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ARTICLE INFO ABSTRACT

Handling editor: Denise Tambourgi Zearalenone (ZEN) is a mycotoxin that poses significant risks to human and animal health due to its mutagenic,

immunosuppressive, and carcinogenic properties. This study presents a novel analytical method for detecting

Keywords: ZEN using electrochemical impedance spectroscopy (EIS) combined with a molecularly imprinted polymer
Zearalenone (MIP). ZEN, used as the template molecule, was incorporated into polypyrrole on screen-printed electrodes
Mycotoxin

(SPE), and a ZEN-sensitive MIP sensor was created through template removal. The modified sensor surfaces were
characterized by EIS and scanning electron microscopy (SEM). An impedimetric MIP sensor for ZEN was
developed, offering a detection range from 1 pM to 500 pM. The method’s limit of detection (LOD) was
established at 1 pM (0.3 pg/mL) with a signal-to-noise ratio of 3 (S/N = 3). The method demonstrated high
precision and accuracy, with a maximum relative standard deviation (RSD) of less than 4.4% at a 95% confidence
level, and relative error (RE) values ranging from —0.8% to —2.7%. The selectivity of the developed MIP sensor
was evaluated using ochratoxin A, ochratoxin B, and aflatoxin B1, with no significant interference observed. ZEN
recovery from spiked samples was between 95% and 105%, indicating that the method was successfully applied

Electrochemical impedance spectroscopy
Molecularly imprinted polymer

to grain samples, including corn, rice, and wheat.

1. Introduction

Mycotoxins are secondary metabolites produced by fungi, known for
their various toxic effects on humans, animals, and plants. Zearalenone
(ZEN), a mycotoxin, is a secondary metabolite synthesized by fungi of
the Fusarium genus, including species such as Fusarium graminearum,
Fusarium culmorum, Fusarium cerealis, Fusarium equiseti, Fusarium crook-
wellense, and Fusarium semitectum (Gadzala-Kopciuch et al., 2011).
Fusarium fungi infect and proliferate on crops both in the field and
during storage, resulting in varying levels of contamination by the ZEN
mycotoxin produced by these fungi. ZEN is a common contaminants in
cattle feed and food stocks, frequently contaminating crops like corn,
wheat, and barley (Zhang et al., 2023). Since ZEN cannot be eliminated
during production, the entire food chain is directly or indirectly affected
by ZEN contamination. Consequently, ZEN negatively impacts crop
production globally, causing significant economic losses (Ji et al., 2023).
In North and Central America alone, over 10 million tons of corn, wheat,
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and other crop flours are contaminated with ZEN each year (De Rycke
et al., 2021; Ji et al., 2023). Humans are exposed to the ZEN toxin
through the consumption of products such as grains, meat, milk, dried
fruits and vegetables, beer, and wine (Bauer et al., 2016; Carballo et al.,
2019; Doll and Danicke, 2011; Kowalska et al., 2016).

Due to its structure resembling natural estrogen hormones, ZEN has
been proven through numerous animal experiments to disrupt endocrine
hormone balance in humans and is therefore known as an endocrine-
disrupting chemical (De Rycke et al., 2021; Kowalska et al., 2016).
According to European Food and Safety Authority (EFSA), ZEN is clas-
sified as mutagenic, carcinogenic, teratogenic, estrogenic and genotoxic,
hepatotoxic, hematotoxic, immunotoxic, nephrotoxic, dermatotoxic,
and neurotoxic (Garcia et al., 2023; Han et al., 2022). Moreover, while
classified by IARC in Group 3 as non-carcinogenic, two rodent carci-
nogenicity bioassays have observed significant increases in pituitary and
hepatic adenomas following exposure to ZEN (Chain, 2011; Garcia et al.,
2023). In response to the risks posed by ZEN, the EFSA’s Scientific Panel
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on Contaminants in the Food Chain has set a tolerable daily intake (TDI)
value of 0.250 ng/mL body weight/day for humans (EFSA Panel on
Contaminants in the Food Chain, 2011). Maximum residue limits for
ZEN in cereal products and corn can be found in Table 1 (Kowalska et al.,
2016; Kyprianou, 2007).

