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Abstract Mycotoxins are low molecular weight mole-
cules produced as secondary metabolites by filamentous
fungi that can be found as natural contaminants in many
foods and feeds. These toxins have been shown to have
adverse effects on both human and animal health, and are
the cause of significant economic losses worldwide.
Sensors for mycotoxin analysis have traditionally applied
elements of biological origin for the selective recognition
purposes. However, since the 1970s there has been an
exponential growth in the use of genetically engineered
or synthetic biomimetic recognition elements that allow
some of the limitations associated with the use of natural
receptors for the analyses of these toxins to be
circumvented. This review provides an overview of recent
advances in the application of bioinspired recognition el-
ements, including recombinant antibodies, peptides,
aptamers, and molecularly imprinted polymers, to the de-
velopment of sensors for mycotoxins based on different
transduction elements.
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Introduction

Mycotoxins are low molecular weight (approximately 700)
natural products produced as secondary metabolites by fila-
mentous fungi mainly, although not exclusively, when they
reach maturity [1]. Unlike primary metabolites, these com-
pounds are believed to have no function in the life cycle of
the producer cell [2]. They can be found as natural contami-
nants in many vegetal foods or feeds, including nuts (almonds
and walnuts), cereals (rice, wheat, and maize), oilseeds (soy-
bean, peanuts), fruits, dried fruits, spices, beans, forage, wines,
and grape juices, or in foods of animal origin, such as milk,
eggs, and meat [1, 2]. Alternatively, exposure to these toxins
can be by inhalation of dust containing mycotoxigenic fungal
spores [1]. Regardless of the way they come in contact with
humans or domestic animals, including birds, they may cause
lowered performance, sickness, or even death even at very
low concentrations [3, 4]. Their range of actions includes cy-
totoxic, nephrotoxic, hepatotoxic, teratogenic, mutagenic, car-
cinogenic, immunosuppressive, and estrogenic effects [1, 2].
In any case, their effect on health depends on factors such as
the concentration in the contaminated food and the exposure
time, the synergistic effect of other mycotoxins, and environ-
mental factors associated especially with the storage condi-
tions of the foodstuff [1].

The word Bmycotoxin,^ a combination of the Greek word
for Bfungus^ mykes and the Latin word toxicum, meaning
Bpoison^ [5], was established in 1962 after the Bturkey X
disease^ responsible for the death of approximately 100,000
turkey poults near London, due to the intake of feed infested
with secondary metabolites from Aspergillus flavus
(aflatoxins) [6]. Nowadays, approximately 400 compounds
are recognized as mycotoxins, although only about 30
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molecules are considered as a threat to human and animal
health [3]. Mycotoxins may contaminate crops before or after
harvest. As an example, deoxynivalenol (DON) and T-2 toxin,
two toxins produced by Fusarium species, appear before har-
vest, ochratoxins (from Aspergillus and Penicillium) occur
after harvest, and aflatoxins (from Aspergillus) can be pro-
duced at any stage of the production chain, from before har-
vest to storage [7]. The mycotoxins that show the highest
occurrence rate and the severest effects on human and animal
health include aflatoxins, fumonisins, ochratoxins, 3-
nitropropionic acid, trichothecenes, ergot alkaloids, citrinin
(CIT), and zearalenone (ZEN) (Table 1) [9]. Additionally,
the presence of toxin precursors, metabolites, degradation
products, or the so-called masked mycotoxins is also a poten-
tial threat to consumer safety. The presence of these com-
pounds may increase the toxicity of food commodities with
an apparently low concentration of the parental toxin.
Moreover, their detection is in many cases still in its infancy.
Such metabolites and masked mycotoxins have been reported
at least for trichothecenes, fumonisins, ochratoxin A (OTA),
and ZEN [10].

Mycotoxin-producing molds are extremely common,
and they grow under a wide range of conditions, which
often makes mycotoxin contamination inevitable [3]. As
the presence of these toxins in food and animal feeds
can have severe health effects as well as important eco-
nomic consequences, several national and international

authorities, including the European Commission, have
set maximum residue limits for the most common and
most toxic mycotoxins (Table 2) [11–15]. The limits
differ depending on the toxin and the foodstuff in ques-
tion; the strictest regulations have been set for aflatoxins
and the processed food products for infants. In addition
to the toxin regulations for foodstuff, European
Commission regulations include also the presence of
mycotoxins in animal feed [16, 17].

To meet the regulations and to ensure food safety,
novel analytical methods are needed to detect and quan-
tify these toxic molecules at trace concentrations.
Conventionally, mycotoxins are detected by chromatog-
raphy, immunoassays, or sensors. While chromatograph-
ic methods, mostly high-performance liquid chromatog-
raphy coupled with diode array, fluorescence, or mass
spectrometry detection, offer high sensitivity and accu-
racy, they have some limitations related to their high
cost and long analysis time and the requirement of
highly skilled personnel and tedious sample cleanup
[18–21]. In this sense, immunoassays can be considered
as an alternative for the rapid determination of these
natural toxins, with the advantage that they are usually
low cost while maintaining the required sensitivity and
specificity. Moreover, sensors for mycotoxin detection
can offer real-time readout and perform the entire pro-
cess automatically [22, 23].

Table 1 Most abundant and toxic mycotoxins, their most important producers, and their most important effects [2 ,3, 8]

Mycotoxin Fungi species Structure Effects Commondities affected

Aflatoxins (AF)
AFB1, AFB2

AFG1, AFG2

AFM1

Aspergillus flavus 
Aspergillus parasiticus

Acutely toxic, carcinogenic, immunosuppressive,
mutagenic, genotoxic, teratogenic 

Nuts, cereals, maize, rice

Citrinin (CIT)

Penicillium citrinum 
Penicillium camemberti 
Aspergillus terreus 
Aspergillus niveus

Cytotoxic and nephrotoxic Wheat, oats, rye, corn, barley, rice

Deoxynivalenol 
(DON)

Fusarium graminearum 
Fusarium culmorum

Potent inhibitor of eukaryotic protein synthesis
causes nausea, vomiting, and diarrhea

Grains such as wheat, barley, oats, 
rye, maize, rice, sorghum

Fumonisins
FB1

FB2

Fusarium verticillioides
Fusarium proliferatum

Hepatotoxic and carcinogenic, interferes with 
sphingolipid metabolism

Maize and sorghum

Ochratoxin    
OTA

Aspergillus ochraceus 
Aspergillus carbonarius
Penicillium verrucosum

Carcinogen, nephrotoxic, teratogenic, 
immunosuppressive, potent teratogen

Grains such as corn, barley, oats, rye, 
and wheat, coffee beans

Patulin
Penicillium patulum 
Penicillium expansum 
Aspergillus spp

Genotoxic, immunotoxic, neurotoxic, teratogenic
Apples, pears, cherries, and other 
fruits

T-2 toxin
Fusarium sporotrichioides
Fusarium poae

Cytotoxic, immunosuppressive, potent inhibitors 
of eukaryotic protein synthesis

Wheat, barley, oats, maize

Zearalenone 
(ZEN)

Fusarium graminearum Estrogenic
Cereal crops such as wheat, maize,
barley, and sorghum
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The most crucial element of all immunoassays and sensors
is the recognition element, which makes possible the specific
detection of the target analyte, and the quality of the recogni-
tion element often defines the specificity and sensitivity of the
analysis [24, 25]. Especially in the case of competitive assays,
which is usually the format selected to detect low molecular
weight targets, such as mycotoxins, the importance of the
recognition element is eminent as the sensitivity of competi-
tive assays is highly dependent on the affinity of the recogni-
tion element [26]. To develop a sensitive and specific method,
the recognition element must be able to detect the analyte even
at low concentrations and to distinguish the target from other
similar molecules, such as other toxins that can be present in
the same sample [27]. Other factors affecting the selection of
the recognition element include cost, availability, and compat-
ibility, as well as stability and shelf life.

