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Abstract: Modern analysis of food and feed is mostly focused on development of fast and reliable
portable devices intended for field applications. In this review, electrochemical biosensors based
on immunological reactions and aptamers are considered in the determination of mycotoxins as
one of most common contaminants able to negatively affect human health. The characteristics of
biosensors are considered from the point of view of general principles of bioreceptor implementation
and signal transduction providing sub-nanomolar detection limits of mycotoxins. Moreover, the
modern trends of bioreceptor selection and modification are discussed as well as future trends of
biosensor development for mycotoxin determination are considered.
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1. Introduction

Growing attention to the problems related to the contamination of foodstuffs and its negative
effect on the health of the population call for new efforts in the area of fast and reliable detection of
chemical hazards and toxic substances produced by microbiota. Although modern chromatographic
and spectrometric instrumentation is able to detect and quantify all of the food contaminants,
some complications related to the timeliness of the information required and to the adaptation of
measurements for field conditions remain in the scope of intensive investigations. This is especially true
for mycotoxins, toxic fungal secondary metabolites that are formed in microbiological contamination
of cereals and some other agriculture products [1,2]. Concern about the mycotoxin contamination
of food and feed was originally initiated by numerous turkey deaths in the 1960s caused by feed
contaminated with Aspergillus flavus and aflatoxin B; (AFB;) [3]. The United Nations Food and
Agriculture Organization (FAO) and the World Health Organization (WHO) have confirmed high
toxicological impact of mycotoxins on human and animal health. This resulted in a strict legislation
of their residuals in a wide range of foodstuffs. The necessity for overall monitoring of mycotoxins
and their metabolites is aggravated by the large scale of agriculture production and a large number of
manufacturers, many of which are unable to maintain high standards of production and contamination
prevention due to limited technical facilities and financial resources. In the period from 2002 to 2012,
15% of risk related to food contamination referred to mycotoxins against 20% attributed to persistent
organic pollutants [4]. The globalization of world economics, with huge traffic flows, creates favorable
conditions for dissemination of contaminated foodstuffs around the world [5]. Global warming
stimulates the formation and dissemination of mycotoxins [6]. Besides, they are not easily eliminated
in food processing because of their stability against heat, physical, and chemical treatments [7]. Feed
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contamination also poses hazards due to carry-over of mycotoxins to animal-derived products (milk,
eggs, etc.) [8].

All of these reasons increase the burning necessity for portable instrumentation able to detect
mycotoxins outside well-equipped chemical laboratories, i.e., directly in a field, barn, mill or brewery.
Depending on the format and customer desire, such instrumentation can operate as warning devices for
early detection of mycotoxins or as portable analytical systems able to determine in a semi-quantitative
or quantitative way appropriate analytes and their metabolites in complex biological matrices.

Although many conventional analytical instruments can be adapted for sensor format, their
sensitivity toward analyte present in very low quantities is mainly established by sample pre-treatment
utilizing extraction or adsorption on mycotoxin residues on an appropriate support. This step, being
labor- and time-consuming, is compensated for by the many advantages of chemical sensors, e.g., their
simple design and fast measurement time. For this reason, preferences are given to the equipment
utilizing new recognition principles, which are almost not used in a standard laboratory equipment.
Biosensors are one of most successful examples of such an approach that offer unique opportunities
for mycotoxin determination in “point-on-demand” format [9-11]. In them, biochemical components
(proteins and nucleobases) are attached to the specific transducers converting a biochemical recognition
event into an electric signal [12]. In the case of mycotoxins, specific reactions responsible for
biorecognition involve inhibition of acetylcholinesterase [13] and formation of the complexes with
specific antibodies [14] and aptamers [15]. Biosensors do not assume complicated sample treatment
and a long measurement protocol. They are compatible with flow-through and microfluidics assay
formats. Recently, some aspects of electrochemical biosensors for mycotoxin determination have been
summarized in reviews [9,16-18]. In this review, application of electrochemical biosensors based on
affine interactions is considered for sensitive mycotoxin analysis with particular emphasis on the
sensor interface assembly and real sample assay problems.

2. Mycotoxins: General Characteristics and Conventional Analytical Techniques

2.1. Mycotoxins: General Description

Mycotoxins are secondary metabolites produced by some fungi (Aspergillus, Fusarium, and
Penicillium spp.) and exerting effect on vertebrates [19]. Mycotoxicoses arise if environmental
conditions combine high humidity and increased temperature and hence promote the molds” growth.
Mycotoxins can be accumulated in cereals and cereal based foods, fruits, wine, milk, coffee beans,
cocoa bakery and meat products [20].

From a legislative point of view and acute toxicity, aflatoxins, ochratoxins, fumonisins,
deoxynivalenol, T-2, HI-2, zearalenone, patulin and citrinin are most intensively investigated.

Aflatoxins (Figure 1) are produced by A. flavus and A. pseudotamarii (aflatoxins B1 (AFB;) and B2
(AFBy)) and A. parasiticus and A. nomius spp. (AFB;, AFB,, aflatoxin G1, and aflatoxin G;) and have
drawn serious attention due to their high cytotoxicity and carcinogenicity.
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Figure 1. Chemical structures of common aflatoxins.
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Letters ‘B’ and ‘G’ in the aflatoxin name indicate blue and green fluorescence produced by these
compounds under ultraviolet (UV) irradiation. The indices ‘1" and ‘2" correspond to major and
minor compounds produced, respectively. In accordance with the classification of the International
Agency for Research on Cancer (IARC), aflatoxins belong to the first hazard class [21]. AFB; can be
metabolically converted to epoxide that also exerts carcinogenic and mutagenic effect on a human
health. When ingested by cows, AFBy(,) is hydroxylated to AFM; ), which are then secreted in the
milk. They are quite stable in acidic conditions and high temperature typical for milk pasteurization
and cheese maturation. The limits established in the European Union (EU) for AFB; and total aflatoxin
content in foods are 2 and 4 ng/kg, respectively. The maximum threshold limit for AFM; in milk is
set at 0.05 pg/kg and at half this value for baby food. The European Commission (EC) Regulations
established the maximum acceptable level of AFB; in cereals, peanuts and dried fruits for direct human
consumption in 4 ng/g for total aflatoxins and 2 ng/g for the most toxic AFB; [22].

Ochratoxin A (OTA) is produced mostly by A. ochraceus and Penicillium verrucosum sp. in maize,
barley, wheat, oats, rye, hay and mixed feed and is mainly found after harvesting of insufficiently
dried products (Figure 2).
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Figure 2. Chemical structures of ochratoxin A, patulin, zearalenone and some trichothecene
mycotoxins.

OTA-contaminated feeding stuffs reduce growth rates and productivity of cattle (especially pigs)
and poultry. A maximal OTA limit of 5 ug/kg in cereals and 3 pug/kg in cereal products was established
by the WHO.

Trichothecenes (Figure 2) are mainly produced by Fusarium spp. They affect animals and humans
through contaminated grains (wheat, oats, barley, and rice) [23]. In accordance with the chemical
structure and producing organisms, four groups of trichothecene mycotoxins are specified. Type A
includes T-2 toxin, HT-2 toxin, neosolaniol and diacetoxyscirpenol, type B involves deoxynivalenol
(DON), nivalenol, 3-acetyldeoxynivalenol and fusarenon, crotocin and baccharin belong to type C
and satratoxin G, H, roridin A and verrucarin A to type D. Clinical signs of trichothecene poisoning
in animals involve feed refusal, vomiting, growth retardation, reproductive disorders, and blood
disorders (haematoxicity). As in the case of aflatoxins, trichothecene metabolites are less toxic than
their precursors [24].

Patulin (Figure 2) is one of the most disseminated mycotoxins found in agriculture products. It is
produced by Penicillium, Aspergillus and Byssochlamys spp. but also found in final products especially
in apples and apple-based products [25]. Patulin poses mutagenic, teratogenic and carcinogenic
effects [26]. The WHO established its maximum permitted level of 50 ug/L in apple juice and cider, 25
ng/g in solid apple products and 10 ng/g in products for infants and young children in the EU.

