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ARTICLE INFO ABSTRACT

Keywords: Mycotoxins are highly toxic secondary metabolites, which may contaminate many types of food and feeds. These
Surface plasmon resonance (SPR) toxins have serious health risks for both human and animals. One of the effective ways to prevent food con-
Nanomaterials tamination and protect people against mycotoxins is based on timely detection. Several methods like enzyme-
f/;;zzizi‘;ﬁo" molecules linked immunosorbent assay and affinity chromatography are commercially available for this purpose.

Nevertheless, sensitive, fast, simple, low-cost, and portable devices are absolutely required for a fast point-of care
information and making decisions. Application of biosensors appears to be a possible technique to meet this need
for mycotoxins analyze. The present study has been focused on the literature update of smart using of biosensing
for detection of mycotoxin at both academic and industrial levels in order to replace conventional chromato-
graphic methods. Surface plasmon resonance (SPR) as one of the relatively novel and simple analytical method
has been proven for rapid, sensitive, label-free detection and widely used for qualitative and quantitative ana-
lysis of multiplexed pollutant in real-time. This paper aims to provide an extensive overview on biosensors for
mycotoxin detection by highlighting the main biorecognition elements. Moreover, SPR principles, assay formats,

and signal enhancement are summarized.

1. Introduction

Mycotoxins are thermally stable and notoriously toxic that can enter
into human food chain via bioaccumulation in meat or other animal
products such as milk, eggs, and cheese. Since, most of the mycotoxins
are toxic, teratogenic, mutagenic, carcinogenic, and endocrine dis-
ruptive agents, contamination of food with them causes severe toxic
impact on human health (Kumar et al., 2017).

The risk of mycotoxins are well-recognized worldwide and also in-
cidence of these compounds are a universal problem. Mycotoxins are
usually present at trace levels (ng ml™') in food products with high
level of matrix interferences. Therefore, determination of target ana-
lytes is a problematic and challenging issue. There has been a sig-
nificant effort to improve analytical approaches for an effective de-
termination of mycotoxins, particularly for multi-mycotoxins detection.
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Thus, reliable analytical methods like capillary electrophoresis, and
chromatography techniques as supercritical fluid chromatography; li-
quid chromatography (LC), gas chromatography (GC), specially linked
to mass spectrometry (MS) detectors as LC/MS, GC/MS, coupled with
sample preparation and preconcentration techniques are frequently
required for sample analysis (Chen et al., 2017). Unfortunately, most of
these analytical procedures require sophisticated and expensive in-
struments, time consuming, tedious sample preparation and need for a
skilled technician with high level of analytical expertise. Thus, many of
the available methodologies are not suitable for real-time and on-site
application, especially in emergency cases. Hence, the improvement of
novel analytical biosensors for effective evaluation and monitoring of
risk assessment in agriculture products and associated food and animal
feed is absolutely required to obtain reliable, fast, and sensitive mea-
surements with good selectivity and reduced cost (Kirsch et al., 2013).
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Surface plasmon resonance (SPR) technique has gained enormous
attention nowadays and found wide applications in biosensors and
chemical sensors due to its unique merits such as rapid and highly
specific detection of target analytes in complex matrices, high sensi-
tivity, distinctive fingerprint capability, nondestructive analysis and
minimal sample preparation requirements. This technique become a
powerful analytical technique in biomedicine, for early diagnostic of
illnesses, and monitoring of risk assessment in food and animal feed.
SPR also provides information on the affinity, specificity, and kinetic
parameters of biomolecular interactions (Mohammadzadeh-Asl et al.
2018, 2019).

Over the last decade, more attention has been focused on the de-
tection and rapid analysis of mycotoxins in food and environmental
fields using SPR biosensor in order to control the safety of food and
feed. So, in the present review, we have made an extensive overview on
some of the latest developments in the SPR sensing with emphasis on
applications of novel innovations and progress to overcome the chal-
lenges related to mycotoxins detection with low molecular weight.
Moreover, the basic principles of SPR based on signal enhancement via
nanomaterials, biosensing in complex matrix samples and the use of
bioreceptors, which can recognize mycotoxins has been overviewed.

2. Current optical biosensors

To date, various types of mycotoxin detection platforms have been
developed using optical biosensors. For example, SPR, surface-en-
hanced Raman spectroscopy (SERS), fluorescence resonance energy
transfer (FRET), chemiluminescence resonance energy transfer (CRET)
and field-effect transistor (FET)-based detection techniques. Among
them, FRET, SPR and SERS-based sensors have been widely used in
various fields including food safety, security, environmental monitoring
and clinical analysis (Xu et al., 2016). FRET is a typical homogeneous
assay technique that is based on nonradiative phenomenon with the
energy transferred from donors to a suitable acceptor through inter-
molecular dipole —dipole interactions. FRET-based probes have been
developed based on the fluorescent quenching or enhancement me-
chanism. However, such single-wavelength based measurement signal
may be easily affected by various external factors, which in turn limit
the accuracy and sensitivity of quantitative determination (Tian et al.,
2018).

