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Abstract The first successful application of the ELISA
reverse method and device (ER mé&d), in the context of
food safety and traceability, was developed in our labora-
tories to detect and quantify CP4EPSPS and CrylAB
genetically modified related proteins in soy and maize
samples, respectively. To prove the versatility and the
transferability of the technology, the ER was here applied to
assess the presence of mycotoxins in cereals. Appropriate
protocols were developed to assess the presence of
deoxynivalenol and ochratoxin A and the ER was tested
on contaminated wheat samples. In particular, deoxyniva-
lenol (DON) and ochratoxin A (OTA) were detected in a
range of values from 430 to 5,000 pg kg™ and from 1.7 to
10 ug kg !, respectively. The assays were optimized to
reach a limit of quantification equal to 550 and 1.8 pg kg
for DON and OTA, respectively.
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Introduction

The development of innovative methods to assess the
presence of contaminants in food and feed samples is strongly
encouraged by the EU legislation to constantly improve food
safety and traceability (AOAC International 2005; Council of
Agricultural Science and Technology (CAST) 2003). Myco-
toxin contamination of cereals and cereal derived products is
commonly considered of high concern because of its
widespread diffusion and toxic effects on both human and
animal health (Ermolli et al. 2006; European 2006a). At the
EU level, mycotoxin contamination has been addressed in
Regulation 2006/1881/EC and in Recommendation 2006/
576/EC setting the maximum levels of aflatoxins, ochratoxin
A, and Fusarium toxins in foodstuffs (expressed as
microgram of mycotoxin on kilogram of foodstuff, micro-
grams per kilogram) (European 2006b) and feedstuffs
(milligrams per kilogram relative to a feedingstuff with a
moisture content of 12%) (European 2006c), respectively.
Recently, new thresholds were set for deoxynivalenol,
zearalenone and fumonisins in maize food products by
Regulation 2007/1126/EC (European 2007). Currently,
mycotoxins are detected by classical analytical methods
based on liquid (HPLC) or gas chromatography as well as by
several commercial immunoassays in industrial and official
laboratories for routine analysis mainly thanks to their rapid
applicability and cost effectiveness (Findlay and Dillard
2007). Some commercial kits (for example, for aflatoxins,
deoxynivalenol, and T-2 toxin) have also been standardized
by regulatory bodies such as the AOAC International
(United Nations 2004) and USDA/GIPSA (http://www.
gipsa.usda.gov). The advantages of immunoassays in terms
of sensitivity, specificity, assay time and cost-effectiveness
are extensively described by other authors (Goryacheva et al.
2007; Kraska et al. 2001; Krska and Molinelli 2007). The

@ Springer


http://www.gipsa.usda.gov
http://www.gipsa.usda.gov

222

Food Anal. Methods (2011) 4:221-227

applicability of the commercial enzyme-linked immunosor-
bent assay (ELISA) kits has been achieved mainly thanks to
their practical commercial formats. They allow the detection
of many samples distributed in the 96-well microplates and
offer the possibility to store the plates for months at 4°C.
Assay time may vary from several hours to several minutes
in the particular case of direct competitive ELISA. For
mycotoxin direct competitive ELISA, the antigen is conju-
gated to a detection enzyme (mostly horseradish peroxidase)
and competes with the free analyte to bind the primary
antibody coated onto the surface of the microplate. Finally,
the measured absorbance values are inversely related to the
concentration of target analyte in the sample.

