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Abstract: Ochratoxin A (OTA) is considered the most toxic member of the ochratoxin group. Herein,
a novel label-free electrochemical sensor based on the horseradish peroxidase (HRP) enzyme is devel-
oped for OTA detection. The HRP enzyme was covalently immobilized on the working electrode of a
planar boron-doped diamond (BDD) electrochemical microcell previously covered with diazonium
film and grafted with single-walled carbon nanotubes (SWCNTs). Each surface modification step
was evaluated by cyclic voltammetry and scanning electron microscopy. Square wave voltammetry
was used for the detection of OTA. The linear working range of the biosensors ranged between
10−14 and 0.1 M, with a limit of detection (LOD) of 10 fM, an RSD equal to 5%, and a sensitivity of
0.8 µA per decade. In addition, the sensor showed good selectivity in the presence of OTA analogs; it
was validated in samples such as corn, feed, and wheat. The metrological performance of the present
sensor makes it a good alternative for OTA detection.

Keywords: ochratoxin A; boron doped diamond microcell; horseradish peroxidase; electrochemical
biosensor

1. Introduction

Ochratoxin A (OTA) is one of the mycotoxins produced by strains of Penicillium and
Aspergillus. OTA is highly toxic to human and animal bodies. It can enter the body through
the digestive or respiratory tracts or through the skin [1]. Moreover, OTA can cause different
forms of kidney, brain, and liver diseases. At present, OTA could exist in any species in
agricultural areas; it is widely found in many products such as beans, cereals, grape juice,
coffee, wine, and dried fruit [2]. Moreover, OTA is chemically stable and can survive in
harsh conditions such as high temperatures and boiling. Thus, OTA is difficult to eradicate
from food. Therefore, governments have set strict restrictions on the content of ochratoxin
A in food. The European Commission has set a maximum tolerated OTA concentration of
2 ppb in juices and wine and 5 ppb in cereals [3].

Up to now, conventional methods used for OTA detection have been largely concen-
trated in advanced instrumental techniques such as ELISA [4], high-performance chro-
matography (HPLC) [5], immunochromatography [6], and high-performance thin-layer
chromatography [7]. Although these methods are highly sensitive and selective, with
the limit of detection being in the range of ng/mL, there are still inescapable drawbacks,
such as the long time required for preparation, the high cost, and the strict experimental
conditions. To avoid these problems, electrochemical biosensors for OTA detection are
the subject of intensive research. They appear to be promising tools because of their sim-
plicity, low cost, high sensitivity, and miniaturization. Several designs of electrochemical
biosensors for OTA detection were published to take up the challenges [8–10]. The unique
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combination of OTA with recognition elements is vital to the construction of OTA electro-
chemical biosensors. Aptamers [9], antibodies [11], and molecularly imprinted polymers
(MIPs) [12] play an important and major role in the sensor construction. According to
recent studies, a primary imperfection of the biosensors based on antibody applications is
due to the irreversibility of the formation of the antibody-OTA complex, thereby limiting
the shelf life of the immunosensor. The typical shelf life of the published immunosensors is
two weeks [11,13]. Moreover, the acquisition procedure of antibodies with OTA is usually
expensive, time-consuming, and depends on immunization with little success [8]. On
the other hand, the selectivity of molecularly imprinted polymers (MIPs) is insufficient
to compete with recognition receptors [14], and their shelf life is also limited at less than
two weeks [12]. There is still a worry about the application of aptamers in OTA sensors;
although these strategies are quite attractive due to the selectivity of aptamers and their
robustness, they still suffer from costly amplification processes that greatly hinder their
commercial potential. The reversibility of the aptamer-OTA complex is quite limited, and
the shelf life of the aptasensors is two weeks or less [15–17]. To avoid the aforementioned
problems, it is of great importance to develop and explore other types of recognition
elements. Enzyme-assisted target molecule recovery technologies provide a feasible strat-
egy for OTA detection. Furthermore, few enzymatic electrochemical biosensors for OTA
detection have been developed; the high interest in enzyme applications stems from
their reversibility.