Plasmonic sensing for mycotoxin detection is one of the notable
recent trends in biosensors. SPR and SERS spectroscopies are example
of two major plasmonic biosensors. SERS has been used for analytics
detection because of its molecular specificity, single molecule-level
sensitivity, and insensitivity to quenching. However, detection of target
analyte in complex matrix samples is a main issue and often requires
specific functionalisation to make sure only the desired molecule binds
with the gold surface avoiding parasite Raman rays that may hide the
specific spectral features of the analyte (Gillibert et al., 2018). Com-
pared to other optical biosensors, SPR-based detection method can
provide straightforward information about the parameters between a
target and a bioprobe at nanoscale biointerfaces without a labeling or
amplification process. A SPR based sensor can be used to detect binding
events between a target such as nucleic acid, protein, or other small
molecules and a bioprobe including an antibody, aptamer, or nano-
particles by monitoring the refractive changes on the metallic surface.
Because of short detection time, simplicity, portability, and cheapness
of the equipment, SPR-based sensors can be easily applied for different
mycotoxins detection. This technique allow the real-time and rapid
analysis of a unique reusable sensing platform without any cleanup
steps (Mohammadzadeh-Asl et al., 2018). The basic principle of SPR has
been shown in Fig. 1 and comparison of the SPR-based biosensor with
other nano-biosensor technologies in terms of the aptamers and mole-
cularly imprinted polymer (MIP) bioprobe have been listed in Table 1.
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3. Assay format of SPR sensing

Direct SPR detection method is only utilized for the detection of
molecules with high molecular weight (> 10kDa) (Li et al., 2012).
However, detection of small compounds, such as mycotoxins, that have
inadequate mass to cause sufficient change in the refractive index is
challenging, due to the low signal intensity and poor sensitivity.
Therefore, a clear improvement of the technique can be achieved using
SPR combined with sandwich assay and inhibitive or competitive de-
tection tools together with the use of additional high mass labels (Li
et al., 2012).

Actually, SPR sensing has been used with sandwich assays and
competitive-inhibition assays to determine mycotoxins. The sandwich
mode, which is often used to enhance specificity and sensitivity, can be
done in two-step: First, sample containing target molecule is injected
onto ligand immobilized sensor chip and after occurring the analyte-
ligand interaction, in a second step, this surface is incubated with signal
amplification molecules, which can bind specifically to the analytes and
lead to measurable signals (Gnedenko et al., 2013) and enhancement of
SPR signal. In competitive assay, the sensor chip is coated with an
antibody that interacts with the mycotoxin. Addition of a conjugated
antigen (e.g. ovalbumin (OVA), bovine serum albumin (BSA) and, or
mycotoxin derivative) to the sample, sets up a competition with the
mycotoxin for the limited number of biding sites on the chip surface.
Consequently, the recorded signal is inversely proportional to the my-
cotoxin concentration. The inhibition assay relies on mixing a constant
concentration of respective antibody with a sample containing different
amount of analyte molecule (antigen) that is subsequently injected into
the flow cell and flowed onto the sensor surface, to which antigen is
immobilized. In this way, the amount of bounded antigen to the mod-
ified surface antibody is measured and the obtained signal is propor-
tional to the concentration of the mycotoxin (Homola, 2008).

A highly sensitive and stable sensor chip using competitive inhibi-
tion assay was designed to detect nivalenol (NIV) and deoxynivalenol
(DON) in wheat. In this study, Kadota et al. used a monoclonal antibody
that cross-reacts with NIV and DON. The LOD values were 0.1 and
0.05mgkg ! and recoveries were in the range 91.5-107% with good
relative standard deviations (RSDs) (0.40-4.1%) for NIV and DON, re-
spectively (Kadota et al., 2010).

Rehmat et al. designed in-house built compact SPR sensor surface
via competitive inhibition immunoassay for the detection of OTA in
buffer and coffee. In this study, chitosan and carboxymethyl chitosan
were used as biopolymer attached onto sensor chip through spin
coating technique. Then, Ochratoxin A-bovine serum albumin (OTA-
BSA) conjugate immobilized on nanomatrix chips to develop a com-
petitive inhibition immunoassay is depicted in Fig. 2. LOD in coffee for
chitosan (CS) and carboxymethyl chitosan (CMC) substrates were
5.7 ng mL and 3.8 ng mL, respectively (Rehmat et al., 2019).

4. Nanomaterial based enhancement for mycotoxin detection

The modifications of the sensor chip with metal nanoparticles can
enhanced SPR signals, which extensively employed for developing and
construction of sensor surface due to their unique chemical and phy-
sical properties, high catalytic activity and good biocompatibility with
many chemical reactions. Noble metal nanoparticles (such as gold and
silver nanoparticles), magnetic nanoparticles (MNPs), carbon-based
nanostructures, quantum dots and nanorods are examples of nanoma-
terials that have been used for SPR signals enhancement
(Mahmoudpour et al., 2019).

MNPs are widely used for enhancement of SPR signal due to their
high weight MNP, cost-effective synthesis and the high refractive index.
Also, conjugation of biological samples like DNA and antibodies on
their surface large specific surface areas of MNPs is possible. All these
excellent properties make MNPs as ideal candidates for signal en-
hancement and labeling.
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Fig. 1. A schematic diagram of the conventional Kretschmann optical configuration for SPR biosensing.

Carbon-based nanostructures like graphene-based nanomaterials
have emerged as a new promising and pervasive technology due to its
innate advantages over traditional materials (Chen et al., 2019).

Strong adsorption of molecules, high carrier mobility, ease of fab-
rication and electronic bridging are outstanding properties of graphene-
base nanocomposites, which make them ideal for amplification of SPR
signal. Moreover, graphene-based nanocomposites could enhance the
signal produced by plasmon material, which increases the sensitivity of
molecular detection up to femto to atto molar level (Patil et al., 2019).

Quantum dots (QDs) are semiconductor nanomaterial with unique
optical and electronic properties that have been extensively studied and
applied in the last decade. Some of the most attractive properties of QDs
are high molar extinction coefficients, high quantum yield, narrow and
symmetric emission bands (30-50 nm), broad absorption spectra as
well as photo stability and resistance to chemical degradation
(Alhamoud et al., 2019). The combination of QDs with highly specific
biomolecules like antibodies and aptamers resulted in amplification of
the binding signals in SPR assays that provided more sensitive target
detection (Anderson et al., 2013).

