impedance because of the improved electron
transfer process on the gold-modified surface. However, the
introduction of antibody Ab1 contributed to increasing Rct
because the nonconducting antibody inhibited electron
transfer (blue curve). Also, a larger semicircle was observed
after the modification of BSA, indicating increased Rct in
nonspecific blocked areas (pink curve). Moreover, the
immobilization of PCD further increased the Rct value (green
curve). These results were consistent with CV measurements,
suggesting the successful preparation of Au/Ab1/BSA/PCD/
GCE.
3.3. Amplification Properties of β-CD Functional

Conjugates. To investigate the amplification properties of
β-CD functional-labeled bioconjugates (FC/β-CD−Ab2),
FC−COOH-labeled Ab2 bioconjugates (FC−Ab2) were also
prepared and used as the contrast project. Figure 4A shows
differential pulse voltammetry responses of immunosensors
with different labeled Ab2 bioconjugates. As illustrated in
Figure 4B, the immunosensor assembled with FC/β-CD−Ab2-

Figure 3. Cyclic voltammetry (A) and electrochemical impedance spectroscopy (B) of different modified electrodes in KCl, containing 5.0 mM
[Fe(CN)6]3−/4− as the redox probe. The inset shows the DPV curve of the modified electrode (Au−Ab1−BSA−PCD) before (black curve) and
after (red curve) assembly of Ab2 bioconjugates.

Figure 4. Differential pulse voltammetry (A) and the histogramed peak current (B) of immunosensors with different labeled Ab2 bioconjugates.
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labeled bioconjugates (right) displayed over twice larger peak
current than those with FC−Ab2-labeled bioconjugates (left),
suggesting that β-CD functional bioconjugates owned the
advantage of signal amplification. For the β-CD molecules on
the surface of gold nanoparticles, β-CD not only played the
role of a capping agent but also provided cavities for FC based
on host−guest interactions. Thanks to the structure of β-CD-
capped GNPs, β-CD functional bioconjugates could afford
more electroactive groups. Therefore, β-CD functional
materials could contribute to improving electron transfer,
which led to a higher responsive signal from the redox
mediator and the increased current.
3.4. Optimization of Experimental Conditions. To

obtain the best performance of the proposed immunosensor,
several key parameters were investigated such as concentration
of antibody Ab1, concentration of bioconjugates, incubation
time, and pH of the detection solution (Figure S3). The
optimization experiments were performed by monitoring the
peak current with DPV measurement.
First, the effect of antibody Ab1 concentration was examined

over the range from 2 to 40 μg/mL. As shown in Figure S3A,
the current value first increased with the increasing
concentration of antibody Ab1, and it reached equilibrium
around 10 μg/mL. Thus, the Ab1 incubation concentration of
10 μg/mL was selected in the following experiments.
The concentration of β-CD-labeled Ab2 bioconjugates was a

key parameter influencing the formation of the sandwich
structure, which further affected the response of the
immunosensor. Figure S3B displays the current response of
the immunosensor incubated with different concentrations of

β-CD functional bioconjugates. The peak current increased at
the beginning and then tended to a constant while the
concentration was at 0.7 mg/mL. This was due to that the
increased bioconjugate concentration provided more redox
probes for signal generation. Then, the binding between the
antibody and the target reached saturation. Therefore, the
optimum β-CD-labeled Ab2 bioconjugates’ concentration was
0.7 mg/mL.
The incubation time of β-CD-labeled Ab2 bioconjugates was

also studied (Figure S3C). It was observed that the current
response increased over the incubation time from 10 to 60
min. The increasing incubation time enabled enough
bioconjugates to immobilize the electrode to form a
sandwich-type immunosensor. Then, the current tended to
be stable when the incubation time was over 60 min, indicating
the saturated interaction between the antibody and antigen. As
a result, 60 min was chosen as the incubation time for the
detection experiments.
The response signal of the electrochemical immunosensor

was influenced by the pH of the solution. pH dependence of
voltammetry response was investigated (Figure S3D). With the
pH increasing from 5.0 to 8.0, the peak current increased first
and decreased when the pH was over 7.0. The current value
reached a maximum at 7.0 eV, indicating the best performance
of the immunosensor. Consequently, pH 7.0 was employed as
the optimal pH value in the subsequent electrochemical
measurements.
3.5. Detection of Procymidone Based on the

Sandwich-Type Immunosensor. Under the optimum
conditions, the proposed immunosensor was employed to

Figure 5. DPV responses (A) and calibration curve (B) of prepared immunosensors with PCD at different concentrations.

