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Abstract
Cymoxanil (CYM), an aliphatic nitrogen fungicide, is widely used in vegetables/fruits and it is effective against a diverse 
group of fungal pathogens. However, its long-term consumption can result in an important damage to human and envi-
ronment such as acute poisoning. In present study, a molecularly imprinting electrochemical sensor based on bismuth 
incorporated bismuth vanadate (Bi-BiVO4) nanocomposite was prepared and applied to CYM detection in orange and 
apple juice samples. After the preparation of the Bi-BiVO4 nanocomposite by using environmentally friendly hydrother-
mal technique with minimal waste, the Bi-BiVO4 nanocomposite modified electrode surface was developed by using IR 
lamp. CYM imprinted electrode based on Bi-BiVO4 nanocomposite was prepared in the presence of CYM as analyte 
and pyrrole as monomer using cyclic voltammetry (CV). This sensor showed linear response of 1.0 × 10− 9 – 1.0 × 10− 8 
mol L− 1, limit of quantification (LOQ) of 1.0 × 10− 9 mol L− 1, and limit of detection (LOD) of 3.3 × 10− 10 mol L− 1. The 
sensor system is environmentally friendly, fast-responding, and provides high accuracy and sensitivity compared to other 
conventional analytical methods. Finally, selectivity, stability and reproducibility of the sensor was highlighted and the 
sensor was applied to CYM detection in orange and apple juice samples with high recovery. In summary, thanks to the 
Bi-BiVO4 nanocomposite presented for the first time in the literature for CYM fungicide determination, the successful 
implementation of the electrochemical sensor system has been demonstrated. 
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Molecularly imprinted electrochemical determination of cymoxanil 
fungicide by using bismuth incorporated bismuth vanadate 
nanocomposite
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Introduction

Fungicides are chemical or biological compounds used 
to prevent or destroy the growth of fungi and fungus-like 
organisms that cause disease in plants. These compounds 

can exert various effects by inhibiting spore germination 
and mycelial development or disrupting the integrity of the 
fungal cell membrane. Thus, they play an important role in 
maintaining plant health and ensuring sustainable product 
quality [1]. CYM, an agricultural fungicide, is used in the 
treatment of diseases caused by fungi of the order Pero-
nosporales (especially Phytophthora infestans) in plants 
and belongs to the chemical class of cyanoacetamide-oxime 
derivatives and shows local, systemic and contact activities. 
It is particularly effective in inhibiting RNA and protein 
synthesis in fungal cells during the early stages of infec-
tion, thus stopping fungal growth and used against potato 
and tomato blight and in the treatment of mildew on toma-
toes and grapes [2]. It is also preferred to control mildew, 
frost and late blight in legumes and many vegetable and 
fruit crops [3, 4]. A study has indicated that CYM residues 
were found in surface and groundwater in some regions in 
Spain [5]. According to the European Food Safety Authority 
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(EFSA), the ADI (Acceptable Daily Intake) value for CYM 
is stated as 0.013 mg/kg/day [6]. According to the USDA 
Pesticide Maximum Residue Limit (MRL) Database and the 
Foreign Agricultural Service, globally agreed tolerances for 
CYM residues range from 0.50 to 5.00 and 0.05 to 0.50 mg/
kg, respectively. However, these values ​​can vary for differ-
ent crops in different countries [7].

As with all pesticides, CYM has been shown to exhibit 
toxic effects at certain levels and pose various risks to 
human health if exposed. The contact with eyes and skin 
can cause mild irritation, so the use of protective equipment 
is recommended. Systemic toxicity has been observed with 
high doses and long-term exposure to CYM. It has been 
reported to have mild degenerative effects, particularly on 
the kidneys and liver [8]. Additionally, some studies have 
shown that it can cause cardiotoxicity [9], reproductive 
problems, low birth weight, and energy deficiency [8].

