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Abstract—The possibility of using the horseradish peroxidase (HRP)–phenol enzyme–substrate system in
the development of an amperometric immunoenzyme sensor for the determination of the mycotoxin zeara-
lenone (ZEA) was shown. New immunoenzyme amperometric sensors based on printed graphite electrodes,
including those modified with a fullerene/gold nanoparticles and HRP composite, were proposed for the
determination of ZEA in a concentration range from 1 × 10–11 to 1 × 10–6 M, and cd was 5 × 10–12 M The
binding constant of immune complexes (Ka = (5.3 ± 0.2) × 108 mol–1) and the percentage of cross reactions,
which was <2.5% for patulin and <1.3% for deoxynivalenol, were estimated. A procedure for the determina-
tion of the mycotoxin ZEA in food products at an MPC level or below with RSD of no higher than 0.063 using
the proposed immunoenzyme sensors was developed and tested.
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Among mycotoxins, zearalenone (ZEA)
(Scheme 1), which is synthesized by fungi from the
Fusarium genus (F. graminearum, F. tricinctum), stands
out with its carcinogenic, estrogenic, and teratogenic
properties and its wide prevalence; it belongs to resor-
cylic acid lactones and is characterized by anabolic
and estrogenic activities.

Scheme 1. Structural formula of zearalenone (6,10-
hydroxy-6-oxo-1-undecyl-β-resorcylic acid lactone).

Zearalenone is a mycotoxin, which mainly infects
crops and can accumulate in crops before harvest.
This mycotoxin was found in food products and ani-
mal feed in a wide range of concentrations depending
on environmental state and storage conditions. Acute
and chronic poisoning and even cancer can be associ-
ated with the consumption of food and feed contami-
nated with ZEA [1].

Arbitration methods for the quantitative determi-
nation of mycotoxins are gas–liquid chromatography
(for T-2 toxin), HPLC with UV detection (for
deoxynivalenol), and HPLC with f luorescence detec-
tion (for aflatoxins and ZEA). These methods are
rapid and convenient for routine analysis, and they
allow fast and reliable separation of contaminated and

uncontaminated samples. Screening methods include
thin layer chromatography and a f luorescent method
for determining mycotoxins in contaminated grain
[2–4].

Currently, biochemical (including immunochemi-
cal) methods for the determination of mycotoxins are
under development. These methods of analysis are
convenient for the primary screening of large batches
of products due to their simplicity, rapidity, and rela-
tively low cost. However, studies on the use of bio- and
immunosensors for the determination of mycotoxins
are still few [5–8]. Interest in the methods of immu-
nochemical analysis is also associated with the possi-
bility of relatively simple variation of the selectivity of
analysis for a number of compounds mainly due to the
use of antibodies (Abs) with different specificities.

Devices whose operation is based on a combination of
the principles of biocatalytic and immunochemical inter-
actions and voltammetric detection of analytical signals
associated with the use of enzymes make it possible to
develop simple and economically affordable methods for
the determination of mycotoxins [8, 9]. In the literature,
there are only a few references to the use of horseradish
peroxidase (HRP) as a label for the determination of the
mycotoxin zearalenone [10]. In the version of an immu-
nosensor described by Panini et al. [10], carbon nano-
tubes were used as a modifier. This made it possible to
reach the limit of detection at a level of n × 10–9 M, which
does not always satisfy the requirements for determining
trace amounts of mycotoxins.
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A current approach to the improvement and devel-
opment of new amperometric bio- and immunosen-
sors, including those for the determination of myco-
toxins, is associated with the use of various nanomate-
rials to modify the surface of primary transducers.
Among carbon nanomaterials, carbon nanotubes are
most frequently used as modifiers [8, 11–13]. Other
carbon materials are still used very limitedly in the
composition of immunosensors. In particular, infor-
mation on the use of fullerene is still scarce. Gold
nanoparticles (Au NPs) are among the most studied
and well-established nanomaterials; however, the use
of a nanocomposite based on fullerene and Au NPs as
an electrode surface modifier for the determination of
mycotoxins was not described in the literature.

It was found previously [8, 9] that mycotoxins
(aflatoxin B1, patullin, and ochratoxin) have an inhib-
itory effect on enzymes (cholinesterase, alkaline phos-
phatase, and tyrosinase). In addition, the cited works
explored the possibility of using enzymes from differ-
ent classes to develop immunosensors for the determi-
nation of ZEA. In most cases, the test mycotoxin
inhibited the catalytic activity of immobilized
enzymes (cholinesterase and tyrosinase), which did
not make it possible to achieve the required selectivity
of determinations.