Zearalenone (Figure 2) is a non-steroidal estrogen produced by Fusarium spp., which is commonly
present in soil fungi. It is able to competitively bind to estrogen receptors [27]. Zearalenone
contaminates mostly corn and, to a lesser extent, barley, oats, wheat, sorghum, and rice. It is quite
stable during storage and food cooking. When accumulated in food and feed, it is associated with
the reproductive problems of some animals and possibly humans. IARC allocated zearalenone
together with other Fusarium toxins in the third group (not classifiable as to their carcinogenicity
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to humans). Tolerable daily intake for zearalenone of 0.2 pug/kg of body weight is established in
European Community (EC), while the FAO/WHO Expert Committee on Food Additives recommended
maximum tolerable intake of the level of 0.5 ug/kg per day [28].

2.2. Conventional Analytical Methods for Determining Mycotoxins

Accurate and reliable analysis of mycotoxins is considered crucial for food safety and health
when there is pollution. All of the conventional instrumentation used for this purpose assume three
basic steps of analysis, i.e., sampling and extraction of analytes, purification and clean-up of the
extracts and identification and quantification of certain species [29]. Sampling should take into
account high heterogeneity of contamination by mycotoxins. Thus, DON is mostly concentrated
in the pericarp of grain [30]. This makes conventional approaches insufficient for mycotoxin assay
and increases the amount of sample for the following extraction of the analytes. In most cases, the
sample is ground, homogenized in extraction solvent and then filtered. The organic solvent is selected
to accept as many mycotoxins as possible. Recently, several new extraction methods have been
adapted for mycotoxin assay, e.g., supercritical fluid extraction, accelerated solvent extraction and
microwave-assisted extraction. They decrease the amounts of the extraction solvent required. Prior to
analysis, the extract is cleaned to remove co-extracted interferences. This can be done by solid-phase
extraction, immunoaffinity column chromatography or by treatment of the extracts with reagents
providing chemical destruction or separation of co-extracted species in compact sediment [20].

2.2.1. Chromatography Techniques

Routine determination of mycotoxins is commonly performed by various chromatography
techniques including thin-layer chromatography (TLC), high-performance liquid chromatography
(HPLC), and the gas chromatography (GC). Among them, HPLC is most frequently used for
quantification of mycotoxins whereas TLC and GC can be applied for the detection of appropriate
pollution although their sensitivity is often insufficient for detection of mycotoxins at their permissible
levels [31]. Both normal and reverse-phase HPLC are also applied for separation and extract
purification. The HPLC coupled with various detectors (ultraviolet-visible (UV-VIS), fluorescence
and mass sensitive detectors) offers the highest sensitivity and selectivity even at very small
sample/extract portions. Regarding fluorescence detection, appropriate protocols are mostly applied
for sensitive determination of mycotoxins with natural fluorescence, e.g., aflatoxins, ochratoxin A,
and citrinin [32]. Other mycotoxins should be preliminary derivatized, e.g., by o-phthalylaldehyde or
9-(fluorenylmethyl)chloroformate [33].

HPLC hyphenated to tandem mass spectroscopy (HPLC-MS/MS) or sequential MS (MS")
detection with atmospheric pressure chemical ionization or electrospray ionization has become the
method of choice for mycotoxin analysis due its advantages, i.e., high sensitivity and accuracy [34].
The HPLC-MS instrumentation has been applied for simultaneous determination of a number
of structurally relevant mycotoxins in a single chromatographic run (multi-analysis approach).
Microfluidic chips coupled with HPLC-MS allowed for the reduction of sample consumption and dead
volume of the column/detector and increasing sensitivity in on-line sample pre-concentration [35].
Meanwhile, chromatographic techniques also have several drawbacks related to matrix effects. They
can be overcome by matrix-matched calibration or application of internal standards. Lengthy sample
pre-treatment, expensive instruments and trained personnel limit the application of chromatography
for fast on-site analysis performed by importers, traders, and food and feed companies etc.

2.2.2. Immunological Methods

Immunological methods are based on specific interactions between protecting proteins produced
by immune system (antibodies (Ab), or 'y-globulins) and mycotoxin (antigen, Ag) [36]. The production
of Ab by -T-lymphocytes is activated by the intrusion of biological and chemical hazards. The
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reaction (1) results in the formation of the Ag-Ab complex, which is then destroyed or released from
the organism.

Ag + Ab If_)i” Ag— Ab (1)
Koss

Abs are highly specific to the structure of different compounds, but selectivity of its interaction
with relative compounds can vary depending on the source and measurement protocol. The use of
immunoassay techniques for mycotoxin analysis is complicated by the small size of analyte molecules.
In living beings, such small molecules called haptens cannot initiate immune response. First, they
form conjugates with serum proteins [37]. A similar protocol is used for the accumulation of native
(polyclonal) Abs required for immunological methods of hapten analysis.

In biosensor format, the monitoring of immune reaction (1) requires special measurement
protocols considered below. They usually involve a number of steps of reagent addition separated
with washing. Such a multistep procedure makes the immunoassay time- and labor-consuming [38].

The determination of haptens is performed by (A) direct and (B) indirect competitive analysis
and (C) label-free assay. Appropriate reaction schemes are presented in Figure 3.
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Figure 3. Direct (A), indirect (B) immunoassay (A) and label-free protocol (C) of hapten immunoassay.

In the competitive assay (Figure 3A), the analyte molecule is conjugated with a label, which
presence in the complex with Ab is easily detected. In 1970-s, radioactive elements were often used as
labels (radioimmunoassay). At the present time, colored particles, chromogenic species and enzymes
are more frequently used. The enzyme linked immunosorbent assay (ELISA) is called the “gold
standard” of immunoassay [39]. Labeled Ag molecules are mixed with the sample so that a certain ratio
of native and labeled Ag molecules is achieved. After incubation of the mixture with the Ab attached
to a solid support, the number of labels bonded to the surface via Ag—Ab interaction depends on the
part of the Ag molecules labeled. Thus, increasing concentration of an analyte results in a decreasing
signal related to the label. Competitive immunoassay is a universal method of analysis applicable for
various species and Abs which is quite popular due to the one-step protocol and compatibility with
flow-through and flow-injection mode. The application of enzymes in labels offer higher sensitivity
of immunoassay due to catalytic enhancement of the response toward Ag—Ab interaction. Among
many enzymes, horseradish peroxidase (HRP) has found a broad application due to its low cost, high
stability and many reactions resulted in the formation of colored, luminescent or electrochemically
active products [40—-42]. Its activity within a complex with Ag can be sensitively determined by
conventional spectrophotometry with 4-aminoantipirine and tetramethylbenzidine as substrates [43,44]
or by voltammetry with hydroquinone, catechol or iodide as organic substrates [45—48].
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Regarding haptens, ELISA and related techniques of immunoassay have limitations related to
the synthesis of labeled derivatives caused by the small size of appropriate molecules and negative
influence of labeling on the reactivity and cross-selectivity of Ab binding. For this reason, indirect
competitive immunoassay (Figure 3B) has been proposed [49,50]. Contrary to direct competitive
assay, this combined homogeneous and heterogeneous reactions separated by the removal of excessive
reagent. First, a sample containing hapten molecules is mixed with a certain excess of Abs. After
that, Abs remained free to interact with hapten conjugates immobilized on the solid support. Finally,
unoccupied hapten binding sites react with specific Ab bearing labels. This part of the reaction
is performed in heterogeneous conditions on the solid interface. An indirect competitive assay
is more sensitive than direct competitive assay due to the lack of necessity to modify hapten
molecules. Then, increased concentration of an analyte results in a higher label signal. From general
consideration, measurement of minor shift of a high signal is always less accurate than that of increased
signal from its zero level. Both for direct and indirect competitive immunoassay, the sensitivity of
hapten determination depends strongly on the selection of appropriate conjugates with inert carriers
synthesized from immunoreagents and inert carriers like ovalbumin, soybean trypsin inhibitor or
dextran. Steric accessibility of the immunoreagents in such conjugates and on the solid support
are altered by the introduction of specific linkers and surfactants affecting both the 3D structure of
appropriate particles and hydrophobicity of the reaction interface.