Although CYM is a fungicide frequently used in agri-
culture, it leaves residue in plant tissues. In repeated and 
intensive applications of CYM, there is a risk of this fun-
gicide being transferred into the food chain. The detection 
of CYM residues in produced foods is of great importance 
in ensuring food safety and protecting human health. In the 
literature, high-performance liquid chromatography tan-
dem mass spectrometry (HPLC–MS/MS) [10], gas chro-
matography (GC-MS) [11] and high-performance liquid 
chromatography (HPLC) [12] are used for fungicide analy-
sis. These analytical methods have been noted to have some 
drawbacks, such as lengthy sample preparation, high cost, 
and stability issues. Today, more sensitive, highly stable, 
economical, and time-saving methods are preferred over 
these analytical methods [13]. Electrochemical methods, 
which enable the analysis of a chemical type such as a pes-
ticide, organic compound, metal ion, etc. by utilizing their 
electrical properties, have varieties such as voltammetry, 
amperometry and coulometry depending on the electrical 
quantity measured. The operating principle of all these 
methods is based on measuring the voltage/current changes 
that occur during redox reactions of a substance. Electro-
chemical methods offer the advantages of being fast, cost-
effective, and highly selective and sensitive. With these 
features, electrochemical methods have been increasing in 
popularity in the last century, finding a wide range of appli-
cations, especially in areas such as food, environment and 
biotechnology [14, 15].

BiVO4 belonging to high chemical stability has been 
investigated in some important applications such as elec-
tro-catalysis and pollutant determination [16]. In addi-
tion, BiVO4 with a bandgap of 2.44 eV can increase the 
visible light efficiency and can be used in photoelectro-
chemical sensor detection [17]. Nonetheless, its efficiency 
is prevented via the limited carrier mobility and the fast 

carrier recombination and the low sensor signal responses 
is important problem to detect low amounts of analytes. 
To minimize this problem, several doping methods have 
been performed such as heterojunction formation, metal 
incorporation and co-catalyst preparation [18]. The dop-
ing of silver and gold nanoparticles resulting in surface 
plasmon resonance effect can carry out the improvement 
in light absorption and charge recombination. Nonetheless, 
due to the high cost of these silver and gold nanoparticles, 
some problems may occur in their intensive use. Especially, 
metallic bismuth shows the high catalytic activity resulting 
in the improved conductivity properties [19].

Molecular imprinting is a smart polymer synthesis pro-
cess, which requires a template molecule, a functional 
monomer that interacts with the template molecule, and 
a solvent. The molecular imprinting process occurs in 
three steps. First, the template molecule and the functional 
monomer interact to form a complex, and then this com-
plex structure is polymerized by the functional monomer. 
In the final step, the imprinted molecule is removed from 
the polymeric structure by washing, leaving a polymer with 
imprinted binding sites and high selectivity. Molecularly 
imprinted polymers (MIPs) containing specific binding 
sites are widely used in analysis, sensors, and various ana-
lytical applications due to their high specificity, economy, 
reusability, and durability [20, 21].

This study revealed a new perspective for fungicide-type 
pesticides by using Bi-BiVO4 nanocomposite and molecu-
larly imprinting polymer. The one-step hydrothermal tech-
nique with environmentally friendly property was used for 
the preparation of the nanocomposite. Hence, it was pos-
sible to say that the developed molecularly imprinting sen-
sor had the features of a human and environment friendly 
sensor and applied to cymoxanil fungicide assay in orange 
and apple juice samples for the first time in the literature. 
Lastly, the early diagnosis of diseases resulting from fun-
gicide exposure will be easier with this developed molecu-
larly imprinting sensor.

Materials and methods

Materials

CYM, cyprodinil (CYP), mandipromamid (MAN), meta-
laxyl (MET), spiroxamine (SPI), pyrrole (Py) monomer, 
bismuth(III) nitrate (Bi(NO3)3·5H2O), ammonium meta-
vanadate (NH4VO3), ethylene glycol (C2H6O2) and phos-
phoric acid (H3PO4, ≥ 99.0%) as pH adjustment were 
purchased from Sigma-Aldrich Merck Group. Phosphate-
buffered saline (pH 6.0, 0.1 mol L− 1 PB) was selected as a 
supporting electrolyte.

1 3

867  Page 2 of 12



Microchimica Acta (2025) 192:867

Instrumentation

The apparatus for analytical and structural analyzes was 
presented in Supplementary Data.

Synthesis of BiVO4 and Bi-BiVO4 nanocomposite

The one-step hydrothermal technique was applied to the 
preparation of Bi-BiVO4 nanocomposite. For this aim, the 
solution including Bi(NO3)3·5H2O (2.0 mmol) and NH4VO3 
(4.0 mmol) was prepared in pure-water (100.0 mL) includ-
ing reducing agent C2H6O2 (10.0 mL). After the reaction 
pH (about 4.5) was adjusted by slowly adding 0.1 mol L− 1 
H3PO4, the solution was put into Teflon autoclave. The heat-
ing treatment was applied to the solution at 200 °C for 5 h. 
After the cooling process, Bi-BiVO4 nanocomposite was 
centrifuged and washed by pure-water. BiVO4 was pro-
duced without incorporating C2H6O2 as the base material 
and metallic bismuth was synthesized under the same con-
ditions without C2H6O2 as the substrate.