Compared to the large variety of nanomaterials, metal nanoparticles
have been shown to be the most flexible ones. Shape, size, structure,
composition and assembly may be examples of metal nanoparticles
properties that can be controlled through the appropriate synthesis
methods and caused tunable optical properties (Dolatabadi and de la
Guardia, 2014). Among the above specification, shape has a significant
role in optical, physical and chemical properties. Gold nanoparticles
(AuNPs) has gained great interest and generally utilized for SPR sen-
sitivity enhancement. Moreover, AuNPs can be simply fabricated and
conjugated with biological materials. There are two major approaches
based on using nanomaterials to enhance SPR signals. One of them is
the improvement of SPR biosensing substrate by applying nanomater-
ials and, the other one uses nanomaterials as amplification labels for
SPR biosensing. As SPR biosensing substrate, nanomaterials with large
surface area allow the immobilization of an increased number of bior-
ecognition elements. For example, Fu et al. designed a SPR biosensor
based on gold hollow balls (AuHBs) with dendritic surface for detection

of Ochratoxin A (OTA) (Fu, 2007). An electropolymerized thionine
(PTh) film was deposited onto the SPR probe surface to build a PTh-
modified sensor chip with multitude of amino groups. The deposition
was accomplished using voltammetric cycles between 0 and 1.5V at
50mV/s in 0.1 M thionine aqueous solution. Then, AuHBs were im-
mobilized as a thin film onto the SPR probe surface. After that, anti-
OTA monoclonal antibody linked to AuHBs, was immobilized also onto
the SPR-chip surface. This SPR probe, compared to the AuNPs-based
sensor chip, could provide an increased space to load antibodies that
cause the reduction of the LOD of the AuHBs SPR probe till 0.01 ng mL™*
with a linear range of 0.05-7.5 ng mL~'. Moreover, this SPR biosensor
is very rapid for the determination of OTA without requiring any se-
paration steps and permits multiple labeling that can enable a fast de-
tection (< 30 min) of OTA in milk samples. Todescato et al. developed
a new prototype sensor able to detect OTA, at levels below than the
legal limit of 0.5 pgkg™, in various food commodities like juices, dried
milk, and wheat milk (Todescato et al., 2014). The sensor probe consists
of a silver thin film onto plasmonic substrates functionalized with a
specific anti-OTA antibody (Ag-FON) that can bind OTA through the
formation of a complex OTA-Alexa Fluor (AF) 647. Briefly, as described
by the researchers, polystyrene nanospheres, in an aqueous solution
were spin-coated on top of clean glass slides to form a self-assembled
stack. Finally, Ag thin films were deposited onto the substrates by an
Edwards E306A coating system with a bare pressure of 6 X 10~ ° mbar.
In this work, OTA, at concentrations from 0 to Sugkg~!, were in-
cubated on Ag-FON and commercial micro arrays slides. LOD and limit
of quantification (LOQ) obtained for OTA using Ag-FON substrates were
of 0.05ugkg™ ' and 3.6ngkg!, respectively. Indeed, LOD of this
sensor was 10 times lower than the detectable concentrations observed
for commercial microarray slides (0.5pgkg™'). Besides, AuNPs as a
SPR substrate could be used as enhancement labels in SPR biosensors.
Yuan et al. designed a competitive immunoassay SPR technique for
OTA detection using AuNPs for signal enhancement on a mixed self-
assembled monolayer (mSAM) surface (Yuan et al., 2009). The devel-
opment of a sensor chip based on the immobilization of target OTA
through OTA-ovalbumin conjugate (OTA-PEG-OVA) with a
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Table 1

The comparison of SPR with other nano-biosensor technologies based on aptamers and MIP recognition elements.

Reference

Analytical characteristics

Target toxin

Recognition element  Sensing scheme

Detection

Song et al. (2018)

0.48 pgmL—1

LOD =

OTA

Au@Ag NPs with MGNPs. 5,5-dithiobis-(2-nitrobenzoic acid)

Aptasensor

SERS sensor

(DTNB) have been combined and then modified by OTA aptamer.

Gillibert et al.

(2018)

pM to mM

OTA

SERS substrates were made-up by thermal evaporation of 6 nm of gold then functionalized with a 10 mM concentrate

aptamer solution.

Aptasensor

SERS sensor

Wu et al. (2019)

LOD = 5.37 x 10" 2M

patulin (PAT)

The surface-imprinted Au NP-based SERS substrate were made up by two steps: (1) the modification of HRP onto Au

NPs and (2) the synthesis of imprinted polymer.

MIP based sensor

SERS sensor

7.00 x 1072 t0 5.00 x 10" M

0.003 ng/mL

LR =

Wu et al. (2018b)

LOD
LR

patulin (PAT)

biotinylated PAT aptamer was connected on the surfaces of streptavidin-conjugated

AF- upconversion nanoparticles (UCNPs).

Aptasensor

FRET sensor

0.01 ng/mL to 100 ng/mL

Li et al. (2017)

6-150 pg/mL

LOD = 1.5 pg/mL LR

Aflatoxin M1

Highly sensitive palladium nanoparticles (PdNPs)-based FRET aptasensor by 5-carboxyfluorescein (FAM) -labelled
AFM1 aptamer incubated with PANPs.

Aptasensor

FRET sensor

Jo et al. (2016)

0.22 ng/mL
0.1-100 ng/mL

LOD
LR

OTA

Dabcyl at the end of 5-DNAzyme-Linker-OTA aptamer-3’-dabcyl region plays as a quencher in CRET aptasensor.