Label-free techniques do not assume synthesis of auxiliary reagents. In them, the target
interactions and formation of Ag—Ab complexes affect transfer of diffusionally free probes that are then
involved in electrochemical or chemiluminescent reactions on the solid support (Figure 3C) [51,52].
Being simple and fast, such approaches are most encouraged in the development of tests and
immunosensors intended to use outside chemical laboratory and with non-qualified labor stuff.
However, label-free immunoassay should take into account non-specific adsorption of interferences
from the samples tested on the electrode that are the reason for false positives and overestimations of
the analyte content. Sensitivity toward by-processes that take place on the same support is considered
as a weak point of such techniques.

Immunological methods are preferably employed for the first-level screening and survey studies
on mycotoxin contamination [53]. ELISA methods for mycotoxin assay have been commercially
available for aflatoxins, fumonisins and trichothecenes since the 1970s. The assay is mostly performed
in a 96-well plate allowing simultaneous testing of up to 45 samples in duplicate within 1-2 h.
The use of kinetic regime instead of equilibrium assessment reduces measurement time to several
minutes. ELISA test kits are available in a number of formats, including direct and indirect competitive
assay [54].

2.3. Other Sensors for Mycotoxin Determination

Although the topic of the present review is focused on electrochemical biosensors, other principles
of mycotoxin determination should be mentioned, although some of them are rather far from the
portable design of electrochemical devices. Appropriate devices cover the last five years.

Among optic sensors, a monolithically integrated optoelectronic biosensor has been proposed
for OTA determination in beer [55]. A broad-band Mach—Zehnder interferometer was produced on s
silicon chip (37 mm?) with one arm coated with immobilized Ab. Competitive immunoassay made
it possible to detect down to 2.0 ng/mL with recoveries ranging from 90.6% to 116%. Similar design
was used in polarization reflection ellipsometry based on silicon wafers consisted of Si3Ny-SiO,
sandwich [56]. Immobilization of monoclonal Ab against AFB; allowed detection of 0.01 ng/ml of
the analyte by shift of refractive index. Total internal reflectance ellipsometry has been applied for
detection of OTA bonded to specific aptamers immobilized on gold-coated glass slices [57]. A similar
technique was exploited here for detection of AFB; and AFM; with specific aptamers immobilized on
the surface of golden films [58]. The method proposed was limited in the detection of mycotoxins with
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0.01 ng/mL level and was successfully applied for investigation of binding kinetics and calculation of
binding constants.

A miniaturized optical immunosensor based on White Light Reflectance Spectroscopy (WLRS)
has been described for sensitive detection of AFM1 in milk [59]. Silicon chip with a SiO; layer on top
was covered with AFM1 - bovine serum albumin (BSA) conjugate. Indirect competitive immunoassay
allowed detecting 6 pg/mL of the analyte within 25 min.

Among mass-sensitive sensors, quartz crystal microbalance with dissipation monitoring (QCM-D)
can be mentioned [60]. In the sandwich immunoassay, 0.2-40 ng/mL of OTA were measured using Au
nanoparticles as labels of secondary Abs for signal amplification.

3. Biosensors for Mycotoxin Determination

3.1. Immunosensors—General Principles and Ab Immobilization

Immunosensors are intended to immunological determination of the analyte in a simpler and
faster way against conventional techniques assuming the use of reagent solutions and time-consuming
steps like washing etc. From this point of view, the immunosensors do not differ dramatically from the
ELISA and related methods by sensitivity, and selectivity mainly depended on the Ag—Ab interactions.
In many cases, the difference between immunotest and immunosensor assumes the reactions between
analytes, auxiliary reagents and Ab molecules to be performed on the transducer (electrode) interface
or on plastic support closely attached to such a transducer [61]. This allows avoiding any losses in
the redox active species involved in the electron transfer between the label (indicator) and electrode.
The design of immunosensors involves nevertheless some additional steps necessary to improve the
operational characteristics of immunosensors, i.e., signal time, signal drift during the storage, deviation
of the signal etc. In many cases, this can be optimized at the step of reactant immobilization [62].

The immobilization is considered as indispensable part of biosensor development. Biochemical
reagents (Abs, conjugates with inert proteins etc.) are attached to the support/electrode interface to
prevent their leaching during the incubation with the sample and washing. Among various protocols,
the following have become most popular in immunosensor development:

e  Physical immobilization by adsorption on appropriate support or entrapment in polymeric
matrices [63];

e  Covalent immobilization by cross-linking with high-molecular carriers (proteins, carbonaceous
nanoparticles, Au films and nanoparticles) [64—67];

e  Affinity immobilization via avidin-biotin and protein A/G binding [68].

Physical immobilization does not require formation of covalent bonds between the reactants.
Instead, multi-point weak interactions take place, which are governed by electrostatic, hydrophobic,
donor—acceptor interactions, H-bonding etc. In many cases, Ab is immobilized on polyelectrolytes [69]
or inert biopolymer that offers a sufficient number of functional groups for such interactions. In any
case, own surface charge of the Ab molecules is important and its changes with the pH and ionic
strength of the working solution. Physical immobilization via adsorption is a thermodynamically
reversible process. Increase in the electrolyte concentration, temperature increase and pH-caused
surface recharging can result in desorption of the Ab molecules when the biosensor is in contact with
solution in non-optimal conditions. To avoid such circumstances, immobilized biomolecules can be
covered by another additional layer that mechanically prevents desorption. Similar effect can be
reached by electropolymerization of specific monomers [70] or polycondensation of orthosilicates
(sol-gel immobilization [71]) performed in the presence of the Ab molecules. Appropriate reaction
schemes are presented in Figure 4.
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Figure 4. Physical Ab immobilization by sol-gel immobilization (A) and entrapment in
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electropolymerized film (B).

Covalent immobilization involves the formation of covalent bonds between functional groups of
a carrier and Ab molecules. Although the number of appropriate reagents is rather high, two protocols
have found a broad application, i.e., carbodiimide binding and cross-linking with glutaraldehyde
(Figure 5).
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Figure 5. Carbodiimide binding (A) and cross-linking with glutaraldehyde (B) for the covalent
immobilization of Ab.

Ab—NH, + OHC/\/\C

Affinity immobilization is based on natural receptor-ligand interaction [72,73]. Avidin
(streptavidin)-biotin binding is mostly used due to simple implementation of biotin residue in
biopolymer structure. Its dissociation constant (Kp~10~14-10"15 M for avidin) is sufficient for the
reliable immobilization of biomolecules. Each protein part (avidin or streptavidin) can bind up to four
amines (biotin). This makes it possible to assemble multicomponent associates, e.g., conjugates of Ab
with enzymes in ELISA format of immunoassay. Besides biotin-avidin binding, affinity immobilization
involves reaction between concanavalin A, a plant protein of the lectin family, and carbohydrate
residues in glycoproteins [74]. Proteins A and G can also non-specifically bind immunoglobulins [75].

3.1.1. Antibodies for Mycotoxin Determination

Based on the production protocol, polyclonal, monoclonal and recombinant Ab molecules are
specified. Polyclonal Abs are extracted from the blood of immunized animals, they consist of a number
of structurally relative globulins with similar affinity toward Ag. They can show insufficient selectivity
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toward certain mycotoxins. Monoclonal Abs are produced from hybridomas by fusing myeloma or
spleen cells from immunized mice. Monoclonal Abs are more uniform in their affinity in comparison
with polyclonal Abs. In the synthesis of recombinant Abs, the functional Ab gene is transmitted into
prokaryotic or eukaryotic organisms from positive hybridoma or spleen cells [76].

In the mycotoxin assay, the IgG type of Ab is most frequently used. Its structure is outlined in
Figure 6.

Ag binding site

Fab

Heavy chains

Figure 6. IgG structure.