Preparation of Bi-BiVO4 modified glassy carbon 
electrode (Bi-BiVO4/GCE)

Our previous report was applied for the cleaning protocol 
of glassy carbon electrode (GCE) [22]. After the dropping 
treatment of Bi-BiVO4 nanocomposite suspension (30.0 µL, 
0.30 mg mL− 1) on the clean GCE surface, the GCE was 
dried by using IR lamp (Bi-BiVO4/GCE). The development 
of BiVO4/GCE for comparative experiments was performed 
by the same above procedure.

Development of CYM imprinted electrode and CYM 
removal

After the preparation of the electro-polymerization solution 
including 25.0 mmol L− 1 CYM and 100.0 mmol L− 1 Py, the 
nitrogen gas was passed through the electro-polymerization 
solution to remove the dissolved oxygen for 30 min. The high 
potential in range of 0.0/+1.0 V was applied to electrochemical 
cell including electro-polymerization solution by CV method 
and the electrochemical signals at about + 0.70 V was moni-
tored. During 25 scan cycles, CYM imprinted polymeric nano-
cavities were formed on Bi-BiVO4/GCE and CYM imprinted 
Bi-BiVO4/GCE was washed by pure-water and dried at 25 °C 
(MIP/Bi-BiVO4/GCE). To demonstrate the high selectivity 
provided by molecular imprinting technology, NIP/Bi-BiVO4/
GCE was prepared by same above method without CYM mol-
ecule in existence of pH 6.0, 0.1 mol L− 1 PB. Scheme 1 indi-
cated the preparation stages of MIP/Bi-BiVO4/GCE.

To maintain CYM removal from MIP/Bi-BiVO4/GCE 
surface, 0.1 mol L− 1 NaCl was used as the desorption (elu-
tion) solution. In non-covalent molecular imprinting pro-
cesses, the removal of CYM molecule from the polymeric 
surface was not difficult because non-covalent interactions 
were weak, and the binding kinetics of the analyte molecule 
were faster. In this study, an ionic 0.1 mol L− 1 NaCl solu-
tion was used as a desorption agent to eliminate the electro-
static and hydrogen bonding interactions between the polar 
groups of the Py monomer and CYM molecules. For this, 
MIP/Bi-BiVO4/GCE was placed in a conical flask contain-
ing 0.1 mol L− 1 NaCl and interacted for 20 min. Then, MIP/
Bi-BiVO4/GCE without CYM molecule was dried at 25 °C.

Scheme 1  Schematic display of 
MIP/Bi-BiVO4/GCE preparation
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sheet-like morphology with the curved structures and tiny 
bismuth particles including a diameter of about 4–8 nm was 
shown. Furthermore, Fig. 2B and C showed the enlarged 
TEM images belonging to metallic bismuth and bismuth 
incorporated bismuth vanadate nanocomposite, suggesting 
the obvious interaction between metallic bismuth and BiVO4 
[23]. In addition, the lattice spacing of 0.148 nm belonging to 
metallic bismuth in the nanocomposite (Fig. 2B) and the lat-
tice spacing of 0.323 nm belonging to pristine BiVO4 in the 
nanocomposite (Fig. 2C) were corresponded to (122) plane of 
metallic Bi and (121) plane of pristine BiVO4, respectively.

XRD pattern of metallic Bi, pristine BiVO4 and Bi-BiVO4 
nanocomposite was given on Fig. S2. XRD peaks at 22.57°, 
26.94°, 38.03°, 40.11°, 49.17°, 55.43°, 61.93° and 64.53° 
were attributed to (003), (012), (104), (110), (202), (024), 
(116) and (122) planes of metallic Bi [24]. After the incor-
poration of metallic Bi into pristine BiVO4, XRD peaks at 
19.07°, 29.12°, 29.27°, 35.21°, 42.76°, 53.37° and 57.93° 
were corresponded to (011), (-121), (121), (002), (051), 
(-161) and (-321) planes of pristine BiVO4, respectively 
[25], suggesting the successful incorporation of metallic Bi 
into pristine BiVO4 with highly crystalline.

