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Abstract: Aflatoxins are highly toxic fungal secondary metabolites that often contaminate food and
feed commodities. An electrochemical immunosensor for the determination of aflatoxin B1 (AFB1)
was fabricated by immobilizing monoclonal AFB1 antibodies onto a screen-printed gold electrode
that was modified with carbo-methyldextran by N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride/N-hydroxysuccinimide cross-linking. An electrochemical interfacial modelling of
biomolecular recognition was suggested and reasonably interpreted. Impedance technology was
employed for the quantitative determination of AFB1. The limit of detection concentration of AFB1

for standard solutions and spiked pistachio samples was 0.5 ng/mL and 1 ng/mL, respectively.
The immunosensor was able to successfully determine AFB1 concentrations in the range of
4.56–50.86 ng/mL in unknown pistachio samples. Comparative chromatographic analysis revealed
that AFB1 concentrations that were higher than 345 ng/mL were not within the immunosensor’s upper
limits of detection. Selectivity studies against Ochratoxin A and Aflatoxin M1 demonstrated that
the proposed AFB1 immunosensor was able to differentiate between these other fungal mycotoxins.
The novel electrochemical immunosensor approach has the potential for rapid sample screening in a
portable, disposable format, thus contributing to the requirement for effective prevention and the
control of aflatoxin B1 in pistachios.

Keywords: aflatoxin B1; electrochemistry; impedance; immunosensor; mycotoxins; pistachios;
screen printed electrodes

1. Introduction

Aspergillus is a fungal genus that consists of many different species that are adopted to diverse
climate conditions and regions worldwide [1]. Some Aspergillus species have the ability to produce
aflatoxins as secondary metabolites, namely four different aflatoxins (B1, B2, G1, and G2). Aflatoxins
are very toxic mycotoxins and categorized amongst the most perilous ones for humans and animals.
They can contaminate several agricultural products at both the pre-harvest and at post-harvest level [2].
Nowadays, the number of isolated and characterized mycotoxins is exceeding 300, indicating the
severity of such molecules on human health [3]. Aflatoxins are classified by the International Agency
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for Cancer Research (IARC) into the most dangerous molecules (Class 1) [4]. Fungi mainly belonging
to Aspergillus section Flavi have the ability to produce aflatoxins, whereas Aspergillus flavus is found
to be the main aflatoxin producer amongst this section [5,6]. The EU has set maximum legal limits
for aflatoxins in several foodstuffs and feed due to the hazard of aflatoxin contamination (European
Commission Regulation (EC) No 1881/2006, as amended by 165/2010). Pistachio nuts are among the
commodities that are prone to aflatoxin contamination by Aspergillus section Flavi.

Pistachio world trade has been severely affected by aflatoxin contamination occurrence during
the last years [7]. Consequently, mycotoxin and especially aflatoxin contamination has been attracting
a remarkable scientific attention. Border rejections due to mycotoxin contamination have also been
widely studied [8]. Nevertheless, the problem of aflatoxin contamination still occurs [9–13].

The severity of the existing situation regarding mycotoxin contamination of food and feed products
is highlighted by the number of notifications for mycotoxin contaminated products by the European
Rapid Alert System for Food and Feed (European Commission RASFF Portal). From 1981–2017,
aflatoxins were the most frequently reported hazard category in RASFF, representing around 21%
of all notifications [14]. Moreover, 290 notifications have been reported in RASFF since 1/1/2020 for
mycotoxin contaminated products, either for border rejection or as an alert, while 253 of them referred
to aflatoxin contaminated products.

For pistachio nuts, the EU maximum legal limit is 15 µg/kg of total aflatoxins and 12 µg/kg of
aflatoxin B1, when being destined for subjection to sorting, or other physical treatment, before human
consumption [15]. Pistachio nuts are often found to be aflatoxin contaminated in several regions
of different continents, indicating the severity of aflatoxin contamination and its impact on food
safety issues. It is estimated that up to 45% of humans’ aflatoxin exposure may be attributed to the
consumption of aflatoxin contaminated pistachio nuts. In Europe, Greek pistachio are found to be
aflatoxin contaminated [16], in Iran also [17,18], and finally in California, USA [19].

For the determination of aflatoxins and mycotoxins, various analytical methods have been
developed, including High-Performance Liquid Chromatography (HPLC) [20] and Thin-Layer
Chromatography (TLC) [21]. Although these techniques provide excellent sensitivities, they require
skilled operators, high-cost equipment, and considerable sample pre-treatment [22,23]. Recently,
new detecting, qualitative, and quantitative methods, such as Enzyme Linked Immunosorbent
Assays (ELISA) [24], Fourier Transform Infrared (FT-IR) spectroscopic methods combined with
chemometrics [25], cell-based biosensors [26], and lateral flow assays (LFA) [27], are being studied
and developed for the enhancement of the accuracy and the range of mycotoxins to be tested. For the
development of new methodologies, miniaturized and highly efficient detection systems must be taken
into account for potential point-of-care application.