Horseradish peroxidase (HRP) is an enzyme fre-
quently used in the development of immunosensors.
For example, HRP was successfully used in the deter-
mination of aflatoxin B1 and ochratoxin [8, 14]. There
is no data on the effect of ZEA on the catalytic activity
of HRP; therefore, it seems appropriate to study the
action of the mycotoxin in the antigen (Ag) (ZEA)–
Ab–enzyme systems. Information on the effect of
ZEA on the HRP–phenol enzyme–substrate system
will allow one to judge the analytical capabilities of this
enzyme and its various options for solving a problem of
the selective determination of the individual myco-
toxin in complex organic matrices.

The aim of this work was to evaluate the possibility
of using HRP as a label in the development of immu-
nosensors based on planar electrodes modified with
various nanostructured materials for the determina-
tion of the mycotoxin ZEA in food products.

EXPERIMENTAL
The developed immunosensors were based on

printed graphite electrodes of the 3 in 1 design consist-
ing of working, auxiliary, and reference electrodes
obtained on a polymer substrate by printing technolo-
gies (manufactured at the Department of Analytical
Chemistry of Kazan Federal University). The surface
material of the working electrode, on which the mod-
ifier and the enzyme were immobilized, was graphite
ink (Gwent Electronic Materials, the United States).
The auxiliary electrode was also made of graphite ink.
The reference electrode was AgCl/Ag paste [15]. The
working cell volume of the system was 2.0 mL. All
measurements with the use of these electrodes were
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performed with a μAutolab Type III potentiostat/gal-
vanostat (the Netherlands). The electrode surface was
electrochemically stabilized and cleaned by cycling
the potential in a range from 0 to 1000 mV; for this pur-
pose, five to seven cyclic voltammograms were
recorded in a 0.01 M solution of KCl at a sweep rate of
100 mV/s.

To prepare a dispersion of fullerene in an amino
derivative of polyether polyol (H20-NH2) and Au NPs
in chitosan, an ultrasonic bath model S30H with a fre-
quency of 37 kHz (Elmasonic, Germany) was used.

The presence of nanomaterials on the electrode
surfaces was detected by obtaining images using a
Solver P47H atomic force microscope (AFM) (ZAO
NT-MDT, Russia). To detect the presence of Au NPs,
a BioSpectrometrKinetic single-beam spectropho-
tometer (Eppendorf, Germany) was used.

Chemically pure phenol was used as a substrate,
and its solutions were prepared by dissolving accu-
rately weighed portions in a working buffer solution
and used within 3 h. Peroxidase from horseradish
roots with an activity of 250–330 U/mg (Sigma-
Aldrich, the United States), monoclonal Abs against
ZEA with an initial concentration of 1.0 mg/mL
(Sigma-Aldrich, the United States), 1% solution of
glutaraldehyde (GA) (ICN, the United States) and
H20-NH2 polyether polyol (1%) (prepared at the
Department of Inorganic Chemistry, Kazan Federal
University), and fullerene functionalized with
hydroxyl groups (Aldrich, the United States) were
used. A chromatographically pure ZEA mycotoxin
preparation (ZEA solution in benzene) from a state
standard reference sample (manufacturer: All-Rus-
sian Research Institute of Veterinary Sanitation,
Hygiene, and Ecology of the Russian Academy of
Agricultural Sciences, Moscow, Russia) was used. To
prepare working solutions from the ZEA standard ref-
erence sample, the organic solvent (benzene) was vac-
uum-distilled off at room temperature. The resulting
ZEA preparation was used to prepare working solu-
tions by dissolving in twice distilled water. Phosphate
(pH 6.86 ± 0.05 and 7.0 ± 0.2), Tris–HCl (pH 7.60 ±
0.05), and acetate (pH 4.00 ± 0.05 and 5.50 ± 0.05)
buffer solutions were used. The values of pH in aque-
ous solutions were determined with a pH-150 pH
meter with a glass electrode calibrated using standard
buffer solutions.