XPS experiments metallic Bi, pristine BiVO4 and Bi-
BiVO4 nanocomposite for element chemical compositions 
were carried out (Fig. 3). According to the survey spectra 
(Fig. 3A), the presence of bismuth, oxygen, and vanadium 
confirmed the successful preparation of Bi-BiVO4 nanocom-
posite. XPS peaks at 159.16 and 164.17 eV were attributed 
to Bi4f7/2 and Bi4f5/2, respectively, confirming the pres-
ence of Bi3+ and metallic Bi and suggesting the successful 

Sample preparation

After the purchased orange and apple juice samples from 
the supermarket (10.0 mL) were separately transported into 
centrifuge tubes (50.0 mL), the centrifugation was carried 
out for 10 min to remove the residues in centrifuge tubes. 
Then, the solutions were diluted with pH 6.0, 0.1 mol L− 1 
PB to fall within the linearity range.

Results and discussion

Characterizations of Bi-BiVO4 nanocomposite

The morphological investigations of BiVO4 and Bi-BiVO4 
nanocomposite were firstly performed by SEM measure-
ments (Fig. 1). According to Fig. 1A, the nanostructure like 
petal including two-dimensional confirmed the presence of 
BiVO4 and the intercalation interactions between small bis-
muth and BiVO4 were demonstrated on Fig. 1B, suggesting 
the uniform distribution of the aggregated bismuth on the sur-
face of pristine BiVO4 [17]. This situation revealed high sur-
face-to-volume ratio belonging to Bi-BiVO4 nanocomposite. 
Moreover, the presence of bismuth, oxygen, and vanadium 
verified the successful preparation of Bi-BiVO4 nanocom-
posite (Fig. S1). In addition, the homogeneous dispersion 
profile belonging to bismuth incorporated bismuth vanadate 
nanocomposite was shown by EDX and SEM images [17].

The microstructure of Bi-BiVO4 nanocomposite was 
confirmed by TEM image (Fig. 2). According to Fig. 2A, a 

Fig. 1  SEM image of (A) BiVO4 and (B) Bi-BiVO4 nanocomposite
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and EIS (Fig. 4B) methods in existence of 1.0 mmol 
L− 1 [Fe(CN)6]3−/4. Bare GCE with peak potential separa-
tion (∆Ep = 50 mV) demonstrated obvious anodic/cathodic 
peak. Then, an important catalytic enhancement with nar-
rower potential separation (∆Ep = 40 mV) was obtained 
in anodic/cathodic peak signals on BiVO4/GCE because of 
BiVO4’s chemical stability [27]. The observed highest elec-
trochemical signals and narrowest peak potential separa-
tion (∆Ep = 25 mV) via Bi-BiVO4/GCE were due to easier 
charge recombination resulting from bismuth incorporation 
into the pristine BiVO4 [28]. Hence, bismuth incorporation 
into the pristine BiVO4 can provide greater adsorption of 
the analyte molecule on the electrode surface, showing the 
increased electrochemical activity. Secondly, EIS (Fig. 4B) 
was conducted to investigate the charge transport properties 
of Bi-BiVO4/GCE and BiVO4/GCE. Typically, a smaller 
semicircle radius signified the faster interfacial charge 
transfer. Hence, Bi-BiVO4/GCE (curve c) demonstrated an 
importantly reduced semicircle radius in comparison with 
BiVO4/GCE (curve b), indicating the superior interfacial 
charge transport. As expected, bare GCE (curve a) had the 
highest semicircle radius. Hence, while the charge transfer 

incorporation of metallic Bi into pristine BiVO4 (Fig. 3B) 
[26]. In addition, the binding energy of Bi4f in pristine 
BiVO4 was slightly shifted to the higher values compared 
with that of Bi-BiVO4 nanocomposite. XPS spectrum of 
V2p (Fig. 3C) showed two chemical states attributing to V5+ 
(515.87 eV for V2p3/2 and 524.09 eV for V2p1/2) and V4+ 
(515.73 eV for V2p3/2 and 521.88 eV for V2p1/2), respec-
tively and XPS peak intensity of V4+ was higher than that 
of V5+, suggesting that more V4+ could be located in nano-
composite. In addition, the binding energy of V2p in pristine 
BiVO4 shifted to the higher values compared with that of 
Bi-BiVO4 nanocomposite in harmony with Bi4f. According 
to O1s XPS spectrum (Fig. 3D), the binding energy at 529.16 
eV was attributed to Olattice in pristine BiVO4 and XPS peaks 
at 530.61and 530.93 eV were corresponded to the hydroxyl 
and surface adsorbed water, respectively [17, 25].