To our knowledge, only dedicated assays are available,
therefore the challenge in mycotoxin quantitative analysis is
the development of rapid multi-target assays in response to
the urgent need of assessing the co-occurrence of several
mycotoxins in one single analysis. Indeed, cereal samples
are frequently simultaneously contaminated by aflatoxin
B1, zearalenone, fumonisin Bl, and other Fusarium
mycotoxins as reported in scientific literature (Ono et al.
2001; Park et al. 2002; Schneider et al. 2004). The need of
simultaneous multi-analyte detection systems is also clearly
expressed in Commission Recommendation 2006/576/EC
concerning the threshold limits for mycotoxins in cereals
and cereal products intended for animal feeding (European
2006¢). In particular, the 2006/576/EC recommends the
simultaneous analysis of the presence of deoxynivalenol
(DON), zearalenone, ochratoxin A (OTA), T-2 and HT-2
toxins, and fumonisins B1 and B2 in order to assess the
extent of mycotoxin co-occurrence. Moreover, the same
Recommendation requires that the Member States ensure
that feed business operators use these values in their Hazard
Analysis and Critical Control Points system. According to
these thresholds, at the critical control points, food/feed
products should be evaluated and classified as acceptable or
unacceptable. Rapid yes/no decisions along with the food/
feed production chain have to be taken, thus the availability
of rapid and simple methods assumes an even greater
significance.

In the present study, a first attempt to perform a direct
competitive ELISA allowing the detection and quantifica-
tion of two mycotoxins is reported. A test to detect DON
and OTA in wheat flour was developed on the solid phase
of the ELISA reverse method and device (ER m&d) which
was specifically designed to be directly immersed into
liquid samples. ER m&d was previously applied to assess
the presence of CrylAb and CP4EPSPS genetically
modified proteins as described by Ermolli et al. (2006)
(Shephard 2008). The solid phase of the ER consists of
polystyrene pins protruding from a rod and positioned at
modular distance as showed in Fig. 1. Shape and features of
the device make it suitable to be directly immersed into
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tubes collecting samples. Alternatively, sample aliquots can
be distributed in microplate wells. Consequently, the
incubation step is performed in tubes or into the microplate
wells (Figs. 1, 2). Each pin can be sensitized with a
different catcher to perform a multi-target assay. After the
incubation step, washing steps and others incubation steps
are carried out in presence of conjugate(s) and chromo-
genic substrate in pre-filled microplates wells (Figs. 1, 2
and “Materials and Methods”). In the present application,
all the steps (device sensitization, device incubation with
sample and mycotoxin conjugate, washing and color
development) were performed into wells of microplates
in which all the reagents were previously dispensed and
the outcomes were measured by conventional microplate
readers. Further developments of the test could foresee the
simultaneous detection of an increased number of targets
since each pin could be dedicated to a specific target
sensitizing the pin with an appropriate monoclonal
antibody.

Materials and Methods

Reagents Matrix reference materials for mycotoxins, name-
ly naturally contaminated wheat flours with certified
content of deoxynivalenol (Cat. No. BRM 003004) and
OTA (Cat. No. BRM 003006), were purchased from
Biopure (Austria). Certified Reference Materials BCR-396
and BCR-471 to be used as analytical blanks were prepared
by IRMM (Geel, Belgium). Pure DON (Cat. No. BRM
002009), OTA (Cat. No. BRM 002023) were purchased
from Biopure (Austria). Monoclonal antibodies (mouse
IgG,), against DON, OTA as well as horseradish peroxi-
dase conjugated mycotoxins (DON-HRP, OTA-HRP) were
kindly provided by Romer Labs (Austria). Antibody cross-
reactivity certificates were also provided by Romer Labs. In
particular, DON IgG; performed as follows: DON: 100%;
3-Acetyl DON: >100%; 15-Acetyl DON: 103%; T-2: 0%;
Nivalenol: 0%; Fus-X:0%; DON -3-glycoside 4.8%. The
concentration of the monoclonal antibodies was determined
by conventional Bradford assay (Bio-Rad Laboratories,
CA) and the purity was assessed by SDS-PAGE. 3,3', 5,5’
tetramethylbenzidine (TMB) ready-to-use liquid substrate
system for ELISA (Cat. No. T0440) was purchased from
Sigma Aldrich (Milan, Italy). Prototypes of polystyrene
activated devices HB10 with four pins (Fig. 1) were
produced by Biomat snc (Rovereto, Italy) while low
binding microplates were purchased from Thermo Electron
Corporation (Finland).