Standard analysis method for ZEN contamination relies on chro-
matographic techniques (Radi et al., 2020; Xu et al., 2020). However,
since these techniques can be costly and time consuming, developed
ZEN detection methods has expanded in recent years to include elec-
trochemical, optical, and spectroscopic methods (Caglayan et al., 2022).
Various methods for ZEN detection are given in Table S1. Spectroscopic
methods (Li et al., 2018; Zhang et al., 2015, 2018, 2020), imaging sur-
face plasmon resonance (iSPR) (Dorokhin et al., 2011; Hossain and
Maragos, 2018; Joshi et al., 2016), and ellipsometry (Abid-Essefi et al.,
2004; Nabok et al., 2011) have been studied for ZEN analysis in the
literature. Moreover, electrochemical methods have been extensively
researched for the detection of ZEN. Amperometric assays utilizing an-
tibodies have been developed and applied to various samples (Feng
et al., 2013; Hervas et al., 2009; Panini et al., 2010, 2011; Xu et al.,
2017). Another method involves direct amperometric detection of ZEN
using a carbon paste electrode modified with carbon nanotubes (Afzali
et al., 2015). Additionally, aptamer-based amperometric techniques
have been employed for ZEN detection (Ji et al., 2019). Impedance
methods for ZEN analysis have been developed using antibodies or
molecularly imprinted polymers (Gu et al., 2015; Hervas et al., 2010).
Voltammetric techniques have also been explored for ZEN determina-
tion, including direct (Nasir and Pumera, 2014), antibody-based (Liu
et al., 2014), and aptamer-based approaches (Azri et al., 2020; He and
Yan, 2019; Ma et al., 2019). Specifically, electrochemical impedance
spectroscopy (EIS) has emerged as a highly sensitive technique for ZEN
analysis, leveraging antibodies, aptamers, or molecular imprinting for
enhanced detection (Caglayan and Ustiindag, 2020). Carbon-ceramic
(carboceramic, CC) material refers to a composite formed by blending
a carbon-based material with a substance that transforms into ceramic
when subjected to high temperatures under an inert atmosphere. In this
study, coal tar pitch (CTP) and a flux material (F-102, from Cinikop Co.,
Turkey) were utilized as carbon sources and ceramic precursors. The
commercial dust F-102 comprises oxides of Na and Al, as well as Zn, Pb,
Zr, Si, and Bi. An affordable, conductive, and original CC material was
developed and applied to modify the surface of screen-printed elec-
trodes. In this study, a molecularly imprinted polymer (MIP) surface was
also used as a diagnostic element. Polypyrrole (pPy) was selected for this
purpose due to its biocompatibility, electrical conductivity, and stability
(Kong et al., 2010). The MIP layer was created by electropolymerizing
pyrrole with the template molecule ZEN, and for the first time, ZEN
detection was performed on the resulting modified electrodes using
electrochemical impedance spectroscopy (EIS).

Table 1
Maximum residue limit for ZEN (Kowalska et al., 2016; Kyprianou, 2007).

Source Maximum level
(ng/mL)

Unprocessed grains other than corn 100
Unprocessed corn 350

Cereals intended for direct human consumption, flour, bran 75

intended for direct human consumption, and seeds
Refined corn oil 400
Bread (including small bakery products), pastries, biscuits, 50

cereal snacks, and breakfast cereals (excluding corn snacks
and corn-based breakfast cereals)

Corn intended for direct human consumption, corn-based 100
snacks, and corn-based breakfast cereals

Processed corn and grain-based foods for babies, children, and 20
adolescents
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2. Experimental
2.1. Chemicals and materials

The chemical reagents used in this study were obtained from Sigma-
Aldrich and Merck and purchased from their local distributors. Ultra-
pure water (UPW) with a resistivity of 18.2 MQ cm was utilized for all
aqueous solutions and washing steps. Zearalenone (ZEN, 6-[10-hydroxy-
6-oxo-trans-1-undecenyl]-p-resorcyclic acid lactone), flux (F-102), CTP
(CSense, Turkey), and other chemicals were used without further puri-
fication unless stated otherwise.