Antibodies are the gold standard recognition elements in
biosensors and assays, and they have proven their superiority
over the years in terms of specificity and sensitivity. For the
detection of mycotoxins, the first polyclonal antibodies were
described more than 40 years ago [28] and they were soon
complemented by monoclonal antibodies [29, 30]. During the
last few decades, numerous applications besides the tradition-
al ELISA have been described, and excellent sensitivities have
been reported recently, for example, with magnetic beads for
improved separation [31–33], or novel detection schemes, in-
cluding new label-based approaches [34–36] and label-free
approaches [37–40]. Many polyclonal and monoclonal anti-
bodies as well as ELISA-based test kits are commercially
available, and antibodies indisputably continue their reign as
the recognition element of choice [41, 42]. Nevertheless, de-
spite their wide use, antibodies have some limitations mostly
related to high cost and low stability, for example, to high
temperatures or stringent conditions. Owing to their large
and complex structure, antibodies are able to specifically bind

their target antigen but, at the same time, the complex structure
is susceptible to denaturation, degradation, or aggregation.
Moreover, production of monoclonal antibodies by hybrid-
oma technology is usually time-consuming and inherently de-
pendent on animal immunization [26, 41]. Small analytes,
such as mycotoxins, are often difficult targets for antibody
development as they are too small to be recognized by the
immune system, and thus require conjugation to a carrier mol-
ecule [26]. In addition, some commercial antibodies have
been demonstrated to have high cross-reactivity, which limits
their application to real samples, where several toxins can be
present simultaneously [43–45].

Novel recognition elements have the potential to overcome
the limitations related to monoclonal and polyclonal antibod-
ies. Not only can the sensitivity and specificity be increased,
but, perhaps even more importantly, the robustness, simplici-
ty, and price of the method can be affected, making it possible
to develop methods suitable for high-throughput screening or
low-resource settings. In this review, we introduce some re-
cent advances in the development of novel bioinspired recog-
nition elements, including recombinant antibodies, peptides,
aptamers, and molecularly imprinted polymers (MIPs), for the
detection of mycotoxins.

Recombinant antibodies

Antibodies are widely used for biosensing because of their
unique properties and immense variety of possible specific-
ities. Naturally, antibodies are produced by the immune sys-
tem in B-cell lymphocytes to function as antigen receptors for
the cell. The vast recognition variety relies on the variations
introduced during the transcription process of the B cells by
combinatorial assembly of the gene fragments, and further, by
additional mutations after the primary recognition [46]. For

Table 2 Regulations and recommendations for mycotoxins by the European Commission [11–15]

Mycotoxin Maximum limit
(μg/kg)

Foodstuffs Regulation

Alfatoxins
Aflatoxin B1

Sum of aflatoxins B1, B2, G1 and G2

Aflatoxin M1

0.10–12.0
4.0–15.0
0.025–0.050

Nuts, dried fruit, cereals and cereal products, maize, spices
Milk

EC No. 1881/2006
EC No. 165/2010

Deoxynivalenol 200–1750 Unprocessed cereals and maize, pasta, bread, cereal-based infant food EC No. 1881/2006
EC No. 1126/2007

Fumonisins
Sum of Fumonisins B1 and B2

200–4000 Unprocessed maize and maize-based foods EC No. 1881/2006
EC No. 1126/2007

Ochratoxin A 0.50–10.0 Cereals and cereal products, dried vine fruit, coffee, spices, wine
and grape juice

EC No. 1881/2006
EC No. 105/2010

Patulin 10.0–50 Fruit juices, apple products, cereal-based infant food EC No. 1881/2006
T-2 and HT-2 toxins
Sum of T-2 and HT-2 toxins

15–1000 Unprocessed cereals and cereal products EC No. 165/2013

Zearalenone 20–350 Cereals, maize, cereal- and maize-based product, bread EC No. 1881/2006
EC No. 1126/2007
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decades, polyclonal and monoclonal antibodies have been the
cornerstone of most mycotoxin detection methods, but grad-
ually they have been complemented by other antibody for-
mats. The conventional IgG antibody (approximately 150
kDa) consists of two identical heavy polypeptide chains (50
kDa) and two identical light polypeptide chains (25 kDa) that
are linked to each other by disulfide bonds (Fig. 1a). The light
and the heavy chains both have one variable domain (VL and
VH, respectively), and additionally the light chain has a single
constant domain, whereas the heavy chain contains three or
four constant domains. The two antigen-binding fragments
(Fabs) are responsible for binding to the target, whereas the
highly conserved Fc region (fragment crystallizable) interacts
with effector molecules and cells [46, 48]. The most relevant
region, from the analytical point of view, is the antigen-
binding site, or paratope, which is rather small compared with
size of the total antibody. The concept of reducing the size of
the antibody while conserving the antigen-binding properties
has long been known, and enzymatic digestion has tradition-
ally been used to generate antibody fragments [25, 46].

More recently, advancements in recombinant DNA technol-
ogy and protein engineering have made it possible to modify
the antibody structure and develop recombinant antibodies that
possess several advantageous characteristics, such as smaller
size and easy production, while preserving the target specificity
of the intact antibody [49]. The best known antibody fragments
are the Fab fragment (55 kDa) and the even smaller scFv (sin-
gle chain fragment variable; 25 kDa), which consists only of
the VH and VL domains, which are joined by a synthetic poly-
peptide linker (Fig. 1a) [49]. The small size of recombinant
antibody fragments has several advantages, including the de-
crease of nonspecific binding often caused by the Fc region of
the intact IgG, and the possibility to immobilize the antibodies
at higher density. Furthermore, novel recombinant antibodies
can theoretically be selected within a couple of weeks, which

can be considered a major advantage compared with the devel-
opment of polyclonal and monoclonal antibodies, where im-
munizations inevitably take several months [26, 27]. Antibody
fragments, unlike full-length antibodies, can be propagated in
bacteria, such as Escherichia coli, which significantly lowers
the cost of production as no specialized cell culture facilities for
hybridoma cell lines are needed [50]. The technology has the
potential to bypass the immune system and produce antibodies
without the need to immunize animals. Generation of antibod-
ies by in vitro display technologies has several advantages over
the naturally derived antibodies, such as the control over the
selection conditions and the great high-throughput potential,
including parallelization, automation, and miniaturization
[43]. Moreover, antibody engineering using different in vitro
strategies, including chain shuffling and site-directed mutagen-
esis, permits further manipulation or modification of various
antibody properties to achieve greater affinity or stability, elim-
inate unwanted cross-reactivities, or add tags for purification or
immobilization [26, 48].

Recombinant antibodies can be derived from monoclonal
antibodies by direct cloning of the gene fragments from the
hybridoma cell lines and their expression in E. coli. For ex-
ample, recombinant Fab fragment against DON [51] and
scFvs against aflatoxin B1 (AFB1) [52], DON [53], and
fumonisin B1 (FB1) [54] were derived directly from monoclo-
nal antibodies. However, isolation of functional recombinant
antibodies directly from hybridoma cell lines can be difficult,
and the fragments often have lower affinity than the parental
monoclonal antibody [55, 56]. For example, the anti-FB1 scFv
produced by Min et al. [54], although specific toward FB1,
had about 12 times lower affinity than the monoclonal
antibody.

Alternatively, recombinant antibodies can be selected from
recombinant antibody libraries, in essence mimicking the nat-
ural in vivo process of antibody production. The process

Fig. 1 a The conventional antibody (IgG), the heavy chain antibody
(hcAb), and the most common recombinant antibody fragments (scFv,
Fab, VHH). bGeneral scheme of the phage display biopanning procedure.