The reduction in OTA levels in food products can be obtained by enzymes able to
cleave the OTA molecules into non-toxic molecules: carboxypeptidase A and Y [18–20] or
other hydrolases, such as lipases [21,22], proteases [22,23], and ochratoxinase [23]. These
enzymes are also good candidates for the recognition part of biosensors. Carboxypeptidase
Y (CPY), a serine-type carboxypeptidase [24], was used for the detection of OTA with a
conductometric transducer after CPY immobilization through cross-linking on interdigi-
tated electrodes [25]. This enzyme is able to cleave the OTA molecule at the amide bond
connecting L-b-phenylalanine to the OTA moiety, according to Equation (1).
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For its part, thermolysin (TLN) is a neutral Zn2+-metalloendopeptidase produced by
Bacillus thermoproteolyticus [26]. Peptide bonds are specifically cleaved by TLN at the
N-terminus of hydrophobic residues such as leucine and phenylalanine [27], as in equation
1. It was used in a conductometric biosensor [26,28] and in an impedimetric biosensor [29].
Very comparable Michaelis–Menten constants were obtained for CPY and TLN-based
conductometric biosensors, 25 µM and 26 µM respectively [26,28]. For the impedimetric
biosensor, where TLN was immobilized on GCE modified with AuNP-decorated graphene,
the concentration was found to be in the order of nM [30]. It is known that the activity of
immobilized enzymes can be very low compared to that of the free enzyme. In the case of
free thermolysin, its concentration is in the range of mM [26]; when TLN is immobilized,
this value is observed to decrease. The simple Michaelis-Menten model should not be
applicable when TLN is immobilized due to diffusion terms [28].

HRP, a ferric enzyme, can initiate its catalytic cycle by rapid oxidation by H2O2 via a
heme-oxygen complex as oxidized forms of the native enzyme heme via the formation of
compound I (Equation (2)) [29,31].

HRP + H2O2 → compound I [(Fe(IV)=O)P•+] + H2O (2)
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In contact with an electron donor substrate S, the compound I returns to its resting
state through two successive single electron transfer reactions. Different electron donor
substrates can be involved in this electron transfer, and the oxidized S is then detected
through voltammetry: 4-tert-butylcatechol, dopamine [32], phenolic compounds [33], and
rifampicin [34]. The phenolic function of ochratoxin is an electron donor substrate, and
after its oxidation [35], it can be detected by its reduction at a screen-printed electrode,
as proposed by Alonso-Lomillo [36,37]. The amperometric detection is obtained by the
reduction of the 1,4-benzoquinone group of the oxidized OTA at −180 mV [38] (Figure 1).
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Figure 1. Mechanism of OTA oxidation by the oxidized HRP enzyme and of the origin ampero-
metric signal.

On the other hand, the use of modern sensitization technology in the signal transducer
is greatly important to enhance sensor performance. Therefore, single-walled carbon
nanotubes (SWCNTs) could be used as bridges to connect biomolecules to the electrode
surface. They could also be used to accelerate the electron transfer rate at interfaces.
Among the transducer surfaces that have gained considerable interest in sensor technology,
boron-doped diamond (BDD) film is selected as a transducer surface. BDD electrodes
present many outstanding properties, such as excellent mechanical properties, a wide
electrochemical potential window (from −1.35 V to 2.3 V) in aqueous electrolytes, high
response reproducibility, and a stable capacitive background current [11,15].

In the present work, a novel electrochemical biosensor for OTA trace-level detection
is elaborated. For the first time, OTA is detected using a reversible enzymatic system
based on HRP and linked to a high transfer rate transduction system composed of a
BDD electrode modified with SWCNTs. Moreover, the BDD electrode is included in a
three-electrode BDD microcell inserted in a wall-jet flow cell, leading to a miniaturized
analytical system for rapid OTA detection, requiring less than three minutes for one
measuring point. The proposed new OTA biosensor is constructed by the grafting of
the horseradish peroxidase enzyme (HRP) into SWCNT surfaces, covering the working
electrode of a planar Boron Doped Diamond (BDD) microcell. The connection of HRP
and SWNCT allows the immobilization of a high density of HRP and its availability for
interaction with H2O2 and with OTA molecules in the solution. Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy were used to characterize and investigate
each surface modification step and the OTA binding process. As the biosensor response,
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the reduction signal of the oxidized OTA was measured using square wave voltammetry.
This electrochemical OTA biosensor was then successfully tested in real samples such as
corn, feed, and wheat.