Several novel sensors have been developed during the last years for the on-site detection and
determination of aflatoxin contamination of food products [28]. Aptasensors have been reported for
the detection of aflatoxin contamination [29,30], especially of Aflatoxin B1 in peanuts and rice [31].
An electrochemical piezoelectric sensor has been reported for the detection of aflatoxin contamination
of peanut [32], while immunosensors utilizing nano-particles have also been introduced [33,34].
As technological tools become increasingly accessible, smartphone-based biomimetic sensors have also
been developed for the detection of aflatoxin contamination [35]. Cell-based biosensors have also been
developed for the detection of aflatoxins [26]; however, there is a lack of research for immunosensors
for aflatoxin detection in pistachio nuts.

Immunosensors are analytical instruments able to perform the analyte determination in a simpler
and faster way against the high-cost conventional analytical techniques. The reactions between
analytes, auxiliary reagents, and Ab molecules take place onto the transducer’s (electrode) interface
or onto a polymer support closely attached to the transducer, thus avoiding further losses in the
redox-active species that are involved in the electron transfer between the label (indicator) and
electrode [36]. Biochemical reagents (Abs, conjugates with inert proteins, etc.) are attached to the
support/electrode interface in order to prevent their leaching during the incubation with the sample and
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washing. The antibody’s orientation on the immobilizing surface may improve the immunosensor’s
analytical performance. Several methods have been proposed for the highly oriented immobilization of
antibodies. A traditional strategy is the reaction of the antibody amino groups with carboxyl groups of
the supporting surface activated via coupling agents N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC)/N-hydroxysuccinimide (NHS). However, immobilization while using this strategy,
results in random orientation of Ab molecules [37]. One of the simplest and easiest strategies for
oriented Ab immobilization is enlisting an amine functionalized surface. Surfactant- and polymer-based
coatings, such as chitosan [38], starch [39], dextran [40], and its derivatives, have widely been used as
coatings for electrode surface functionalization. Among these, carboxymethyl-substituted dextran
(CM-dextran), which is an anionic derivative of dextran, is frequently utilized as coating material for
biosensors assemblies due to its high density of carboxymethyl groups being available for chemical
conjugations [41]. The use of this polymer offers several significant properties to the sensor surface,
such as the hydrophilic environment beneficial for most solution-based biomolecular interactions and
a defined chemical basis for covalent attachment of biomolecules to the surface while using a wide
range of well-defined chemistries, since the negatively charged carboxyl groups allow for electrostatic
concentration of positively charged molecules from solution, enabling efficient immobilization from
dilute ligand [42].

Electrochemical detection offers unique opportunities for measuring the signal on Ab-Ag
interaction in colored, turbid, and viscous media while using minimal sample volume and conventional
instrumentation. During the last years, many sensitive electrochemical immunosensors have been
fabricated for the sensitive detection of AFB1 at a range of 0.03–0.15 µg/L [43–48]. Several methods have
been utilized for the characterization of the different steps of biosensors fabrication, from electrochemical
techniques, including electrochemical cyclic voltammetry and impedance spectroscopy [49,50] to
atomic force microscopy [51], and surface plasmon resonance (SPR) [52].

An impedimetric immunosensor is a sensitive and label-free methodology for the detection of
antigen–antibody binding simultaneously, since it determines alterations in the electrical properties
at the interface biosensor-sample solution that are associated with specific binding events due to the
recognition between an analyte and an individual ligand. The most significant step is the immobilization
of biomolecules on the electrode surface, due to the importance of a stable, reproducible, and selective
generation of biosensors.

Herein, an electrochemical impedance immunosensor that is based on the immobilization of
the AFB1 antibody on gold screen printed electrodes has been developed for the accurate screening
analysis of pistachio samples. For this purpose, the AFB1 antibody was immobilized onto a gold
screen-printed electrode carbo-methyldextran that was modified via the reaction of the antibody
amino groups with carboxyl groups of the supporting surface activated by the coupling agents
N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC)/N-hydroxysuccinimide
(NHS). The immunosensor was tested with several concentrations of AFB1 standard solutions and
spiked pistachio samples. In addition, selectivity studies against other fungal mycotoxins and validation
studies with unknown samples were performed. Thus, the aim of this work was to provide a sensitive
and quick method for the quantitative determination of AFB1 in pistachio matrices.

2. Materials and Methods

2.1. Materials

Hydroxysucciminide (NHS, 98%), carbomethyldextran sodium salt (CM-dextran), Aflatoxin
M1 (AFM1), and Aflatoxin B1 (AFB1) from Aspergillus flavus were obtained from Sigma–Aldrich
(Saint Louis, MO, USA). N-(3- Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC,
>99%), and Ethanolamine (NH2CH2CH2OH, >99.5%) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Ochratoxin A was provided by n’Tox (Saint Jean d’Illac, France). AflaCLEAN
immunoaffinity columns for the Aflatoxins B1, B2, G1, and G2 were obtained by LCTech GmbH



Chemosensors 2020, 8, 121 4 of 19

(Obertaufkirchen, Germany). Aflatoxin B1 antibody (anti-AFB1) (0.5 mg/mL) was purchased from
Abcam [AFA-1] (ab1017) (Abcam, Cambridge, UK), while all other chemicals were provided by Merck
KGaA (Darmstadt, Germany). The Milli-Q-purified water Millipore (18.2 MΩ cm) was used for the
preparation of buffer solutions.

