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Abstract An analytical method for the analysis of the
mycotoxin zearalenone (ZEN) and its modified forms was
developed. Sample preparation was performed based on a
modified QUEChERS method combined with liquid chroma-
tography coupled to a triple quadrupole mass spectrometry
detection. The method was tested for linearity, precision,
limits of detection and quantification and recoveries. The
evaluation of the above-mentioned parameters was per-
formed on oat flour. The method was applied to oat and
wheat flours that were submitted to an amylolytic treat-
ment (a-amylase and amyloglucosidase), similar to the one
used in the cereal-based baby food production process. A
decrease in f-zearalenol ($-ZEL) and B-ZEL-14-sulfate of
approximately 40% after 90 min incubation was observed,
the other analytes did not show any significant changes. To
our knowledge, this is the first method that approaches the
identification and assessment of ZEN-sulfate derivates in a
cereal matrix.
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List of symbols

ZEN Zearalenone

a-ZEL a-Zearalenol

B-ZEL B-Zearalenol

ZEN-14-S Zearalenone-sulfate

a-ZEL-14-S  o-Zearalenol-sulfate

B-ZEL-14-S p-Zearalenol-sulfate

DON Deoxynivalenol

QuEChERS  Quick, Easy, Cheap, Effective, Rugged and
Safe

ESI Electrospray ionisation

MRM Multiple reaction monitoring

SIDA Stable isotope dilution assay

LOQ Limit of quantification

LOD Limit of detection

RSD Relative standard deviation

Introduction

According to the survey performed by Mousavi Khaneghah
et al. (2019), covering 24 years of investigation on myco-
toxin occurrence, Fusarium mycotoxins were the most fre-
quently encountered, deoxynivalenol (DON) and zearale-
none (ZEN) being the predominant mycotoxins in cereals
and cereal-based products.

ZEN is a non-steroidal oestrogenic mycotoxin, produced
by several Fusarium species, mainly F. graminearum, F. cul-
morum, F. crookwellense, F. cerealis, F. semitectum and F.
equiseti, which are common contaminants of cereal crops
worldwide (Ismaiel and Papenbrock 2015). These fungi can
contaminate cereals like maize, barley, wheat, oats, sorghum
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and, if the climate and subsequent storage conditions favour
their growth and survival (increased humidity and temper-
ature), they can produce high amounts of ZEN (Zinedine
et al. 2007; Marroquin-Cardona et al. 2014). Due to its
structural similarity with 17p-estradiol, ZEN was classified
as a mycoestrogen compound (potent endocrine-disrupting
chemicals which alter estrogenic signalling) (Kinkade et al.
2021). ZEN was proven as being able to induce various
hormonal deregulations in humans and animals of both
sexes, such as disruption of hormone management, strong
embryonic toxicity, apoptosis, and oxidative stress in human
embryonic stem cells etc. (Rogowska et al. 2019). Based on
the exposure data, EFSA established a tolerable daily intake
(TDI) of ZEN at 0.25 ug/kg body weight (EFSA 2011).

In addition to the already known and thoroughly described
fungal mycotoxins, modified ZEN mycotoxins have been
detected in various cereals and cereal-based products, such
as maize, oat, wheat, barley etc. (Bryta et al. 2018). The
most commonly detected modified forms of ZEN are a- and
B-zearalenol (a-ZEL and f-ZEL) and zearalenone-14-sulfate
(ZEN-14-5), all found to be also natural fungal metabolites
(Fig. 1) (De Boevre et al. 2013; Kovalsky et al. 2016). Also
new modified forms of ZEN were identified e.g. by Brodehl
et al. (2014), while studying the biotransformation of ZEN
by the fungi of genera Rhizopus and Aspergillus, describ-
ing the formation of a-zearalenol-14-sulfate (a-ZEL-14-S).
Unlike other modified Fusarium toxins such as acetylated or
glycosylated DON, the molar ratio between free and modi-
fied forms of ZEN and ZEL is much more variable. Thus,
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Fig. 1 Chemical structure of zearalenone and its modified forms
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no “safety factor” can be applied to calculate the total toxin
burden from a measured content of the free form as it is
suggested for DON.