The following working electrodes were used: an
immunosensor with horseradish peroxidase as a label
(IS no. 1), an immunosensor based on electrodes
modified with C60 fullerene (IS no. 2), and an immu-
nosensor based on electrodes modified with a С60
fullerene/Au NP composite (IS no. 3)

Preparation of the biosensitive part of the immu-
noenzyme sensor. HRP was applied to the surface of
the working electrode together with Abs against ZEA.
For this purpose, a mixture containing the enzyme,
Abs, H20-NH2 polyether polyol, a phosphate buffer
solution (50 mM, pH 7.0 ± 0.2), and a 1% solution of
GA. Glutaraldehyde was added last, and 1 μL of this
F ANALYTICAL CHEMISTRY  Vol. 77  No. 6  2022
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mixture was applied to the electrode surface after vig-
orous stirring. The biosensors thus obtained were left
overnight in a closed Petri dish at +4°C. The next day,
the sensors were washed with water, dried in air, and
then stored in a refrigerator for no more than 15 days.
The proposed immobilization method facilitated the
retention of the catalytic activity of HRP and Ab for at
least 15 days from the date of manufacture of the
immunoenzyme sensor. The measurement error of
analytical signals from electrode to electrode did not
exceed 5–8%, which indicates good reproducibility of
the surfaces of the biosensitive parts of the sensors.

Determination of the concentration of zearalenone
unbound in the immune complex in order to calculate
the binding constants. The concentration of ZEA that
was not bound into the immune complex was deter-
mined in the solution after the formation of the Ab–
Ag (ZEA) immune complex on the surface of the
immunosensor after its incubation for 10 min in a
solution of the mycotoxin. The mycotoxin concentra-
tion remaining after the formation of the Ab–ZEA
immune complex was determined by an amperometric
biosensor (enzymatic electrode) based on alkaline

phosphatase and 1-naphthyl phosphate at the poten-
tial E = +0.35 V, at which the inhibitory effect of this
mycotoxin was established previously [16]. The data
obtained were used to construct a graph in Scatchard
coordinates.

Preparation of gold nanoparticles. Nanoparticles of
various metals are increasingly used to modify the sur-
face of electrodes in order to impart certain properties
to them. Gold nanoparticles have proven themselves
as modifiers. It was of interest to evaluate the effect of
the surface modification of electrodes serving as the
basis of biosensors with fullerene and fullerene/metal
nanoparticle (Au) nanocomposites on the analytical
characteristics.

Many methods used for the production of gold
nanoparticles are currently known. We decided on a
method reported by Tarozaitq et al. [17] because it is
simple, allows the synthesis of gold nanoparticles from
available reagents under mild conditions, and does not
take much time. Optimal conditions for the prepara-
tion of gold nanoparticles are presented below (PEG is
polyethylene glycol):

RESULTS AND DISCUSSION
An analysis of published data [5, 6] and prelimi-

nary studies of the effect of ZEA on the catalytic activ-
ity of enzyme preparations (see above) allowed us to
propose an amperometric enzyme immunosensor
based on a graphite printed electrode and a biosensi-
tive part including Ab against ZEA, HRP, H20-NH2
polyether polyol, a phosphate buffer solution, and a
solution of GA.

Various compounds can act as peroxidase sub-
strates, but phenols are most often used [18]. This is
due to the fact that most of the developed peroxidase
bio- and immunosensors with HRP as a label were
intended specifically for determining the concentra-
tion of phenols in environmental materials as pollut-
ants and toxic compounds. At the same time, under
the conditions we are considering, the use of phenol as
a substrate will make it possible to obtain a signal that
is stable in time, well pronounced, and reproducible.
Thus, under certain conditions, the peroxidase–phe-
nol enzyme–substrate pair can be used as a recording
system in immunoenzyme sensors.

It is well known from the literature [19] that phenol
undergoes electrochemical oxidation and enzymatic
catalysis under the action of HRP and in the presence

of hydrogen peroxide (hydroxylase activity) with the
formation of quinone as a product of the enzymatic
reaction (oxidase activity) (Scheme 2).

Electrochemical reaction:

Enzymatic reaction:

Scheme 2. Enzymatic catalysis of phenol under the action of 
horseradish peroxidase and in the presence of hydrogen 

peroxide.

The peak at a potential of 0.35 V corresponds to the
quasi-reversible oxidation of hydrogen peroxide, and
the peak at a potential of 0.75 V most likely refers to the

Component HAuCl4⋅4H2O SnCl2 Citrate buffer 
solution, pH

PEG Chitosan Color of the resulting 
solution
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Fig. 1. Voltammograms of the electrooxidation of phenol
(1 × 10–3 M), a substrate of horseradish peroxidase (sup-
porting electrolyte, a phosphate buffer solution
with pH 7.0): (1) hydrogen peroxide concentration of 5 ×
10–5 M (2) in the presence of the mycotoxin zearalenone
(1 × 10–8 M) and (3) in the absence of zearalenone.
Immunosensor no. 1. 