Commercial kits used to evaluate the ER performance
were AgraQuant® Deoxinivalenol Assay 0.25/5.0 and
AgraQuant® Ochratoxin Assay 2/40 from Romer Labs
(Austria).
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Fig. 1 a ER polystyrene four-pin devices and their positioning into microplate wells. b Devices incubation, washing, and color developing steps

can be carried out into microplate wells

Device Pins Coating Step The solid phase was immersed
into 100 pL of phosphate buffered saline (PBS) containing
1 pg of primary antibody and incubated at room temper-
ature for 2 h. Coupled pins were washed four times with
phosphate buffered saline-TRIS-NaCl buffer (PBS-TBN;
PBS 10 mM, pH7.4, 0.02% Tween-20, 0.1% BSA and
0.05% sodium azide) and incubated in PBS-TBN for
30 min at room temperature (blocking step). Devices could
then be stored over night at 4°C into PBS-TBN or
immediately used after four washing steps into PBST
(PBS, pH7.4, 0.05% Tween-20). After each washing step
pins were dried on absorbent paper.

Preparation of Mycotoxin Standard Solutions and Samples
Pure mycotoxin solutions were prepared in PBS (10 mM,
pH8) to final concentrations of 0, 10, 20, 50, 100,

Fig. 2 General scheme of an
ELISA Reverse assay

b

200 ng mL™! for DON and of 0, 0.1, 0.2, 04, 1,
2 ng mL™" for OTA to construct the assay dose-response
curves.

Three extracts of each target were prepared from the same
batch of certified naturally contaminated flour as indicated in
the sample preparation/extraction procedure of Agraquant®
kits. Briefly, wheat flour containing 1,062+110 ug kg ™' of
DON (Biopure, BRM 003004) was thoroughly mixed before
taking sub-samples of 10 g each. Samples were extracted in
a ratio of 1:5 (w/v) of sample to distilled water and
vigorously shaken for 3 min. After settling, the top layers
of the extracts were filtered through a Whatman #1 filter.
Sample extracts were verified to have a pH of 6.0-8.0, then
diluted 1:5 with distilled water and analyzed as described
below. An extraction in methanol 70% was carried out to
evaluate the possibility of applying the same extraction

1. A sensitized device can be immerse directly in the
collected sample (tube) or the sample can be
dispensed in a micro-plate wells.

2. As the common ELISA procedures an incubation

step is required.
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3. The device is removed and washed

4. The pins are then immersed into the wells pre-filled with specific
conjugate(s) antibodies and incubated.

5. The device has to be washed as in step three.

6. The pins are immersed in wells pre-filled with chromogenous substrate.

7. After the colour development step the device is removed from the wells and
the plate can be immediately analysed by a micro-plate reader if necessary.
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protocol to both deoxynivalenol and ochratoxin A. In such
samples, the final methanol concentration was equal to
23%. Samples from wheat flour containing 2.7+1 pg kg™
of ochratoxin A (Biopure, BRM 003006) were extracted
in a ratio of 1:5 (w/v) of sample to methanol 70% and
filtered without further dilutions. Wheat flour containing
<50 ug kg' of DON (IRMM, BCR-396) and wheat flour
containing <0.6 ug kg ' of OTA (IRMM, BCR-471) were
used as analytical blanks to investigate the limit of detection
(LOD) and limit of quantification (LOQ) of assays. Extracts
from such certified reference materials were prepared and
analyzed essentially as previously described and following
the specifications provided in the certificate of analysis
issued by the IRMM. Mycotoxin concentration in the
extracts was calculated from the standard curve and
compared to the certified value.

Assay One hundred microliters of standards or samples
were distributed into microplate wells and 200 pL of
horseradish peroxidase conjugated mycotoxins were added
(final concentration of 1.67 pg mL™' for DON-HRP and
0.35 pg mL™' for OTA-HRP). After mixing, 200 pL of the
sample-conjugate solution were transferred into a new well.
The coupled devices were immersed into the wells
containing 200 pL of sample-conjugate solution and
incubated for 15 min at room temperature. Devices were
removed, washed four times into PBST (PBS 10 mM, pH
7.4, 0.05% Tween-20), dried on absorbent paper and finally
incubated for 15 min into 100 pL of TMB. Devices were
removed from TMB containing wells and the reaction was
stopped by adding 100 pL of 0.5 M sulphuric acid into the
same wells. Absorbance values were read at 450 nm using a
Bio-Rad Model 550 microplate reader (Bio-Rad). Both the
competition and incubation steps into TMB were carried
out with gentle shaking.