2. Materials and Methods
2.1. Chemicals

SWCNTs functionalized with-COOH were prepared by the HiPco process and pur-
chased from Carbon Nanotechnologies Inc. (Houston, TX, USA). Ochratoxin A, sulfuric
acid, potassium chloride, ethanol, acetone, hydrochloric acid, potassium chloride, potas-
sium ferricyanide, 4-phenylenediamine, and horseradish peroxidase (HRP) were purchased
from Sigma-Aldrich (Saint-Quentin-Fallavier, France). N-hydroxysuccinimide (NHS),
1-ethyl-3-(3dimethylaminopropyl)-carbodiimide hydrochloride (EDC), ethanol, and ace-
tone were purchased from Thermo-Fisher (Illkirch-Graffenstaden, France). All available
reagents were used without further purification. All solutions were prepared with double-
ionized water (having a resistivity of 18.2 MΩ). The PH value of the phosphate buffer
solution (PBS) used in this work was adjusted at 7.0.

2.2. BDD Electrochemical Microcell

An electrochemical microcell was obtained using a microcrystalline BDD film (300 nm)
deposited on a silicon wafer, provided by NeoCoat SA (La Chaux-de-Fonds, Switzerland).
The polycrystalline BDD film with a boron concentration higher than 8000 ppm was
obtained by microwave-assisted plasma-enhanced chemical vapor deposition (MPECVD)
on an insulating layer of silicon oxide and silicon nitride (Si/SiO2/Si3N4) with a thickness
of 0.5 microwave-assisted plasma-enhanced chemical vapor deposition (MPECVD) on an
insulating layer of silicon oxide and silicon nitride (Si/SiO2/Si3N4) with a thickness of
0.5 mm. The three electrodes, the counter electrode, the working electrode, and the reference
electrode, were cut out of the BDD film by micromachining (Figure 2). This was done
using a femtosecond laser (5 kHz, 2.5 W, 800 nm, and 150 fs) by MANUTECH USD
(Saint-Etienne, France).

Chemosensors 2023, 11, x FOR PEER REVIEW 4 of 15 
 

 

the oxidized OTA was measured using square wave voltammetry. This electrochemical 

OTA biosensor was then successfully tested in real samples such as corn, feed, and wheat. 

2. Materials and Methods 

2.1. Chemicals 

SWCNTs functionalized with-COOH were prepared by the HiPco process and pur-

chased from Carbon Nanotechnologies Inc. (Houston, TX, USA). Ochratoxin A, sulfuric 

acid, potassium chloride, ethanol, acetone, hydrochloric acid, potassium chloride, potas-

sium ferricyanide, 4-phenylenediamine, and horseradish peroxidase (HRP) were pur-

chased from Sigma-Aldrich (Saint-Quentin-Fallavier, France). N-hydroxysuccinimide 

(NHS), 1-ethyl-3-(3dimethylaminopropyl)-carbodiimide hydrochloride (EDC), ethanol, 

and acetone were purchased from Thermo-Fisher (Illkirch-Graffenstaden, France). All 

available reagents were used without further purification. All solutions were prepared 

with double-ionized water (having a resistivity of 18.2 MΩ). The PH value of the phos-

phate buffer solution (PBS) used in this work was adjusted at 7.0. 

2.2. BDD Electrochemical Microcell 

An electrochemical microcell was obtained using a microcrystalline BDD film (300 nm) 

deposited on a silicon wafer, provided by NeoCoat SA (La Chaux-de-Fonds, Switzerland). 

The polycrystalline BDD film with a boron concentration higher than 8000 ppm was ob-

tained by microwave-assisted plasma-enhanced chemical vapor deposition (MPECVD) 

on an insulating layer of silicon oxide and silicon nitride (Si/SiO2/Si3N4) with a thickness 

of 0.5 microwave-assisted plasma-enhanced chemical vapor deposition (MPECVD) on an 

insulating layer of silicon oxide and silicon nitride (Si/SiO2/Si3N4) with a thickness of 0.5 

mm. The three electrodes, the counter electrode, the working electrode, and the reference 

electrode, were cut out of the BDD film by micromachining (Figure 2). This was done 

using a femtosecond laser (5 kHz, 2.5 W, 800 nm, and 150 fs) by MANUTECH USD (Saint-

Etienne, France). 