0 0.1 0.2 0.4 0.6 0.80.3 0.5 0.7 0.9 1.0

6 
µA

3

2

2

1

Е, V
Fig. 2. Dependence of the response of immunosensor
no. 1 on pH. The concentrations of phenol and hydrogen
peroxide were 1 × 10–3 and 5 × 10–5 M, respectively. 
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electrochemical oxidation of phenol to the corre-
sponding quinone (Fig. 1), as confirmed by experi-
mental and published data [20].

The rate of an enzymatic reaction is largely affected
by the conditions under which this reaction proceeds:
the nature and pH of the supporting electrolyte and
the concentrations of the substrate and hydrogen per-
oxide. It is well known [21] that HRP exhibits suffi-
cient catalytic activity at pH from 4.0 to 8.0; therefore,
we studied the effect of pH on the immunosensor
response in acetate (50 mM) (pH 4.0–5.5), phosphate
(pH 6.86–7.5), and Tris–HCl (pH 7.6–8.0) buffer
solutions. As can be seen in Fig. 2, the highest activity
of immobilized HRP (a maximum in the graph) was
observed in a phosphate buffer solution with pH 7.0.
This was due to the fact that, under these conditions,
the maximum possible amount of phenol underwent
enzymatic conversion and electrochemical oxidation.

To demonstrate the maximum activity of HRP, it is
necessary to create optimal concentrations of the sub-
strate and hydrogen peroxide. With an excess of the
substrate, the catalytic activity of this enzyme was
inhibited. The substrate and hydrogen peroxide con-
centrations were varied from 5 × 10–3 to 1 × 10–5 M
(Fig. 3). The optimal concentrations of phenol and
hydrogen peroxide were 1 × 10–3 and 5 × 10–5 M, and
the supporting electrolyte was a phosphate buffer solu-
tion with pH 7.0.

Effect of zearalenone on the catalytic activity of
immobilized peroxidase. The study of the effect of ZEA
on HRP showed that this mycotoxin is not an effector
JOURNAL O
of this enzyme preparation; therefore, it was possible
to use HRP as a label in the composition of the corre-
sponding immunoenzyme sensor for detecting immu-
nochemical interactions: Ab against ZEA–ZEA.

The developed immunoenzyme sensor (Fig. 4) was
a graphite printed electrode on the surface of which
HRP and an immunoreagent (Ab against ZEA) were
coimmobilized.

It was established that, upon the coimmobilization
of Ab with HRP on the electrode surface in the pres-
ence of ZEA in solution, the analytical signal
decreased in the concentration range (1 × 10–10–1 ×
10–6 M); this was apparently associated with the for-
mation of the Ab–Ag immune complex, which was a
steric hindrance when the substrate approached the
active site of the enzyme. This led to the fact that a
smaller number of substrate molecules were involved
in the enzymatic process in relation to the control
experiment, and the value of the analytical signal
decreased.

The greatest inhibitory effect and, consequently,
the possibility of detecting analytical signals with a
smaller error were achieved with the use of Ab in a
dilution of 1 : 50 (a maximum degree of inhibition was
(80.2 ± 0.5%). The Ab dilutions of 1 : 1, 1 : 10, 1 : 20,
and 1 : 100 provided a narrower range of determined
concentrations (1 × 10–9–1 × 10–6 M) and, accord-
ingly, lower degrees of inhibition (68.0–72.0) ± 0.4%.
Because the immunoenzyme sensor based on an Ab
dilution of 1 : 50 had the best analytical characteristics,
this Ab concentration was chosen for the subsequent
immunoassays. Table 1 summarizes the analytical
characteristics of the immunoenzyme sensor for the
determination of ZEA. The correctness of the results
of the determination of ZEA obtained using the devel-
oped immunoenzyme sensor was confirmed by the
standard addition method (Table 2).
F ANALYTICAL CHEMISTRY  Vol. 77  No. 6  2022
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Fig. 3. Dependence of the analytical signal on the concentrations of (a) phenol and (b) hydrogen peroxide. 
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Fig. 4. Schematic diagram of the action of an enzyme immunoassay sensor based on immobilized antibodies (Abs) against zear-
alenone (ZEA) and horseradish peroxidase (HRP): (1) coimmobilized enzyme (HRP) and Ab, (2) antigen (Ag) in a solution of
ZEA, and (3) resulting immune complex and variants of the approach of the substrate to the active surface of the enzyme. T is a
primary converter (in our case, a printed graphite electrode), E is enzyme (HRP), Abs are antibodies to ZEA, Ag is ZEA, S is the
substrate, and P is the product. 