Aptasensor

CRET sensor

Ah et al. (2012)

AFB1, ZEN, OTA

AFB1

indirect competitive immunogold assay

FET sensor

Sun et al. (2017)

0.4nM

LOD
LR

Streptavidin covalently attached on the CM5 sensor chip using amine coupling method then biotinylated aptamer was

coated

Aptasensor

SPR sensor

0.4 nM-200 nM

Atar et al. (2015)

LOD = 0.0017 ngmL !

CIT

Au surface was modified with allyl mercaptane. then, CIT-imprinted poly (2-hydroxyethyl methacrylate

methacryloylamidoglutamic acid) (p (HEMA-MAGA)) film was synthesized on the modified Au chip

MIP based sensor

SPR sensor

0.005-1.0 ng mL-1

LR =
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polyethylene glycol (PEG) as a linker was reported. The new con-
structed OTA-PEG-OVA exhibited enhanced performance character-
istics and higher antibody affinity than the commercial OTA-bovine
serum albumin (OTA-BSA) without a PEG linker. A long PEG linker and
a higher density or accessibility of the protein conjugated OTA can
considerably enhance the antibody binding response, consequently the
performance of the SPR biosensor was improved. Also, by applying
large gold nanoparticles (40 nm), LOD of SPR sensor can be dramati-
cally improved to 0.042ng mL ™! in buffer solution.

5. Biosensing in complex matrix samples

Detection of biomarkers for different mycotoxins and analysis of
biomolecular interactions in complex matrices is an important issue in
the analytical field. Label-free affinity biosensors have the potential to
reduce the time of analysis, furthermore, these sensors can provide
ultrasensitive and selective detection methods (Danesh et al., 2018).
However, contrary to other biosensors based on labelled reagents or
multi-step analytical technique, SPR biosensors, similarly to other in
real-time detecting affinity sensing, cannot differentiate between the
specific binding of analytes to the immobilized biorecognition unit and
the non-specific adsorption of other components on the sensor surface,
hereafter termed as fouling. The non-specific interaction at the sensor
surface is a critical problem for SPR analysis of complex samples like
foodstuff such as milk and dairy products. SPR biosensors need an in-
terface design for anchoring highly specific bioreceptors that could be
resistant to non-specific interactions caused by fouling (Rodriguez-
Emmenegger et al., 2011).

To overcome fouling problem different approaches have been pro-
posed for the preparation and modification of surfaces as follows:
grafting of carboxymethyl dextran (CMD) (O'Shannessy et al., 1992),
passivation with adsorbed albumin (Homola et al., 2002) or prepara-
tion of self-assembled monolayers (SAMs) of oligoethylene glycol ter-
minated alkanethiols (Subramanian et al., 2006a, b) or modification
with different kind of non-fouling polymer brushes. Surface archi-
tecture has been revealed to provide considerably high fouling sup-
pression effects indicating their applications in a real-world biosensing
(Hu et al., 2014).

Recently, for rapid and sensitive detection of aflatoxin M1 (AFM1)
at pg mL ™! levels in milk and dairy products, Karczmarczyk et al. de-
veloped a novel and highly sensitive SPR sensor chip based on indirect
competitive immunoassay (Karczmarczyk et al., 2016a).

Sensorgrams showing the differences in the SPR resonance signal
recorded before and after injection of a milk sample has been shown in
Fig. 3. The obtained sensorgram in SPR before and after injection of a
milk sample; the amount of deposited material, fouling, was quantified
and the non-specific adsorption of components from milk is clearly
visible on commonly used thiol SAMs with PEG moieties (Fig. 3B).
Contrary to these results, excellent resistance to the non-specific in-
teractions is observed for the sensor coated with p(HEMA) brush
(Fig. 3A). After the washing step the reflectivity change is negligible.
The sensitivity of SPR to fouling is more than 1 order of magnitude
smaller than the fouling recorded in SAMs. According to previous stu-
dies, this phenomenon might be due to a water barrier resulting in
minimization of hydrophobic effect with the lipids components form
milk as well as to entropic barrier resulting from the brush architecture.

The LODs obtained in chip coated via thiol mixed SAM with PEG
moieties were 26 pgmL~ ! and 38 pgmL ™" in buffer and milk samples,
respectively. While, the sensor modified with p(HEMA) showed a LOD
of 18 pgmL ™!, which is more than two-times lower compared to that
on thiol SAM with PEG groups.

Additionally, the enhancement and improvement of SPR signals can
be achieved by combination of SPR with AuNPs. By combining sec-
ondary antibodies conjugated with AuNPs as a signal amplifier and an
indirect competitive inhibition immunoassay, a highly sensitive sensor
chip was designed for low molecular weight compounds (such as OTA).
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Fig. 3. Sensorgram description of the differences in the SPR resonance signal
recorded before and after injection of a milk sample: (A) resistance to the non-
specific interactions on the sensor coated with p(HEMA) brushes. (B)
Demonstrating adsorption of milk components on mixed SAM. Republished
with permission from ref (Karczmarczyk et al., 2016a).

This study showed that the interplay of affinity of recognition elements
and size of AuNPs affect the efficiency of the signal amplification
strategy. The prepared sensor allowed OTA detection at concentration
levels as low as 0.75ng mL ™! and its detection limit was enhanced via
AuNPs, more than one order of magnitude to 0.068 ngmL™'
(Karczmarczyk et al., 2016b).