 

Figure 2. Scheme of a 4 inch silicon wafer covered with a polycrystalline BDD film (500 µm thick), 

micromachined using a femtosecond laser into 29 BDD microcells and of one BDD microcell includ-

ing the working electrode (1), the counter electrode (2), and the pseudo reference electrode (3). Cop-

yrights from Elsevier [39]. 

2.3. Surface Modification of BDD 

The BDD microcells were cleaned and activated by 10 mL of Piranha solution for 5 

min. The BDD microcells were then rinsed with distilled water and dried under a nitrogen 

flow. After cleaning, the 4-phenylenediamine was diazotated in an aqueous solution con-

taining 20 mM HCl and 20 mM NaNO2 for 10 min, under stirring at 0 °C. Diazonium salt 

1

2

3

Figure 2. Scheme of a 4 inch silicon wafer covered with a polycrystalline BDD film (500 µm thick),
micromachined using a femtosecond laser into 29 BDD microcells and of one BDD microcell including
the working electrode (1), the counter electrode (2), and the pseudo reference electrode (3). Copyrights
from Elsevier [39].

2.3. Surface Modification of BDD

The BDD microcells were cleaned and activated by 10 mL of Piranha solution for 5 min.
The BDD microcells were then rinsed with distilled water and dried under a nitrogen flow.
After cleaning, the 4-phenylenediamine was diazotated in an aqueous solution containing
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20 mM HCl and 20 mM NaNO2 for 10 min, under stirring at 0 ◦C. Diazonium salt (DS)
was directly deposited on the BDD working electrode surface by electro-addressing, then
potential was scanned from 0.6 to −400 mV at a scan rate of 100 mV/s.

The carboxylic group of SWCNTs-COOH (1 mg/mL) was activated in the presence
of 20.6 mg of EDC and 11.5 mg of NHS in 1 mL of DMSO for 30 min. Then, activated
SWCNTs-COOH were dispersed in a 0.1 M carbonate buffer, pH 11, containing HRP
(10 g/mL), and injected in the flow cell, in contact with the DS-functionalized BDD surface,
for 2 h. After reaction, the surface was rinsed with 0.1 M PBS.

2.4. Electrochemical Measurements

Cyclic voltammetry (CV) and square wave voltammetry (SWV) measurements were
carried out with an Autolab PGSTAT (AUT 83965) potentiostat/galvanostat system con-
trolled by the Autolab software NOVA 1.5 (Metrohm, Herisau, Switzerland). Electro-
chemical measurements were performed at room temperature (25 ◦C). Experiments
were performed using a 5 µL wall-jet flow cell provided by BVT Technology (Stráek,
Czech Republic). The electrical contact is obtained by applying pressure to the BDD
electrode’s front side.

For the electrochemical impedance spectroscopy (EIS) measurements, an alternative
potential of low amplitude (5 mV) was used, in (10 mHz–100 kHz) frequency domain.

OTA samples were prepared in 0.1 M PBS with 1 mM H2O2. Square-wave voltammetry
measurements (100 mV/s, Estep = 0.01 V, and frequency = 25 kHz) were conducted in a
potential range of 0.1 to −0.4 V. Electrochemical measurements were triplicated for each
OTA concentration. Less than 3 min for one measuring point.

2.5. Scanning Electron Microscopy (SEM) Measurements

Scanning electron microscopy (SEM) images were obtained using a VEGA
TESCAN SEM.

2.6. Contact Angle Measurements

The contact angle measurements were carried out to measure the surface energy of
the functionalized electrodes by using a Digidrop contact angle instrument (GBX Scientific
Instrument, Romans, France). The measurement was assessed by the deposition of 2 mL of
distilled water on each sample surface using a drop of water from an adapted syringe in air
at room temperature. By adopting the tangent method, the contact angle was determined
on both sides of the drops.