1 2 3

E E

EE

Аb

Аb

Т

Аg

Аg

S

S

S
P

Immunosensor modified with C60 fullerene for the
determination of zearalenone. The use of various nano-
structured materials, in particular, carbon nanomate-
rials—structures that are a new allotropic carbon spe-
cies in the form of closed, frame, and macromolecular
systems—is a modern trend in the development of bio-
sensor technologies. The addition of carbon nanoma-
terials with a high specific surface area significantly
increases the efficiency of detection of various sub-
stances, in particular, with the use of biosensors [22].

Among carbon nanomaterials, carbon nanotubes
are currently used most often [23, 24]. Fullerenes and
their derivatives are used much less frequently for
these purposes [25, 26]. At the same time, the prob-
lems of both preserving and purposefully changing the
main properties of nanocarbon materials and variants
of their combination in the composition of biosensors,
for example, by maintaining the corresponding nano-
sizes by using various substances to obtain dispersions
that are stable in time remain unresolved [27].

We used C60 fullerene as an electrode surface mod-
ifier. Fullerene is carbon nanospheres, spherical poly-
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 77  N
cyclic structures with a diameter of 40 nm, consisting
of carbon atoms linked in six- and five-membered
rings. Fullerenes have high chemical stability, and they
can be considered as promising candidates for signal
amplification in biosensors.

At present, various stable derivatives of C60 have
been synthesized to expand the area of their applica-
tion, in particular, by surface modification with vari-
ous polar groups (for example, amido, hydroxyl ,and
carboxyl groups), which leads to the production of
water-soluble and biocompatible compounds.

Various substances including hyperbranched poly-
mers (HBPs), hyperbranched molecules with biosim-
ilar structural fragments and a set of practically useful
properties, can be used to obtain dispersions of graph-
ite nanomaterials [28]. A water-soluble amino deriva-
tive on the H20-NH2 HBP platform was used to obtain
a dispersion of C60 fullerene.

To obtain a modified surface of printed electrodes,
the resulting dispersion of fullerene in H20-NH2 and
HRP together with Ab against ZEA was deposited
o. 6  2022
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Table 1. Effect of antibody dilution on the analytical characteristics of the determination of zearalenone using immunoen-
zyme sensor no. 1 (substrate, phenol; cs = 1 × 10–3 M; pH 7.0; n = 5, and P = 0.95)

I* = Ip/Ia × 100, (Ip = Ia – Is), where Is is current in the presence of the inhibitor, and Ia is current in the absence of the inhibitor.
a The Ab dilution at which the best results were observed is boldfaced.

Ab (Ag) dilution
Working 

concentration range, 
M

Calibration equation:
I* = (А ± δ) + (В ± δ)(–logc) cd, M

(А ± δ) (В ± δ) r

1 : 1 1 × 10–6–1 × 10–9 18 ± 3 –102.1 ± 0.3 0.9937 6 × 10–10

1 : 10 1 × 10–6–1 × 10–9 16 ± 2 –94.1 ± 0.5 0.9870 5 × 10–10

1 : 20 1 × 10–6–1 × 10–9 17 ± 3 –100.4 ± 0.3 0.9828 8 × 10–10

1 : 50a 1 × 10–6–1 × 10–10 19 ± 2 –110.9 ± 0.4 0.9989 7 × 10–11

1 : 100 1 × 10–6–1 × 10–9 16 ± 3 –95.3 ± 0.4 0.9889 5 × 10–10

Table 2. Results of the determination of zearalenone using immunoenzyme sensors (n = 3, P = 0.95)

Added, M Found, M RSD, % Detection percentage, %

IS no. 1

4 × 10–8 (4.1 ± 0.2) × 10–8 4.9 98–105

6 × 10–9 (5.8 ± 0.3) × 10–9 5.2 92–102

IS no. 2 based on electrodes modified with C60 fullerene

5 × 10–7 (5.1 ± 0.3) × 10–7 5.9 94–106

8 × 10–10 (7.8 ± 0.3) × 10–10 3.8 96–101

IS no. 3 based on electrodes modified with the C60 fullerene/Au NPs composite

5 × 10–8 (4.8 ± 0.3) × 10–8 6.3 94–106

2 × 10–10 (2.1 ± 0.1) × 10–10 4.8 95–105
onto their surface by drop evaporation (see above on
the preparation of the biosensitive part of the immu-
noenzyme sensors).