IgG consists of two pairs of identical light (L) and heavy (H) chains folded into globular domains
(VL, Cul, Cy2 and Cy3). Specificity of the Ag binding is achieved by variation of specific binding
sites at the N-terminal part of the sequences. The opposite C-terminal end of Ab is constant. In
modern immunosensors, Abs described are often modified to reach higher efficiency of immobilization
and better performance of appropriate biosensor. For this reason, fragments of IgG molecule are
obtained [77] and are used in the assembly of immunosensors. Reduced Ab parts contain the tips of
Y-shape molecule (Fab) or single-chain variable fragments (scFv). Being much smaller than native
Ab, such derivatives minimize steric limitations of Ag—Ab interactions [78]. Examples of mycotoxin
detection with scFv fragments of Abs are presented in Table 1.

3.1.2. Electrochemical Immunosensors

Electrochemical detection offers unique opportunities to measure the signal on Ab-Ag interaction
in colored, turbid and viscous media using minimal sample volume and conventional instrumentation.
Although there are many electrochemical techniques, most of the biosensors based on affine interactions
utilize detection mode, i.e., voltammetric and impedimetric devices.

Voltammetric detection is carried out in an electrochemical cell consisting of a working electrode
(biosensor), a reference and auxiliary (counter) electrode. In some assemblies like planar interdigitated
electrodes, reference and auxiliary electrodes are combined together. A working solution should
contain inert (supporting) electrolyte with a constant ionic strength. In the measurement, the
working electrode is polarized against the reference electrode using an external source of power
(voltammograph, potentiostat). In linear sweep voltammetry (Figure 7), working potential E is
changing linearly between its limit values E; and E; and is defined prior to measurement with
the program interface. In amperometric mode, the potential remains constant within the whole
measurement period. The resulting current recorded on the working electrode depends on the rate
of electrode reaction of oxidation (reduction) of species able to electron transfer and moved to the
electrode surface preferably by diffusion. For constant current voltammetry and the rather high rate of
electron exchange, the current corresponded to the conversion of a certain compound forms on the
dependence of the current from the potential applied a peak with a typical S-shape (Figure 7).
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Table 1. Single-chain variable fragment (scFv) antibodies of Abs for mycotoxin determination (ICsq
— concentration corresponded to 50% change of the signal. ELISA — enzyme linked immune sorbent
assay, K-affinity constant, Kp-dissociation constant, LOD—Ilimit of detection).

Mycotoxin Production Protocol Affinity Ref.
Zearalenone Variable region genes se.lected from h}{bndoma cells and cloned ICsp 14 ng/mL [79]
into a phagemid
DNA fragment first cloned in phage display vector and then
introduced into immature Arabidopsis seeds via Agrobacterium 1C50 11.2 ng/mL [80]
tumefaciens mediation
Expression of a single clone ofEscCI:;\l/i gene and E-tag fusion gene in LOD 1 mg/L (ELISA) 181]
. . . 1Cs59 80 ng/mL, LOD 10
scFv cloned into pComb 3XSS vector and expressed in E. coli ng/mL (ELISA) [82]
DON Expression of a single clone of scFv gene and E-tag fusion gene in ICs0 8.2 ng/mL (ELISA) 83]
E. coli K9.6 x 1010 M1 -
Expressed from hybridoma cell line used for monoclonal ICs0 36.1 ng/mL (ELISA) and 771
Ab production 68.3 ng/mL (interferometry)
Cloned from hybridoma 3G7 and produced in recombinant E. coli Kp 88 x 1078 M [84]
Fumonisin B scFv DNA fragments cloned into the phagemid pHEN1 by phage  1Csj 220 ppb, LOD 8.32 ug/kg [85]
1 display to construct prokaryotic expression vector pET22b-scFv (ELISA, corn samples) ;
Coding gene was derived from monoclonal Ab, cloned from
hybridoma DV9, expressed in E. coli, structure was then - [86]

optimized for refolding

scFv screened from phage-displayed Ab library derived from 1Cs 0.11 (AFBq), 0.04 (AFBy),

Aflatoxins monoclonal Ab 0.10 (AFB3) uM (871
Selected from a naive human phage-displayed scFv library 1Cs 0.02-0.06 pg/mL [88]

scFv formed in recombinant E. coli after cloning the scFv-coding
gene from hybridoma 2C12. The scFv formed inclusion bodies in K (8.5-27) x 108 M~! [89]

the cytoplasm of E. coli required in vitro refolding.
Mutant scFv from yeasF mutar'lt hbrar'y, expression via E. coli Kp 827 x 108 M [90]
periplasmic secretion
scFv derived from hybridoma lines with different VH/VL
orientation and then expression in E. coli in form of inclusion body 1C50 50 ng/mL (ELISA) 1l
scFv gene clonefl frgm hy'brldomfal 2;12 and expressed in E. coli ICsp 1.16 x 107 M [92]
forming inclusion bodies in the cytoplasm
Selection of scFv from positive phage-display library produced ICs59 down to 0.01 ng/mL [93]
from 20 hybridoma cell lines (AFB,, ELISA) )

Human scFv library constructed from a high variety of donors by

overlapping extension PCR, cloned to pMod1 phagemid vector, ICs less than 1 ug/mL (ABF, [94]

electroporated in the E. coli competitive ELISA)

A B c D

-~

t E, Ep‘a E, t t

Figure 7. Linear sweep (A,B) and potentiostatic (C,D) modes of constant current voltammetry.
Temporal changes in the working potential (A,C) and voltammetric curves (B,D).

Here and below, oxidative reactions and oxidation currents are considered because they are
mostly used in affine biosensors. The peak current I, linearly depends on the volume concentration
of the analyte and measurement conditions in accordance with the Randles-Sevcik Equation (2).

I, = 2.69 x 10°13/2ScoD1/2y1/2 o

where S is the active electrode surface area, m?, c; the concentration of the electroactive species in the
bulk solution, mol m—3, D is its diffusion coefficient, m? s~ 1, 1 is the number of electrons transferred
and v is the scan rate, Vs~ 1. The Equation (2) is used also for the assessment of real electrode surface
and for confirmation of the diffusional nature of the current recorded. The latter corresponds to
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the dependence of the peak current on the square root from the scan rate v!/2, whereas the surface
confined reaction showed linear dependence with the scan rate v. The peak potential depends on the
nature of the oxidized compounds and can be used for establishment of the reaction mechanism and
selection of optimal working conditions. In potentiostatic (amperometric) mode, polarization potential
is chosen near the peak potential in direct current voltammetry. Once the electrode is polarized, the
current recorded is decreasing in accordance with the Cottrell Equation (3):

I D
I = nFScy po 3)

If the electrode is covered with surface film containing Ab, the current is rather quickly stabilized
on the level directly proportional to the volume concentration of the reactant.

In addition to constant current techniques, other modulations of the working potential are used
mostly to improve sensitivity of the method. Differential pulse voltammetry (DPV) and square wave
voltammetry (SWV) are most common. The modulation of potential and response are illustrated in
Figure 8. The bell-shape peak similar to first derivative of conventional I-E curves is recorded on
both cases with the peak current and peak square proportional to the analyte concentration. The
concentrations recorded with DPV and SWYV are lower than those on direct current voltammetry by
about one order of magnitude.

A B

E E ! H
| f_m AEFUM
f

Figure 8. Differential pulse voltammetry (DPV) (A) and square-wave voltammetry (SWV) (B) and

E

signal shape (C). Arrows mark sampling points.

In electrochemical immunosensors, voltammetry is used for the detection of redox active labels
and indicators and for electrochemical detection of enzymes applied in ELISA-based biosensors.
Thus, the activity of HRP is measured using hydroquinone and that of alkaline phosphatase using
1-napthylphosphate as labels. In the latter case, ax-naphtol is formed in enzymatic hydrolysis
of the substrate. Its oxidation to naphtoquinone produces current measured as a signal of
appropriate immunosensor.

Label-free detection in immunosensors is mostly based on the use of another electrochemical
technique, electrochemical impedance spectroscopy (EIS). In so called Faradaic EIS, measurements
are performed in the presence of redox probe, most frequently, the ferrocyanide pair [Fe(CN)g]>~/4~.
The electrode is polarized at its formal electrode potential. After that, the sinusoidal potential of small
amplitude is applied and appropriate current is recorded as a function of the frequency of potential
changes. The results of the measurements are often presented in the Nyquist diagram in plots of
imaginary and real components of the impedance. At high frequency, appropriate dependence has the
shape of a semicircle the diameter of which gives the value of charge transfer resistance R.;. Target
interaction of Ab with Ag increases the density of the surface layer and hence hinders the access
of ferricyanide ions to the electrode. Besides, Ag binding can change electrostatic interactions with
negatively charged redox probe and increase hydrophobicity of the interface. In both cases, the Ret
value increases with the Ag concentration. EIS techniques are very sensitive to changes in the surface
layer but especially for bulky analyte molecules.