2.7. FTIR

FTIR analyses were monitored using a Perkin Elmer “Spectrum 2” spectrometer
connected to an attenuated total reflectance cell (ATR). Spectra were recorded at room
temperature from 500 to 4000 cm−1 with a resolution of 2 cm−1.

2.8. Analysis of the Real Samples and LC-MS/MS Measurements

To investigate the potential of the designed sensor to detect Ochratoxin A in real
samples, three dry commercial samples of corn, wheat, and feed stuff, were analyzed using
standard addition method, in triplicate. Samples were extracted and cleaned according to
Rahman et al. (2010) [40]. The samples were ground to a powder, using a blender. The
powder (20 g) was weighed. Then, 100 mL of acetonitrile/water (60:40, v/v) solution was
added, and the solution was stirred for 60 min. After centrifugation at 3000 rpm for 15 min,
the supernatant was passed through a 0.45-nm membrane filter, and 10 mL of the filtrate
was diluted with 40 mL of Phosphate Buffered Saline (PBS). A total of 10 mL of the diluted
extract was passed through immunoaffinity columns (IAC) at a flow rate of about 2–3 mL
per min. The column was washed with 10 mL of PBS followed by 10 mL of water and OTA
was eluted with 3 mL of methanol into a vial at a flow rate of one drop/s. Then the eluate
was evaporated to dryness under a gentle stream of nitrogen at 50 ◦C. The residue was
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re-dissolved in 500 mL methanol/water (50:50, v/v) and finally, 50 mL of the aliquot was
analyzed with the sensors and 50 mL of the aliquot was injected into the Agilent 6475 triple
quadrupole LC-MS/MS system.

3. Results and Discussion
3.1. Biosensor Design

Functionalization of the electrode surface is a vital step in biosensor design. The
most straightforward approach is the recovery of the surface with polymers richer in func-
tional groups. Given its versatility, uncomplicated functionalization procedure, stability,
biocompatibility, and richness of functional groups, the diazonium salt (DS) is selected
as a functional monomer for surface modification [41]. As presented in Figure 3a, the
diazonium salt is first electropolymerized on the BDD surface using cyclic voltammetry.
Figure 3b presents the voltammograms of DS electropolymerization. A broad irreversible
reduction peak appears in the first cycle, at approximately −0.1 V vs. Ag/AgCl [42].
This irreversible peak is attributed to the formation of the DS radical, which can form
a covalent metal-carbon bond with the BDD surface [42]. The subsequent decrease in
the current peak indicates the formation of a semi-permeable layer on the electrode sur-
face [42]. Due to interesting properties such as sensitivity, selectivity, the ability to measure
very small concentrations, and physical and chemical stability, nanotechnology in general
and carbon nanotubes (CNTs) in particular are becoming the most used in sensor surface
modification [43]. For these reasons, the BDD surface recovered with DS film was modi-
fied with functionalized single-walled carbon nanotubes (SWCNTs). The final step then
consists of covalently grafting the HRP enzyme onto the activated acid groups with the
EDC/NHS couple.
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3.1.1. Electrochemical Characterization

The different steps of surface modification were monitored using electrochemical
methods. The distinct voltammograms, illustrated in Figure 4, demonstrate the conductive
nature of the electrode surface after each step of surface modification.
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Figure 4. (a) Cyclic voltamograms, and (b,c) Nyquist plots obtained after the different steps of fabri-
cation of the biosensor: (b) Bare BDD, (c) BDD-SD (red curve), BDD-SD-SWCNTs (blue curve), and
BDD-SD-SWCNTs-HRP (green curve) Measuring media: 0.1 M of PBS with 5 mM of Fe3+/Fe2+ probe.