The study of the effect of ZEA on the immunoen-
zyme sensors modified with fullerene showed that the
nature of the effect of this compound on immobilized
HRP did not change significantly. Modification with
fullerene made it possible to expand the range of
determined concentrations of the test mycotoxin and
improve the correlation coefficient (Table 3). A maxi-
mum decrease in the catalytic activity of the enzyme
under the action of ZEA on the modified immunosen-
sor under these conditions became somewhat greater
and amounted to (83.0 ± 0.9)% in the studied concen-
tration range.

The accuracy of the determination of ZEA in the
above concentration ranges with the use of the devel-
oped immunosensors was assessed by the standard
addition method (Table 2).

Gold nanoparticles as surface modifiers for screen-
printed electrodes. The presence of Au NPs of a certain
size in solutions (see the Experimental section for the
method of preparation) was confirmed by correspond-
JOURNAL O
ing optical spectra. It was shown that the optical spec-
tra of Au NP solutions contained plasmon absorption
bands with maximums characteristic of the absorption
of spherical Au NPs in the presence of chitosan at λ =
580 nm (particle size, about 50 nm) [29].

Preliminary studies have shown that the modifica-
tion of electrode surfaces with C60 fullerene suspen-
sions and the C60/Au NPs composite changed the ana-
lytical capabilities of biosensors. Atomic force micros-
copy (AFM) is a convenient method for visual analysis
of changes in the electrode surface upon modification
with fullerene and Au NPs. The use of AFM makes it
possible to obtain images of the modified electrode
surface at different stages of obtaining the biosensitive
part of the sensors under different conditions (Fig. 5).
Judging from the AFM images of the electrode sur-
faces, the surface became more developed upon the
deposition of Au NPs, and the NPs were fairly homo-
geneous and evenly distributed over the electrode sur-
face.

Varying the amount of a solution of Au NPs depos-
ited onto the surface of a printed electrode made it
possible to establish that 1 μL of the solution gave a
more reproducible uniform surface, which provided a
F ANALYTICAL CHEMISTRY  Vol. 77  No. 6  2022
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Table 3. Analytical characteristics of the determination of zearalenone using immunosensors (pH 7.0, n = 5, and P = 0.95)

I* = Ip/Ia × 100, Ip = Ia – Is, where Is is current in the presence of the inhibitor and Ia is current in the absence of the inhibitor.

Immunosensor
Working 

concentration 
range, M

Calibration equation:
I* = (А ± δ)(–logc) + (В ± δ) LOD, M

А ± δ В ± δ r

no. 1 1 × 10–6–1 × 10–10 19 ± 2 –110.9 ± 0.4 0.9989 7 × 10–11

no. 2 1 × 10–6–5 × 10–11 22 ± 2 –130 ± 3 0.9948 1 × 10–11

no. 3 1 × 10–6–1 × 10–11 59 ± 1 2.9 ± 0.1 0.9969 5 × 10–12
sufficient analytical signal; therefore, this amount of
the solution of Au NPs was subsequently used (Fig. 6).
Then, Ab and HRP were immobilized on this modi-
fied surface.

Effect of the modification of electrode surfaces with
C60 fullerene and gold nanoparticles on the analytical
capabilities of the immunosensor. The study of the
effect of ZEA on IS no. 3 modified with the C60/Au
NPs composite showed that the corresponding analyt-
ical signal decreased in wider concentration ranges
compared to that of the unmodified analogue
(Table 2). The percentage decrease in catalytic activity
under the action on IS no. 3 was (90.0 ± 0.6)% in the
studied concentration range. The use of modification
with the C60/Au NPs composite made it possible to
improve the analytical characteristics of the developed
sensor.

The accuracy of the determination of ZEA in the
indicated concentration ranges using the developed
immunosensors was assessed by the standard addition
method (Table 1).
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 77  N

Fig. 5. AFM images in the topography and phase contrast mode
trode modified with gold nanoparticles in a solution of chitosan
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Evaluation of the binding constants of immune com-
plexes and the specificity of immunochemical interac-
tions on IS no. 3. In the development of immu-
nochemical analysis methods based on the Ag–Ab
reaction, the knowledge of physicochemical parame-
ters of specific interactions is very important because
it makes it possible to evaluate the sensitivity and spec-
ificity of the method and to select reagents for analysis.
Graphical processing of experimental data in
Scatchard coordinates allows one not only to deter-
mine the constant of formation of immune complexes
but also to calculate the concentration of active Abs
(Ag) in the system.