CH constant heavy domain, CL constant light domain, VH variable heavy
domain, VL variable light domain. (Adapted from [47])
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includes (1) the generation of genotypic diversity, usually by
construction of antibody libraries that consist of millions or
billions of different antibody variants, (2) the display method,
which creates a physical link between the expressed protein
variant and the gene coding for it, (3) the application of selec-
tive pressure to screen the antibody libraries for target-specific
binders, and (4) amplification of the selected variants [57]. By
far the most used and most widespread technique for screen-
ing antibody libraries is phage display [58], which is based on
bacterial viruses, bacteriophages, which can infect bacteria
and use the bacterial cell for their own replication. Phages
can be easily genetically engineered to display foreign pep-
tides or proteins outside the virion as a fusion protein with one
of the coat proteins. Peptides and small antibody fragments
have been displayed on phages to create phage libraries
consisting of millions of different phage clones that display
the peptide or antibody fragment outside the virion while
retaining the genetic material inside the capsule. This physical
linkage allows easy selection of the target-specific binders in
an in vitro screening process called Bbiopanning^ (Fig. 1b). In
the iterative panning procedure, a phage-displayed library is
introduced to a target coated surface, and, after the unbound
phages have bene washed away, the target-binding phages are
eluted and amplified in E. coli to subject them to subsequent
rounds of selection. Usually after three or four rounds of selec-
tion, individual target-specific clones can be selected and char-
acterized [59]. Alternatively, the screening of the antibody reper-
toire can be based on yeast display [60], or cell-free systems,
such as ribosome display [61]. Although not as popular as the
phage display technology, these methods offer some advantages,
such as the capability of yeast cells to express complex proteins
that require posttranslational modifications, or the possibility to
create larger libraries with use of cell-free methods that are not
restricted by the bacterial transformation efficiency [62].

Recombinant antibody libraries can be constructed from
natural sources by isolation of the B cells of animals, most
often mice, immunized with the target antigen, and use of the
corresponding genes to construct the antibody library [63].
Such immunized libraries are already biased toward the target,
and they often, although not necessarily, result in high-affinity
binders. However, the process is long and inherently depen-
dent on animal immunization individually for each target.
Phage-displayed scFv libraries have been constructed from
immunized mice against FB1 [64], OTA [65], and ZEN [66].
Surface plasmon resonance (SPR) analysis revealed excellent
affinities in the nanomolar range for the anti-OTA and anti-
ZEN antibody fragments, demonstrating the advantage of
using immunized libraries. In a different approach, so-called
positive phage-displayed libraries have been constructed by
random recombination of the VH and VL gene fragments from
hybridoma cell lines that secrete a specific monoclonal anti-
body (Fig. 2a). Such libraries have been reported at least
against AFB1 [56] and FB1 [55], both of which resulted in

an scFv with increased affinity compared with the parental
monoclonal antibody.

Alternatively, the library construction can be done complete-
ly in vitro, resulting in nonimmunized (naïve) [68], synthetic
[69], or semisynthetic antibody libraries that contain higher
sequential diversity and can be designed for screening of anti-
bodies against a wide range of targets, or designed taking into
account specific prerequisites so as to find antibodies, for ex-
ample, against haptens [70]. The use of synthetic libraries has
several advantages, such as the possibility to select antibodies
against small or difficult targets that can be nonimmunogenic or
highly toxic, but the library diversity has to be high enough to
find binders with high affinity. Construction of such libraries is
technically difficult and limited by the efficiency of the bacte-
rial transformation [59]. For mycotoxins only a few examples
of recombinant antibodies originating from naïve or synthetic
libraries have been reported. Anti-FB1 scFv selected from a
naïve library showed affinity of only KD = 4.08 × 10–7 M
[71], whereas anti-AFB1 screened from a synthetic human
scFv library (Tomlinson J) showed excellent KD of 1.2 × 10–
12 M [72]. Some examples of immunoassays based on recom-
binant antibodies are presented in Table 3.

Heavy chain antibodies, naturally produced by camelids
and sharks, are an interesting subclass of antibodies that are
completely devoid of the light chains (Fig. 1a) [76]. Thus,
because of the lack of the VL domains, the antigen is recog-
nized by a single domain and the paratope is composed of
three hypervariable loops (instead of six in IgG) [48]. The
use of the single variable domain of heavy chain (VHH) anti-
bodies has gained a lot of interest thanks to their specific
characteristic and the extraordinary structure that makes them
more suitable for some applications. The VHH antibody frag-
ments, also known as Bnanobodies^ or Bsingle domain
antibodies,^ are the smallest available antigen-binding frag-
ments, with a size of only 15 kDa, and they are robust and very
stable in a variety of conditions, including high temperatures
and denaturing conditions thanks to the hydrophilic residue
substitutions in a specific region [48, 77]. Heavy chain anti-
bodies are used in clinical and therapeutic applications but are
also an interesting option for in vitro diagnostics.

Heavy chain antibodies (VHH), or nanobodies, are usually
selected by construction of a phage-displayed library after
immunization of an alpaca with the hapten conjugate.
Although nanobodies have many ideal characteristics for bio-
sensor applications, such as high stability and easy produc-
tion, only a few examples of successful application for myco-
toxins have been reported (Table 3). The most widely used
nanobody was developed by Liu et al. [67] for the detection of
OTA using an alpaca-derived VHH library. The nanobody
Nb28 showed excellent performance in phage display-
mediated immuno-polymerase chain reaction, with a detection
limit of 3.7 pg/L (Fig. 2b), which is the lowest detection limit
reported for OTA detection, although the high sensitivity is
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probably mostly attributed to the polymerase chain reaction
based detection rather than the recognition element per se. An
excellent example of the possibilities offered by protein engi-
neering was described later when the same nanobody was
expressed as a fusion with alkaline phosphatase and used in
direct competitive fluorescence enzyme immunoassay with a
detection limit of 0.04 ng/mL [75], and in nanobody-based
ELISA with a detection limit of 0.16 ng/mL [78]. The
nanobody-based ELISA had a slightly higher detection limit
but the soluble nanobody had greater stability and it could
retain the antigen-binding activity even after exposure to tem-
peratures as high as 95 °C. Similar results regarding nanobody
stability and tolerance to high temperatures and organic sol-
vents were reported for an AFB1-specific nanobody selected
also from an alpaca-derived VHH library. This competitive
nanobody-based ELISA exhibited a half-maximal inhibitory
concentration (IC50) of 0.754 ng/mL, and because of the high

tolerance to methanol, sample extracts could be directly ana-
lyzed without dilution [74]. Recently, the OTA-specific
nanobody Nb28 was used for the development of a
membrane-based dot ELISA that allowed noninstrumental vi-
sual screening of OTA at 5 μg/kg, and results could be obtain-
ed within 20 min [79].

Although nanobodies are widely praised and the few ex-
amples described here enlighten the many advantages of
nanobodies, the discovery of hapten-binding nanobodies is
difficult [80]. It has also been pointed out that nanobodies
are not ideal binders for small molecules because they possess
a limited number of conformational structures suitable for
hapten recognition [81]. More nanobodies for mycotoxin de-
tection have been reported to be used as epitope mimics
(discussed in BEpitope mimics^) rather than as primary anti-
bodies, which might be a more appropriate application for this
special class of antibodies because of the structure of their

Fig. 2 a Construction of a positive phage-displayed library for the selec-
tion of high-affinity scFv antibodies for aflatoxin B1 (AFB1) detection. b
Selection of ochratoxin A (OTA)-binding VHH from an immunized
library and the use of phage-displayed VHH in phage ELISA with

phage display-mediated immuno-polymerase chain reaction (PCR)-based
detection. BSA bovine serum albumin, OVA ovalbumin. (aAdapted from
[56]; b adapted from [67])
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paratope, which is known to have better access cleft-like epi-
topes than conventional antibodies [49].