All electrochemical experiments were conducted at 23 + 3 °C using
screen-printed electrodes (SPEs) (CSense, Turkey, C 200, graphite
working electrode diameter is 4 mm) with a Gamry Reference 300 (USA)
electrochemical analyzer. Prior to use, the SPEs underwent pre-
treatment to remove impurities from the working electrode surface
and to achieve reproducible results using linear sweep voltammetry
(LSV) (scanning rate of 20 mV/s between 0 and -2 V). EIS measurements
were carried out between 0.1 Hz and 300 kHz with a 5 mV amplitude
and a DC potential of 0.055 V. CV measurements were performed at a
scan rate of 200 mV/s with a step potential of 2 mV (Erkal-Aytemur
et al., 2019; Erkal et al., 2016).

2.2. Preparation and characterization of electrodes

A homogeneous mixture of 5 g of raw coal tar pitch (r-CTP) and 5 g of
F-102, with a minimal amount of acetone, was prepared and pyrolyzed
in a tube furnace (Protherm, USA) at 1000 °C under a nitrogen atmo-
sphere, using a heating rate of 10 °C/min for 1 h, following the method
described elsewhere (Erkal et al., 2016). The carbonized material was
ground using a ball mill with alumina balls (Retsch, PM200, Germany)
at 500 rpm for 1 h to reduce particle size. One gram of the ground CC
was mixed with 25 mL of acetone to create a conductive ink. This ink
(20 pL) was applied to the electrode surface and dried under an IR lamp
(75 W) for 5 min, producing the electrode referred to as SPE-CC.

The SPE-CC electrode was then exposed to a positive scan in a so-
lution containing 1.0 pM ZEN (dissolved in minimal ethanol) and 50
mM Py in 0.1 M KCL During this process, the template molecule, ZEN,
entrapped in polymerized Py (Istk et al, 2021). The resulting
SPE-CC-ZEN electrode was immersed in a 0.5 M HCl solution for 10 min
and then sonicated for 1 min to remove ZEN molecules from the elec-
trode surface (Isik et al., 2021). The electrode surface obtained after
removing the ZEN molecules was designated SPE-CC-ZEN*. For com-
parison, an electrode was prepared by polymerizing pyrrole on the
SPE-CC surface alone, referred to as SPE-CC-pPy.

All prepared electrode surfaces were characterized by electro-
chemical impedance spectroscopy (EIS) in a solution of 1 mM K,Fe
(CN)g/KsFe(CN)g redox probe pair in 0.1 M KCl.

The surface morphologies of the SPE-CC-pPy, SPE-CC-ZEN, and SPE-
CC-ZEN* electrodes were examined using scanning electron microscopy
and energy dispersive X-ray spectroscopy (SEM and EDX, Nova,
NanoSEM-650, Belgium). Additionally, the XRD patterns of the CTP and
the CC materials were obtained using an X-ray diffractometer (Rigaku,
Miniflex, Japan) for further characterization.

2.3. Development of an electroanalytical method for ZEN detection

Standard ZEN solutions were prepared at concentrations of 1, 2, 5,
12, 30, 75, 200, and 500 pM in 0.1 M PBS (phosphate buffer solution)
with a pH of 7. These solutions were then applied to the SPE-CC-ZEN*
electrode. After a 30-min incubation, the electrodes were washed with
pure water, followed by the addition of a redox probe couple solution for
EIS measurements. Impedimetric analyses were conducted using a 1 mM
K3Fe(CN)g/K4Fe(CN)g redox probe couple.