The gold screen printed electrodes (DRP-250AT) were purchased from Metrohm DropSens,
S.L. (Oviedo, Asturias, Spain). The screen-printed electrodes (SPEs) incorporate a three-electrode
configuration, which comprises of a round-shaped gold (Au) working electrode (4 mm diameter),
a platinum counter electrode, and a silver reference electrode.

2.2. Sampling

2.2.1. Orchard Sampling

In the frame of the current study, pistachio nuts were collected from pistachio orchards that were
located on the island of Aegina, prefecture of Piraeus, close to Athens, Greece. Aegina is one of the
largest pistachio producing areas in Greece, and its product is categorized as Protected Designation of
Origin (PDO). Aegina pistachios are considered to be premium products in the European market due
to the local ideal climate that promotes yields of high quality (organoleptic characteristics, excellent
flavor, and appeal). For the abovementioned reasons, this region was selected for sampling. Sampling
was carried out at all of the representative pistachio producing areas of the island. A total number of
nine samples were collected at the stage of harvest (end of August 2018). Sampling was performed
according to European regulation regarding methods of sampling (Commission Regulation (EC) No
401/2006). The samples were stored in a portable fridge and then transferred in the Laboratory for
further analysis. After aflatoxin analysis, all nine naturally aflatoxin contaminated samples were
selected for further use.

2.2.2. Aflatoxin Extraction and Preparation of Extract Solutions

Nine dried pistachio samples that were obtained from different aflatoxin orchards were analyzed.
The Aflatoxin B1 concentration was measured according to the method described in detail in [16]
with some modifications. The pistachio kernels of each sample were finely ground using a laboratory
mill (Tekmar A-10, IKA-Labortechnik Janke & Kunkel GmBH&Co) and a subsample of twenty g
was subjected to aflatoxin extraction using 100 mL 70:30 methanol: water solution followed by
homogenization in a high- speed blender (Ultra Turax T 25 basic IKA, Werke 6500—24,000 rpm) for
5 min. The crude sample extract was filtered through a sterilized Whatman filter paper and then
collected in sterilized falcon tubes. The samples were handled for further analysis, using the chemical
immunosensor formed in the current work.

For aflatoxin analysis of samples using the HPLC method, an aliquot of 14 mL of the
above-mentioned extract solution was added to 86 mL of PBS buffer (pH: 7.2) and then passed
through a filter paper (Whatman No. 1, 110 mm diameter) and a membrane filter (Hydrophilic
Polypropylene Membrane Filter GH Polypro 47 mm 0.2 mm, Gelman Laboratory) under pressure
in order to remove residual turbidity. Fifty ml of the filtrated extract was slowly passed through an
immunoaffinity column (AflaClean, 3 mL widebore, LC Tech Germany) under gentle vacuum in a
Vacuum—Pressure Station (Air Cadet, Baman Co., USA) with a maximum flow rate of 2 mL/min,
followed by triple elution with methanol (HPLC grade), and then collected in an amber tube. The eluate
was evaporated to dryness under a gentle stream of nitrogen and stored in a refrigerator in the dark
until analyzed. The dried eluate was re-diluted with 0.5 mL of the mobile phase solvents and then
injected to HPLC.

2.2.3. Spiked Samples

Thirty grams of dried pistachio samples were finely ground, and a subsample of twenty g
was subjected to aflatoxin extraction using 100 mL 70:30 methanol: water solution followed by
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homogenization in a high-speed blender as described in Section 2.2.2. Twenty mL of the filtrated
extract was evaporated to dryness under a gentle stream of nitrogen and then stored in a refrigerator
in the dark. The dried eluate was re-diluted with 0.5 mL of several concentrations of AFB1 standard
solutions (0, 0.5, 1, 5, 10, 50, and 100 ng/mL). The initial AFB1 stock solution was obtained by the
solubilization of AFB1 from Aspergillus flavus in methanol. The ratio of methanol to acetate buffer
(pH 5.6) at the final AFB1 solutions was 1:1 in order to reduce the matrix effect.

2.3. Biosensor Fabrication

2.3.1. Antibody Immobilization Procedure

Firstly, the Au screen-printed electrode was subjected to electrochemical pretreatment with 0.5 M
H2SO4 solution by the application of 10 cycles of cyclic voltammetry between −1 and +1.5 V, with a
100 mV/s scan rate in order to obtain the characteristic voltammograms of the clean Au surface
(Figure 1b). The electrode was then rinsed twice with 100 mL of double-distilled and sterilized water
each time and finally dried in air. Subsequently, the working electrode was coated with 30 µL of
CM-dextran solution (50 mg/mL in water) and was stored at 4 ◦C overnight.
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Ten cyclic cleaning voltammogram of the Au screen-printed electrode (SPE) electrode (b).