Calibration curve The quantification of mycotoxin in the
sample was achieved as a result of the competition between
the free mycotoxin and the enzyme labeled mycotoxin for
the binding to antibodies immobilized on the pins of the
devices. Accordingly, the maximum absorbance values
were read when the concentration of free mycotoxin is
zero (zero standard or blank) decreasing as the concentra-
tion increased.

To describe the ER dose-response curve the four-parameter
logistic model (4-PL) was applied (Turner et al. 2009). The

equation describing the 4-PL model is as follows:
a—d

y=d+ P

1+ (3)

where y is the response, d is the response at infinite analyte
concentration, @ is the response at zero analyte concentra-
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tion, x is the analyte concentration, C is the inflation point
on the curve, and b is a slope factor. Based on fitting
criteria by (Turner et al. 2009), parameter values were
calibrated against measured ER wvalues by using the
Microsoft® Office Excel 2003 solver to minimize the
square error of estimation.

Statistical analysis Univariate analysis of variance (ANOVA)
was used for analyzing experimental data (absorbance values)
produced under conditions identified by three classification
factors: experiment, device and sensitization. The procedure
GLM of SAS/STAT (version 9, SAS Institute Inc, Gary, NC,
version) was used to construct tests to determine the
significance of each classification effect and interaction effects
in a combined model with fixed and random factors. The
random statement in the GLM procedure specified the
random portion of the ANOVA model, i.e., the effect of
repeated experiments, and computed the variance compo-
nents for each effect. Ryan-Einot-Gabriel-Welch multiple
range test (REGWQ) was used for post-hoc comparisons.

A similar approach was also applied to test the effect of
the extraction methods on the calculated concentrations of
mycotoxins. In this case, planned orthogonal contrasts
(statement contrast) were used where water against
methanol-based extracts were compared.

Results and Discussion

Monoclonal antibodies recognizing DON and OTA were
successfully coupled to the solid phase of the ER device
through simple antibody polystyrene absorption in phos-
phate buffer. In the first stage of the study, tests were
carried out on mycotoxin solutions (PBS 10 mM, pH 8) at
six different concentration levels (see “Materials and
Methods™) in order to determine the quantification range
of each assay. For each target two devices were used thus
six absorbance values were obtained. In all tests, three pins
of each device were coupled to antibody recognizing the
same target while the fourth one was left uncoated. The
fourth pin was meant as negative control of the sensitization
step to detect potential background signals derived from
unspecific bindings. As expected, significant differences in
the absorbance values (p<0.05) between sensitized and
unsensitized pins were found. Although differences linked
to the device were generally observed (p<0.01) post-hoc
tests proved that different devices under the same experi-
mental conditions belonged to the same group of mean
absorbance separation. Therefore, the outcomes were
treated as homogeneous (Fig. 3).

The dynamic range of the ER method for DON was
comparable with those described by the technical bulletin
of commercial ELISA kits (0-200 ng mL ') such as
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Fig. 3 Mean absorbance values calculated for each device. Couples
of devices 1-2, 3—4, 5-6, 7-8, 9—-10, 11-12 were tested at the same
concentration level (expressed as ng mL ™' and reported in italic above

EuroClone ELISA Kit for DON, MycoMonitor™ Deoxy-
nivalenol Assay and AgraQuant® Deoxynivalenol Test Kit
(Fig. 4a). With regards to the ochratoxin A the newly
developed test responded with a drastic drop off in
absorbance (B/By=0.3) which was observed in the range
of values from 0 to 0.4 ng mL™". Appropriate quantification
curves were obtained in the range 0.1-2 ng mL™" (Fig. 4b).
Compared to the commercial kits the assay was therefore
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Fig. 4 Dose-response curves expressed as four-parameter logistic
curves for DON (a) and OTA (b)
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the x-axis of each graph) for DON and OTA. Couples of devices were
verified to belong to the same group of mean separation by means of
REGW post-hoc test

more sensitive although the dynamic range was not as wide,
being 0-8 ng mL™" for commercial Kkits.