We performed a series of experiments to determine
the concentrations of free and bound mycotoxin at
various initial concentrations of ZEA and a constant
concentration of Ab in the system. The mycotoxin–Ab
interaction presented in Scatchard coordinates indi-
cated the predominant existence of an Ab population
with a sufficiently high specificity for the mycotoxin to
be determined. This shape of the curve is typical for
monoclonal Abs. The binding constant of Ab to ZEA
o. 6  2022

s in (a) a 2D projection of the surface of a graphite printed elec-
 (0.75%) and (b) in a 3D projection. 
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Fig. 6. Dependence of the analytical signal (current) on the
amount of gold nanoparticles deposited onto the working
surface of the electrode. 
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(Ka1 = (5.3 ± 0.2) × 108 mol–1) lies in an optimal range
of binding constants [16]. Data on the binding
strength of the immunological pairs under consider-
ation are currently not available in the literature. At
the same time, the found values of the constants of
formation of immune complexes indicate a fairly
strong binding of Ag to the corresponding Abs, which
allows one to use the developed immunoenzyme sen-
sors for the highly sensitive and selective determina-
tion of the mycotoxin ZEA.

Nonspecific cross interaction of Abs is one of the
main problems in the development of new variants of
immunoassays. The quality of Abs is often the main
obstacle to increasing the sensitivity of immunodetec-
tion and to shorten the duration of analysis due to a
sample preparation procedure.

In this work, we investigated the cross reactivity of
Ab against ZEA to other mycotoxins, patulin and
deoxynivalenol, which were detected in the same
foods as ZEA. We found that the Abs used have very
little cross reactivity to the test antigens (patulin,
<2.5%; deoxynivalenol, <1.3%). This confirms the
specificity of the studied Abs only to the correspond-
ing Ag, which makes it possible to selectively deter-
mine ZEA independently of other mycotoxins.

Determination of zearalenone in food products. The
proposed immunoenzyme sensors can be used to
determine the ZEA content of food products. Fungi
have the highest producing capacity on corn, oats,
rice, and sorghum.

The fungi F. graminearu producing ZEA are com-
mon in the southern part of the Russian Federation
and in many countries that grow corn for grain. The
spores of the fungus live in the soil, from where they
fall on vegetative plants and, under favorable condi-
JOURNAL O
tions (high humidity), germinate affecting the ear or
cob and forming their metabolic products—mycotox-
ins.

The developed immunosensor was used to deter-
mine ZEA in corn and barley and corn f lour process-
ing products. Samples were prepared using standard
recommendations [30] for the separation of ZEA by
chromatographic analysis.

Procedure for the extraction (isolation) of zearale-
none from cereals. A weighed sample of 1 g (cereals or
grains) was ground into powder, which was suspended
in a mixture of acetonitrile and water (5 : 1) to deter-
mine ZEA. According to Zhanga et al. [31], in this
case, a sufficiently complete extraction of the compo-
nents to be determined should be achieved. The mix-
ture was stirred with a magnetic stirrer for at least
30 min. Then, it was centrifuged for 20 min at a speed
of 7000 rpm, and the supernatant was used to prepare
aqueous working solutions by sequential dilution for
the subsequent determination of ZEA using an immu-
noenzyme sensor modified with the fullerene/Au NPs
composite (IS no. 3).

It was preliminarily established that, upon the
repeated extraction of a mixture remaining after a sin-
gle extraction, a solution that did not cause a change in
the analytical signal was obtained; that is, it did not
contain components that reduce the catalytic activity
of immobilized peroxidase. Thus, the mycotoxin was
completely recovered from the sample already as a
result of a single extraction. The analytical signal
acquired a constant value after 30 min when the
extracting mixture was mixed with the sample.

It was found that the concentration of an organic
solvent used for the most complete extraction of ZEA
from cereal samples did not exceed (8–10)% of the
volume of the analyzed solution. This concentration of
acetonitrile had no effect on the catalytic activity of
HRP; that is, it had no inhibitory or activating effect.
This allowed us to use the resulting extract for the
determination of ZEA in the samples.