6. Recognition elements based on SPR for mycotoxin detection

Synthetic and biological recognition elements are the most im-
portant part of the common modern bioreceptor assays that make the
sensitive and selective analysis possible. Conventionally, antibodies and
enzymes have been applied in the biosensor designs for analyzing toxin
molecules. However since 1970's, alternative synthetic and biological
binders have been developed as a promising substitute to traditional
biorecognition elements in detection systems for field-based applica-
tions and laboratory bench. Today, due to the necessity for fast

diagnosis and enhancement of sensing characteristics, like stability,
selectivity, and cost-effectiveness, new biorecognition elements and
integration of them have been studied to progress recognition in bio-
sensing. In this section, recent developments of new biorecognition
molecules such as nanobody, peptide, aptamers, molecularly-imprinted
polymers and enzyme-based sensors that can be used to detect small-
size analytes like mycotoxins in food analysis and environment will be
discussed.

6.1. Nanobody (VHHs antibody)

Recently, single domain Abs known as nanobodies (Nbs) that found
in camelids have gained attention in nanoscience field as a result of
their attractive properties such as high stability, small size, high flex-
ibility, ease of manufacture and hydrophilicity (Konning et al., 2017).
Because of its favorable properties, nanobody technology has been
widely used in various fields such as biotechnology, therapeutics, drug
exploitation and diagnostics. However, the immunoassay of small mo-
lecules via Nbs has been rarely reported. Recently Sun et al. designed an
indirect competitive nanobody-based enzyme linked immunosorbent
assay (Nb-ELISA) for OTA detection in cereal with a linear range of
0.27-1.47 ngmL~"! and an IC50 of 0.64 ngmL ™! (Sun et al., 2018).

Pan et al. built an immunosensor for the direct sensitive determi-
nation of small molecule AFB1 without the use of competing antigens
by coupling the carbon nanomaterials and Nb (Fig. 4). The proposed
immunosensor provided a low detection limit of 3.3 pgmL~! (S/N = 3)
and a wide calibration range from 0.01 to 100 ng mL~'. Compared with
the immunosensor prepared with traditional mAb, which was applied in
the typical indirect immunoassay, the immunosensor proposed in this
work is 10-fold more sensitive and provides two orders of magnitudes
wider linear range for the determination of AFB1 (Pan et al., 2018). So,
we hope that the use of Nb as recognition units in biosensing will open a
new horizon for direct detection of small molecules such as mycotoxins.

6.2. Peptides

Peptides have shown further advantages including easy standard
synthetic protocol, high stability, easy modification, and large chemical
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versatility. Moreover, modified peptides can also retain their high af-
finity to the target analyte. Ascribed to these specific characteristic,
peptides are ideal candidates for enhancing sensitive biosensing. To
date, several techniques have been used to build peptide-based mole-
cular sensors by conjugating peptides with signal markers (Karimzadeh
et al., 2018).

Phage peptide display libraries were used to select the first hex-
apeptide that show binding constant of 3.4 x 10*M ™' towards OTA.
However moderate peptide affinity can be potentially improved by
some studies on structure-activity relationship. Peptide-based sensing
assays are commercially available and most frequently applied in the
biomedical field rather than food control and safety, and environmental
sciences. For examples, peptide-based sensors have been developed and
used in various fields, from diagnosis of HIV infection to detection of
potential sensitizing compounds.

Mimotopes are peptides sequence of amino acids selected from a
phage-displayed peptide library. These components exhibit high affi-
nity towards toxins. Numerous mimotopes have been reported for
several mycotoxins detection including OTA, DON and ZEN (Bazin
et al.,, 2013; He et al., 2013; Lai et al., 2009). Recently, a mimotope
peptide-based electrochemical immunosensor for OTA detection in beer
and corn samples has been reported by Hou et al. AuNPs modified
glassy carbon electrode (GCE) was immersed in 0.1 M 3-mercaptopro-
pionic acid (3-MPA) solution and incubated to form carboxyl groups
and then incubated with L-cysteine to form L-cysteine/MPA/AuNPs via
amide formation. In order to immobilize antibodies and display the
antigen binding domain of antibodies effectively, the modified elec-
trode was immersed in Mal-PEG-NH, to form a stable Mal-PEGNH2/L-
Cysteine/MPA/AuNPs followed by the attachment of anti-OTA McAb.
Eventually, horseradish peroxidase (HRP) conjugated anti-M13 anti-
bodies phage displayed mimotope peptide of OTA was used as mimics
of conventional competing antigen (Fig. 5). Under the optimized con-
ditions, the established immunosensor was highly sensitive with LOD of
2.04fgmL~" and a linear range of 7.17-548.76 fgmL ™' (Hou et al.,
2019).

Soleri and co-workers reported, a novel method for the detection
and monitoring of OTA and screening of red wine. In this technique, the
biorecognition peptide NOF4, as a synthetic peptide immobilized onto
three-dimensional porous chitosan foam supports using a N-terminal
histidine, tag to allow binding to M?* ions that were pre-adsorbed onto
the high surface area of biopolymer (Soleri et al., 2015).

6.3. Aptamers

Aptamers are short oligonucleotides (either single-stranded DNA
(ssDNA) or RNA) with 10-50 variable nucleobases that are known to
show high specificity and strong binding affinity for target molecules
(Wang et al., 2015). The interest in aptamers originate from their well-
known advantages such as specificity, cost-effectiveness, stability, small
size (molecular mass 5-15kDa), easy in vitro production and easy
modification with different chemical groups (Schmidt et al., 2004).

