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Mycotoxins are toxic compounds produced by the metabolism of certain fungi that threaten the food and
agricultural industry. Over hundreds of mycotoxins, one of the most common toxins, zearalenone (ZEN), has
toxic effects on human and animal health due to its mutagenicity, treatogenicity, carcinogenicity, ne-
phrotoxicity, immunotoxicity, and genotoxicity. In this work, attenuated internal reflection spectroscopic el-
lipsometry (AIR-SE) combined with the signal amplification via surface plasmon resonance conditions that were
proved to be a highly sensitive analytical tool in bio-sensing was developed for the sensitive and selective ZEN

detection in cereal products such as corn, wheat, rice, and oat. Combined with the oligonucleotide aptamer for
ZEN recognition, our proposed method showed good performance with yielding 0.08 ng/mL LOD and
0.01-1000 ng/mL detection range. A mini-review was also introduced in, to compare various methods for ZEN

detection.

1. Introduction

Mycotoxins are secondary metabolites of fungi and have been a
major concern in the food and agricultural industry. These fungi colo-
nize on crops either during harvesting or during storage and cause fi-
nancial problems due to food lost, as well as it poses a significant health
risk to the consumer of contaminated products (Chauhan et al., 2016).
Unfortunately, these toxins are resistant to processing temperatures and
have a tendency to remain in the food chain (Kabak, 2009). There are
hundreds of fungal toxins have been identified so far, among them, a
relatively small number of toxins threaten food safety (Mak et al.,
2010). The major fungi genera threaten food safety are Aspergillus, Al-
ternaria, Fusarium, and Penicillium (Shephard, 2008), whose toxins
should be detected by means of rapid and sensitive methods. The de-
tection of these toxins in foodstuff and animal feeds is a vital concern
due to both widespread occurrence and severe life-threatening effects of
fungal contamination, including, teratogenic, mutagenic, nephrotoxic,
immunosuppressive and carcinogenic behavior (Rodrigues et al., 2011).
The maximum residue limits for major toxins have already been es-
tablished by authorities which are as low as 2 ppm (Alshannaq and Yu,
2017). The residual mycotoxins can be found not only in crops but also
in dairy products and alcohols which are produced from contaminated
agricultural crops (Goud et al., 2018).

Current analytical methods for the detection and quantification of
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mycotoxins include thin-layer chromatography, or fluorescence and
chemiluminescence techniques, high-performance liquid chromato-
graphy, or enzyme-linked immunosorbent assays (ELISAs) (Daly et al.,
2000). However, these analytical methods are unsuitable for on-site
monitoring even their sensitivity and selectivity are good enough.
Moreover, these methods have some drawbacks including the require-
ment for professional analysts to operate delicate instruments or com-
plex analytical methods. Consequently, hundreds of various methods
have been developed for mycotoxin detection according to the re-
quirement for continuous monitoring of residual mycotoxins in food
products.

There are valuable review articles have focused on electrochemical
sensors (Goud et al., 2018), electrochemical biosensors (Fernandez
et al., 2017), aptasensors (Sharma et al., 2015), microchip-based sen-
sors (Man et al., 2017), electromigration and lateral flow sensors (Li
et al., 2012), SPR immunosensors (Meneely and Elliott, 2014) used for
food safety.

Zearalenone (ZEN), metabolites of Fusarium species, is a mycotoxin
that threatens food safety which can be found in the majority of grain
crops. As other mycotoxins, ZEN is classified as a nonsteroidal estrogen
(Bennett and Klich, 2003), with hepatotoxicity, haematotoxicity, im-
munotoxicity (Vlata et al., 2006), and genotoxicity (Collins et al.,
2006). It has also been associated with the hyperplasic and neoplasic
endometrium and human cervical cancer (Zinedine et al., 2007).
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Maximum residual ZEN levels have been set by regulations is as low as
20 ng/g for baby foods (EU Regulation 856/2005 (Hervas et al.,
2011);).