For the antibody immobilization on the CM-dextran, the crosslinker EDC was used as a coupling
agent and NHS as an activator [53]. The next day, 10 µL of a 1:1 mixture of EDC-NHS (0.4 M EDC
and 0.1 M NHS prepared in distilled water) was dispersed over the surface of the working electrode
and it was kept under humid conditions at room temperature for 40 min, allowing for the reaction
to proceed. After each step, the electrode surface was rinsed thoroughly with copious amounts of
water for removing the unbound material. After that, 10 µL of the anti-AFB1 solution in acetate
buffer was dispersed over the electrode surface and then kept in a humid chamber for 1 h at 25 ◦C.
The acetate buffer pH 5.6, comprised of 0.1 M acetic acid and 0.1 M sodium acetate. After the incubation,
the electrode was rinsed again in water in order to remove unbound antibodies. Finally, the unreacted
sites were blocked with 1 M ethanolamine (15 min incubation), and the electrode was stored at 4 ◦C for
further use. The day of the impedance measurements, the AFB1 standard solutions or pistachio samples
were incubated on the electrode’s surface for 1 h at room temperature and then the electrodes were
rinsed once again with water. Figure 1a illustrates the successive steps of the immunosensor fabrication.
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2.3.2. Biosensor Measurement

For each experimental procedure, the electrode containing the sample to be tested was placed to
the DRP-DSC79314 screen printed electrode adaptor (DropSens, Oviedo Asturias, Spain) that is able to
connect to the impedance meter. Subsequently, 40 µL of acetate buffer pH 5.6 were added onto the
electrode’s surface before starting the impedance measurements recording. Because of the compatibility
of the device, the counter electrode of the three screen-printed electrode assembly was not connected.
Only the working and reference electrode responses were taken into account. The electrochemical
impedance measurements were carried out while using a handheld LCR meter U1733C (Figure 2)
from Keysight Technologies (Santa Rosa, CA, USA); according to the instrument’s capability and
the measurements were performed at three different frequencies (1 KHz, 10 KHz, and 100 KHz) for
the direct extraction of impedance magnitude of the sample tested. The best logging interval of the
instrument is one measurement per sec; each measurement lasted 3 min, thus the total values obtained
for each run were 180 with a measurement frequency of 1 Hz. The recorded results were presented as
the mean of the absolute (ABS) value of the impedance (|Z|(Ω)) values obtained during the 180-sec
measurement due to the simplicity of the device. The determination of the limit of detection (LOD)
was calculated based on the standard deviation of the response of the curve and the slope of the
calibration curve. In particular, the equation used was: LOD = 3.3 (standard deviation/slope of the
calibration curve).
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2.4. Quantitative Determination of Aflatoxin B1 Using HPLC

Quantitative determination of aflatoxin B1 took place by a reversed-phase HPLC system that
was equipped with a JASCO PU 980 pump and injection system (JASCO, Easton, MD, USA) with a
100 µL injection loop, an ODS Hypersyl column (4.6 × 250 mm, 5 µm particle size, Thermo Scientific,
Waltham, MA, USA), a photochemical reactor (LCTech) for post-column derivatization and a JASCO
FP-920 fluorescence detector supported by Clarity Lite software. An isocratic mixture of water:
methanol: acetonitrile (6:2:2) at a flow rate of 1 mL/min was used as a mobile phase. The solvents of
the mobile phase were filtered through 0.2 mm membrane filters and degassed while using an in-line
multi-channel vacuum degassing module (VWR, Model 2004) prior to the HPLC pump. Aflatoxin
B1 was detected and quantified by fluorescence detection at an excitation wavelength of 360 nm and
emission wavelength of 435 nm. The AFB1 quantity was determined by the respective calibration curve
that was prepared using several calibration solutions (20–150 µg/kg) and it was checked for linearity
(R2 > 0.99). The recovery value of the method was derived from spiked finely ground pistachio kernels
contained 2, 4 and 8 µg/kg aflatoxin B1. Each sample was analyzed in triplicate.

2.5. Data Analysis and Experimental Design

A unique electrode was used for the measurement of each sample. All of the experiments were
designed completely randomly and each experiment was carried out three times. The extracted results
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were illustrated with the mean ± SD values. For statistical significance, a multiple Student’s T-test was
used for the differences between means. The adjusted p-values < 0.05 (two-sided) were considered to
be statistically significant.

3. Results and Discussion

3.1. Optimization of the Biosensors’ Performance Characteristics

3.1.1. Optimization of the Anti-AFB1 Concentration

The 5 ng/mL AFB1 concentration was selected for the optimization antibody studies, as it is
observed within the linear range of many direct impedance-based biosensors’ performances [54–56].
Upon exposure to 5 ng/mL of aflatoxin B1 (AFB1), the impedance immunosensor demonstrated a
strong response with the increment of the monoclonal antibody (anti-AFB1) concentrations expressed
by a significant increase in the mean impedance values. This response reached a plateau at anti-AFB1

concentrations that were higher than 10 µg/mL at all frequencies applied (1, 10, and 100 KHz),
as illustrated in Figure 3. Additionally, the response of the control was entirely distinct from the
response that was recorded upon the addition of the AFB1 solution to the immunosensor.
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Figure 3. Extracted results from the mean impedance magnitude values for different concentrations of
immobilized anti-AFB1 tested with 5 ng/mL AFB1 at three frequencies ± STD: (a) 1 KHz, (b) 10 KHz
and (c) 100 KHz. Two-tailed t-test, p * < 0.05, p *** < 0.001 significantly different from the control.