Low molecular weight molecules such as mycotoxins are
usually detected in a competitive assay format that requires
conjugation of the toxin to a label or a carrier molecule.
Despite their wide use, such assays have many fundamental
problems in respect to the specificity and sensitivity. As the
sensitivity of competitive assays is mainly governed by the
equilibrium constant of the antibody, these assays cannot fully
exploit different alternatives in the assay design that can sig-
nificantly increase the sensitivity in noncompetitive immuno-
assays [82]. In some cases, conjugation of the antigen can be
difficult or result in randomly cross-linked or unstable mole-
cules, which can reduce the antibody binding. Consequently,
the noncompetitive or sandwich-type immunoassays are usu-
ally considered superior to the competitive assays and hold
great potential for increased sensitivity and wider dynamic
range. Conventionally, such a noncompetitive two-site assay
format requires that the antigen has two separate epitopes
where two antibodies can bind simultaneously, forming the
Bsandwich^ complex [26]. Mycotoxins are small molecules,
or haptens, which possess only one epitope and cannot bind
more than one antibody simultaneously. That said, recombi-
nant antibody technology has made it possible to develop
nonconventional antibodies that can be used to detect also
haptens in noncompetitive assays.

Open sandwich immunoassay (OS-IA), originally de-
scribed by Ueda et al. [83] for the detection of lysozyme, is
based on association of separated VH and VL chains in the
presence of the antigen. OS-IA is an excellent example of a
way to detect small molecules in a noncompetitive assay, and
has been reported to outperform competitive assay in terms of
sensitivity, working range, and assay time [84]. However, in
any case the detection sensitivity depends strongly on the
affinity of the antibody used and the differential interactions
between separated VH and VL chains in the presence or ab-
sence of the target. Moreover, as only one antibody is in-
volved, OS-IA can suffer from cross-reactivity [84, 85].
Suzuki et al. [86] developed an OS-IA for the detection of
ZEN by using the split Fvs (VH and VL chains) of a monoclo-
nal anti-ZEN in phage display or fusion protein formats. Both
noncompetitive assays showed superior performance com-
pared with the competitive assay. However, despite the attrac-
tive scheme, unfortunately development of OS-IAs is difficult
and time-consuming, and, to the best of our knowledge, this is
the only reported OS-IA for the detection of mycotoxins. This
hints, and as has been stated elsewhere [84], that it is often
challenging to find antibodies that possess the required char-
acteristics with differential interactions between separated VH

and VL chains in the presence or absence of the antigen, which
is the essence of the method.

Another alternative for small molecule noncompetitive im-
munoassay is to use anti-immune complex antibodies, also

known as Banti-metatype antibodies,^ which bind to the pri-
mary antibody only when it is in complex with the antigen.
Originally, anti-immune complex antibodies were monoclonal
antibodies developed by immunization [87], but later phage-
displayed libraries with antibodies [88] or peptides [89, 90]
were used as well. Noncompetitive immunoassays based on
anti-immune complex antibodies have the added advantage of
increased specificity owing to the use of two antibodies in-
stead of one as in the competitive assay, as was seen in the
work of Arola et al. [91, 92]. The group identified first HT-2-
specific binders from an immunized phage library and, subse-
quently, anti-immune complex antibodies from a naïve scFv
library. Although the primary antibody showed cross-
reactivity between the highly similar toxins T-2 and HT-2,
the use of anti-immune complex antibody made the assay
specific for HT-2 toxin only. The antibodies developed were
used in a homogeneous time-resolved fluorescence resonance
energy transfer assay (Fig. 3a) [91] and later in heterogeneous
ELISA with scFv–alkaline phosphatase fusion [92] for the
detection of HT-2 with detection limits of 0.38 and 0.3 ng/
mL, respectively. Compared with the competitive ELISA, the
novel anti-immune complex assay was approximately ten
times more sensitive in both cases, underlining the possibility
for improved detection by the noncompetitive assay format.

Epitope mimics

As stated already, one major limitation of the competitive
assay format is the requirement to conjugate the target toxin
to a carrier molecule, usually a protein or a label, to allow
immobilization or detection of this competitor. Synthesis of
the toxin conjugates can be difficult and time-consuming, or
can result in randomly cross-linked or unstable molecules,
which can reduce the immunoassay sensitivity. Lot-to-lot var-
iations of the conjugates, or even false positives caused by the
release of the analyte moiety from the conjugate, are known to
affect the assay reproducibility and accuracy [94, 95]. On the
other hand, labeling the target toxin may alter the epitope and
thus reduce or even abolish antibody recognition [26, 96]. To
overcome these drawbacks, a possible alternative is to develop
protein or peptide substitutes that mimic the target mycotoxin
and serve as the competitor in the competitive immunoassay.
Such epitope mimics bind to the same antibody paratope as
the target toxin and elicit an antibody response similar to that
of the analyte. As epitope mimics can substitute for the toxins
and the toxin conjugates used in the immunoassay, such ap-
plications can be considered more friendly for the user and the
environment as the assay components are not toxic themselves
[94]. Table 4 summarizes some recent examples of the use of
epitope mimics in immunoassays for the detection of myco-
toxins. These and several other reports have shown that epi-
tope mimics can reduce the detection limits compared with
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traditional ELISAs with the toxin conjugate and show poten-
tial to replace the use of toxin conjugates or toxin standards in
the assays [18].

Antibodies themselves, referred to as Banti-idiotypic
antibodies^ or BAb2^ (more specifically, Ab2β and Ab2γ in-
dicating binding either within or close to the paratope) [107],
can be used as epitope mimics. The first anti-idiotypic antibod-
ies for aflatoxin [108, 109], FB1 [110], and DON [111] were
purified from the sera of rabbits immunized with the monoclo-
nal anti-toxin antibodies. After confirmation of their binding to
the primary antibody (Ab1) in ELISA, the anti-idiotypic anti-
bodies were also used to produce anti-anti-idiotypic antibodies
(Ab3), which in some cases have shown increased affinity
compared with the original antibody [112]. Also monoclonal
anti-idiotypic antibodies have been developed, although the use
has been intended mainly for vaccine development or toxicity
studies [113, 114]. For immunoassay development, several re-
combinant anti-idiotypic antibodies for mycotoxins have been
selected from random phage libraries. Phage display offers an
exquisite method to search for epitope mimics even with little
prior knowledge of the antibody–antigen interaction, which is
often the case especially in the case of commercial antibodies.

As the antigen-binding site of conventional antibodies is
rather large and flat, they are probably not the best option to
mimic small haptens, such as mycotoxins, and all recently re-
ported anti-idiotypic antibodies for mycotoxins were heavy
chain antibodies (VHH) selected from either immunized or
naïve libraries. In contrast to the recognition surface of conven-
tional antibodies, which is composed of six complementarity-
determining regions, heavy chain antibodies have only one
variable region (VHH), and for this reason one of the
complementarity-determining regions is unusually long and

variable. This structure is known to create rather large convex
paratopes and allow better binding to clefts and cavities, which
has been suggested to be more suitable for molecular mimicry
of haptens [26, 100, 115]. For example, Wang et al. [97] select-
ed an anti-idiotypic VHH from an immunized library for the
detection of AFB1. The nanobody-based ELISA showed an
IC50 of 13.8 μg/kg for AFB1 in spiked samples, which was
further reduced fourfold with use of phage display-mediated
immuno-polymerase chain reaction for the detection with the
same nanobody [98].

Although nanobodies isolated from naïve phage-displayed
libraries occasionally do not have enough affinity to be used as
the primary antibody, they can be suitable as anti-idiotypic anti-
bodies in competitive immunoassay. In this case, a slightly lower
affinity of the epitope mimic can be advantageous as weaker
affinity indicates less amount of the analyte needed to participate
in the competition, which leads to higher sensitivities [100, 104].
In fact, the naïve alpaca nanobody phage-displayed library, orig-
inally constructed by Tu et al. [99] for screening of DON-
specific nanobodies, w widely used thereafter for screening of
anti-idiotypic nanobodies for the detection of several myco-
toxins, including CIT [116, 117], DON [95], FB1 [100, 101],
and OTA [104]. In all cases, the use of the anti-idiotypic
nanobody increased the sensitivity of the ELISA, at best 20-
fold compared with the assays with the toxin conjugates.