Aptamer-based technique has been widely used as analytical ap-
plication for various toxins determination. A multitude of aptamers
have been designed since first aptamer sequence recognition were in-
tegrated in aptasensors development for the detection of bacterial
toxins, mycotoxins, and cyanotoxins. Sun et al. developed an aptamer
based SPR biosensor for analysis of AFB1 in a direct assay format (Sun
etal., 2017). Streptavidin as a cross-linked was first covalently attached
on the CMS5 sensor chip using amine coupling method then biotinylated
aptamer was coated as affinity ligand via streptavidin-biotin interac-
tion. The aptasensor works in the range of 0.4-200 nM and allowed the
detection limit of AFB1 around 0.4nM. Zhu et al. developed a SPR
sensor chip using an anti-OTA aptamer to measure OTA in two food
complex matrices with a straightforward direct binding assay (Zhu
et al., 2015). The streptavidin protein was immobilized as a cross-linked
onto the dextran matrix via amine coupling method and the biotiny-
lated aptamer was captured through streptavidin-biotin interaction.
Due to the stable property of ssDNA and the high affinity of streptavidin
for biotin, the deviation is very slight. The biosensor displayed a de-
tection range from 0.094 to 100 ngmL ™! of OTA with a low detection
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limit of 0.005ng mL ™' that was below than the maximum level speci-
fied by E.U. legislation concerning limit of exposure in food. Detection
of OTA in peanut oil and wine sample was further accomplished in the
SPR biosensor using liquid-liquid extraction as a sample preparation
technique. The recoveries and coefficients of variation (CVs) ranged
from 86.9 to 116.5% and 0.2-6.9%, respectively. Park et al. designed
another localized surface plasmon resonance (LSPR) -based aptasensor

with regeneration capability for detection of OTA, as shown in Fig. 6.
This method is relied on red shifts of LSPR wavelengths that are in-
creased by binding of target analyte to OTA aptamer-coated gold na-
norod (GNR) substrate. An extended linear response was observed in
LSPR for OTA determination. This technique can quantitatively detect
OTA levels lower than 1 nM. In addition, this aptasensors system can be
easily regenerated after use by employing an extraction method heating
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in methanol at 70 °C (Park et al., 2014). An SPR aptamer-based sensing
platform was developed by Bianco and coworker in 2017 for high
sensitive detection of OTA. As shown in Fig. 7, a commercial Quartz
Crystal Microbalance (QCM) apparatus was used to monitor interaction
of four thiolated ssDNA aptamers with OTA at nanoscale level. Thereby,
a lab-made plasmonic sensing platform, based on sinusoidal graftings
was synthesized and functionalized with the most efficient selected
aptamer in order to make a portable device. The sensitivity of the de-
signed biosensor allowed to detect OTA with a LOD of 0.005 ngml ™!
(Bianco et al., 2017). An aptamer-based SPR chip sensor have been
developed by Wu et al. for direct detection of AFB1. The linear range
and limit of detection were 1.5-50ngmL~' and 0.19ngmL"’, re-
spectively (Wu et al., 2018a). The aptasensor showed high specificity
towards AFB1 and AFB2, but hardly bound to other toxins with similar
structures. Selected mycotoxins determined by SPR using nanobody,
peptides and aptamers recognition elements have been listed in Table 2.

6.4. MIP and NanoMIP

Molecularly imprinted polymer (MIP), sometimes named as “arti-
ficial antibody” or “plastic antibody” can be used instead of biological
macromolecules like antibodies. Thus, MIPs are gaining increasing in-
terest as recognition units in chemical sensors. MIPs result in synthetic
smart materials that can mimic biological recognition. Designing like
biomimetic materials is one example of ‘learning from nature’.

In recent years, the molecular imprinting technology has pro-
liferated as an accessible, inexpensive, and important strategy for the
development of sorbent materials, exhibiting high specificity for se-
lected substrate materials. Herein, we survey recent research publica-
tions involving the application of MIPs technique as recognition ele-
ment in SPR biosensor for detection of mycotoxins in Food products
(Fig. 8). Commonly, the surface-imprinting of MIP-SPR sensors could
be carried out either by the “grafting from” or “grafting to” techniques
(Yao et al., 2016). In the “grafting from” method, the initiating group is
first immobilized onto the surface of nanoparticles, and the polymer
chains are propagated from the surface of the solid support during
polymerization. Although “grafting from” can produce a high grafting
density on the surface of support because of the highly selective oc-
currence of polymerization, the process involves complicated chemical
procedures that decrease the irreproducibility of molecular imprinting.

Table 2

Selected mycotoxins determined by SPR using nanobody, peptides and aptamers recognition elements.

Linear range reference

LOD

strategy

Nanomaterial

Mycotoxin type

Recognition element

Sun et al. (2018)

0.051-0.70 ng mL-1

0.028 ngmL !

Biotin-streptavidin amplified enzyme-linked immunosorbent assay (BA-ELISA) via a nanobody-AviTag

fusion protein (Nb-AviTag)

OTA

Nanobody (VHHs

antibody)
Nanobody (VHHs

Pan et al. (2018)

0.01-100 ng mL ™!

3.3pgmL~*!

direct non-competitive detection technique for AFB1 by coupling nanocarbon and Nb

AFB1

antibody)

Peptides

7.17-548.76 fg mL~! Hou et al. (2019)

2.04 fgmL

AuNPs modified glassy carbon incubated with L cysteine to form L-cysteine/MPA/AuNPs via amide

formation

AuNPs

OTA

Soleri et al. (2015)

Immobilization of peptide NFO4 onto three-dimensional porous

Chitosan using a N-terminal histidine

OTA

Peptides
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Sun et al. (2017)

0.4 nM-200 nM

Streptavidin covalently attached on the CM5 sensor chip using amine coupling method then biotinylated 0.4 nM

aptamer was coated

AFB1

Aptamers

Zhu et al. (2015)

0.094-10ng mL~*

0.005 ngmL ™!