Similar to other mycotoxins, the common analytical method for the
quantification of ZEN is LC-MS (Liu et al., 2018; Ren et al., 2018; Yan
et al., 2018). However, this golden analytical technic requires sophis-
ticated equipment, labor-intensive recipes, and time-consuming steps.

There are various approaches in the relevant literature to detect
ZEN residue in food and agricultural products. Immuno-affinity assays
and oligonucleotide aptamers have been reported for various trans-
ducer and biosensor configurations. These methods are criticized in the
Conclusion section of this paper.

In this study, we decided to use an aptamer-based biosensor, since
its unique properties among immuno-based approaches. Aptamers are
single-stranded oligonucleotides with impressive recognition features
(Yang et al., 2011). Aptamers have been developed mainly through the
in vitro selection process referred to as the systematic evolution of li-
gands by exponential enrichment (SELEX) (Sharma et al., 2015; Tuerk,
1997).

Optical biosensors have received considerable attention as non-de-
structive, simple, and sensitive sensing tools for the detection of toxins
(Lee et al., 2018; Wu et al., 2018). In this regard, attenuated internal
reflection spectroscopic ellipsometry (AIR-SE) which is intrinsically
sensitive to dielectric constant changes on the coupler and dielectric
medium interface (Fig. 1), has become prominent. Especially, in com-
bination with surface plasmon resonance (SPR) conditions, this method
can reach an as low limit of detection (LOD) as pM for even small
molecules (Bombarova et al., 2015).

In this study, we proposed an aptasensor to detect ZEN in food
samples in which the AIR-SE method employed under SPR conditions.
Also, we criticized recent methods for the detection of ZEN in food
samples, at the end of this paper.

2. Experimental

Zearalenone (ZEN, 6-[10-hydroxy-6-oxo-trans-1-undecenyl]- p-re-
sorcyclic acid lactone), Tween 20, buffer solution agents, surface
modification agents, and other chemicals were purchased from the local
representative of Sigma-Aldrich, Riedel and Merck Company.
Phosphate buffer saline (PBS) at pH 7.4 (10 mM) contains 0.8% NaCl
(w/v) or additionally contains Tween 20 (0.05% v/v) were freshly
prepared by using ultra-pure water (HumanPower, 1+, 18.2 MQ cm, S.
Korea). Aptamer sequence which is 3’ -thiol modified form were
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Fig. 1. Schematic diagram of measurement technique of AIR-SE under SPR
conditions.
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purchased from TIB Molbiol (Germany). anti-ZEN aptamer, 3’-SH-T;,-
TCAT CTAT CTAT GGTA CATT ACTA TCTG TAAT GTGA TATG- 5
selected from the literature (Chen et al., 2013). Non-complementary
aptamer sequence was 3-SH-T;o- CATA CATA GCCG ATCG AAAA
TTAA TACA GTAG CATA GCGC-5".

AIR-SE measurements were done using Optosense S2000 model
spectroscopic ellipsometer (USA) with flow cell and SPR coupler setup.
A Bioforce model UV-ozone cleaner (USA) was used for surface cleaning
and modification purposes. All measurements were performed at room
temperature which was controlled with conditioning equipment
(22 = 1 °C). At least 3 replicates were done to fulfill analytical re-
quirements.

2.1. Immobilization protocol

3’-SH modified aptamers in PBS buffer were immobilized on Au
coated glass slides (BK7 glass) via —SH route. Immobilization duration
and probe concentration were optimized using various probe con-
centrations. Mercaptohexanol was co-immobilized on an aptamer im-
mobilized surface to prevent nonspecific interactions between probe
and Au surface.

2.2. AIR-SE setup under SPR conditions

A Kretschmann coupler was used for SPR conditions. AIR-SE con-
ditions were selected to match SPR conditions on 50 nm Au coating. SE-
ellipsometer was set at 530 nm wavelength and 60° angle of incidence
(Caglayan et al., 2013). A flow cell was set under the incident beam to
detect ellipsometric angle delta (A) and continuous measurements were
done. Samples were injected into the flow-cell by means of a peristaltic
pump which was operated at 5 pL/min.