Perhaps a simpler alternative to anti-idiotypic antibodies is
the use of small peptides as epitope mimics. Such peptides, also
known as Bmimotopes,^ have been developed for the most
common mycotoxins, including DON [112], FB1 [93, 102,
103], OTA [105, 106, 118–120], and ZEN [121]. Reported
mimotopes differ in length and structure; use of linear 7-mer
[106, 118] and 12-mer [93] peptides as well as cyclic

Fig. 3 a Homogeneous noncompetitive immunoassay for the detection
of HT-2 toxin based on the anti-immune complex Fab, which binds to the
primary antibody with HT-2 toxin. Fluorescence resonance energy trans-
fer (FRET) occurs because of the short distance between the two

fluorophores. b Microarray-based immunoassay for the detection of
fumonisin B1 (FB1) using biotinylated mimotopes. (a Adapted from
[91]; b adapted from [93])
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mimotopes [102] has been described. Although no clear con-
sensus in the sequence of these mimotopes is seen, even with
mimotopes for the same mycotoxin, the peptides usually con-
tain several charged and aromatic amino acids. The use of
mimotopes for mycotoxin detection has been described in sev-
eral applications, and some recent examples are presented in
Table 4. The phage-borne peptides have been directly used in
ELISA with colorimetric [118] and chemiluminescent [105]
detection, as well as in dipstick [105] and dot [121] immuno-
assays. Moreover, researchers have developed alternative
Bphage-free^ approaches by replacing the phage-borne peptide
with the synthetic or recombinant counterpart, thus avoiding the
use of the phage in the assay. As the chemical synthesis of short
peptides is a well-established and widely used method, the use
of synthetic mimotopes is a simple alternative to use of the
phage-displayed peptides. Such phage-free applications have
been reported for OTA with use of a biotinylated mimotope
with streptavidin-labeled horseradish peroxidase [106] as well
as for FB1 with use of the synthetic peptide–bovine serum
albumin conjugate as the coating antigen in peptide ELISA
[102] and recently with use of a biotinylated mimotope in a
microarray format (Fig. 3b) [93]. Alternatively, recombinant
mimotopes can be expressed in E. coli as protein fusions and
used to coat the ELISA plate without the need for further con-
jugation. For example, mimotopes for OTA and FB1were fused
with maltose-binding protein, and after purification the recom-
binant fusion proteins were directly used as coating agents in
ELISA [103, 120]. This approach can offer a cheaper alterna-
tive to the synthetic peptides as even large amounts of the fusion
protein can be expressed in bacteria cost-effectively; however,
the process requires cloning of the construct, which can be
time-consuming.

Peptides

Peptides are involved in a wide range biochemical processes
and are essential for many biological functions, such as signal-
ing, cell growth, and metabolism [122]. As peptides share the
same chemical structure as proteins, they can be considered as
an attractive bioinspired recognition element to replace anti-
bodies. Small peptides are stable in a wide range of conditions
and are easy to synthesize, optionally with different modifica-
tions or tags for immobilization or labeling [123, 124].
Modeling of short peptides is relatively easy, and for screening,
both molecular biology and chemical techniques are available
[125]. Furthermore, peptide binders can be obtained also for
targets that are difficult for antibodies, such as toxic molecules
or targets with low immunogenicity [41]. Yet, only a few pep-
tides have been successfully used as recognition elements since
the design of new peptide receptors with high affinities is chal-
lenging because of limited understanding of interactions in-
volved in the molecular recognition [126].

Peptides can be derived from natural sources (e.g. naturally
occurring peptide hormones), from genetic or recombinant li-
braries, or from chemical libraries. They can be selected from
combinatorial libraries that have been synthesized directly from
themonomeric components, in the case of peptides from amino
acids. As chemical synthesis has access to a wider diversity of
the starting components, combinatorial libraries can be con-
structed with the use of not only natural but also unnatural
amino acids or pseudo-peptide bonds [126]. The advances in
bioinformatics and computational methods have also made it
possible to design peptide receptors in silico. Molecular model-
ing can be used to obtain structural information about the target
molecule that can then be applied to direct the design of com-
binatorial libraries, or to completely rationally design artificial
receptors [126]. Alternatively, peptides can be selected from
phage-displayed libraries that are based on phage vectors for
displaying peptides as a fusion with one of the phage coat
proteins [59]. The advantage of phage display technology is
the fully random nature of the libraries, which do not contain
rationally designed structures, and the same library can be used
essentially for any target [125]. However, so far all the reported
phage-displayed peptides for mycotoxin analysis have been
used as mimotopes (see BEpitope mimics^) rather than as the
primary recognition element.

The few examples of peptide-based recognition of myco-
toxins found in the literature include, for example, the devel-
opment OTA-binding peptide NFO4, which was derived from
a specific region of human oxidoreductase. Synthetic NFO4
was used with horseradish peroxidase conjugated OTA in a
competitive ELISAwhich showed an IC50 of 3.2 μg/L [127].
Later the detection limit was slightly reduced by immobiliza-
tion of the peptide on three-dimensional porous chitosan sup-
ports instead of a microtiter plate well [128] or by use of an
amperometric sensor as the transducer [129]. Also Heurich
et al. [130] designed an OTA-binding peptide, this time by
computational modeling. In SPR analysis these de novo de-
signed peptides showed binding toward OTA–bovine serum
albumin conjugate with KD of 11.8–15.7 μM; however, com-
petitive assay with free OTA was not tested. Some groups
have also identified peptides against OTA [131] and aflatoxins
[132] by combinatorial synthesis. These peptides showed de-
cent affinities for the mycotoxins, Keq = 103–104 M−1, which
was sufficient to retain the target in solution, and the chemi-
cally synthesized peptides could be used for solid-phase ex-
traction of the toxins; however, such low affinity constants are
usually not suitable for sensor development.

Aptamers

The etymological meaning of Baptamer^ refers to the Latin
word for Bto fit^, aptus, suggesting the relationship between
aptamers and their target following the Block-and-key^ theory.
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Aptamers are small (usually from 2 to 60 nucleotides) single-
stranded RNA or DNA that can bind specifically to diverse
targets, including ions, peptides, proteins, cells, antibodies,
and organic molecules. In a similar way, aptazymes
(RNAzymes and DNAzymes) are engineered aptamers with
allosteric properties that combine a target-binder strand and an
enzyme strand. Aptamers for specific targets can be obtained
by the screening of oligonucleotide libraries (1014–1015 vari-
ants) through the process of systematic evolution of ligands by
exponential enrichment (SELEX). Since the invention of
SELEX more than 25 years ago, the method has evolved
considerably. For example, most aptamers selected for small
molecules until 2007 consisted of RNA, but in recent years,
use of DNA aptamers has increased, given their stability to
nuclease digestion [133]. In addition, the SELEX process has
evolved to a variety of modified approaches that allow selec-
tion of aptamers with better specificity and binding efficiency
(Fig. 4) [134]. New aptamer-related data are published almost
every day, and thus online databases are available to provide
access to, for example, specific aptamer applications or clas-
sification. An interesting example is the website http://www.
aptagen.com/aptamer-index/aptamer-list.aspx.

Biosensors using aptamers as biorecognition elements, also
referred as Baptasensors,^ were first described in 1996
[133–135], and have since been used in various sensing ap-
plications. Aptamers can provide high stability and affinity, as
well as simplicity, low cost and excellent batch-to-batch

reproducibility. Particularly, aptasensors have attracted huge
attention in the analyses of food contaminants, such as myco-
toxins, owing to the inherent advantages compared with other
biorecognition elements, especially their excellent binding
constants for most mycotoxins studied, with dissociation con-
stants (KD) in the nanomolar range (Table 5). Nonetheless,
aptamers, especially RNA aptamers, are highly sensitive to
nucleases, and moreover, aptamer affinity is strongly depen-
dent on the binding conditions.