Analytical characteristics of immunosensors for mycotoxin determination are summarized in
Table 2 for the period from 2014 to 2018.
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Table 2. Analytical characteristics of immunosensors for mycotoxin determination (2014-2018).

12 of 29

Immunosensor Assembly

Measurement Protocol

LOD/Dynamic Range, Sample

Ref.

AFB;

physical entrapment in the layer of carbon nanotubes and ionic liquid on glassy carbon electrode

ab immobilization in poly(I-lysine) layer deposited onto reduced graphene oxide on
conducting glass
Au/reduced graphene oxide layer on indium-tin oxide (ITO) electrode, Ab carbodiimide
binding of monoclonal Ab
polypyrrole-polypyrrolpropionic acid electropolymerized onto reduced graphene oxide on
glassy carbon electrode, Ab bonded by carbodiimide binding
polyaniline nanofibers and Au nanoparticles on ito electrode, Ab cross-linked
with glutaraldehyde
Au electrode with self-assmebled monolayer (SAM) of cysteine, carbon nanotubes with
covalently attached Ab
chitosan-Au nanoparticles on Au microelectrode, Ab covalently bonded via
carbodiimide binding
chitosan-Au nanoparticles on Au microelectrode, Ab covalently bonded via
carbodiimide binding
Bi oxide nanorods onto the ITP electrode, Ab adsorption
poly(ethylenedioxythiophene) and reduced graphene oxide deposited on Au nanoparticles on
glassy carbon electrode, monoclonal Ab immobilized by carbodiimide binding
chitosan-multiwalled carbon nanotubes with covalently attached conjugate of AFB; with BSA;
HRP as label with tetramethylbenzidine as substrate

EIS with [Fe(CN)g]>~/4~ redox probe
field effect capacitor, capacitance change
DC, electrocatalytic current
DC with [Fe(CN)g]3~/4~ redox probe
EIS with [Fe(CN)s]*~/4" redox probe
EIS with [Fe(CN)g]*~/4~ redox probe
EIS with [Fe(CN)g]*~/4~ redox probe

EIS with [Fe(CN)g]3~/4~ redox probe
DC and EIS with [Fe(CN)s]*~/4 redox probe
EIS with [Fe(CN)]3~/4~ redox probe

indirect competitive ELISA, DPV of
tetramethylbenzidine

LOD 0.03 ng/mL, conc. range 0.1-10 ng/mL;
olive oil
LOD 0.1 fg/mL, conc. range 0.1 fg/mL -1
pg/mL

LOD 0.1 ng/ml, conc. range 0.1-12 ng/mL

LOD 10 fg/mL, conc. range 10 fg/mL-10
pg/mL; corn
LOD 0.05 ng/mL, conc. range 0.1-100 ng/mL;
corn
LOD 0.79 pg/g, conc. range 0.1-20 pg/g; corn
flour
LOD 0.06 ng/mL, conc. range 0.1-1, 1-30
ng/mL, maize
LOD 0.12 ng/mL, conc. range 0.2-2, 2-30
ng/mL, wheat
LOD 8.715 ng/dL, conc. range 1-70 ng/dL;
LOD 0.109 ng/mL, conc. range 0.5-20 and
20-60 ng/mL, maize
LOD.1 pg/mL, conc. range 0.0001-10 ng/mL;
palm kernel cake, corn kernels, soy beans

[95]
[96]
[97]
[98]
[99]
[100]
[101]

[102]
[103]
[104]

[105]

OTA

screen-printed carbon electrode modified with Au nanoparticles covered with cystamine, Ab
immobilized by glutaraldehyde

planar boron doped diamond electrode with covalently attached Ab via diazonium salt binding

screen-printed carbon electrode, magnetic immobilization of Ab, HRP as tracer
Au electrode covered with BSA and Ab covalently linked by carbodiimide binding
capacitance sensor based on Si/SiO, /SizNy coating and carboxylated magnetic nanoparticles
with attached Ab via y-aminopropyltriethoxysilane (APTES) so-gel method
amino functionalized amorphous carbon with embedded zirconia nanoparticles on ITO
electrode, Ab immobilization in BSA matrix by carbodiimide binding

EIS with [Fe(CN)g]>~/4~ redox probe

DC and EIS with [Fe(CN)g]?~/4~ redox probe

DC (hydroquinone signal of HRP activity)
EIS with [Fe(CN)6]3’/ 4= redox probe

capacitance measurements

DPV and EIS with [Fe(CN)6]3~ /4~
redox probe

LOD 0.25 ng/mL, conc. range 0.3-20 ng/mL;
red wine
LOD 7 pg/mL; conc. range 7 pg/mL-25
ng/mL; coffee beans
LOD 0.32 pg/L, instant coffee
conc. range 2.5-100 ng/mL, plant extracts

LOD 4.57 pm, conc. range 2.47-49.52 pm

conc. range 1-5, 5—10 ng/mL, coffee

[106]

[107]

[108]
[109]

[110]

[111]
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Table 2. Cont.

13 of 29

Immunosensor Assembly Measurement Protocol

LOD/Dynamic Range, Sample

Ref.

Zearalenone

glassy carbon electrode covered with dispersion of mesoporous carbon and Au@AgPt
nanoparticles. ab physically adsorbed
glassy carbon electrode covered with polyethylene imine—carbon nanotubes layer modified with
Au-Pt nanoparticles, monoclonal Ab immobilized in BSA matrix
carboxylated carbon nanotubes/chitosan film, conjugate of zearalenone with BSA; alkaline
phosphatase label with naphtylphosphate substrate
screen-printed carbon electrode modified with aminated mesoporous silica containing Fe,Os3;
HRP label with tetrabutylcatechol as substrate

SWV with [Fe(CN)g]*~ ions

DPV with [Fe(CN)]3~/4~ redox probe

indirect competitive assay, DPV signal of
naphtol oxidation
sandwich ELISA assay, DPV signal of
tetrabutylcatechol oxidation

LOD 1.7 pg/mL, conc. range 0.005-15 ng/mL,
milk
LOD 0.5 pg/mL, conc. range 0.005-50 ng/mL;
cereal and feed samples
LOD 4.7 pg/mL, conc. range 10 pg/mL-1000
ng/mL, cereal and foodstuffs samples
LOD 0.57 ng/mL, conc. range 1.88-45 ng/mL;
amaranthus cruentus seeds

[112]
[113]
[114]

[115]

DON

EIS with tris-bipyridine Ru(II) chloride as
redox probe

DPV with [Fe(CN)]*~/4~ redox probe

glassy carbon electrode modified with nafion with Au nanoparticles dotted graphene
functionalized with 4-nitrophenylazo
screen-printed electrode covered with Au nanoparticles and polypyrrole-reduced graphene
oxide composite, Ab immobilized by physical adsorption

LOD 0.3 ng/mL, conc. range 6-30 ng/mL;
wheat, corn, roasted coffee

LOD 8.6 ppb, conc. range 0.05-1 ppm; corn

[116]

[117]

Fumonisin B4

screen-printed electrode covered with Au nanoparticles and polypyrrole-reduced graphene
oxide composite, Ab immobilized by physical adsorption
glassy carbon electrode covered with single-walled carbon nanotubes, chitosan and DON-BSA
conjugate, elisa with alkaline phosphatase and 1-naphtylphosphate as substrate

DPV with [Fe(CN)g]>~/4~ redox probe

indirect competitive assay, DPV signal of
a-naphtol oxidation

LOD 4.2 ppb, conc. range 0.2—4.5 ppm; corn

LOD 5 pg/mL conc. range 0.01-1000 ng/mL

[117]

[118]

T-2 toxin

indirect competitive assay, DPV signal of
a-naphtol oxidation

glassy carbon electrode covered with single-walled carbon nanotubes, chitosan and DON-BSA
conjugate, ELISA with alkaline phosphatase and 1-naphtylphosphate as substrate

LOD 0.13 ug/mL, conc. range 0.01-100
ug/mL, feed and swine meat

[119]
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4. Aptasensors

4.1. Aptamers Against Mycotoxins

Aptamers are synthetic DNA /RNA sequences obtained by combinatorial chemistry from the
random library of oligonucleotides by affinity chromatography [120,121]. Aptamers usually contain up
to 60 nucleotides and can recognize a wide variety of targets, from small ions to cells and Ab molecules.
Contrary to DNA probes applied in DNA sensors intended for hybridization event detection, aptamers
do not have direct analogs in nature. They are selected from random oligonucleotide libraries that can
contain up to 10'°
evolution of ligands by exponential enrichment (SELEX) is mostly known [15]. Until 2007, aptamers
mostly consisted of RNA, recently DNA aptamers have become dominant in analytical applications.
They are stable to ward nuclease digestion, show excellent batch-to-batch reproducibility of the main
properties, including analyte binding, and rather low cost in mass production.