Streptavidin immobilized onto the surface of a chip and the biotin-aptamer was captured through

streptavidin-biotin interaction

OTA

Aptamers

Park et al. (2014)

lower than 1 nM

Relies on red shifts of LSPR wavelengths that are promoted by binding of OTA to a OTA aptamer coated

GNR substrate

OTA gold nanorod (GNR)

Aptamers

Bianco et al.
(2017)

0.005 ngml ™!

The more efficient of Four thiolate ssDNA aptamers have been selected via QCM) apparatus and used for
the SPR analysis.

OTA

Aptamers

Sun et al. (2017)

1.5-50 ngmL !

0.19ngmL~!

The streptavidin proteins were immobilized onto a CM5 sensor chip as a cross-linker and biotin-aptamers

were captured through streptavidin-biotin interaction.

AFB1

Aptamers
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In the “grafting to” technique, imprinting polymerization is directly
linked to a bare sensor chip by an intermediate step with a physical
entrapment method, like spin-coating, or to the modified surface, via
surface-active functional groups, like the ends of vinyl groups located
on the substrate surface (Dong et al., 2012; Kara et al., 2013).

SPR has been proven to be one of the most adaptable techniques in
the area of MIP-based sensing and has been employed for quantitative
analysis of various mycotoxins. Yu et al. doped Polypyrrole films with
chloride (PPy-Cl) via electropolymerization of pyrrole in a NaCl aqu-
eous solution at +0.76 V in 1 mM on the Au surface of a miniaturized
SPR device for OTA sensing (Jorn and Lai, 2004). Also these researcher
synthesized molecularly imprinted polypyrrole (MIPPy) film on the
Spreeta sensor as a miniaturized SPR device in 2005. The MIPPy was
formed via electrochemically polymerization on the chip surface from a
solution of OTA and pyrrole in ethanol/water (1:9 v/v). This integrated
preparation provided a rapid and simple approach to produce a

recognition element with targeted selectivity. The MIPPy film was
synthesized via electropolymerization of pyrrole onto Au chip sensor in
the presence of a template zearalenone analytic. The MIPPy-SPR sensor
shown a linear response in the range of 0.3-3000 ng mL ™! with de-
tection limit at 0.3ng g~ 1. The selectivity efficiencies of zearalenone
and other structurally related analogues were 1.0 and 0.15-0.27, re-
spectively (Choi et al., 2009).

Choi et al. developed a SPR based sensor using a MIPPy for the
detection of deoxynivalenol (DON). The MIPPy-SPR chip showed a
linear response in the range of 0.1-100ng mL ™' (R? = 0.988), with a
LOD of around 1 ng ml ™. The selectivity efficiency of this technique for
DON and its acetylated analogs 3-ADON and 15-ADON was 100, 19,
and 44%, respectively (Choi et al., 2011).

Atar et al. designed a novel and sensitive MIP SPR biosensor for
selective determination of citrinin (CIT) in red yeast rice. Firstly, the Au
surface was modified with allyl mercaptane. Afterwards, CIT-imprinted
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Fig. 9. (A) FTIR spectra of the CIT-imprinted p(HEMA-MAGA) film; AFM images of (B) non-modified SPR chip; (C) CIT-imprinted p(HEMA-MAGA) film; contact
angle measurements of (D) non-modified; (E) CIT-imprinted p(HEMA-MAGA) film on SPR chip. Republished with permission from ref (Atar et al., 2015).

poly (2-hydroxyethyl methacrylate methacryloylamidoglutamic acid)
(p (HEMA-MAGA)) film was synthesized on the modified sensor sur-
face. The CIT imprinted p (HEMA-MAGA) and non-imprinted surfaces
were characterized by employing con-tact angle measurements through
FTIR and AFM (Fig. 9). By using this technique LOD for CIT reached
0.0017ngmL~'. In addition, the linearity range was obtained as
0.005-1.0ngmL "%,

CIT-imprinted SPR biosensor was 11.7, 12.2 and 11.0 times more
selective for CIT than ZEA, LOV and OCT, respectively (Atar et al.,
2015).

To manufacture a MIP-based sensor, the MIP membranes can be
created in situ at a transducer surface via electropolymerization at the
surface of gold electrode, glass carbon electrode and graphite electrode,
etc. This technique is one of the promising but underused method in
which a polymeric membrane can be simply grown onto a chip surface
with control over the membrane thickness, shape and size through
control of the amount of charge transferred. This method is frequently
adopted to build special MIP-based biosensors that have quick response
and potential to be miniaturized. However, few imprinted sites are
formed on the electrode surface during the electrodeposition process
due to the relatively high density of electropolymers that reduced the
performance of the chip sensor (Wang et al., 2011). Because of the
unique chemical and physical features, nanomaterials could also be
used as carriers in the preparation of MIPs to increase the total number
of imprinted cavities in the polymer matrix. This in turn produces en-
hanced sensitive assays (Kumar et al., 2017).
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6.4.1. General methods for the preparation of Au NPs-MIP

To overcome the issues raised above, nanoscale MIPs (NPs, nano-
tubes, or nanowires) have been prepared. These nanostructured im-
printed materials present small dimensions with high surface-to-volume
ratios. Thus, the nano imprinted materials are expected to significantly
enhance both, the accessibility of the target analyte to the recognition
sites and the binding capacity and corresponding kinetics. Recently two
technique have been used to integrate AuNPs into the MIP matrix: (i)
the incorporation of prefabricated AuNPs within the continuous thin
films through chemical interactions. This approach involves primary
producing colloidal particles in solution and afterwards incorporating
them into continuous thin films. The purpose of introducing the
AuNPs@MIPs is to enhance their conductivity as the doping can in-
crease the electrode specific area, facilitate electron transfer, and cat-
alyze the electrochemical reactions. Another technique,(ii) is based on
the in situ synthesis from the metal ion precursor previously chelated
on the polymer matrix, by reducing it directly within the polymer
chains (Ahmad et al., 2015). The examples of these techniques are
summarized in Fig. 10.