A calibration curve was constructed based on the Rct values obtained
from the Nyquist plots of the electrodes treated with ZEN solutions.
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Calibration studies were performed five times, with standard deviation
error bars included. The limit of detection (LOD) was calculated using
the maximum o value at a 95% confidence level (36 = 0.017).

2.4. Electrode stability

The stability of the SPE-CC-ZEN* electrode was evaluated by
repeatedly measuring 10 pM ZEN. After each measurement, ZEN was
removed using 0.5 M HCI and reloaded onto the electrode. This process
was repeated for at least ten consecutive measurements to assess sensor
stability.

To further assess sensor stability, recovery % values were calculated
from the Nyquist plots obtained from measurements conducted on the
same day and over five consecutive days (N = 5), after treating the SPE-
CC-ZEN* surface with 10 pM ZEN.

Additionally, the developed analytical method was validated by
performing sensitivity and accuracy tests using a 10 pM ZEN concen-
tration. The results were analyzed using intraday and interday experi-
ments over five days.

2.5. Interference studies

Interference studies were performed to assess the impact of potential
interfering agents, including ochratoxin A (OTA), ochratoxin B (OTB),
and aflatoxin B1 (AFB1), on the sensor’s response to 10 pM ZEN. The Ret
% values were determined based on the sensor’s response to these
agents. The experiments involved adding 200 pM of the potential
interfering agents to the ZEN analyte samples.

2.6. Real sample tests

To evaluate the performance of the developed detection method on
real samples, corn, wheat, and rice samples were used. Five grams of
each ground grain sample was sonicated at room temperature for 30 min
in a mixture of 20 mL methanol (80:20). The resulting supernatant was
centrifuged, and the clear solution obtained was adjusted to pH 7 using
PBS (Liu et al., 2024). Measurements were taken by spiking the real
sample solutions with 10, 50, and 200 pM ZEN, and recovery values
were obtained (N = 5).

3. Results and discussion

3.1. Preparation and characterization of SPE-CC-ZEN imprinted polymer
electrodes

Fig. 1 presents the cyclic voltammogram (CV) of 50 mM pyrrole in
0.1 M KCl, scanned at a rate of 200 mV/s over 5 cycles. In the first scan,
an oxidation peak was observed at approximately 0.65 V. In the second
cycle, a significant decrease in the peak current was noted, and by the
fifth cycle, the current had stabilized. The decrease in peak current after
the first scan is believed to be due to the continuous accumulation of pPy
films on the electrode surface, which likely restricts the access of the
monomer to the surface (Isik et al., 2021; Uygun and Dilgin, 2013).

During the formation of the electrode referred to as SPE-CC-ZEN*,
the removal of ZEN molecules from the pPy film was achieved by
immersing the SPE-CC-ZEN electrode in a 0.5 M HCl solution for 10 min,
followed by sonication for 1 min (Isik et al., 2021).

Additionally, to confirm the non-specific binding of ZEN molecules
to the polymer matrix, an electrode with a pPy surface (SPE-CC-pPy) was
developed using the same electropolymerization conditions without
ZEN molecules.

The surface morphologies of the SPE-CC-pPy, SPE-CC-ZEN, and SPE-
CC-ZEN* electrodes is shown in Fig. 2. As can be seen from the SEM
images, the material is sub-micron in size (micro- and nanomaterial).
Fig. S1 presents the EDX spectrum and elemental composition distri-
bution of the CC. The spectrum shows the elemental content of the CC,
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Fig. 1. Cyclic voltammogram of 50 mM pyrrole (in 0.1 M KCl) at a scan rate of
200 mV/s.
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Fig. 2. SEM image of the CC material obtained by pyrolyzing the coal tar-flux.

including 10.95% B, 7.87% Zn, 11.53% Si, 6.99% Pb, and 9.05% Bi, by
weight. This elemental composition originates from the F102 compo-
nent of the CC.

XRD patterns of CTP and CC materials are shown in Figures S2 and
Figure S3. The pattern in Fig. S2 matches the literature data for pyro-
lyzed carbon materials (Khalil et al., 2013), showing a typical carbon
main peak at approximately 20 = 25°. Fig. S3 displays the crystal
structure of the CC material, and indicates that the CC composite has a
polycrystalline structure.