Figure 6. (A) Selectivity of the DPV responses; (B) responsivity of the prepared immunosensor.
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detect PCD with the DPV technique. Figure 5A illustrates the
DPV responses of the immunosensors with PCD at various
concentrations. The current signal was observed to gradually
increase with the increasing concentration of PCD. The peak
current values versus PCD concentration from 5 pM to 1 μM
were recorded. As shown in Figure 5B, the peak current (Ip)
showed a good linear relationship with the logarithm of PCD
concentration (lgc) in the range from 5 pM to 0.1 μM. The
linear equation Ip (nA) = 2.03 × 10−7 + 3.32 × 10−8*lgc(μM),
with R2 = 0.992. The LOD of the proposed method was
calculated at 1.67 pM according to 3 times the standard
deviation of the blank,42,43 which was far lower than the
maximum level for vegetables (7.02 μM, 2 mg/kg) permitted
by the Chinese National Standard. In addition, the proposed
method was found to be comparable with reported sensors
with a lower detection limit (Table S1).
3.6. Selectivity, Stability, and Reproducibility of the

Prepared Immunosensor. For the practical application of
immunosensors, binding selectivity between antigens and
antibodies plays a significant role.44,45 A selectivity experiment
was conducted, including some possible interferents such as
MLT, CBF, DBZ, PFO, and PRO (Figure 6A). The chemical
structures of pesticides in this project are shown in Figure S4.
DPV responses of the prepared sensor were recorded by
incubation in the following samples under the same condition,
where the concentration of the molecules was 5 ng/mL (the
corresponding molar concentration for PCD was 17.6 nM). It
was found that only the immunosensor incubated with PCD
displayed a significant current response. In addition, the
current of the immunosensor incubated with the mixture
containing PCD and other interfering species presented an
inconspicuous difference compared with that of PCD. These
results demonstrated the excellent selectivity of the proposed
immunosensor.
An assessment of stability was performed by the analysis of

the same concentration of PCD with three prepared electrodes.
Figure S5 shows the DPV responses of the sensors within 4
weeks. After 4 weeks, the current responses of the
immunosensors were retained at no less than 82% of the
initial response. Furthermore, the reproducibility of PCD was
estimated toward six sensors that were prepared independently
(Figure 6B). The RSD was found as 3.1%. Therefore, the
prepared immunosensor exhibited good stability and reprodu-
cibility to PCD.
3.7. Determination of Procymidone in Real Samples.

For the potential application in real samples, the proposed
immunosensor was examined using chives and cucumber
samples. Recovery experiments were performed with the PCD
concentrations of 0.35, 1.75, and 3.50 nM. As illustrated in
Table 1, the proposed immunosensor produced an acceptable
return percentage from 92.2% to 105.1%. Furthermore, the real
samples were analyzed using the HPLC-MS method (Table
S2). Notably, the detection results from the electrochemical
method were in agreement with those obtained by the HPLC-
MS method, indicating the good and acceptable reliability as
well as applicability of the proposed method to real samples.

4. CONCLUSIONS
In summary, we developed a sandwich-type electrochemical
immunosensor for procymidone detection based on the FC/β-
CD host−guest supramolecular system. The multiplex labeling
of electroactive FC on the β-CD functional bioconjugates was
implemented by host−guest interactions, which greatly

contributed to the signal amplification. The fabricated sensor
exhibited remarkable electrochemical activity toward procymi-
done with a wide linear range and a low detection limit of 5
pM−0.1 μM and 1.67 pM, respectively. Moreover, the
supramolecular sensing system displayed satisfactory analytical
performances in terms of high sensitivity, excellent selectivity,
and good stability as well as a prominent ability to detect
procymidone in complex matrixes. This work provides a simple
and useful tool for the fast determination of procymidone. In
view of all of these features, we can conclude that our work can
be expanded for procymidone monitoring.
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