Immobilization of aptamers is a key step in the design of
biosensors as it can affect the affinity of the aptamer for its
target and also its long-term stability for real sample analysis.
In recent years (2012–2017), mostly all immobilization strat-
egies used for aptasensor development were based on (1) ad-
sorption or π–π stacking interactions between the DNA bases
of the aptamer and graphene oxide (GO)-modified interfaces
[140], (2) covalent linkage of the aptamer to carboxylic acid
groups present on a surface or nanomaterial [145], (3) binding
of thiolated aptamers to CdTe quantum dots (QDs) or Au-
based materials [146], (4) affinity binding based on biotin–
streptavidin or other affinity interactions [147, 148], or (5)
hybridization to a partially complementary single-stranded
DNA, previously immobilized on a surface or a nanoparticle
[149–151].

In the same way as immunosensors, aptasensors have been
used in several different sensing schemes to transduce the
recognition process, such as direct, competitive, displacement,

Fig. 4 In the systematic evolution of ligands by exponential enrichment
(SELEX) process, an initial pool of 1014–1015 random single-stranded
DNA or RNA molecules is subjected to binding with the target, and the
eluted probes are amplified by polymerase chain reaction (PCR). The
selection process is repeated 6–15 times with amplified oligonucleotides
(ONTs) as the new pool. Different SELEX modifications can be

performed to obtain aptamers with high specificity and affinity; for ex-
ample, toggle-SELEX can perform selections with two different target
molecules to obtain bispecific aptamers. RT reverse transcription.
(Reproduced with permission from [134], copyright 2013, Korean
Society of Applied Pharmacology)
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and sandwich assay formats [152]. In recent years, a wide vari-
ety of novel methods in combination with new transduction
approaches or innovative amplification techniques (Fig. 5) have
been reported [153, 154]. For example, isothermal amplification
of nucleic acids has emerged as a promising alternative for
aptasensors [154]. Indeed, there are an increasing number of
biosensors for a wide spectrum of targets (small molecules, ions,
proteins, etc.) that have increased their sensitivity by incorpora-
tion of the isothermal amplification detection mode [155].

Some examples of recently reported aptasensors for myco-
toxin detection are described in Table 6. More than 40% of the
mycotoxin aptasensors reported in the last couple of years are
based on fluorescence, and among them, one of the most used
strategies is based on the use of metal and carbon nanostruc-
tures, such as gold nanoparticles (AuNPs), GO, single-walled
carbon nanotubes, MoS2 flakes, or TiO2 tubes. Many of these
examples make use of the strong quenching of fluorescent
aptamer conjugates adsorbed on these surfaces by π–π stack-
ing interactions [158–160]. For example, Lv et al. [160] fab-
ricated a sensitive aptasensor for OTA detection using single-
walled carbon nanohorns (SWCNHs) as efficient quenchers,
which provided complete loss of fluorescence intensity of the
unfolded fluorescein (FAM)-labeled OTA–aptamer when
absorbed onto the carbon nanohorn. Addition of OTA resulted
in an aptamer shape change to a G-quadruplex that was further
released from the SWCNH surface, with a corresponding in-
crease in the fluorescence, proportional to the toxin concen-
tration. The approach included a self-amplifying cycle that
took advantage of the ability of DNase I to digest the released

aptamer bound to OTA, liberating the free toxin, which could
rebind a new aptamer adsorbed onto the SWCNHs. With this
strategy, the sensitivity of the assay was increased 20-fold
compared with the unamplified approach, with a detection
limit of 9.8 nM.

In a similar way, Zhang et al. [161] proposed an aptasensor
for the detection of AFB1 using the same amplification system
based on DNase I. In this case, three different sizes of nano-
GOs were used to adsorb carboxyl-X-rhodamine (ROX) la-
beled AFB1 aptamer, acting as ROX quenchers but also as
scaffolds to protect the aptamer from nuclease cleavage
(Fig. 6a). Different dynamic ranges were obtained depending
on the graphene sizes; GO with a size of 1000–2000 nm had a
dynamic range from 12.5 to 312.5 ng/mL, GO with a size of
60–80 nm had a dynamic range from 1.0 to 100 ng/mL, and
GO with a size of 4–6 nm had a dynamic range from 5.0 to 50
ng/mL. The sensor proved to be highly selective when tested
against other mycotoxins, and good results were obtainedwith
the aptasensor in AFB1-spiked corn samples.

Dai et al. [163] developed a luminescence resonance ener-
gy transfer assay using core–shell β-NaYF4:Yb,Er@NaYF4
upconverting nanoparticles coated with avidin, which binds to
a biotinylated OTA aptamer, as energy donors and GO acting
as an energy acceptor. A dynamic range from 0.001 to 250 ng/
mL was reported for OTA, and the assay showed good spec-
ificity toward the toxin in analysis of beer samples.

Although fluorescence-based methods can provide in-
creased sensitivity, colorimetric methods usually profit from
simplicity while maintaining the required sensitivity. The

Table 5 Dissociation constants (KD) of some aptamers selective for mycotoxins

Target toxin KD (nM) Aptamer
type

Binding conditions/buffer Length/
CG
content

Reference

AFB1 11.39 DNA pH 7.0, 100 mM NaCl, 20 mM Tris–HCl pH 7.6,
2 mM MgCl2, 5 mM KCl, 1 mM CaCl2, 0.02%
Tween 20

80/55.0% [136]

AFB2 9.83 DNA pH 7.0, 100 mM NaCl, 20 mM Tris–HCl pH 7.6,
2 mM MgCl2, 5 mM KCl, 1 mM CaCl2, 0.02%
Tween 20

80/56% [137]

AFM1 0.0182 DNA NS 21/38.1% [138]

Ergot alkaloid 44 DNA 100 mM NaCl, 20 mM Tris–HCl pH 7.6, 5 mM KCl,
2 mM MgCl2, 1 mM CaCl2

80/62.5% [139]

FB1 100 DNA 100 mM NaCl, 20 mM Tris, 2 mMMgCl2, 5 mM KCl,
1 mM CaCl2, pH 7.6

96/33.3% [140]

FB2 ND DNA NS 80/55% [141]

OTA 96 DNA PBS 1×, 1 mM MgCl2, 0.01% Tween 20, pH 7.4 66/63.6% [142]

T-2 toxin 20.8 DNA 10 mM Tris–HCl, 150 mM NaCl, 10 mM KCl,
2.5 mM MgCl2, pH 7.4

40/45.0% [143]

ZEN 40 DNA pH 7.4, 100 mM NaCl, 20 mM Tris–HCl, 2 mM
MgCl2, 5 mM KCl, 1 mM CaCl2, 0.02% Tween 20

40/50% [144]

AFB1 aflatoxin B1, AFB2 aflatoxin B2,, AFM1 aflatoxin M1, FB1 fumonisin B1, FB2 fumonisin B2, NS not stated, OTA ochratoxin A, PBS phosphate-
buffered saline, Tris tris(hydroxymethyl)aminomethane, ZEN zearalenone
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detection mechanism of widely used AuNPs is based on their
remarkably high extinction coefficient and their strong color
dependence on aggregation/disaggregation. Recently, several
authors have reported innovative color-based detection sys-
tems that integrate AuNPs with aptamers for mycotoxin anal-
ysis [164]. For example, Chen et al. [162] reported an
aptasensor for the detection of AFB1 based on a catalytic
DNA circuit and AuNPs. The signal amplification was done
without enzymes and was based in a toehold-mediated DNA
strand displacement that occurred at room temperature [165].
The design strategy for the AFB1 aptasensor is illustrated in
Fig. 6b. The AFB1 aptamer, included in T, was partially

hybridized with a complementary DNA (cDNA) (B in Fig.
6b) that cages the toehold domain (a* in Fig. 6b). When the
toxin is present, a* is liberated, and the amplification process
is activated. It involves the sequential opening of the three
biotinylated hairpins (H1, H2, and H3), and thus the freeing
of the toehold domains H1-b*, H2-c*, and H3-a*. Then, a
branchmigration is initiated to form a T–H1–H2–H3 complex
that is unstable, and T dissociates, triggering the hybridization
of additional hairpins. In parallel, the triplex H1–H2–H3 prod-
ucts interact with AuNP–streptavidin conjugates to form a
cross-linked network of highly aggregated AuNPs. The blue
color obtained because of the redshifting can be visualized

Fig. 5 Some examples of sensing
schemes for optical aptasensors
using fluorescent reporters or gold
nanoparticles (GNPs). a
Quenching aptamer beacon. b
Fluorescence resonance energy
transfer aptamer beacon. c
Assembly aptamer beacon. d
Disassembly aptamer beacon. e
Aptamer release and GNP
aggregation. f–g Affinity-
mediated aggregation/
disaggregation. F fluorophore, FA
acceptor fluorophore, FD donor
fluorophore, Q quencher.
(Adapted from [153])
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with the naked eye, allowing the quantification of AFB1. The
limit of detection was 2 pM, and the aptasensor performance
was validated by the analysis of the mycotoxin in rice sam-
ples, with recoveries ranging from 90% to 112%.