3.1.2. Studies on the Binding of the Analyte

Initially, the control experiments were performed by the use of cyclic voltammetry in order
to monitor the various stages of the immunosensor building onto the gold electrode’s surface.
The voltammograms were recorded after all the steps of electrode modification and also after the addition
of several concentrations of AFB1 took place. Figure 4a shows the cyclic voltammograms in acetate buffer
(pH 5.6) of a clean gold electrode (Au), after modification with the carbomehtyl-dextran (CM-Dextran),
after functionalization with anti-aflatoxin B1 antibody (anti-AFB1), and finally, after incubation with
Aflatoxin B1 (1, 5, 10, and 100 ng/mL). The cyclic voltammetry experiments were conducted between
−0.2 and +0.4 V, with a 100 mV/s scan rate. The behavior of the cyclic voltammograms presented is
significantly affected by the addition of each substance in every step of the electrode’s functionalization.
The modification of the electrode with anti-AFB1 leads to an increase of the anodic peak in comparison
with the voltammograms of the plain Au electrode and after CM-Dextran functionalization. However,
when the immunochemical reaction with the AFB1 molecules took place, we observed a decrease in the
response. As AFB1 concentrations increased the responses recorded significantly raised. These patterns
were in accordance with the results of the impedance analyses, as can be seen in Figure 4b.
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Figure 4. Cyclic voltammograms in acetate buffer (pH 5.6) recorded at a scan rate of 0.1 V/s after each
step of the Au electrode’s modification (a). Impedance time series in acetate buffer (pH 5.6) after each
step of the Au electrode’s modification (b).

Control experiments were also conducted in order to study the effects of the analytes and the
matrix to the sensor’s performance characteristics. Figure 5 illustrates the results of the absolute
mean impedance magnitude of the respective control experiments in standard buffered solutions and
pistachio extracts with and without the addition of 5 ng/mL AFB1 for the three frequencies tested (1, 10,
and 100 KHz). From these results, it is obvious that components of the pistachio extracts increased the
observed impedance magnitude in a non-specific way, which was possibly due to their adsorption on
the anionic dextran polymer-based coating. Naturally, this hypothesis merits further investigation in
the future. In addition, Figure 5d depicts the biosensor’s results from a 1:1 dilution, where we could
obtain better sensitivity. Because the aim of this work was to develop a biosensor capable of detecting
low AFB1 concentrations in commercial samples we decided not to try higher dilution factors.

3.2. Biosensor Response Study on AFB1 Standard Solutions

The calibration curves of AFB1 standard solutions have been plotted for concentrations ranging
from 0.5–100 ng/mL for the three frequencies applied (1, 10, and 100 KHz), as shown in Figures 6–8,
respectively. A concentration-dependent response was observed during the assay of increasing
concentrations of the AFB1 with the anti-AFB1 based immunosensor with 10 µg/mL human chimeric
anti-AFB1 antibodies (Figures 6–8), with a linear pattern in the range 0.5–10 ng/mL observed in all
frequencies tested (R2 ranging between 0.88–0.93). The measurements at each AFB1 concentration were
distinct and significantly different from the control solutions (zero AFB1 concentration). The biosensor
was also able to detect the higher AFB1 concentration (50 and 100 ng/mL). As the frequency increased,
a slight decrease in the mean impedance values was observed. The results were quite reproducible,
with an average variation of 4.14% over almost all assayed concentrations (at 50 ng/mL the average
standard deviation percentage was 16.26%). The immunosensor was able to successfully detect AFB1

concentrations down to 0.5 ng/mL. Table 1 presents, in detail, the parameters used for the extraction of
the linear fit curves.
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Figure 6. (a) Extracted results from the mean impedance magnitude values for different concentrations
of AFB1 standard solutions tested at three frequencies 1 KHz ± STD, Different letters (a, b, c, d, e)
indicate statistically significant different values (p < 0.05), (b) Linear fit curve of the values of the mean
impedance magnitude for concentrations of AFB1 standard (0–10 ng/mL) tested at 1 KHz.
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Figure 7. (a) Extracted results from the mean impedance magnitude values for different concentrations
of AFB1 standard solutions tested at 10 KHz ± STD. Different letters (a, b, c) indicate statistically
significant different values (p < 0.05). (b) Linear fit curve of the values of the mean impedance magnitude
for concentrations of AFB1 standard (0–10 ng/mL) tested at 10 KHz.
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Figure 8. (a) Extracted results from the mean impedance magnitude values for different concentrations
of AFB1 standard solutions tested at 100 KHz ± STD. Different letters (a, b, c) indicate statistically
significant different values (p < 0.05). (b) Linear fit curve of the values of the mean impedance magnitude
for concentrations of AFB1 standard (0–10 ng/mL) tested at 100 KHz.

Table 1. Fitting parameters from the linear fit curve of the normalized values of the mean impedance
magnitude for concentrations of AFB1 spiked pistachio samples (1–100 ng/mL) tested at three different
frequencies (1 KHz, 10 KHz, 100 KHz).