In Figure 4a, the reversible voltammogram of the bare BDD surface (black curve)
indicates its good conductivity. Following the DS polymer formation on the surface, an
important decrease in current density was observed. This variation could be attributed
to the formation of the DS resistive film on the BDD surface, which minimizes electron
transfer. This phenomenon was already visualized by Lo et al. [44]. Interestingly, the surface
modification with SWCNTs significantly increased the redox peak current. This charge
transfer enhancement could be attributed to the homogenous distribution of SWCNTs on
the BDD-DS surface [45]. This distribution expands the electroactive area, which increases
the absorption capacity of the electroactive probe. However, the covalent attachment of
the HRP enzyme to the BDD surface decreases the current density transfer. This variation
could be attributed, on the one hand, to the steric hindrance provided by the large weight
of HRP. On the other hand, it was anticipated that the negatively charged HRP groups,
such as hydroxyl and acid groups, would resist the redox probe, thereby minimizing the
charge transfer.
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Electrochemical impedance spectroscopy (EIS) was used to characterize the different
steps of the electrode modification. The Nyquist plot for bare BDD (Figure 4b) presents a
very small semicircle with a straight Warburg line, which suggests a low electron transfer
resistance to the redox probe at high frequencies and a semi-infinite diffusion phenomenon
at low frequencies. In Figure 4c, the semicircle, in the high frequency range, is attributed
to the DS film. Its diameter did not change after the next steps of electrode modification.
The increase in diameter of the low-frequency semicircle after surface modification with
DS film could be explained by the increase in interfacial charge transfer resistance. The DS
modification with SWCNTs decreases the charge transfer, reflecting the enhancement of
redox probe charge transfer by increasing the surface area and the interface conductivity.
After the HRP protein immobilization, the Rct increases, which could be attributed to the
formation of the insulating protein layer. The results obtained are in good agreement with
those obtained using CV measurements.

3.1.2. Morphological Characterization

SEM was used to analyze the morphology of the transducer surface after all mod-
ifications (Figure 5). The SEM image of the bare BBD surface (Figure 5A) exhibits the
crystalline structure of BDD. SEM image of BDD, SD, SWCNTs, and HP (Figure 5B) shows
the filamentous structure of SWCNTs covering the whole surface.
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Figure 5. (A) SEM image of bare BDD; (B) SEM image of BDD/SD/SWCNTs/HRP.

3.1.3. FTIR and Contact Angle Characterization

The FTIR spectra in Figure 6a show the appearance of absorption peaks at
1627.8 cm−1 and 3440.8 cm−1, which are most likely the characteristic peaks of the acid
groups COOH of the SWCNT matrix. These hydrophilic groups are probably responsible
for the decrease in the angle of contact, visualized on Figure 6b, from 77.4◦ to 25.4◦. The col-
lected FTIR data as well as the contact measurements confirm the BDD surface modification
with the functionalized SWCNTs. In the free HRP spectrum (red curve), a broad and strong
NH3 stretching band in the 2950–2600 cm−1 region is observed as the characteristic of
amino acids. The absorption peaks at 1661 cm−1 and 1529 cm−1, respectively, to the Amide
I and Amide II bands of HRP. The absence of COOH peaks in the BDD/DS/SWCNTs
spectrum (blue curve) indicates the formation of amide bonds between HRP amine groups
and SWCNT carboxyl groups, and the presence of HRP Amide I and Amide II bands in the
BDD/DS/SWCNTs spectrum confirms the covalent immobilization of HRP protein to the
functionalized SWCNTs matrix.
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3.2. Analytical Performance of the HRP Biosensor
3.2.1. SWV Response of the HRP-Based Sensor

The SWV response of the HRP-based sensor was then investigated for a wide range of
OTA concentrations in solution. According to the results shown in Figure 7, the catalytic
oxidation peak of OTA appeared at −180 mV, and the peak current increases as the OTA
concentration increases from 10−14 M to 10−1 M. This variation confirms the capacity
of HRP to oxidize OTA, and its reduction is observed at the same potential as that of
4-tert-butyl-o-benzoquinone [45].