Several mycotoxin aptasensors have also been described
that use electrochemical detection, which has some particular
advantages, including low cost, high sensitivity, or possibility
of microfabrication. For example, Huang et al. [166] de-
scribed an electrochemical aptasensor based on signal en-
hancement with a rolling circle amplification (RCA) system.
The designed primer was composed of an aptamer sequence,
selective for OTA, and a cDNA sequence, complementary to
the capture probe immobilized on the gold electrode surface.
In the absence of OTA, the aptamer–cDNA primer was par-
tially hybridized to the template padlock and, under RCA
conditions, its size increased exponentially. Moreover, it was
also enriched in guanine nucleotides, where the redox probe
methylene blue bound specifically and produced a significant
signal enhancement in the differential pulse voltammetry. In
the presence of OTA, the aptamer–cDNA primer was released
from the RCA padlock to bind the mycotoxin. This induced
inhibition of primer prolongation under the RCA system,
yielding a reduction of the redox signal. The resulting

electrochemical aptasensor could detect OTAwith a detection
limit of 0.065 pg/mL, and was applied to the analysis of white
wine samples, showing recoveries in the range of 102–104%.

SPR is a label-free technique based on refractive index
changes of a dielectric material at the metal–dielectric inter-
face. Biosensors based on SPR are widely used for mycotoxin
analysis because of their great features such as sensitivity and
real-time, label-free, and cost-effective detection [47]. Recent
efforts have focused on the development of portable and min-
iaturized SPR devices. For example, Bianco et al. [167] de-
veloped a plasmonic portable aptasensor for OTA detection
based on azimuthally controlled SPR under phase interroga-
tion [168]. The system had a refractive index one order of
magnitude greater than that of the classic grating-based SPR
setup. The label-free assay format was simple: a thiolated
DNA aptamer was immobilized on the phase-interrogation
SPR chip, forming self-assembled monolayers, and the signal
was proportional to the amount of OTA bound to it. The
aptasensor was operative in a dynamic range from 0.2 to 40
ng/mL and exhibited a detection limit of 0.005 ng/mL. Bianco
et al. suggested that this custom approach could be imple-
mented soon in a miniaturized device while maintaining its
excellent analytical characteristics.

Fig. 6 a Detection of aflatoxin B1 (AFB1) using a DNA aptamer and
graphene oxide. Each AFB1 aptamer binds to only a single AFB1

molecule and the complex is released from the graphene oxide surface.
For amplification assay, the AFB1 is regenerated by a self-amplifying
cycle based on DNase I. b Design strategy for amplified detection of
AFB1 based on a catalytic DNA circuit and gold nanoparticles.
Biotinylated hairpins (H1, H2, and H3) are used in the sensing system

for signal amplification and streptavidin-functionalized gold nanoparti-
cles (Au-SA) are used as colorimetric probes. Arrows drawn on DNA
strands represent the 3' end. Toeholds and toehold binding domains are
named by letters and complementarity is denoted by asterisks. ROX
carboxyl-X-rhodamine. (a Reproduced from [161] with permission of
the Royal Society of Chemistry; b reproduced from [162] with permis-
sion of the Royal Society of Chemistry)
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Molecularly imprinted polymers

MIPs have shown a great potential as bioinspired recognition
elements for sensor development. These artificial materials are
able to recognize a particular target in complex mixtures be-
cause of the presence of specific recognition sites, for binding
or catalysis, with shape and geometry of the functional groups
complementary to those in the template molecule. For poly-
mer preparation the template molecule, namely, the target an-
alyte or a surrogate molecule, interacts by covalent or
noncovalent bonding with the functional monomers. Radical
polymerization in the presence of a cross-linker results in a
three-dimensional network that on template removal will con-
tain specific recognition cavities with size, geometry, and ar-
rangement of functional groups complementary to those of the
target compound, thus mimicking the biological activity of
natural receptors. Template extraction is critical for applica-
tion of MIPs as recognition elements in sensors. Bleeding of
the non-washed-out template can cause false positives, inac-
curacies in the analysis, and increased limits of quantification.
The use of a template surrogate instead of the target compound
may avoid this limitation; however, it will not prevent the
decrease in the binding capacity of the MIP if its extraction
from the binding sites is not quantitative [169].

Over the years MIPs have been applied in various fields,
including solid-phase extraction, chromatography, drug deliv-
ery, bioremediation, controlled release, and sensors
[170–177]. MIPs are often described as artificial antibodies
or artificial enzymes [178], and in comparison with their bio-
logical counterparts they show several advantages as sensor
receptors, including, but not limited to, their high physical and
chemical stability, robustness, compatibility with organic sol-
vents, low cost, ease of preparation, reusability, and availabil-
ity in different physical formats for coupling to the transducer
[179]. However, their affinity and specificity are typically
worse than for antibodies, and the imprinted cavities are usu-
ally heterogeneous, showing a distribution of binding con-
stants, and slower binding kinetics than biological receptors.
In contrast to biological receptors, in some cases they show
limited recognition in aqueous solutions, although extensive
research in recent years has allowed some of the aforemen-
tioned shortcomings to be overcome [180]. Recent advances
in the development of nanosized MIPs, alone or in combina-
tion with metal nanoparticles, have opened new perspectives
in the application of these materials for sensing purposes, giv-
en that, among other advantages, they allow higher binding
capacities, faster binding kinetics, and easier coupling to the
transducer surface than traditional MIPs [175].

Several examples of the application of MIP-based sensors
for mycotoxin detection have been reported in the last 5 years
(Table 7). The website http://www.MIPdatabase.com collects
all the information related to this topic. For example, AFB1

was detected with use of MIP films prepared by

electropolymerization of p-aminothiophenol-functionalized
AuNPs and p-aminothiophenol self-assembled on the surface
of a gold electrode in the presence of the toxin as the template
molecule. Recognition was attributed to the formation of π–π
interactions between AFB1 and the aniline moieties in the
imprinted material. The response was linear in the range of
3.2 f. to 3.2 μM AFB1, and the device showed some cross-
reactivity with OTA, but this was very low for aflatoxin B2 or
aflatoxin G1 [181]. Higher detection limits (3 × 10−11 mol/L)
have been reported with electrochemical sensors fabricated
with o-phenylenediamine as the functional monomer and
AFB1 as the template on multiwalled carbon nanotube sup-
ported Au/Pt bimetallic nanoparticle modified glassy carbon
electrodes (GCEs) [182].

Several sensors have also been described that use QDs as
the labels for mycotoxin detection; however, some limitations
related to QD leaching, retention of the photoluminescent
properties of the semiconductor on immobilization, and ana-
lyte permeation must be taken into consideration to develop
stable and sensitive devices. A fluorescent sensor for the de-
tection of sterigmatocystin (ST), a secondary metabolite pro-
duced by several Aspergillus species, that used silica-based
hybrid MIPs based on the nonhydrolytic sol–gel method was
reported [189]. The organosilane-functionalized QDs
were coated with the imprinted polymer prepared with
methacrylic acid (MAA) as the functional monomer, γ-
methacryloxypropyltrimethoxysilane as the cross-linker, and
1,8-dihydroxyanthraquinone as the toxin surrogate. The lumi-
nescent properties of the QDs were not affected by encapsu-
lation, and they showed excellent stability against
photobleaching; however, the response times were relatively
long (4 h). The measuring mechanism was based on the re-
tention of the mycotoxin, through hydrogen bonding, in the
selective cavities of the polymer, which resulted in electron
transfer fromQDs in the MIP matrix to the bound ST, with the
corresponding quenching of the luminescence. The sensor
showed some cross-reactivity for OTA, ZEN, and AFB1,
and it was successfully applied to the analysis of ST in millet,
rice, and maize samples.