2.3. Precision and accuracy

Precision and accuracy of the developed method were determined
by using 5 independent series on the same day for intra-day precision,
and 7 consecutive days for inter-day precision from 5 measurements of
every series.

2.4. Non-specific interactions

Non-specific interactions were evaluated using ochratoxin A (OTA),
ochratoxin B (OTB), aflatoxin B1 (AFB1). Interference tests were done
by adding 5000 ng/mL possible interfering agents in ZEN analyte
samples (500 ng/mL).

2.5. Real sample analysis

For spiking tests, cereal samples were prepared according to reports
elsewhere (Zhan et al., 2016). Briefly, the ZEN solution (in methanol) at
determined concentrations was added to 5 g grounded cereal samples to
get final ZEN levels. Then samples were extracted using 20 mL me-
thanol: water (80:20) mixture while shaking at room temperature for
30 min. The supernatant was centrifuged and transferred into 10 mM
PBS, then injected into the flow-cell. The spiked samples were assayed
using the AIR-SE method described above.

3. Results and discussion
3.1. Immobilization of anti-ZEN probes

SH modified anti-ZEN aptamer probe was immobilized on the Au
surface, by changing aptamer concentration in buffer and immobiliza-
tion time. The ellipsometric thickness of the immobilization surface for
definite time intervals was determined using ellipsometric measure-
ments by modeling psi (W) and delta (A) data. Ellipsometric thickness
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Fig. 2. (a) Ellipsometric thickness evaluation of sensor surface during the immobilization (for 0.5 pM probe), and (b) ellipsometric thickness for various probe

concentrations (at 60 min immobilization).

was calculated using equipment built-in software by modeling, ac-
cording to multilayer model parameters for the Air/Organic layer
(n = 1.46)/Au layer/Cr layer/BK7 substrate. Thickness evaluation for
the 0.5 pM probe was evaluated at between 10 and 60 min. According
to the immobilization duration, the mid-range concentration of anti-
ZEN aptamer immobilization has saturated at approximately 50-60 min
(Fig. 2a). After that, we decided for 60 min immobilization time is
adequate for all immobilization steps in this study.

Another parameter that affected the surface coverage of the probe
was the concentration of anti-ZEN, which, in turn, was optimized be-
tween 0.1 and 5 uM (Fig. 2b). The optimum concentration at room
temperature was 1.2 uM for 60 min.

Furthermore, the blocking agent (MCH) immobilization conditions
(concentration and time) were selected according to previous studies
(Caglayan, 2018).

3.2. AIR-SE sensor performance

ZEN solutions in buffer were prepared at concentrations ranging
from 0.01 ng/mL to 1000 ng/mL. Interaction between the probe and
ZEN was monitored at a 60° angle of incidence with 530 nm light. Au
surface at SPR conditions has exhibited a sudden change in the A
parameter. At definite angle and wavelength, A has shifted to lower
degrees upon binding (or molecular deposition) on the sensor surface.
The time-dependent relative A change upon ZEN/anti-ZEN interaction
is given in Fig. 3a. Relatively high affinity was observed at higher ZEN
concentration. Furthermore, A values at plateau (after 50 min) were
used for the calibration curve of the AIR-SE sensor which is given in
Fig. 3b.
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According to the calibration curve, the interaction between the anti-
ZEN aptamer on the sensor surface and the captured ZEN molecules has
taken place in a single site, and the binding rate has decreased with the
amount of the free aptamer on the surface. The calibration curve ex-
hibits a wide linear range between 0.01 ng/mL and 1000 ng/mL with a
high regression coefficient (Table 1). The calibration curve equation is
also reported with standard error values, in Table 1. LOD and limit of
quantification (according to 30) was 0.08 ng/mL and 0.24 mg/mL,
respectively.