To evaluate the HRP-based sensor performance, merit parameters, including repro-
ducibility, limit of detection, and sensitivity, were determined. Therefore, the variations
of intensity of the SWV peak maximum versus log concentration of OTA are presented
in Figure 8. Measurements were carried out in triplicate. Results demonstrated good
reproducibility with a relative standard deviation (RSD) of 5%. The equation of the cali-
bration curve in the low concentration range is: I (µA) = 0.8 log[OTA]—12.1 with a linear
correlation coefficient R2 equal to 0.97. The limit of detection is determined according to the
formula 3 s/S, s being the background of the blank and S being the sensitivity. It is found
to be 10 fM. The estimated Michaelis-Menten constant, calculated from the concentration
at Vmax/2, should be 10 pM. This very low value shows the high availability of HRP for
interaction with OTA molecules.
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Figure 7. SWV voltammograms for different OTA concentrations. All measurements are recorded in
0.1 M of PBS with 1 mM H2O2.
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Figure 8. Calibration curve of the HRP sensor versus log OTA concentration.

To highlight the contribution of the present work, the recent publications about OTA
detection using natural receptors such as antibodies and artificial receptors, including
aptamers and molecularly imprinted polymers (MIPs), are presented in Table 1. When
compared to immunosensors, aptasensors, and MIP-sensors, the current work has the
lowest detection limit and the widest detection range. Although these entities could
minimize the non-specific interactions, they present many drawbacks, such as degradation
over time [46], recyclability, difficulty of preparation [46], and especially the high cost [47].
Sensor-based HRP could be considered an appropriate alternative to aptasensors for specific
and selective OTA detection.
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Table 1. Recently published sensors for OTA detection: immunosensors, aptasensors, MIP-based
sensors, and enzymatic sensors.

Sensor Design Detection Range
ng/mL

Real
Sample

LOD
ng/mL Refs

A
nt

ib
od

ie
s BSA/anti-OTA/PdNPs/SPCEs 0.3–8.5 wheat 0.86 [48]

BSA/anti-OTA/PdNPs/CF 0.5–20 coffee 0.096 [13]
Anti-OTA-

MNPs/BSA/GA/TA/Au 0.01–5 wine 0.01 [49]

Anti-OTA/DIA/BDD 7–25 coffee 7 × 10−3 [11]

A
pt

am
er

s

Apt/PEG/BDD 0.01–13.2 coffee 0.01 [15]
MB/Cas-cDNA/Apt/Au 0.10–10 corn 0.1 × 10−3 [50]

Th-cDNA-Bio-Apt/SA-
Gr/GCE 0.01–5 beer 0.13 × 10−3 [16]

Apt/DNA1/DNA2/Ch/Hyd/CGE 0.1–100 wine 0.03 [17]
Apt/Ch-MoS2-Au@Pt/PAD 0.1–200 corn 25.2 × 10−6 [51]
Thi/HRP-DNA/DSN/Zif-8-

AuNPs/ITO (1–107) × 10−6 wheat 247 × 10−6 [52]

MB/Apt/6-MHOH/Au 0.1–300 coffee
beer 78.3 × 10−3 [53]

M
IP CGE/MWCNTs/MIP (20.19–403.8) × 103 beer

wine 1.7 × 10−3 [12]

En
zy

m
e

HRP/SPE (9.63–82.08) × 103 beer 10.8 [37]

HRP/Ppy/SPCEs (0.09–1.05) × 103 beer
coffee 0.04 [36]

CPY/BSA/IDT
TLN/BSA/IDT (0.40–30.28) × 103 olive oil 1 × 103 [25]

TLN/AuNPs/
(PVA/PEI)/IDT (0.40–24.22) × 103 olive oil 0.4 [28]

TLN/AuNPs/CCLC/GR/GCE (0.08–40.38) × 103 coffee 80.8 × 10−3 [30]

HRP/MWNTs/DS/BDD 4.04 × 10−3–4.04 ×
10−8

corn,
wheat,

feed stuff
4.04 × 10−6 The present

work

Apt: aptamer; BSA: bovine serum albumin; Cas: Carbon aerogels; CCLC: calcium cross-linked cellulose; Ch:
Chitosan; CF: Carbon felt; CPY: Carboxypeptidase Y; DIA: diazonium; Hyd: Hydrogel; GA: Glutaraldehyde; Gr:
Graphen; IDT: interdigitated electrodes; MB: Methyleneblue; 6-MHOH: 6-mercaptohexanol; MNPs: magnetic
nanoparticles; PAD: paper-based analytical device; PdNPs: Palladium nanoparticles; PEG: polyethylene glycol;
Ppy: polypyrrole; SA: streptavidin; TA: 11-amino-1-undecanethiol; TLN: Thermolysin; TA: Thiolamine; Thi:
Thionine; ZIF: zeolite imidazole framework.