Electrochemical studies of pristine BiVO4 and Bi-
BiVO4 nanocomposite modified electrodes

The electrochemical activities of pristine BiVO4 and Bi-
BiVO4 nanocomposite were examined by CV (Fig. 4A) 

Fig. 2  (A) TEM image of Bi-
BiVO4 nanocomposite and the 
enlarged TEM images of (B) 
metallic Bi and (C) pristine 
BiVO4
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anodic and cathodic currents and the square root of the scan 
rate over the range of 10–500 mV s− 1, confirming that Bi-
BiVO4/GCE had diffusion controlled. The following linear 
regression equations were presented below:

Ipa = 6.3179(v)1/2 + 5.0793 (R2 = 0.9997)

Ipc = − 6.7917(v)1/2 − 4.2791 (R2 = 0.9995)

Finally, the anodic and cathodic potentials shifted to posi-
tive and negative potentials, respectively, with increasing 
the scan rate, revealing typical quasi-reversible electron 
transfer on Bi-BiVO4/GCE.

resistance (Rct) was highest on the bare GCE electrode sur-
face, the lowest Rct was on the Bi-BiVO4/GCE electrode 
surface in harmony with CV results. The decrease in charge 
transfer resistance was also equivalent to the improvement 
of electroactive surface area and the electroactive surface 
areas of bare GCE, BiVO4/GCE and Bi-BiVO4/GCE were 
recorded as 0.070 ± 0.006, 0.467 ± 0.002 and 0.906 ± 0.005 
cm2 via ip = 2.69 × 105 A n3/2 D1/2 C v1/2 equation in exis-
tence of 1.0 mmol L− 1 [Fe(CN)6]3−, respectively. Hence, 
these results showed that the charge transfer resistance 
decreased with increasing electrode surface area.

To verify the diffusion controlled electrochemical 
mechanism, a linear dependency was obtained between the 

Fig. 4  (A) CV curves and (B) EIS 
responses at (a) bare GCE, (b) 
BiVO4/GCE, (c) Bi-BiVO/GCE 
(Redox probe: 1.0 mmol L− 1 
[Fe(CN)6]3−/4− containing 0.1 mol 
L− 1 KCl, potential scan rate: 100 
mV s− 1)

 

Fig. 3  XPS spectra of (A) survey, 
(B) Bi4f, (C) V2p and (D) O1s 
for metallic Bi, pristine BiVO4 
and Bi-BiVO4 nanocomposite
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PBS (pH 6.0). The electrochemical signals, invisible in the 
absence of CYM analyte, emerged at approximately 9.5 µA 
on MIP/Bi-BiVO4/GCE and at approximately 1.0 µA on NIP/
Bi-BiVO4/GCE. The results showed that the MIP electrode 
recognized the CYM analyte with a sensitivity of approxi-
mately 9.5 times greater than the NIP electrode (Fig. 5B). 
Finally, the advantage of bismuth doping was demonstrated 
by interacting the prepared different MIP electrodes with 
10.0 nmol L− 1 CYM in 0.1 mol L− 1 PBS (pH 6.0) (Fig. 5C). 
The electrochemical signals emerged at approximately 9.5 
µA on MIP/Bi-BiVO4/GCE and at approximately 5.0 µA 
on MIP/BiVO4/GCE. In accordance with the CV and EIS 
results given in Sect. 3.2, it was observed that the highest 
electrochemical signals were obtained on MIP/Bi-BiVO4/
GCE electrode surface with bismuth doping.

Development of CYM imprinted polymer on Bi-
BiVO4/GCE

The voltammograms relating to electro-polymerization in 
existence of 100.0 mmol L− 1 Py monomer and 25.0 mmol 
L− 1 CYM on Bi-BiVO4/GCE were recorded on Fig. 5A in 
range of + 0.0/+1.0 V. It was observed that the intensity of 
the distinct polymerization peak at approximately + 0.70 V 
in the first scan decreased towards the end of the 25th scan. 
This showed that CYM imprinted polymeric nano-surface 
was formed on Bi-BiVO4/GCE surface.