The sensor response was highly satisfactory in terms of sensor per-
formance and was comparable to conventional ELISA methods (with a
detection limit of 40 pg/mL, reported in Table 4).

3.3. Precision and accuracy

For the precision and accuracy test of the developed method, 0.1,
5.0, and 100 ng/mL of ZEN standard solution was measured in five
independent series of an assay for intra-day precision. The relative
standard deviation (RSD, as a percentage) and accuracies (as a per-
centage) are given in Table 2. The RSD was in between 2.26% and
3.39%. The accuracy was also between 0.40% and —2.37%. These re-
sults exhibited that the proposed sensor and developed method have
high precision and accuracy in terms of intra-day precision. Further-
more, inter-day precision results were in good agreement with the intra-
day values and also were in the range between acceptable levels. Both
inter-day and intra-day results showed that the proposed method is
relatively accurate and precise.

0.8
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0.0 1

T T T T
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Fig. 3. (a) The time dependent relative A change upon ZEN/anti-ZEN interaction (b) and calibration curve.
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Table 1
Summary of analytical performance of the proposed method (n = 6).

Analytical characteristic Values

Linearity range
Regression equation, A (degree) and [ZEN]
(ng/mL)

0.01-1000 ng/mL
A = 0.67351 + 0.34026 [ZEN]

Standard error of the slope, + 0.01015
Standard error of the intercept, + 0.01816
R? 0.9903
LOD, ng/mL 0.08
LOQ, ng/mL 0.24

3.4. Non-specific interactions

The specificity of the proposed AIR-SE aptasensor was determined
by possible interferents including OTA, OTB, and AFB1. These toxins
are analogs of ZEN mycotoxin. All interferents were added 10-fold ex-
cess of proposed analyte ZEN (i.e. 500 ng/mL vs 5000 ng/mL). The
signal change percentage of sensor response for specific analyte vs.
nonspecific counter molecules was reported as the specificity of the
sensor (Table 3). Relative sensor response change upon interferent
addition was below 4.8%, which was in acceptable limits for specificity
purposes.

3.5. Real sample analysis

Sensor performance on the real sample was evaluated using a
known amount of ZEN spiked in cereal samples (Table 4). Spiked
amount of ZEN standard was in the mid-range of the calibration curve,
which are 1, 5 and 100 ng/mL. The recovery percentages were between
104.7% and 95.2% for cereal individual specimens. These results were
in good correlation with the accuracy and precision result which was
acquired from ZEN in buffer solution. This result also highlighted that
the real sample performance was as high as the synthetic sample per-
formance for the proposed sensor. Also, this recovery result was in the
range of acceptable levels.

4. Conclusion

We proposed a highly sensitive and reliable aptasensor for the de-
tection of ZEN in food samples. This AIR-SE sensor under SPR condi-
tions fulfilled our expectations in terms of selectivity, sensitivity, ac-
curacy, and real sample performance. As expected, SPR conditions
resulted in a highly acceptable LOD (0.08 ng/mL) and LOQ (0.24 ng/
mL) values, which also comparable with the current methods that have
been reported in the relevant literature. Furthermore, the quantification
range which was between 0.01 and 1000 ng/mL was also competitive
with the currently reported methods. Both the accuracy and precision
test of the proposed sensor were also quite satisfying and deviations
were below 5% for both intra-day and inter-day tests. The specificity of
the developed sensor was also high due to the inherent advantages of
the aptamer. Non-specific interactions of analog of ZEN molecule (i.e.
OTA, OTB, AFB1) were within limits of the repeatability of the sensor.
Also, real sensor performance was highly accurate in terms of recovery
and was below + 5% of deviation.

Table 2
Precision and accuracy results of the developed method for ZEN (N = 5).
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Table 3
The influences of some analogous mycotoxins interferents on the % A change of
the signal acquired from 500 ng/L ZEN.

Interferents added* Concentration (ng/mL) A signal change upon interferent

addition (%)

OTA 5000 —-4.6

OTB 5000 +2.3

AFB1 5000 +4.8
Table 4

Analytical recovery of the proposed sensor in cereal samples (N = 6).