The interest in aptamers as biorecognition elements in food analysis, including mycotoxin
detection, is related to their high sensitivity (dissociation constants in nanomolar range). Besides, they
are easily modified to involve labels and functional groups required for aptamer immobilization and
detection. In some cases, the aptamer molecule can contain a long linker consisted of homonucleic
sequence (oligoT as example) or lineal hydrocarbon radical (C12-Cy4) with terminal amino group. They
allow partially suppress possible steric limitations of the reaction with the analyte molecule that take
place near the electrode surface.

Aptamers are often considered as an alternative to Ab due to the ability of selective binding
of appropriate analytes via non-covalent interactions. Thus, the reaction with the aptamer does
not affect chemical nature of an analyte and is reversible. For this reason, many approaches to
the assembling of aptamer-based biosensors (aptasensors) and detection of target aptamer-analyte
interactions are rather similar to those described above for immunosensors. Meanwhile, aptamers
are more stable than Ab toward hydrolysis, they are rather easy modified for implementing in the
biosensor assembly [122]. Besides, aptamers meet requirements of bioethics because their design and
production do not need animals.

Aptamers for mycotoxin determination have been designed since 2008. To date, aptamers against
AFB;, AFB,y, AFM;, T-2 toxin and zearalenone have been described and characterized mostly using
fluorescence spectroscopy. The examples are summarized in Table 3. The affinity of target interactions
and LOD values were preferably estimated by surface plasmon resonance (SPR) technique [123] and
fluorescence spectroscopy.

individual sequences. This is made by special protocols, among them the systematic

4.2. Aptasensors—Assembling and Signal Transduction

The reaction of aptamer with a target results in changing the environment resulted in optical or
electrochemical response. In case of fluorescence aptasensors, changes in the intensity of emission
can be observed both in homogeneous solutions and on the appropriate support [15,16]. Besides, the
aptamers bearing labels can be folded in three-dimensional structures using specific interactions of
partially hybridized items or auxiliary DNA/RNA sequences. In the case of electrochemical devices,
the reaction takes place on the surface of the electrode and results in changes in the accessibility of
redox labels or in permeability of the layer for small charge carriers used as a redox probe. Although
the size of mycotoxin molecules is rather small, they also affect the hydrophobicity of the surface
layer and to some extend hydrogen ion exchange. This contributes to the increased sensitivity of the
analyte detection. Besides, mycotoxins can provoke folding of the linear aptamer structure to bulky
3D architectures, among which flat squares formed by four guanine residues (G4 quadruplexes) are
most known (Figure 9).
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Table 3. Aptamers selected against various mycotoxins for their determination (Kp—dissociation

constant of the aptamer-mycotoxin complex, LOD—Ilimit of detection).

Mycotoxin Aptamer Structure Sensitivity Ref.
!
AFB, 5-GTT GGG CAC GTG TT GTéZ GTCCE gzcc T;;T CTC GTG C CCT TCG CTA LOD 01 ng/ml  [124]
5/-CTC GTC TCG TTC TGT CAG TGT TCT TCT GGC TTG GTG GTT GGT GTG Kp 50.4 nM, [125]
GTG GCT TGA TTT GGT AGA CAC GAA GAA GAA GGA AGG A-3/ LOD 20 ng/mL .
5'-TGG GGT TTT GGT GGC GGG TGG TGT ACG GGC GAG GG-3' LOD02ng/mL  [126]
5'-GTT GGG CAC GTG TTG TCT CTC TGT GTC TCG TGC CCT TCG CTA GGC [127]
CCA CA-3
AFB 5-AGC AGC ACA GAG GTC AGA TGC TGA CAC CCT GGA CCT TGG GAT K98 M [126]
2 TCC GGA AGT TTT CCG GTA CCT ATG CGT GCT ACC GTG AA-3/ b7 ¢ i
5-AAA AAA AAA AGT TGG GCA CGT GTT GTC TCT CTG TGT CTC GTG LOD 4.5 5ob 199
CCC TTC GCT AGG CCC ACA-3/ PP [129]
AFM; 5-ACT GCT AGA GAT TTT CCA CAT-3 LOD 5 ng/kg [130]
5/-GTT GGG CAC GTG TTG TCT CTC TGT GTC TCG TGC CCT TCG CTA GGC
CCA CA-3/ Kp 10 nM [131]
OTA 5-GAT CGG GTG TGG GTG GCG TAA AGG GAG CAT CGG ACA-3/ LOD0.8ng/mL  [132]
5'-GAT CGG GTG TGG GTG GCG TAA AGG GAG CAT CGG ACA-3/ LOD0.01ng/L  [133]
5-GAT CGG GTG TGG GTG GCG TAA AGG GAG CAT CGG ACA-3/ LOD 24.1 nM [134]
Fumonisin Bl 2 “AAT CGC ATT ACC TTA TAC CAG CTT ATT CAA TTA CGT CTG CAC ATA K 100 nM [135]
CCA GCT TAT TCA ATT-3/ b o
5/-ATA CCA GCT TAT TCA ATT AAT CGC ATT ACC TTA TAC CAG CTT ATT
CAA TTA CGT CTG CAC ATA CCA GCT TAT TCA ATT AGA TAG TAA GTG ~ LOD33ng/mL  [136]
CAA TCT-3
Zearalenone 3 “AGC AGC ACA GAG GTC AGA TGT CAT CTA TCT ATG GTA CAT TAC LOD05ng/mL  [137]
TAT CTG TAA TGT GAT ATG CCT ATG CGT GCT ACC GTG AA-3 ~ng -
!
T2 toxin 5-CAG CTC AGA AGC TTG ATC CTG TAT ATC AAG CAT CGC GTG TTT LOD0.93pg/ml.  [138]

ACA CAT GCG AGA GGT GAA GAC TCG AAG TCG TGC ATC TG-3'

Figure 9. Structure of G4 quadruplex and folded aptamer.

Such a transformation involves guanine reach fragments of the aptamer sequence and is
stabilized by K* ions pronounced for negatively charged ferricyanide ion most frequently applied
for measurement of the signal with a label-free aptasensor. Changes in the hydrophilicity and charge
separation between the aptamer and polar matrix are other reasons altering the current of ferricyanide
redox probe or EIS parameters.

Among G4-quadruplexes, aptamers can contain fragments able to self-hybridize due to the
existence of partially complementary sequences of nucleobases. Such aptamers form one or several
loops and are able to reversible convert to linear pieces [139]. The appropriate formats of the signal
transduction based on such pinhole aptamers are discussed below in the following sections.

As in the case of Abs, immobilization can affect their affinity and the long-term stability of
bioreceptors in a real sample assay. Immobilization of aptamers in the aptasensor assembly is
performed using the same protocols as the Ab immobilization. However, modification of the aptamer is
mostly performed by terminal groups and directed to introduce thiol, amino, and carboxylic groups or
biotin residues. This makes it possible to fix aptamers in the surface layer by one-point binding and to
achieve site-specific immobilization of the receptor with maximal steric accessibility of the immobilized
molecule toward analyte species. Thus, aptamers bearing terminal thiol groups spontaneously interact
with Au nanoparticles that can be dispersed in appropriate support. Such a scheme provides both
electric conductivity of the surface layer and reliable fixation of the aptamer on the electrode interface.
In a similar manner, various labels can be introduced to the opposite terminus of the molecule.
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Double-labeled aptamers with amino (carboxylic) and thiol groups are used in so-called E-sensors
(Figure 10) [140].