A different approach was described for the detection of
ZEN that used ionic-liquid-stabilized CdSe/ZnS QDs [190].
The polymers were prepared with cyclododecanyl-2,4-
dihydroxybenzoate as the template surrogate [191] and
MAA as the functional monomer. The sensing mechanism
relied on a charge-transfer mechanism between the conduc-
tion band of the QD and the lowest unoccupied molecular
orbital of ZEN. The sensor was applied to the detection of
the toxin in corn, wheat, and rice samples, with recoveries
higher than 84.4%, and showed no cross-reactivity with
OTA or DON.

Patulin has been detected with a Mn-doped ZnS QD based
nanosensor synthesized with 6-hydroxynicotinic acid as the
surrogate, 3-aminopropyltriethoxysilane, as the functional
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monomer, and tetraethoxysilane as the cross-linker via a sur-
face molecular imprinting sol–gel process [188]. The MIP-
QDs showed strong phosphorescence that was quenched after
30 min incubation in the presence of the toxin. The sensing
mechanism was based on photoinduced electron transfer from
the conduction bands of MIP-QDs to the lowest unoccupied
molecular orbital of patulin. The sensor was applied to the
detection of the toxin in apple juice samples.

FB1 was monitored by electrochemiluminescence with use
o f GCEs c o a t e d w i t h AuNP s t o amp l i f y t h e
electrochemiluminescence signal, and further modified with a
film formed by tris(2,2-bipyridine)ruthenium(II)-doped silica
(Ru@SiO2) nanoparticles mixed with chitosan [185]. The my-
cotoxin selective polymer, prepared with MAA as the function-
al monomer, was deposited on top and polymerized by UV
irradiation. Signal enhancement in the MIP/Ru@SiO2/chito-
san/AuNP/GCE systemwas attributed to a combination of both
the localized SPR and electrochemical effect of the AuNPs.

CIT has been detected with disposable fiber optic sensors
prepared from 4-cm-long injection-molded tapered polysty-
rene waveguides coated with CIT-imprinted particles (150–
500 nm) with polyvinyl alcohol used as a glue [192]. A fluo-
rescent monomer, N-(2-(6-4-methylpiperazin-1-yl)-1,3-
dioxo-1H-benzo[de]isoquinolin-2(3H)-yl-ethyl)acrylamide,
was used for MIP synthesis. An enhancement of the fluores-
cence intensity of the signaling monomer was observed on
30 min incubation of the functionalized fiber in methanol
solutions of the mycotoxin, and evanescent wave excitation
at 410 nm. The emitted light was guided back to the detector
with use of the same fiber. In principle this approach could be
extended to the detection of other mycotoxins bearing carbox-
ylic acid groups, such as OTA or fumonisins, although the
thickness of the MIP layer requires fine-tuning to increase
the sensitivity.

In an alternative approach [183], CIT was detected with a
quartz crystal microbalance. The Au electrode was coated
with AuNP@mesoporous carbon CMK-3 (AuNP@CMK-3)
and further modified a poly(o-aminothiophenol) MIP selec-
tive membrane. The increase in the number of binding sites
associated with the use of AuNP@CMK-3 allowed amplifi-
cation of the frequency response signal. The polymer showed
a higher adsorption capacity for CIT in comparison with OTA,
DON, AFB1, or ZEA, and showed good performance for the
analysis of rice, wheat, and white rice vinegar samples spiked
with the mycotoxin in the range of 10–100 μg kg-1.

Conclusions

Despite the best intentions with regard to prevention, myco-
toxin contamination is often inevitable. Novel analytical
methods can improve the detection and quantification of the
toxins and provide the necessary tools to ensure food safety;

the use of sensors is an attractive alternative for sensitive, cost-
effective and fast analysis of these natural toxins. The recog-
nition element selected for sensor development should ideally
provide enough sensitivity and specificity to detect low
amounts of the target toxins even in complex samples, where
several different toxins can be present simultaneously.
Moreover, from a practical point of view, robustness, stability,
and cost can affect the choice of the recognition element.
Although immunoassays and biosensors based onmonoclonal
and polyclonal antibodies have been the cornerstone of my-
cotoxin detection for years, slowly other recognition elements
are beginning to appear, and recent research efforts have
shown a great deal of interest in developing novel bioinspired
recognition elements to overcome some of the drawbacks as-
sociated with conventional antibodies.

The rise of recombinant antibodies has been witnessed in
several fields, including mycotoxin research, owing to the ap-
pealing features of antibody fragments, including small size,
easy production, and the possibility of in vitro selection.
Indeed, the technology has the potential to bypass animal immu-
nization, although most of the reported recombinant antibodies
for mycotoxins arose frommonoclonal antibodies or immunized
libraries. The vast possibilities offered by antibody and protein
engineering allow the generation of different antibody formats,
from the already well-known scFv to heterogeneous protein fu-
sions or anti-immune complex antibodies. The widely hyped
antibody class, heavy chain antibody, and its recombinant frag-
ment VHH, or nanobody, have also been noted in the field of
mycotoxin analysis. Because of the limitation of nanobodies to
recognize hapten targets, most of the nanobodies reported so far
have been applied as epitope mimics, which allow the problems
related to the toxin conjugates used in competitive immunoas-
says to be circumvented. Several anti-idiotypic antibodies and
peptides, mimotopes, have been described as well in recent years
for mycotoxin detection with improved performance compared
with the use of toxin conjugates.

On the other hand, aptamers can offer high affinity and
specificity, comparable to those of antibodies, with good sta-
bility and robustness. Although several new aptasensors have
been reported in the recent years, most of them targeting OTA
or aflatoxins, a significant concern of researchers in the field is
the development of complex architectures with costly ampli-
fication procedures that greatly limit their commercial boost. It
is not only the achievement of exotic aptasensors that matters
nowadays but also the development of inexpensive ap-
proaches and their application to real samples. MIPs, often
described as artificial antibodies, have also been reported as
attractive alternative recognition elements. MIPs have several
advantages compared with their biological counterparts, but
often are not able to compete in affinity and specificity.
However, recent advances in the field have opened new op-
portunities, which will allow higher binding capacities and
faster kinetics.
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It remains to be seen whether these bioinspired recognition
elements are able to compete with conventional antibodies for
mycotoxin sensor design. Replacement of monoclonal and
polyclonal antibodies is unlikely, as well as unnecessary, but
the bioinspired recognition elements could be a complemen-
tary option, rather than an alternative, as they can be more
appropriate for some applications where the use of antibodies
is limited. It is also noteworthy that the noble intention to
improve analytical methods relies not only on the choice of
the recognition element but also on the transduction (optical,
electrochemical, etc.) and signal generation (labeled and label-
free) strategies as well as the assay platform. Novel materials
can provide improvements in the assay robustness, and imple-
mentation of signal amplification strategies can have a huge
impact on assay sensitivity. On the other hand, for example,
for in-field applications, the time and cost of the analysis are
constraints, and rapid methods are needed for mycotoxin de-
tection. Currently such tests, for example, lateral flow assays
and colorimetric ELISAs, are based on monoclonal antibod-
ies, but the use of bioinspired recognition elements could offer
some improvements, such as better stability and extended
shelf life. Furthermore, as several mycotoxins are often pres-
ent in the same food sample, multiplexing is a key point that
should be studied. Integration of novel assay schemes, for
example, on microfluidic chips or array platforms, shows
great potential for multianalyte detection with affordable cost.
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