Although, ZEN conjugates are proven to show a
decreased estrogenicity (the intensity of the hormone-like
response of ZEN that mimics the endogenous steroidal sex
hormone 17-estradiol activity after binding to estrogen
receptors and effect the estrogen signalling pathways in ani-
mals), some modified forms are easily transformed into their
parental form during mammalian digestion (Binder et al.
2017), thus contributing to the exposure to ZEN (Wang et al.
2019). The available studies suggest two possible ways of
exposure to this toxin: (1) the consumption of contaminated
cereals and cereal-based products or (2) the consumption
of animal-derived products like meat or milk (Rogowska
et al. 2019).

Until recently there were no available standards of ZEN
sulfate-conjugates of sufficient purity, which made their
quantification a challenge for the researchers. The available
literature reports several high-performance liquid chroma-
tography (HPLC) methods with (tandem) mass spectromet-
ric (MS/MS) detection for the analysis of ZEN and its major
modified forms (Baere et al. 2012; Brodehl et al. 2014). Con-
sidering European Food Safety Authority (EFSA) opinion
on ZEN toxicity (EFSA 2011) that highlights the lack of
sufficient information related to the modified forms and
their toxic effects, the need in investigating the role of food
processes involving naturally occurring and added enzymes
become more evident.
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Over the years, many sample preparation or mycotoxin
extraction methods have been developed (Igbal 2021). For
instance, the immunoaffinity columns (IAC) and solid-
phase extraction (SPE) cartridges are commonly used for
their sensitivity and selectivity, nonetheless the range of
mycotoxins that can be analysed using these sample prepa-
ration techniques is mostly limited to the parent mycotoxin
(Berthiller et al. 2018; Sarkar et al. 2022). QuEChERS
(Quick, Easy, Cheap, Effective, Rugged, Safe) extraction
is frequently employed for the sample preparation in multi-
mycotoxin analysis (Lu et al. 2013; Pereira et al. 2015).
The main advantages of the technique are the fastness
and good recoveries obtained for most of the mycotoxins.
The present study aimed to develop a modified QuECh-
ERS based method for sample preparation, followed by
the simultaneous analysis of ZEN, a-ZEL, B-ZEL, ZEN-
14-S, a-ZEL-14-S and B-zearalenol-14-sulfate (B-ZEL-
14-S) using an HPLC system with mass spectrometric
detection. The interest in the proposed method is valuable
also due to its good performance in the case of ZEN- and
ZEL-sulfates for which internal standards (IS) are not yet
available. To our knowledge, this is the first study integrat-
ing the simultaneous identification and the quantification
of three sulfate-conjugates of ZEN. The analytical method
was validated in the oat flour matrix. Such a method is
required to test the effect of the enzymatic (amylolytic)
treatment of the oat and wheat flour during cereal-based
baby food production process on the concentration of ZEN
and its modified forms. Cereal-based baby food is a highly
important part of the human diet during the first years of
life (European Commission 2006a). Its production process
aims to partially breakdown the starch contained in the
cereals and facilitate the assimilation of the nutrients by
the digestive system of a child. Amylolytic enzymes are
the ones usually used to perform this task, mainly due to
the high efficiency of the reaction (Martinez and Gémez
2016). Oats are often included in the list of ingredients
in the cereal-based baby food production process, mostly
due to their nutritional advantage compared to other cere-
als, such as the presence of functional proteins, f-glucans,
lipid, starch, and a varied range of phenolic compounds
with antioxidant activity (Rasane et al. 2015). The maxi-
mum level of ZEN in cereal-based baby food and cereals
intended for its production were set at 20 ug/kg in the
European Union (European Commission 2006b). Con-
sidering the possibility of sulfate-conjugates formation
in cereals such as oat and wheat (Bryta et al. 2018) and
the scarce knowledge related to the toxicity of modified
and masked forms of ZEN (Liu and Applegate 2020), the
development of a simple and accurate analytical method
which allows the quantification of these compounds is
of particular importance. Furthermore, the behaviour of
conjugated forms of ZEN and ZEL during infant food

processing should be investigated to unveil a potential rise
of estrogenicity by conjugate cleavage during enzymatic
food processing.