Figure 10. E-sensor based on double-labeled loop aptamer (A) and application of partially
complementary auxiliary DNA sequence (B).

Prior to contact with the analyte, both labels are positioned near each other so that electron
exchange between the label and electrode is quite effective. The reaction with the analyte stimulated
conformation change. The distance between the redox label and electrode increases with the analyte
concentration and appropriate current decays. Opposite effect can be reached in so-called displacement
aptasensors. In them, auxiliary DNA sequence with two terminal labels is used. The first one is utilized
for immobilization of the molecule to the electrode and second one produces signal measured in direct
current (DC) or DPV mode. The primary sequence of auxiliary DNA is complementary to the part
of the aptamer molecule. Prior to contact with the analyte, both DNA and aptamer are attached to
the electrode due to the formation of rather rigid double-stranded product of hybridization. After
addition of the analyte, aptamer forms a specific complex and is removed from the surface. The DNA
molecule, being free, forms loops so that the redox label approach the electrode surface. Resulting
signal increases with the analyte concentration. The E-sensors described can be easily regenerated after
the measurement. For this purpose, they are heated to destroy double-stranded pieces and treated with
aptamer molecules. Ferrocene and methylene blue are mostly used in E-sensors as redox labels [141].
They can also be used together for higher robustness of the response. Thus, the signal of first label
attached to the loop will decrease whereas second one sterically hindered prior to analyte binding will
increase the signal with the analyte concentration [142].

Physical immobilization of aptamers has received certain attention in the last years. Aptamers
can be adsorbed on the carbonaceous materials via 7 stacking interactions and via formation of
double-stranded DNA pieces with partially complementary DNA probes immobilized on the surface of
electrode or nanoparticles used as immobilization supports [143,144]. The electrostatic immobilization
of negatively charged aptamer molecules can be accelerated by positively charged supports like
poly(L-lysine) or poly(ethylene imine) and their specific adsorption on materials with a high affinity
toward phosphate groups like zirconia oxide.

The performance of electrochemical aptasensors applied for mycotoxin determination is
summarized in Table 4 for the period from 2014 to 2018. Earlier works have been discussed in
reviews [11,16,145,146].
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Table 4. Electrochemical aptasensors for mycotoxin determination (2014-2018).

Aptasensor Assembly Measurement Protocol LOD/Dynamic Range, Sample Ref.
AFB;
Poly(Neutral red) with carboxylated macrocycles as supports for mediator and aptamer DC, EIS with [Fe(CN)6]3’/ 4= redox probe LOD 0.05nM, cone. rangszl(l)éle—l()o nM; nuts, wine, soy [147]
Glassy carbon electrode modified with graphene and Au nanoparticles bearing luminol Target reaf:tlon removeq methylene blue LOD (.)'43 (DC mode) and 0.12 pM
i . label and increased luminescence due to (electrochemiluminescence mode); conc. range 5 [148]
and HRP. Aptamer modified with methylene blue
release of quencher from the electrode pM-10 nM,
Aptamer bearing Au nanoparticles and methylene blue SWYV, methylene blue signal LOD 0.6 x 10~ ppt [149]
. . . S . . . 3— /4 LOD 0.12 ng/mL, conc. range 0.125-16 ng/mL; beer,
Screen-printed carbon electrode, aptamer immobilized via diazonium salt coupling EIS with [Fe(CN)e] redox probe wine [150]
Glassy carbon electrode modified with Au nanoparticles and graphene oxide DPV of Methylene blue as label in the LOD 005 ng/ml, cone. range 0.05-6.0ng/mL; beer, [126]
aptamer assembly wine
Glassy carbon electrode covered Wlth reduced graphene oxide, polyaniline, Au DPV, EIS with [Fe(CN)s]*~/4~ redox probe  LOD 0.003 fg/mL, conc. range 0.01-1.0 fg/mL; wine [151]
nanoparticles and MoS, sheets
Au electrode with tetrahedral DNA moleculgs bearing sequences complementary to DC current of thionine as HRP substrate LOD 0.01 fg/mL, conc. range 0.1 fg/mL-0.1 pg/mlL; [152]
aptamers. ELISA with HRP label rice, wheat
Screen-printed carbon electrode Wth magnetic Fe304@Au nanoparticles coupled to EIS with [Fe(CN)*~/4~ redox probe LOD 15 pg/mL, conc. range 20 pg/mL-50 ng/mL; [153]
thiolated aptamer peanut
AFM,
Glassy carbon electrode, aptamer immobilized via diazonium salt binding DC, EIS with [Fe(CN)g]>~/4~ redox probe LOD 1.15 ng/mL, conc. range 2-150 ng/mL; milk [154]
Poly(Neutral red) with carboxylated macrocycles as supports for mediator and aptamer EIS with [Fe(CN)s]>~/4~ redox probe LOD 05 ng/mL, cc;r;z. drj?ée 5-120 ng/L; milk [155]
Au screen-printed electrode with hairpin aptamer bearing Au nanoparticles DPV of diffusionally free Methylene blue LOD 0.9 ng/L, conc. range .2_600 ng/L; human [156]
added serum, milk
Au electrode modified with streptavidin and biotinylated aptamer SWV signal Conc. range 1-100 000 ppt [157]
Au electrode covered with chemisorbed neutravidin or cystamine SAM-bearing . 5 LOD 8.47 (PAMAM) and 8.62 (neutravidin support);
poly(amidoamine) (PAMAM) with biotinylated aptamer DPYV signal of ferrocene as neutravidin label milk [158]
OTA
Au electrode with capture DNA probe;.redu'ced graphene oxide and Au nanoparticles as EIS with [Fe(CN)J*~/4~ redox probe LOD 0.3 pg/mL, conc. range 1 pg/mL-50 ng/mL; [159]
labels of signaling DNA probe wine
Au electrode covered with cystamine and reduced graphene oxide with nanoAu particles EIS with [Fe(CN)s]*~/4~ redox probe LOD 0.03 ng/mL, conc. range 1.0-200 ng/mL [160]
Au electrode with covalentl}{ attachec.l aptamer hybridized with pinhole DNA probes DPV signal of «-naphtol as the product of LOD 2 pg/mL, conc. range 0.005-100 ng/mL; wine [161]
bearing alkaline phosphatase as label enzyme reaction
DPV signal of Cd(II) and Pb(II) ions after
Aptamers on magnetic beads modified with CdTe and PbS magnetic separation and dissolution of the Conc. range 10 pg/mL-10 ng/mL; maize [162]
aptamer-analyte complexes
Thionine labeled aptamers on graphene oxide DPV of thionine signal LOD 5.6 pg/mL; wheat [163]




Chemosensors 2019, 7, 10

Table 4. Cont.