Fitting Parameters
Frequency

1 KHz 10 KHz 100 KHz

Equation y = a*x + b
Intercept 278.7762 ± 5.11754 142.37224 ± 2.0011 118.99124 ± 0.64571

Slope 22.75792 ± 2.00724 12.18314 ± 1.23977 6.03978 ± 0.38331
Residual Sum of Squares 1.33578 1.06943 0.21553

Pearson’s r 0.98853 0.98482 0.99401
R-Square (COD) 0.97719 0.96987 0.98806
Adj. R-Square 0.96959 0.95983 0.98408
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3.3. Aflatoxin B1 Detection after Spiking of Pistachio Samples

The calibration curves of AFB1 were plotted against the same concentrations on spiked pistachio
samples for the three frequencies (1, 10, and 100 KHz) as shown in Figures 9–11, respectively.
A concentration-dependent response was once again observed during the increase of concentrations
of the AFB1 with a linear range between 1–100 ng/mL in all frequencies tested (R2 ranging between
0.88–0.96). Measurements at each AFB1 concentration higher than 0.5 ng/mL were distinct and
significantly different from the control solutions (zero AFB1 concentration). With the frequency
increase, a slight decrease in the mean impedance values was observed again. The results were
quite reproducible, with an average variation of 7.28% over all assayed concentrations and the sensor
was able to successfully detect AFB1 concentrations down to 1 ng/mL. Table 2 presents, in detail,
the parameters used for the extraction of the linear fit curves. In comparison with the curves obtained
by the normalized values of the mean impedance magnitude for concentrations of AFB1 standard
solutions (Figures 6–8) the minimum concentration of linear range has increased to 1 ng/mL AFB1,
indicating the interference of the matrix effect from the pistachio extracts.Chemosensors 2020, 8, x FOR PEER REVIEW 12 of 20 
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Figure 9. (a) Extracted results from the mean impedance magnitude values for different concentrations
of AFB1 spiked pistachio samples at 1 KHz ± STD. Different letters (a, b, c) indicate statistically
significant different values (p < 0.05). (b) Linear fit curve of the normalized values of the mean
impedance magnitude for concentrations of AFB1 spiked pistachio samples (1–100 ng/mL) tested at
1 KHz.
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Figure 10. (a) Extracted results from the mean impedance magnitude values for different concentrations
of AFB1 spiked pistachio samples at 10 KHz ± STD. Different letters (a, b, c, d, e) indicate statistically
significant different values (p < 0.05). (b) Linear fit curve of the normalized values of the mean
impedance magnitude for concentrations of AFB1 spiked pistachio samples (1–100 ng/mL) tested at
10 KHz.
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Figure 11. (a) Extracted results from the mean impedance magnitude values for different concentrations
of AFB1 spiked pistachio samples at 100 KHz ± STD. Different letters (a, b, c, d, e) indicate statistically
significant different values (p < 0.05). (b) Linear fit curve of the normalized values of the mean
impedance magnitude for concentrations of AFB1 spiked pistachio samples (1–100 ng/mL) tested at
100 KHz.

Table 2. Fitting parameters from the linear fit curve of the normalized values of the mean impedance
magnitude for concentrations of AFB1 spiked pistachio samples (1–100 ng/mL) tested at three different
frequencies (1 KHz, 10 KHz, 100 KHz).

Fitting Parameters Frequency

1 KHz 10 KHz 100 KHz

Equation y = a*x + b
Intercept 1426.17661 ± 28.67199 1170.02373 ± 70.33988 1172.04268 ± 68.85931

Slope 122.15645 ± 12.3458 129.12579 ± 28.25998 121.46873 ± 28.72731
Residual Sum of Squares 0.20243 1.79272 1.71928

Pearson’s r 0.98502 0.93507 0.92537
R-Square (COD) 0.97027 0.87436 0.85631
Adj. R-Square 0.96036 0.83248 0.80842

3.4. Cross Reactivity Study

Cross reactivity studies were performed in order to further evaluate the immunosensor’s
performance and determine the interference potential with other mycotoxins. The selectivity of
the developed sensor was evaluated by application of Ochratoxin A (OTA) (10 ng/mL), Aflatoxin M1

(AFM1) (10 ng/mL), and Aflatoxin B1 (AFB1) (10 ng/mL) standard solutions. OTA and AFM1 caused
insignificant changes in the impedance magnitude in comparison with the control, as presented in
Figure 12. Moreover, 10 ng/mL of AFB1 caused significant alterations in the mean impedance not
only when compared to the measurements obtained from the control solution, but also against AFM1

and OTA.

3.5. Biosensor Performance Validation by Comparison with HPLC Analysis of Contaminated Pistachio Samples

Pistachio samples that were contaminated with unknown AFB1 concentrations were tested with
the impedance biosensor and the results were compared with HPLC data (considered as standard).
The results that are presented in Figure 13 represent the measurements taken from nine (9) different
pistachio samples of unknown AFB1 concentrations at the three frequencies tested, as previously.
After data analysis, we observed that the samples 5 and 7 presented a high variability at all frequencies
with mean standard deviations ranging between 12.3–17.59%.
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Table 3 represents the comparative results between the electrochemical immunosensor and 
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was found to be within acceptable levels up to ±12% for all samples, except for sample 6 (25.45%) in 

the HPLC method, possibly due to false sample pretreatment. Three replicates of the experiments 

Figure 12. Extracted results from the mean impedance magnitude values for 0, and 10 ng/mL of
Ochratoxin A (OTA), Aflatoxin M1 (AFM1) and Aflatoxin B1 (AFB1) standard solutions tested at
(a) 1 KHz, (b) 10 KHz, and (c): 100 KHz. Two-tailed t-test, p ** < 0.01; p *** < 0.001 significantly different
from the control, p # < 0.05; p ### < 0.001 significantly different from OTA, p $$ < 0.01 significantly
different from AFM1.
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Figure 13. Extracted results from the mean impedance magnitude values for pistachio samples of
unknown AFB1 concentrations tested at (a) 1 KHz, (b) 10 KHz, and (c) 100 KHz.