Only Alonso-Lomillo et al. elaborated a HRP-based sensor for OTA detection [36,37].
The biosensor was designed by HRP enzyme physical adsorption on screen-printed carbon
electrodes (SPCE). The limit of detection found by this team is from 0.1 nM to 26.77 nM,
these values are higher than the LOD found in the present work. This difference may be
attributed to the covalent attachment of HRP on SWCNTs surface, ensuring a high density
of grafted and dispersed HRP.

Comparing the limit of detection of the present biosensor to that of the conventional
methods, which is in the range of ng/mL, it comes out that it is one million times lower.

Long-term storage stability was also studied. Three different HRP sensors were
fabricated, and their responses were measured every day for 30 days. After each test, HRP
sensors were rinsed with UPW and stored at +4 ◦C in 20 mM phosphate buffer (pH 7).
Only 10% of the initial response was lost after 15 days, and more than 85% remained after
30 days.

3.2.2. Selectivity Measurements

The selectivity of the OTA sensor was evaluated by evaluating its ability to discriminate
between the target molecule (OTA) and interfering molecules such as ochratoxin B, aflatoxin
B1, and aflatoxin M1. The selection of interfering molecules was based on their charge,
molecular weight, and possible presence in real samples. The same concentration of each
molecule was used: 1 mM.

Results, presented in Figure 9, show that HRP-based sensor sensitivity towards
OTA is higher than that of interfering molecules: 3.6 times higher than ochratoxin B,
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5.3 times higher than aflatoxin B1, and 21.5 times higher than aflatoxin M1. This sensor’s
cross-selectivity is similar to that shown in [54], where the aptasensor is five times more
sensitive for OTA than for OTB, OTC, and OTB. The present sensor is able to discrimi-
nate perfectly between OTA and its analogue, ochratoxin B, when this analogue is in a
lower concentration.
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3.2.3. Validation in Real Sample

To investigate the potential of the designed sensor to detect ochratoxin A in real sam-
ples, three dry commercial samples of corn, wheat, and feed stuff were analyzed using the
standard addition method in triplicate. For analysis, samples were ground to a powder
using a blender. The powder (20 g) was weighed. Then 100 mL of acetonitrile/water
(60:40 v/v) solution was added, and the solution was stirred for 60 min. After centrifu-
gation at 3000 rpm for 15 min, the supernatant was passed through a 0.45-nm membrane
filter. The quantification of OTA was carried out with three different sensors using the
standard addition method. The discovered values are correlated with those discovered by
LC-MS/MS chromatography. The results, shown in Table 2, show a good correlation
between both techniques, indicating that the designed sensor has a promising future
application in real samples.

Table 2. Recovery of Ochratoxin A levels in corn, wheat, and feed using LC-MS/MS and the fabricated
biosensor.

Samples HRP Biosensor (µg/kg), LC-MS/MS (µg/kg),
Mean ± SD

Mean ± SD Recovery rate
Corn 42.0 ± 1.9 84 ± 13% 50.0 ± 1.2

Wheat 38.0 ± 2.0 93 ± 5% 40.5 ± 2.1
Feed stuff 9.0 ± 1.1 100 ± 12% 9.0 ± 1.4

4. Conclusions

In this work, a new ultra-sensitive, highly selective, and reversible sensor-based
horseradish peroxidase enzyme (HRP) for the detection of trace levels of ochratoxin A was
elaborated. The HRP enzyme was covalently immobilized on the working electrode of a
planar Boron Doped Diamond (BDD) electrochemical microcell previously covered with
diazonium film and single-walled carbon nanotubes (SWCNTs). The proposed enzymatic
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biosensor exhibited a wider linear range from 10−14 to 0.1 M, with a low limit of detection
of 10 fM. It also exhibits excellent selectivity toward OTA molecules. Moreover, the en-
zymatic OTA biosensor was successfully validated for the detection of OTA molecules in
real samples.
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