18 of 29

Aptasensor Assembly Measurement Protocol LOD/Dynamic Range, Sample Ref.
Au electrode with thiolated aptamer, carbor} Tlanotubes with methylene blue as DPV of Methylene blue signal LOD 134 (serum) and 58 (grape) pM [164]
signal amplifier
Au electrode modified with cystamm.e SAM, porous carbon and Au nanoparticles DPV of Methylene blue signal LOD 5 fg/mL, conc. range 5 fg,/mL~0.05 ng/mL; corn [165]
bearing aptamer
Screen-printed carbon electrode modified with polythionine and IrO, particles with EIS with [Fe(CN)e[*~/4~ redox probe LOD 14 pM, conc. range 0.01-100 nM; wine [166]
attached aptamer
Screen-printed carbon electrode with aptamer immobilized via diazonium salt coupling DPV, EIS with [Fe(CN)g]*~/4~ redox probe LOD 0.15 ng/mL, 0.15-2.5 ng/mL; Cocoa beans [167,168]
Aptamer covalently attached to PAMAM dendrimer on the polypyrrole film deposited on EIS without redox probe LOD 2 ng/L, conc. range up to 5 ug/L [169]
the Au electrode
Glassy carbon electr.oée modified w1th Au nanopartlcle§ with attached aptamer, DPYV signal of Cd(II) ions in the label LOD 10 pg/mL, conc. range 0.05-100 ng/mL; wine [170]
Cd-containing metal-organic framework particles as labels structure
Screen-printed carbon electrode covered with polythiophene-carboxylic acid with EIS with [Fe(CN)e[>~/4~ redox probe LOD 0.125 ng/mL, conc. range 0.125-20.0 ng/mL; [171]
covalently attached aptamer Coffee
Au electrode covered with 3-cyclodextrin on the MoS; layer with Au nanoparticles; .
aptamer is attached to the surface via supramolecular interaction with terminal methylene DPV signals of bOﬂ} Methylene blue and LOD 0.06 nM, conc. range 0.1-50 nM; wine [172]
blue group ferrocene (changing synchronously)
Au electrode with covalently attached thiolated DNA complementary to aptamer. . Lo
Signaling probe covalently attached to Au nanoparticles bearing ferrocene label DPV signal of ferrocene LOD 0.001 ppb, cone. range 0.001-500 ppb; wine (73]
Fumonisin Fy
Glassy carbon electrode modified with Au nanoparticles and DNA complementary to the Lo . )
aptamer; signaling DNA probe is modified with reduced graphene oxide/thionine DC thionine signal LOD 1 pg/mL, cone. range 1-106 pg/mL; wheat [174]
Glassy carbon electrode modified with Au nanoparticles bearing thiolated aptamer EIS with no redox probe LOD 2 pM, conc. range 0.1 nM-100 uM; wheat [175]
Patulin
Glassy carbon electrode modified with ZnO nanorods and Au nanoparticles DPV with [Fe(CN)]*~/4~ redox probe LOD 0.25 pg/mL, conc. range 0.50 pg/mL-50 ng/mL; [176]

apple
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As can be seen, modification of electrodes can alter the detectable concentrations of mycotoxins by
several orders of magnitude. There is no direct connection between the affinity characteristics obtained
in homogeneous conditions (Kp constants) and analytical parameters of appropriate biosensors. In
both cases, the reason can be related to the contribution of heterogeneous factors, namely, transfer of
the reactants and analyte on the electrode interface. In comparison with immunosensors considered
above, EIS became the most popular protocol of signal recording. This might be not only due to higher
efficiency of this detection system but also due to the higher cost of aptamer modification against
labeling Ab for immunosensors. To some extent, the availability of reactants is achieved by commercial
products, including already labeled aptamers ready for implementation in the biosensor assembly.
Their combination with screen-printed electrodes mares the cost of single measurement just compatible
with routine ELISA techniques.

Other modifiers used for aptasensor assembly play the role of aptamer support and mediators of
electron transfer. Reduced graphene oxide, carbon nanotubes and Au nanoparticles are most popular
due to the rather simple preparation for deposition on the bare electrode, chemical and electrochemical
stability and compatibility with aptamers and auxiliary reagents. It can be expected, that the list of
such reagents will be expected by broad application of metal-organic framework (MOF) materials and
nanocomposites obtained in situ on the electrode surface.

In some aptasensors, biochemical amplification previously developed for DNA sensors devoted to
hybridization detection was used like the telomerase/EXO III amplification cycle [149]. This approach
increases the time and cost of measurement but decreases the concentrations detected by more than
one order of magnitude against conventional analogs. They might be quite applicable for infant food
analysis or for screening ultra-low levels of contamination if they required.

Ultra-low levels of mycotoxins to be detected dictate the choice of enzyme label. An appropriate
reaction scheme [162] is similar to the electrochemical ELISA technique but mostly uses alkaline
phosphatase which has sensitive detection schemes based on «x-naphtol oxidation (Figure 11).

0
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Figure 11. Voltammetric determination of alkaline phosphatase (AP) activity with a-naphtyl phosphate
as substrate.

Regarding real sample assay, most works show results obtained with spiked samples containing
a certain amount of mycotoxin without reference to gas-liquid chromatography (GLC) or another
standard method of analysis. In the case of juices from fruits and extracts from nuts and vegetables,
sample treatment assumes filtering from solid impurities and pH correction. In some cases, extraction
by methanol followed by solvent evaporation and/or re-extraction of sediment in aqueous ethanol
is proposed. Such a protocol is adapted from conventional protocols elaborated for HPLC assay. Its
application counterbalances advantages of biosensors like fast response and minimal sample treatment.
To some extent, the negative effect of the sample matrix related to non-specific adsorption of proteins
and other interferences is avoided by the deposition of components covering the free surface of the
electrode in the stage of biosensor manufacture. The use of mercaptans for golden electrodes or BSA for
glassy carbon minimize positive false results yielding from adsorption of native sample components
on the electrode.
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5. Conclusions

Various affine biosensors based on antibodies and aptamers have been developed for reliable and
sensitive detection of mycotoxins. Most of them are directed to the analysis of agriculture samples,
food and feed in order to detect nanogram levels of hazardous species able to negatively affect human
health. To be competitive with conventional analytical instrumentation, biosensors should offer
fast and reliable detection in field conditions with minimal sample treatment and auxiliary reagents
required. Regarding the characteristics of the detection system, electrochemical transducers allow
for quantifying the changes on the electrode interface within several seconds. However, the total
measurement time is much longer because involves several steps of reagents dilution, washing and
incubation necessary to reach Ag—Ab (aptamer—-mycotoxin) equilibrium on the electrode interface.
From this point of view, the information on the residuals of mycotoxins is mostly available in 60-90
min. The following progress in the area of biosensors for mycotoxin determination is directed to
both improvement of operational characteristics and biosensor design. Most important goals of such
improvements are briefly considered below.

Bioreceptor. Although most of the mycotoxins have obtained appropriate antibodies and
aptamers providing their sensitive determination, the variety of bioreceptors is expected to grow
to cover the problems of multi-analyte analysis and simplification of the surface layer assembly. The
use of reduced antibodies (scFv fragments), rather popular in immunoassay schemes, will be extended
to biosensor format. This might be useful for measurements in extreme media, for example, in organic
solvents or in the presence of strong acids/bases used for the extraction of analytes. The progress in
the selection of bioreceptors can accelerate the design of single use biosensors based on paper, as well
as microfluidic devices.

Transducer mode. Both immunosensors and aptasensors mostly follow trends previously
established for their common alternatives, e.g., ELISA. Such an approach does not take into account in a
full-scale advantages of heterogeneous interface transducer-biorecognition layer—sample tested. Thus,
application of mesoporous supports with channels providing fast transfer of charge carriers not only
reduces measurement time but also can affect equilibrium stage and hence shift the theoretical limit
of detectable amounts of mycotoxins against macrosystems. Similar consequences can be obtained
by combination of ultra-small electrodes and microelectrode arrays with flow-through systems of
the controllable transfer of reactants. Such electrochemical devices would be useful not only for
measurements in aqueous medial but also as detectors of electrophoretic and chromatographic sensors
like electroluminescence technique or electrochemical quartz crystal microbalances (surface plasmon
resonance) analyzers.

It should be also mentioned that alternatives to electrochemical transducers can be successfully
used for mycotoxin determination. They offer a variety of opportunities both in the measurement mode
and reliability of response [177,178] especially in analysis of food and biological tissues. Although they
are considered less appropriate for the design of portable (bio)sensors and yet less sensitive toward
mycotoxins than electrochemical devices, it can be expected that the gap between the electrochemical
and optical technique will disappear in the near future.

Analytes. The number of potential analytes for biosensors used in food safety and human health
control is increasing and requirements for their threshold levels being clearer. From this point of view,
universal systems able to work with different bioreceptors and multiplex systems should get priority
in future efforts. Similarly to optic sensors, electrochemical biosensors should offer universal technical
decisions easily adapted to novel analytes by the replacement of immobilized biocomponents. In this
case, the number of new biosensors will be dictated by market necessities.
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