In Fig. S4 the SEM image of the SPE-CC-pPy electrode obtained by
pyrrole modification on the SPE-CC electrode surface is shown.
Compared to SEM image of CC (Fig. 2), a rougher surface structure has
formed, with these grains being at the nanoscale and arranged in a re-
petitive pattern.

Fig. S5, shows the SEM image of the SPE-CC-ZEN surface obtained by
modifying the SPE-CC electrode with 1 pM ZEN and 50 mM pyrrole. The
SEM image of the SPE-CC-ZEN surface is very similar to that of the SPE-
CC-pPy surface shown in Fig. S4. Fig. S6 displays the SEM image of the
SPE-CC-ZEN* electrode, which was obtained by removing ZEN mole-
cules from the ZEN-imprinted SPE-CC-ZEN electrode. No significant
difference is observed between these SEM images; however, a
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comparison of the MIP and non-imprinted polymer structures using an
impedimetric method has also been conducted.

EIS characterizations of all modified SPE surfaces were conducted
using a 1 mM KaFe(CN)s/KsFe(CN)s redox probe pair in 0.1 M KCL. The
impedance measurements were performed over a frequency range of
0.2 Hz-300 kHz at a DC potential of 0.05 V. Fig. 3 shows the Nyquist
plots for the redox couple on the surfaces of SPE, SPE-CC, SPE-CC-ZEN
(1 pM), SPE-CC-ZEN*, and the SPE-CC-ZEN* electrode treated with 1 pM
ZEN (SPE-CC-ZEN (1 pM)) for calibration. All Nyquist plots were fitted
to a Warburg impedance model (Zw) combined with a constant phase
element (CPE) circuit to account for diffusion effects in all electrodes
(Asik et al., 2022; Erkal et al., 2014; Saygili-Canliding et al., 2023). The
Nyquist plot of the redox couple obtained from the CTP-CC electrode
surface, along with the electrical equivalent circuit model and the fitted
curve, is presented in Fig. S7. Fig. S8 shows a comparison of the electron
transfer resistances (Rct) for the redox probe pair, as determined from
the fitted Nyquist plots (Ustiindag and Erkal, 2017). The data reveal that
the SPE-CC electrode surface exhibits the lowest electron transfer
resistance for the redox couple. In contrast, the redox couple’s charge
transfer resistance is highest on the ZEN-imprinted electrode, which is
consistent with expectations (Isik et al., 2021).

3.2. Electroanalytical performance of the developed MIP sensor

SPE-CC-ZEN* electrodes were prepared with optimized parameters
to establish the sensor’s calibration curve and analytical performance
metrics. The detection range was evaluated from 1 pM to 500 pM.
Impedimetric analyses were performed after a 30-min incubation ina 1
mM KsFe(CN)e/KsFe(CN)e redox probe at pH 7. Nyquist plots for elec-
trodes treated with ZEN solutions at various concentrations are shown in
Fig. 4, while the semi-logarithmic calibration curve is presented in
Fig. 5.

Based on the calibration curve data, the equation for the developed
method is Ret (kQ) = 1.5993 + 2.6793log[ZEN, pM], with a limit of
detection (LOD) of 1 pM. The analytical data obtained from regression
analysis are presented in Table 2.

3.3. Electrode stability

The stability of the SPE-CC-ZEN* electrode was evaluated by treating
it with 10 pM ZEN, then removing and reloading ZEN with 0.5 M HCI.
The electrode demonstrated stable performance across at least ten
consecutive measurements. Nyquist plots shown in Fig. SO reveal that
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Fig. 3. Nyquist plots of 1 mM KsFe(CN)s/KsFe(CN)s (in 0.1 M KCl) on the
prepared electrodes.
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Fig. 4. Nyquist plots obtained from the SPE-CC-ZEN* surface after treatment
with various concentrations of ZEN in 1 mM KisFe(CN)s/KsFe(CN)s (in 0.1
M KCD.
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Fig. 5. Calibration curve and semi-logarithmic linear plot.