To demonstrate the high sensitivity advantage offered 
by molecular imprinting technology, as described in pre-
vious sections, the prepared MIP and NIP electrodes were 
separately treated with 10.0 nmol L− 1 CYM in 0.1 mol L− 1 

Fig. 5  (A) Electro-polymerization 
voltammograms in 100.0 mmol 
L− 1 Py monomer and 25.0 mmol 
L− 1 CYM on Bi-BiVO4/GCE 
(Scan rate: 100 mV s− 1); (B) 
SWVs of the prepared electrodes 
in this study: (a) MIP/ Bi-BiVO4/
GCE in blank buffer solution (pH 
6.0), (b) NIP/Bi-BiVO4/GCE 
after rebinding of 10.0 nmol L− 1 
CYM in 0.1 mol L− 1 PBS (pH 
6.0), (c) MIP/Bi-BiVO4/GCE 
after rebinding of 10.0 nmol 
L− 1 CYM in 0.1 mol L− 1 PBS 
(pH 6.0); (C) SWVs of different 
molecularly imprinting electrodes 
after rebinding of 10.0 nmol L− 1 
CYM in 0.1 mol L− 1 PBS (a) 
MIP/bare GCE, (b) MIP/BiVO4/
GCE and (c) MIP/Bi-BiVO4/
GCE
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Scan cycle effect

In electrochemical imprinting sensor preparations, the num-
ber of CV scans is another important factor affecting sensor 
sensitivity. A high number of scans results in a thick poly-
meric layer forming on the electrode surface, making it dif-
ficult to remove analyte molecules from the surface. On the 
contrary, since a thin polymeric layer can be formed, the 
electrode stability can not be at the desired level. Hence, 
the optimum scan cycle number of 25 was selected for the 
development of CYM imprinted polymer on Bi-BiVO4/
GCE (Fig. S3D).

Sensitivity of MIP/Bi-BiVO4/GCE and recovery 
studies

Square wave voltammograms (SWVs) obtained against the 
CYM analyte at increasing concentrations under optimum 
experimental conditions using MIP/Bi-BiVO4/GCE elec-
trode were given in Fig. 7. The linearity between CYM con-
centrations vs. peak signals was obtained in calibration with 
(I (µA) = 0.9253CCYM (nmol L− 1) + 0.1811 and regression 
coefficient value 0.9978 (inset of Fig. 6). LOQ of 1.0 × 10− 9 
mol L− 1 and LOD of 3.3 × 10− 10 mol L− 1 (see Supplementary 
Data for the equations) suggested that the prepared MIP/Bi-
BiVO4/GCE electrode for the detection of CYM analyte had 
a satisfactory sensitivity. To better understand the sensitiv-
ity of the prepared sensor comparatively, a comparison was 
made with the methods developed for other CYM analyses 
in the literature (Table 1). As can be seen from these results, 
the prepared sensor showed high sensitivity for CYM analy-
sis. In addition, the waste generation was minimal during 
the formation of the Bi-BiVO4 nanocomposite using the 
one-step hydrothermal technique in Sect.  2.3 in compari-
son with the other methods. This proved that a developed 
sensor system with an environmentally friendly technique 
had been successfully presented to the literature. Moreover, 
because SERS and UPLC techniques for CYM detection 
were expensive and complex techniques that required high 
expertise, CYM detection was impractical by using these 
complex methods. In conclusion, the advantages of the pre-
pared electrochemical sensor, such as its fast response time, 
will enable early diagnosis of metabolic disorders caused 
by the exposure to fungicide-type pesticides and faster and 
more effective analyses of other fungicide-type pesticides 
will be possible in the coming years through the sensors 
produced in this study.

Recovery experiments were performed on orange and 
apple juice samples to demonstrate the applicability of the 
developed MIP/Bi-BiVO4/GCE sensor with high selectivity 

Optimization

pH effect

According to Fig. S3A, the obvious decreases were observed 
in current signals in alkaline medium (pH 6.0–9.0). This 
situation indicated that the protonated CYM species were 
involved in electrochemical process. Moreover, the peak 
potential values shifted to more negative potentials in pH 
4.0–6.0 range, confirming hydrogen ion participation in 
electrochemical process. For pH 4.0–6.0 range, the linear 
regression equation was obtained as Ep (V) = 0.445 + 0.059 
pH. Above pH 7.0, a plateau was reached in harmony with 
pKa of CYM (pKa = 9.7) in terms of the peak potential 
values. Thus, the optimum pH value was selected as 6.0. In 
addition, hydrolysis of CYM molecules was limited at pH 
values ​​close to neutral [13].