In the second part of the experimental design, wheat
reference materials contaminated with DON (1,062
110 pg kg™ ') or ochratoxin A (2.7+1 pg kg ') were used
to simulate unknown cereal samples. The samples were
analysed by the ER assays and in parallel by the
commercial kits AgraQuant® Deoxinivalenol Assay 0.25/
5.0 or AgraQuant® Ochratoxin Assay 2/40, according to
the nature of the target. To develop a multitarget assay the
first challenging step of the procedure is the target
extraction. Indeed, a unique extraction method for all
targets would be the first step for improving multiple
mycotoxin detection, which would be technically possible
through the ER solid phase. Same protocols were applied to
standard materials used to build up calibration curves. No
significant shifting of calibration curves in the reported
conditions was observed (data not shown). The extraction
of DON is commonly performed by shaking samples in
presence of acetonitrile, distilled water, water/PEG or
chloroform/methanol. Extraction of OTA is matrix depen-
dent. In case of wheat samples methanol/water or acetoni-
trile/water are preferably used. In particular, aqueous
methanol is recommended when samples have to be
analyzed by ELISA, thus we also used 70% methanol in
water (v/v). Before the incubation step, extracts were mixed
with conjugates. DON extractions were performed both in
water and methanol as it is most frequently performed for
OTA. The extraction with methanol was included in the
experimental design to evaluate the possibility of applying
the same extraction protocol to both DON and OTA
contaminated samples. The results obtained from DON
contaminated samples when two different extraction proto-
cols were applied, showed significant differences. In fact,
pre-planned orthogonal contrasts put in evidence differ-
ences (p<0.05) between methanol-based extraction and
water extractions. In the test six devices were dedicated to
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Table 1 Accuracy (% bias) and precision (% relative standard
deviation, RSD,), averaged across homogeneous extracts for DON
and OTA

Mycotoxin Extract Bias (%) RSD,. (%)
DON ER
1 and 2 15.0 10.8
3 27.3 22.0
Commercial kit
1 and 2 4.3 32
3 131.4 7.7
OTA ER
1 and 2 and 3 354 16.0
Commercial kit
1 and 2 and 3 26.3 26.2

Values calculated for the ER are obtained as a result of three assays

standards (one device for each concentration level) and two
devices were dedicated to the analysis of each of the three
extracts. No differences were found among replicates using
the same extraction protocol for both DON and OTA
(ANOVA, p>0.05). For both DON and OTA, the method
was evaluated in terms of accuracy (% bias) and precision
(% repeatability standard deviation (RSD,)) as reported in
Table 1. In general, the experiments showed a satisfactory
repeatability with both mycotoxins (RSD,<20%). For DON

experiments, the calculated bias was relatively low (~15%)
when water was used as extraction solution (95% confi-
dence interval 939+62 ug kg '). Accuracy was lower
(bias>25%) for methanol-based DON extract due to over-
estimation of the concentration (95% confidence interval of
estimated concentration being 1,352+141 pg kg ' against
1,062+110 ug kg ' for the certified concentration). An
even higher over-estimation was obtained by analyzing the
same extracts with the commercial kit, the bias being
>130%. Regarding OTA the calculated biases were higher
than 25% for both the ER method and the kit. The 95%
confidence interval for the concentration calculated by
means of ER was equal to 3.7+0.19 pg kg ' 2.7+
1 pg kg ! for the certified value), while a concentration of
2.0+0.43 ug kg ' was calculated using the commercial kit.