Procedure for the determination of the zearalenone
content of cereal samples. The solutions of the sample
obtained as described above, phenol (c = 1 × 10–3 M),
and hydrogen peroxide (c = 5 × 10–5 M), a phosphate
buffer solution (pH 7.0), and IS no. 3 were added to a
2000-μL cell. The solutions were incubated for
10 min. Then, the current was measured at a potential
of +0.75 V.

The concentrations of ZEA in the samples were
determined according to a calibration curve (see
Table 3, IS no. 3). The samples of food products con-
taining corn were also tested using polarization f luo-
rescence analysis (Table 4), which is currently often
used to determine mycotoxins. A comparison of the
results obtained by the two methods using F- and t-
values showed that the methods are equally accurate
(Fcalc < Ftabl), and the discrepancies between the aver-
age values are insignificant.
F ANALYTICAL CHEMISTRY  Vol. 77  No. 6  2022
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Table 4. Results of the determination of zearalenone in samples containing corn (IS no. 3; substrate, phenol; cs = 1 × 10–3 M;
n = 5; P = 0.95; ttabl = 2.78, and Ftabl = 6.39)

MPCzearalenone = 1 mg/kg; FPA, fluorescence polarization immunoassay; EIA, enzyme immunoassay.
a Not detected in the test concentration range.

Test sample Manufacturer Analysis method Found ZEA,
M (mg/kg)

RSD, 
% t F

Corn f lour OOO Garnets, Russia FPA Not founda

EIA Not founda

Zdorovei 
cornbread

OOO Pervyi kombinat detskogo i 
dieticheskogo pitaniya (First Plant 
for Baby and Diet Food), Russia

FPA (6.42 ± 0.30) × 10–5 (0.025) 4.7 2.21 5.15

EIA (6.31 ± 0.30) × 10–5 (0.020) 4.8

Table 5. Comparative characteristics of methods for the determination of zearalenone in corn and corn-based products

Method for the determination of zearalenone Limit of detection Reference

Rapid immunochromatographic test strip (ICTS) 1.0 ng/mL [36]
Fluorophore linked immunosorbent assay (FLISA) 0.012 ng/mL [36]
Electrochemical immunosensor 0.77 ng/g  [11]
Immunoenzyme sensor 0.0159 ng/mL This work
In almost all cases, the found amounts of the
mycotoxin ZEA in the analyzed samples of food prod-
ucts were lower than the MPC. However, it should be
noted that the presence of ZEA in baby food is not
allowed.

A comparison of the analytical characteristics of
the developed amperometric immunoenzyme sensor
and similar methods described in the literature (Table
5) showed that the developed immunosensor is supe-
rior to other methods for the determination of ZEA.
We can conclude that the developed immunoenzyme
sensor can be used for the quality control of a number
of food products and, especially, baby food.

* * *
Thus, we demonstrated the applicability of the

HRP–phenol enzyme–substrate system to the devel-
opment of an amperometric immunoenzyme sensor
for the determination of ZEA, the action of which is
based on a combination of immunological, enzymatic,
and electrochemical reactions leading to a decrease in
the analytical signal, which most closely corresponds
to the term quasi-inhibition. We proposed new amper-
ometric immunoenzyme sensors based on printed
graphite electrodes modified with the fullerene/Au
NPs composite and HRP for the determination of the
mycotoxin ZEA, which make it possible to expand the
range of determined concentrations, decrease cd, and
improve the coefficient of correlation. The operating
conditions for the developed biosensors are as follows:
buffer solution pH 7.0 ± 0.2; phenol substrate concen-
tration, 1 mM; and hydrogen peroxide concentration,
50 μM. The developed immunosensors make it possi-
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 77  N
ble to determine ZEA in the following concentration
ranges: IS no. 1, from 1 × 10–10 to 1 × 10–6 M; IS no. 2,
from 1 × 10–11 to 5 × 10–6 M; and IS no. 3, from 1 ×
10–11 to 1 × 10–6 M. The lower limit of the determined
concentrations is at a level of (1–7) × 10–11(–12) M).
The estimated binding constant of the immune com-
plex is Ka = (5.3 ± 0.2) × 108 mol–1, and the percentage
of cross reactions is <2.5% for patulin or <1.3% for
deoxynylvalenol (IS no. 3). Procedures for the deter-
mination of ZEA in food products (cornmeal and
cornbread) at a level below the MPC with sr no higher
than 0.048 were developed with the use of the pro-
posed immunosensors.
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