Mole ratio CYM to Py monomer effect

In molecularly imprinted electrochemical sensor applica-
tions, the thickness of the prepared electrode surface and 
the analyte and monomer concentrations affecting this 
thickness were significant. In particular, it was necessary 
to prepare a pre-complex that had maximum interaction on 
the electrode surface by optimizing the analyte: monomer 
ratio. If the monomer ratio was low enough, the stability of 
the prepared pre-complex could be low and it was difficult 
to imprint the analyte molecules on the electrode surface. 
On the contrary, if the amount of monomer was excessive, 
the non-specific interactions occured on the electrode sur-
face instead of the specific interaction of the monomer with 
the analyte. Hence, CYM imprinted electrodes were pro-
duced by 100.0 mmol L− 1 Py monomer and 25.0 mmol L− 1 
CYM, demonstrating the highest electrochemical signal 
(Fig. S3B).

Desorption time effect

In prepared MIP-type sensor applications, the analyte mol-
ecules deposited on any sensor surface must be removed 
almost completely from the surface using a desorption 
solution. If the removal of analyte molecules is insufficient, 
significant sensitivity problems can occur in the prepared 
sensors. In this study, the desorption times in the range of 
10–50 min were studied, and as seen in Fig. S3C, at the 
20  min and later, the analyte molecules were sufficiently 
removed from the electrode surface and the current signals 
remained constant and the desorption time of 20 min was 
chosen as optimum desorption time.
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determine CYM with high recovery close to 100.00%. As 
another method, CYM analysis was performed in orange 
and apple juice samples using the developed analytical 
method such as HPLC for CYM analysis available in the 
literature [29]. There were no important differences between 
MIP/Bi-BiVO4/GCE and HPLC, suggesting another proof 
of the accuracy of the prepared molecularly imprinting elec-
trochemical sensor.

To confirm the high selectivity and accuracy of the 
results using the direct calibration technique, the standard 
addition method [I (µA) = 0.9288CCYM (nmol L− 1) + 1.0934] 
was also applied to orange and apple juice samples, and the 
slopes of the obtained calibration equations from these two 
techniques were compared. Consequently, there were no 
crucial differences between the slopes, verifying the reli-
ability of the prepared MIP sensor in this study. In addi-
tion, the other potential interferents (ascorbic acid, sugars, 
phenolics) did not negatively affect the analysis results and 
sensor selectivity.

 

Selectivity, stability and reproducibility of MIP/Bi-
BiVO4/GCE

To reveal the high selectivity of MIP/Bi-BiVO4/GCE, the 
developed molecularly imprinting sensor was treated with 
CYM and the other interfering agents such as CYP, MAN, 
MET and SPI (Fig. 7). According to Fig. 7, CYM-specifically 

and accuracy in a real sample environment. According to 
the analytical results shown in Table 2, it was shown that 
the prepared CYM imprinted electrochemical sensor could 

Table 1  The comparison of MIP/Bi-BiVO4/GCE’s analytical perfor-
mance with the studied methods in literature
Method Linear range

(mol L− 1)
LOD
(mol 
L− 1)

Real sample Ref.

TAT-AgNPs 1.0 × 10− 6 – 
1.0 × 10− 4

1.3 × 
10− 8

Tap water 
and river 
water

 [30]

SERS 5.3 × 10− 6 – 
2.6 × 10− 4

2.6 × 
10− 6

-  [31]

NB-Gr/GC electrode 
LSV

4.0 × 10− 5 – 
1.0 × 10− 3

1.2 × 
10− 5

Various 
vegetables 
and fruits

 [13]

Dual-channel ratio-
metric colorimetry + 
FL (CDs/AgNPs)

1.0 × 10− 8 – 
5.5 × 10− 7

2.0 × 
10− 9

Natural 
river 
water, soil 
and plant 
epidermis

 [32]

Square-Wave Strip-
ping Voltammetry 
(SWSV) + Cyclic 
Voltammetry (CV)

1.2 × 10− 7 – 
8.5 × 10− 6

3.6 × 
10− 8

River water  [33]

Ultra-Performance 
Liquid Chromatog-
raphy – Photodiode 
Array Detection 
(UPLC–PDA)

5.0 × 10− 7 – 
2.5 × 10− 5

1.5 × 
10− 8

Pepper  [7]