The ER assays LOD and LOQ were also determined for
DON and OTA by analyzing certified wheat flours with a
very low content of mycotoxin (analytical blanks, DON<
50 pg kg ' and OTA<0.6 pg kg ' from IRMM). To be able
to compare our results with the performance characteristics
of commercial kits, extracts were prepared according to
their recommendations (water extraction for DON, 70%
methanol extraction for OTA). The LOD and LOQ,
determined by the average concentration of 27 analytical
blanks plus two and three standard deviations respectively,
were equal to 430 and 550 pg kg ' for DON and 1.7 and
1.8 pg kg ' for OTA.

Table 2 Accepted maximum levels of DON and OTA in cereal foodstuffs in the EU

Foodstuffs Maximum
levels (ug kg'l)
DON
Unprocessed cereals other than durum wheat, oats, and maize 1,250
Unprocessed durum wheat and oats 1,750
Unprocessed maize, with the exception of unprocessed maize intended to be processed by wet milling 1,750
Pasta (dry) 750
Bread (including small bakery wares), pastries, biscuits, cereal snacks, and breakfast cereals 500
Cereals intended for direct human consumption, cereal flour, bran and germ as end product marketed for direct human 750
consumption, with the exception of foodstuffs listed below
Processed cereal-based foods and baby foods for infants and young children 200

Milling fractions of maize with particle size >500 micron falling within CN code 1103 13 or 1103 20 40 and other maize 750
milling products with particle size >500 micron not used for direct human consumption falling within CN code 1904 10 10

Milling fractions of maize with particle size <500 micron falling within CN code 1102 20 and other maize milling 1,250

products with particle size <500 micron not used for direct human consumption falling within CN code 1904 10 10
OTA

Unprocessed cereals 5.0

All products derived from unprocessed cereals, including processed cereal products and cereals intended for direct human 3.0
consumption with the exception of foodstuffs listed below

Processed cereal-based foods and baby foods for infants and young children 0.5

Dietary foods for special medical purposes intended specifically for infants 0.5

OTA maximum levels are fixed in Annex 2 of Regulation 2006/1881/EC and DON maximum levels are set in Regulation 2007/1126/EC
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Conclusion

A direct competitive immunoassay protocol for mycotoxins
detection and quantification has been developed using the ER
mé&d. The system was fine-tuned for detection of deoxyniva-
lenol and ochratoxin A in wheat flour with limits of
quantification equal to 550 and 1.8 pg kg ™', respectively. The
assay could be further improved in terms of repeatability
mostly through the automation of the device coating step,
which was carried out here manually. The scope of the present
study was to develop an immunoassay protocol for mycotoxin
quantification on the innovative solid phase of ER devices as
it represents a promising tool for multi-target detection in the
food safety context. As general consideration, multiple
screening could facilitate and speed up the full characteriza-
tion of food products as well as the identification of possible
contaminations. Currently, HPLC is extensively applied to
detect mycotoxins in cereals. The benefits of using HPLC are
mainly the high quality of separation and the low reachable
limit of detection (van Egmond et al. 2007; Zheng et al. 2005;
Zheng et al. 2006). Moreover, it is possible to combine HPLC
to multiple detection systems (fluorescent, UV, diode array) to
perform multiple detections (Zheng et al. 2005). However, all
these solutions highly increase costs analyses. ER mé&d does
not suffer of this limitation, it does not need expensive
equipments, instruments or trained personnel. Furthermore,
comparable results between ELISA and HPLC have been
described in the validation study of the ELISA test kit
AgraQuant (Romer Labs) for OTA in several commodities
(Zheng et al. 2006). Compared to the ELISA kits for single
use, the ER m&d offers the possibility to perform multiple
assay decreasing costs.

Unfortunately, the applications of multi-target immuno-
assays are affected by several factors as an example the
possibility to apply a unique extraction protocol for all
targets. In conclusion, the ER immunoassays here described
allow the detection of DON in the range 430—5,000 pg kg™
and of OTA in the range 1.7-10 pg kg '. Detection of
higher concentrations of OTA and DON are possible
through further dilution of the extract. The system allows
the quantification of both targets within the maximum
levels imposed by the EU regulation with the exception of
baby foods (DON, 200 pg kg ' and OTA, 0.5 pg kg ') and
bread (DON, 500 pg kg™ ") as described in Table 2.
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