6.4.2. AuNPs@MIPs nanocomposite thin films based SPR detection

For enhancement of the SPR signal, the surface plasmon wave as-
sociated with thin Au films has been coupled with the LSPR of gold NPs.
This coupling induces a shift of the SPR energy and an enhancement of
the SPR signal. The first example of composite films of Au-MIP/MIP-
modified SPR sensing was developed by Matsui et al., who prepared a
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Fig. 11. Interdigitated electrodes and protocols used for their modification by TLN/AuNPs/(PVA/PEI) (a), TLN/(PVA/PEI) (b), TLN/AuNPs/BSA (c) and TLN/BSA

(d) biomembranes. Republished with permission from ref (Dridi et al., 2015).

parameters of the AChE/AFB1-HRP interaction are very close to the
inhibition constant reported in the literature from data obtained in
aqueous solutions, proving that the conjugation of AFB1 to a carrier
protein does not considerably influence the affinity of this compound
for AChE. Therefore, the AChE/AFB1 protein conjugate can be used to
developed sensors for AFB1 and further used as mimic technique for the
binding of AChE to other AFB1- protein adducts. The obtained LODs
were 0.94ngmL~' for AFB1 itself, and 0.008 uM for AFB1-HRP
(2.5ngmL"™ 1 AFB1) that are lower than those obtained for other AChE-
based sensors. It enables the development of the SCA-based technique
for the analyses of AFB1 or other LMW inhibitors of AChE in real
samples.

Dridi et al. developed a novel technique for the direct and rapid
detection of OTA in olive oil samples (Dridi et al., 2015). The designed
sensor was based on the entrapment of thermolysin (TLN) into a
polyvinyl alcohol/polyethylenimine (PVA/PEI) polymer matrix in-
cluding AuNPs and cross-linked at the surface of Au interdigitated mi-
croelectrodes using glutaraldehyde (Fig. 11). Indeed in the aforemen-
tioned sensor, blending PEI and PVA produces flexible hydrogel
networks which causes a favorable aqueous environment for the en-
zyme. Moreover, interactions between negative charges of both citrated
thermolysin/AuNPs and protonated amino groups of PEI enhance their
dispersion into the polymer blend, favoring enzyme stabilization and
accessibility of the substrate. The sensitivity of sensor was enhanced via
incorporation of AuNPs into the TLN/(PVA/PEI) biopolymer. Under
optimal conditions (working pH of 7, cross-linking time of 35 min, and
temperature of 25 °C), a LOD of 1 nM with a sensitivity of 597 uSum !
and a linear response up to 60 nM OTA were achieved. The proposed
OTA biosensor was very reproducible with relative standard deviations
(RSDs) in the 3-15% range and high recovery values for spiked samples
(close to 100%). SPR sensors using enzyme-based detection of myco-
toxins are summarized in Table 4.

7. Conclusions and future perspectives

Even though the efforts made for prevention of mycotoxin, its
contamination is often unavoidable. Therefore, fast analytical methods
for their detection could play an important role on food safety assur-
ance. So, as presented in this literature update, new published techni-
ques and approaches which employed SPR permit the ultrasensitive
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detection of various mycotoxin, offering promising and significant
properties. In comparison with other available techniques, SPR based
sensing exhibit special features such as: i) specificity, ii) sensitivity, iii)
simplicity, iv) minimal sample preparation, and v) versatility, being
successfully applied as a potent analysis technique for the mycotoxin
detection in foodstuff. The massive progress in the application of new
biorecognition units like nanobody, peptides, aptamer, MIPs/nanoMIPs
and enzyme-based biochips in the biosensing field offer smart cap-
abilities in mycotoxin detection through SPR systems. However, the
lack of specificity in the synthesis of the aforementioned receptors have
been led to significant efforts to integrate nanomaterials into biosensors
to additionally enhance specificity and sensitivity. Tremendous pro-
gress has been made via appropriate surface modification of chip sensor
in the field of nanomaterials and bio-receptors and variable biosensors
with excellent performances and smart design successfully developed
for mycotoxin measurement. However, until today, these biosensors are
just limited within laboratory examination. So, there is still a massive
challenge to make advancements in mycotoxin detection accessible to
the public to move from the bench to their appropriate application in
the real world. In fact, new advancements is required to overcome the
restrictions of specificity in biorecognition unites by incorporating new
kinds of bioreceptors into SPR biosensors and it is also expected new
advancements to enhance the sensitivity of mycotoxin determination,
avoiding problems related to fouling and matrix effect in the analysis of
real samples by using effective separation techniques for sample pre-
paration and modification of sensor chips with non-fouling polymer
brushes.
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Selected mycotoxins determined by SPR using enzyme-based recognition elements.

reference

Linear range

LOD

Nanomaterial ~strategy

Mycotoxin type

Recognition element

Hansmann et al. (2009)
Puiu et al. (2012)

up to 60nM  Dridi et al. (2015).

3uM

The inhibition effect of AFBlon various species of cholinesterases by in vitro mutagenesis

Kinetic approach of aflatoxin Bl-acetylcholinesterase interaction via SPR sensor

AFB1

Enzyme-Based
Enzyme-Based
Enzyme-Based

et al.

0.008 uM

1nM

AFB1

The entrapment of thermolysin (TLN) into a polyvinyl alcohol/polyethylenimine (PVA/PEI) polymer matrix including AuNPs

and cross-linked at the surface of Au

AuNPs

OTA
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