Following the HPLC sample analysis results, four pistachio samples contained rather high AFB1

concentrations. Specifically, samples 3, 4, 5, and, 7 were contaminated with more than 345 ng/mL AFB1.
On the other hand, as can be seen in Figure 10, samples 3 and 4 gave the lowest mean impedance
values at all of the frequencies tested, whereas samples 5 and 7 gave quite variable measurements,
as already mentioned above. These findings indicate that AFB1 concentrations higher than 345 ng/mL
are not within the immunosensor’s upper limits of detection.

Table 3 represents the comparative results between the electrochemical immunosensor and HPLC
with relative error (SE) and Relative Standard Deviation (RSD%). The average relative error was found
to be within acceptable levels up to ±12% for all samples, except for sample 6 (25.45%) in the HPLC
method, possibly due to false sample pretreatment. Three replicates of the experiments were analyzed
for all samples in order to evaluate the repeatability and accuracy of the immunosensor.

The correlation analysis of the data that were obtained by the three frequencies tested with the
electrochemical immunosensor in comparison with HPLC results was 0.49, 0.48, and 0.47, respectively.
The results indicated that the AFB1 concentrations of samples 3, 4, 5, and 7 could not be detected since
were rather high, thus, not within the range of limit of detection. The repetition of the correlation
analysis without taking into account the abovementioned samples, gave a totally different pattern.
In particular, the rest of the samples presented a correlation coefficient that was higher than 0.99,
indicating a strong relationship between the two methods.
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Table 3. Aflatoxin B1 concentrations and Percentage of Relative Standard Deviations (RSD%) in
pistachio samples as measured by the immunosensor and HPLC (n = 3, mean ± SD).

Detection Method

Aflatoxin B1 (ng/mL) ± SE

Sample
Electrochemical Immunosensor

HPLC RSD%
1 KHz RSD% 10 KHz RSD% 100 KHz RSD%

1 5.02 ± 0.02 2.42 4.85 ± 0.04 4.13 5.08 ± 0.05 4.63 4.95 ± 0.1 2.02
2 4.99 ± 0.01 0.92 5.04 ± 0.02 2.47 5.07 ± 0.01 1.20 4.56 ± 0.1 2.19
3 0.99 ± 0.10 0.38 0.94 ± 0.11 1.22 0.97 ± 0.13 0.32 413.68 ± 35.5 8.57
4 1.05 ± 0.06 7.18 1.04 ± 0.014 7.81 1.09 ± 0.015 7.26 348.76 ± 16.4 4.69
5 99.5 ± 0.18 5.57 93.71 ± 0.16 1.41 99.55 ± 0.16 1.50 345.00 ± 5.1 1.47
6 51.2 ± 0.03 17.59 51.47 ± 0.03 15.52 51.54 ± 0.02 15.74 50.68 ± 12.9 25.41
7 99.3 ± 0.16 16.01 92.89 ± 0.12 12.31 95.58 ± 0.13 12.84 705.92 ± 50.7 7.18
8 35.48 ± 0.07 9.75 34.52 ± 0.08 11.39 37.88 ± 0.07 10.22 38.69 ± 5.0 12.80
9 32.76 ± 0.01 3.48 30.05 ± 0.01 2.54 33.21 ± 0.01 2.41 30.50 ± 0.2 0.51

The linearity that was observed in the range of 0.5–10 ng/mL AFB1 in standard solutions and
spiked pistachio samples by the biosensor, reported in the current study gave quite satisfying results in
comparison with those reported in literature for other impedance based electrochemical immunosensors
(Table 4). These detection schemes do not demand sophisticated electrode functionalization.
Furthermore, other types of electrochemical immunosensors, using far more complicated structures
(e.g., graphene oxide, gold nanoparticles) or signal amplification strategies than our proposed sensor,
can provide a linearity range between 0.00001–31 ng/mL [47,49,54]. This range is significantly lower
than the one achieved by the immunosensor presented in the present study. As time is a very essential
parameter in modern aflatoxin detection and prevention systems, the limit of detection achieved by the
immunosensor formed in the current work, in addition to the avoidance of a great number of cleaning
steps, leads to the perception that the formed immunosensor may be a very useful tool in integrated
management systems for aflatoxin control in pistachio nuts cultivation. Finally, based on the results of
the present study, it is apparent that just one current frequency (any of the three tested) can be used for
the routine detection of AFB1.

Table 4. Comparison of the analytical characteristics of the proposed impedance-based immunosensor
with other electrochemical impedance immunosensors for aflatoxins.