MIP/Bi-BiVO4/GCE 1.0 × 10− 9 – 
1.0 × 10− 8

3.3 × 
10− 10

Orange and 
apple juice

This 
study

Fig. 6  CYM concentration 
effect on MIP/Bi-BiVO4/GCE 
in existence of pH 6.0 of PB 
(from 1.0 × 10− 9 to 1.0 × 10− 8 
mol L− 1 CYM) by SWV method. 
Inset: Calibration curve of CYM 
concentrations against the current 
signals
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Conclusions

Herein, a novel molecularly imprinted electrochemi-
cal determination of cymoxanil fungicide by using bis-
muth incorporated bismuth vanadate nanocomposite was 
presented for the first time in the literature. The bismuth 
incorporated bismuth vanadate nanocomposite showed the 
increased electrochemical signals, resulting from the syner-
gistic combination of bismuth and bismuth vanadate. Fur-
thermore, the developed MIP based sensor demonstrated 
the high selectivity towards cymoxanil fungicide in pres-
ence of the other chemical agents and LOQ of 1.0 × 10− 9 
mol L− 1 and LOD of 3.3 × 10− 10 mol L− 1 confirmed the high 
sensitivity of the prepared electrochemical sensor. Finally, 
this sensor was applied to cymoxanil fungicide detection in 
orange and apple juice samples with high recovery.
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prepared sensor was shown to exhibit the highest electro-
chemical activity to CYM as expected. MIP/Bi-BiVO4/GCE 
was proven to recognize CYM 9.50 times more selectively 
than CYP, 19.00 times more selectively than MAN, 31.67 
times more selectively than MET and 47.50 times more 
selectively than SPI (Table S1). Consequently, the high val-
ues of the selectivity coefficient (k) and relative selectivity 
coefficient (k’) confirmed the preparation of highly selective 
molecularly imprinting sensor for CYM and its successful 
application.

For the stability of MIP/Bi-BiVO4/GCE sensor, the pre-
pared sensor was interacted with 10.0 nmol L− 1 CYM for 9 
weeks and the electrochemical signal values ​​were recorded 
(Fig. S4). The measurements of the peak current signals 
over 9 weeks were close to each other, indicating the high 
stability of the prepared sensor. For the reproducibility 
test of MIP/Bi-BiVO4/GCE, 15 different MIP/Bi-BiVO4/
GCE electrodes were prepared in harmony with Sect.  2.4 
and 2.5. In existence of 10.0 nmol L− 1 CYM, the relative 
standard deviation value of obtained 15 electrochemical sig-
nals was 0.66%, revealing the high reproducibility of MIP/
Bi-BiVO4/GCE.

Fig. 7  SWVs of (A) MIP/Bi-
BiVO4/GCE and (B) NIP/Bi-
BiVO4/GCE in 10.0 nmol L− 1 
CYM, 1000.0 nmol L− 1 CYP, 
1000.0 nmol L− 1 MAN, 1000.0 
nmol L− 1 MET and 1000.0 nmol 
L− 1 SPI in 0.1 M PB (pH 6.0)

 

MIP/Bi-BiVO4/GCE HPLC
Sample Added CYM

(nmol L− 1)
Found CYM
(nmol L− 1)

*Recovery
(%)

Found CYM
(nmol L− 1)

*Recovery
(%)

Orange juice - 3.12 ± 0.04 - 3.13 ± 0.03 -
2.00 5.12 ± 0.01 100.00 ± 0.02 5.13 ± 0.03 100.00 ± 0.03
4.00 7.13 ± 0.01 100.14 ± 0.04 7.14 ± 0.01 100.14 ± 0.03
6.00 9.11 ± 0.05 99.89 ± 0.01 9.14 ± 0.06 100.11 ± 0.04

Apple
juice

- 2.07 ± 0.02 - 2.06 ± 0.02 -
2.00 4.07 ± 0.03 100.00 ± 0.01 4.08 ± 0.04 100.49 ± 0.02
4.00 6.08 ± 0.03 100.17 ± 0.01 6.09 ± 0.04 100.50 ± 0.01
6.00 8.06 ± 0.04 99.88 ± 0.03 8.07 ± 0.05 100.12 ± 0.03

Table 2  Recovery results of 
CYM (n = 6)

*Recovery = Found CYM, nmol 
L− 1 / Real CYM, nmol L− 1
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