Table 2
Analytical parameters of the developed method (N = 5).

Analytic parameter Value

Equation (kQ, pM) Ret = 1.5993 + 2.6793log[ZEN]

Standard error of slope, kQ/pM 0.0581
Standard error of intercept, kQ 0.0919
R? 0.9972
Range, pM 1-500
Range, pg/mL 0.3-160
3xSD, kQ 0.051
Detection limit, LOD, pM (S/N = 3) 1.0
Detection limit, LOD, pg/mL 0.3

the initial measurement with a 10 pM standard sample yielded a resis-
tance of 4.2718 kQ. The calculated concentration values and recovery
percentages are provided in Table 3. The results indicate that the sensor,
after sequentially removing and reloading 10 pM ZEN, maintained a
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Table 3
Intraday and interday stability measurements of the sensor for 10 pM ZEN

standard. Results for five consecutive uses within a day and for five consecutive
days (N = 5).

Parameter Result for Measured Ret, kQ Calculated, pM Recovery %
Interday 1st use 4.272 + 0.091 9.82 98.24

5th use 4.281 £ 0.151 10.02 100.02
Intraday 1st day 4.273 £ 0.073 9.95 99.54

5th day 4.254 + 0.093 9.79 97.93

recovery percentage of 95% within acceptable limits for intraday mea-
surements over five consecutive uses. Interday stability tests were con-
ducted over five successive days.

3.4. Precision and accuracy studies

To evaluate the precision, accuracy, and selectivity of the developed
sensor, intraday and interday precision and accuracy measurements
were conducted using 10 pM ZEN on five independent samples. Addi-
tionally, interday precision was assessed over five consecutive days.
Table 4 presents the relative error percentages (RE%) as measures of
both intraday and interday precision and accuracy. The maximum RSD
% value of 4.37 (<5%, for a 95% confidence level) indicates that the
method is highly precise and accurate. The RE% values ranging from
—0.79 to —2.74 demonstrate that the method has a high level of
accuracy.

3.5. Selectivity and real sample application

Interference experiments were conducted using 200 pM OTA, OTB,
and AFBL1 to assess potential interference with 10 pM ZEN. The sensor
signal changes were found to be less than 4.5%. The Rct% change graph
derived from the sensor response is shown in Fig. S10.

The sensor performance on real samples was evaluated using 10, 50,
and 200 pM ZEN spiked into grain samples. Recovery values for ZEN
spiked into the real sample solutions were found to be reasonably high,
ranging from 95% to 105% (N = 5). Since the RSD% values for the
spiked samples were also below 5%, it was concluded that the mea-
surements for real sample analysis have high precision (Table 5).
Additionally, these results showed good correlation with the accuracy
and precision obtained from ZEN in the buffer solution.

4. Conclusion

In this study, we demonstrated for the first time the use of a CC
material, produced using flux and coal tar, for electrode modification.
We also applied a method using EIS to achieve a detection limit for ZEN
at low concentrations. This is the first development of an MIP-CC elec-
trode, establishing its applicability for ZEN detection. The impedimetric
method and MIP-based sensing element we developed allow for the
detection of ZEN within a concentration range of 1-500 pM, with a LOD
of 1 pM. The sensor demonstrated precision and accuracy that meet
analytical performance criteria. Furthermore, the sensor’s selectivity
was evaluated against potential toxins, such as OTA, OTB, and AFBI,
showing high selectivity towards ZEN with signal variations remaining
within +£5%. To assess the sensor’s performance with real samples, a
standard addition method was used. The sensor’s analytical perfor-
mance was minimally affected by the real sample matrix, with recovery
values ranging from 95% to 105%. Thus, the sensor’s effectiveness for
the electrochemical detection of ZEN was confirmed.
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Table 4
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