Samples Spiked amount (ng/ Detected by AIR-SE (ng/ Recovery (%)
mL) mL)
Corn-A I 1.00 1.04 104.0
5.00 4.87 97.4
100.0 101.6 101.6
I 1.00 0.98 98.0
5.00 4.76 95.2
100.0 103.8 103.8
Wheat-A I  10.0 10.05 100.5
30.0 30.08 100.3
60.0 58.61 97.7
I 10.0 10.47 104.7
30.0 30.43 101.4
60.0 57.81 96.3
Rice I
5.00 4.87 97.4
10.0 9.93 99.3
50.0 48.81 97.6
II 5.00 5.21 104.2
10.0 9.68 96.8
50.0 47.60 95.2
Oat I 5.00 4.88 97.6
20.0 20.12 100.6
100.0 104.17 104.2
I 5.00 5.07 101.4
20.0 19.54 97.7
100.0 96.48 96.5

Some of the relevant literature for ZEN detection in food samples is
summarized in Table 5. The novelty of sensor structure and assembly,
applied method, calibration range, and LOD are listed in this table.
Most of these studies are immunoassays and quite prone to exhibit
disadvantages of immune-based recognition elements such as stability,
production difficulties and even ethical issues due to animal abuse.
Some of the electrochemical methods reported herein (Nasir and
Pumera, 2014; Liu et al., 2014), on the contrary, report a direct de-
tection method. The inherent advantages of aptamers such as easiness
of their production and purification methods are still relevant due to
the selective and sensitive detection capability. Electrochemical sensors
that were reported herein, need some nanoparticle aid to achieve a
lower limit of detection. However, as expected, achieved lower LOD in
turn results in a low detection range. For instance, a 0.001 pg/mL ZEN
detection limit has been reported by photoelectrochemical sensor
structure, where the detection range was between 10~ ¢ and 10 ng/mL
(Liu et al., 2017). Other studies on electrochemical based sensors listed
in Table 5 have LOD limit between 1.7 pg/mL and 0.58 ng/mL, where

Added ZEN, ng/mL Intra-day

Inter-day

Found Value, ng/mL RSD % Accuracy % Found Value, umol/L RSD % Accuracy %
0.1 0.098 =+ 0.003 3.06 —2.00 0.103 =+ 0.002 1.94 +3.00
5.0 5.02 + 0.17 3.39 +0.40 4.87 = 0.15 3.08 —2.60
100 97.63 = 2.21 2.26 -2.37 100.2 * 2.6 2.59 +0.20
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detection ranges were quite suitable (such as 0.01-10000 ng/mL) for
food safety applications. As expected, electrochemical methods are
quite sensitive and can operate a wider range of detection. Un-
fortunately, their selectivity and sensitivity should be fine-tuned using
various tools such as magnetic beads, nanoparticles, nanotubes even
core-shell particles to achieve better analytical performance (Hervas
et al., 2011; Riberi et al., 2018). Fluorescence methods, however, have
higher LOD and quite narrower detection ranges. For example, an im-
munosensor assay based on microfluidics have quite lower LOD
(0.01 ng/mL) while its calibration range is between 0.08 and 7.47 ng/
mL (Wang et al., 2013). Colorimetric based sensors have also higher
LOD and a narrower range of detection (for example (Liu et al., 2012)).
Among these methods, SPR based methods have also quite higher LOD
and narrower detection ranges. A quite number of these optical-based
methods reported herein, also are immuno-assays.

Our AIR-SE method under SPR condition, was suitable for ZEN de-
tection in food samples directly, without using any tag or additional
sandwich assay approaches. Also, its analytical performance is high
enough (e.g. nearly competitive to electrochemical methods) for ZEN
detection in real samples. However, the suitability of this proposed
method for using at the point of monitoring site (e.g. at marketplaces) is
not good enough due to the technical limitations in regard to the
miniaturization of ellipsometry.
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