Type of Detection Transducers/Electrodes Detection Scheme Limit of
Detection Linearity Range Reference

Direct EIS
Glassy carbon/polyNeutral

Red/Polycarboxylated
thiacalix [4] arene A

AFB1 aptamer
immobilized covalently

on the electrode
0.015 ng/mL 0.03–31 ng/mL [54]

Direct Faradaic EIS Graphene Oxide/Gold
electrodes

Anti-AFB1 Ab
immobilized covalently

on the electrode
0.23 ng/mL 0.5–5 ng/mL [56]

Direct Non
faradaic EIS

Nanocomposite of reduced
graphene oxide with

polypyrrole and
pyrrolepropylic acid

Anti-AFB1 Ab
immobilized covalently

on the sensor
0.00001 ng/mL 0.00001–0.01 ng/mL [57]

Direct
Non-faradaic EIS

Platinum electrodes modified
with polyaniline and

polystyrene sulphonic acid

Anti-AFB1 Ab
electrostatically attached

on the electrodes
100 ng/mL Not mentioned [58]

Direct Faradaic EIS Gold electrodes modified with
bovine serum albumin

Anti-AFB1 Ab
immobilized covalently

on the sensor
0.5 ng/mL 1–20 ng/mL [55]

Direct EIS Gold electrodes modified with
carbomethyl-dextran

Anti-AFB1 Ab
immobilized covalently

on Au electrodes

0.5 ng/mL
(standard
solutions)

0.5–10 ng/mL
(standard
solutions)

Current
study
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The proposed anti-AFB1 immunosensor demonstrated quite good sensitivity with a relatively low
detection limit, close to the legal maximum limits set for this product. Thus, it can be appropriate for use
in routine screening of contaminated pistachio samples as a low-cost and rapid alternative to laborious
and high-priced analytical methodologies. The extraction method used was rather simple without
requiring extensive sample clean-up or pre-treatment as in the sample preparation for HPLC analysis.
This work indicated that the matrix effect allowed for the detection of the AFB1 in a concentration higher
than 1 ng/mL. The immunosensor exhibited linearity that is comparable to conventional methods,
such as ELISA, and its detection limit is appropriate for on-site monitoring. While the limit of detection
for most of the ELISA Kits commercialized, is set at 2 or at 4 µg/kg [59], several novel immunosensors,
achieve limit of detection around 1.1 µg/kg and limit of quantification around 2.5 µg/kg [60]. In addition,
due to the simplicity of the methodology, the proposed immunosensor can be applied in order to detect
several other environmental pollutants. Furthermore, we suppose that the proposed method cannot be
utilized at high AFB1 concentrations, as demonstrated by the contradictory results that were obtained
with the biosensor for samples 4 (348.76 ng/mL) and 5 (345.00 ng/mL) although both of them contained
almost identical concentration of AFB1, as confirmed by the HPLC analysis. Therefore, there is a lot
of room for improvement of the detection limits as well as the linearity range. For the time being,
only AFB1 concentrations that range between 1–100 ng/mL can be detected.

Moreover, the system still requires extensive study, as it concerns the biomaterial immobilization
impedance circuitry for real-time point-of-care applications. Several devices, such as LCR-meters
and impedance analyzers, have been utilized in conjunction with impedimetric immunosensors for
simultaneous and label-free detection. Although they provide plenty of benefits, including low cost
and high sensitivity, their measuring process is time-consuming, difficult for standalone measurements,
and cannot be used for a wide frequency range [61]. Modern trends lead to demand for on-site
simultaneous semi-quantification of several different mycotoxins in foodstuff [62]. In order to achieve
a much lower detection limit, future research plans of the authors include the optimization of the
immunosensor’s analytical conditions, such as pH, temperature, incubation time, and use of different
blocking agents and selectivity with other mycotoxins. Manufacturing aspects could be also optimized,
such as the CM-dextran concentration and the layer thickness [63]. The current electrochemical
immunosensor comes to amplify the broad range of research that has been conducted in the field of
electrochemical immunosensors’ application for mycotoxin determination and control [48,64].

4. Conclusions

The present work reports the development of a sensitive impedimetric electrochemical
immunosensor for the determination of aflatoxin B1. This impedance-based immunosensor technique
is relatively simple, time saving, and it does not require expensive equipment and extensive sample
preparation. The AFB1 antibody was immobilized on a screen-printed electrode’s surface by activating
the carboxylic acid groups at the surface with the use of coupling agents after modification with
carbo-methyldextran. Based on the European Commission reports regarding the control of the
aflatoxin contamination in pistachios, the national action limit for AFB1 is 12 ppb. The proposed
impedance-based sensor set-up was able to detect AFB1 concentrations 0.5 ppb and 1 ppb for standard
solutions and spiked pistachio samples, respectively. Furthermore, the successful assessment of
AFB1 concentrations in pistachio unknown samples was accomplished and the sensor had good
selectivity against Ochratoxin A and Aflatoxin M1. Further improvement work on the impedimetric
immunosensor will not only determine its application for AFB1 detection, but it will also be helpful in
understanding the mechanism and electrochemical interfacial modelling of biomolecular recognition for
electrochemical immunosensor. Such future research will target to the improvement of the sensitivity,
as well as the achievement of a much lower detection limit, in order to apply the sensor in food safety
and quality monitoring where the presence of mycotoxins is concerned.
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