Materials and methods
Chemicals and reagents

ZEN, a-ZEL, p-ZEL and their U-['*C]-labelled standards
were purchased from Romer Lab Diagnostics (Tulln, Aus-
tria). ZEN-14-S ammonium salt, a-ZEL-14-S sodium salt
and B-ZEL-14-S sodium salt were acquired from ASCA
GmbH (Berlin-Adlershof, Germany). Water was obtained
from a Milli-Q® SP Reagent water system from Millipore
Corp. (Brussels, Belgium). Methanol and acetonitrile as well
as magnesium sulfate, formic acid and ammonium formate
were purchased from Merck (Darmstadt, Germany).

Samples

The oat and wheat flours were purchased in a supermarket
in Lleida (Spain). The Fusarium graminearum strain (F.46)
used for the present study was obtained from the strains col-
lection of the Food Technology Department of the Univer-
sity of Lleida (Spain).

Before the inoculation, the flours were placed into ISO
bottles (borosilicate glass 3.3 graduated bottle with ISO
thread) and autoclaved. Then, they were aseptically trans-
ferred into Petri dishes (20 g of flour each) and 2 mL of
sterile Milli Q water was added to each of them to reach a
water activity suitable for the fungal growth (approximately
0.98-0.99). The prepared Petri dishes were stored at 4 °C
overnight, water activity being measured with Aqualab Serie
3 TE (Decagon Devices, Washington, USA). One millilitre
of F. graminearum spore suspension (10° spores/mL) was
added to the flour and slightly mixed for a better spreading
of the contamination within the Petri dish. The portions were
stored at 25 °C for 21 days. The obtained contaminated flour
was dried at 40 °C, homogenized and the resulting myco-
toxin concentration was determined.

The samples were submitted to treatment with two amylo-
lytic enzymes (a-amylase and glucoamylase), under the con-
ditions applied during cereal-based baby food production
process. Briefly, 30 g samples were prepared by mixing a
respective amount of the contaminated flour with the roasted
blank flour. The mix was placed in a 100 mL beaker and
the enzymes were added. Each of the enzymes was added
in two dosages to the samples: 2.1 and 4 g of enzyme/kg
of cereal flour. The 53 °C temperature was chosen for the
present study as it corresponds to the temperature allow-
ing for the activity of both enzymes. After the flour and
enzyme mix was ready, 70 mL of distilled water at 53 °C
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was added and the slurry was put into a water bath for 10,
50, and 90 min. Samples for each treatment were prepared
in parallel and per triplicate for every designed setup. When
the time expired, the samples were rapidly cooled in an ice
bath, frozen and lyophilized (Telstar LyoBeta 15, Terrassa,
Spain). The obtained lyophilized samples were then packed
individually and stored in a dry place at room temperature
until analysis.

Instrumental conditions

Detection and quantification of the analytes was achieved
using a Shimadzu Nexera X2 HPLC system equipped with
a binary pump and a thermostatic autosampler (Kyoto,
Japan), coupled with a triple quadrupole mass spectrometer
Sciex QTRAP 6500+ (Sciex Germany GmbH, Darmstadt,).
Data acquisition and processing was performed using Ana-
lyst® and MultiQuant® software (Sciex Germany GmbH,
Darmstadt, Germany). Separation was achieved at 40 °C on
Restek Raptor Fluoro phenyl 100X 2.1 mm, 5 um column
(Bellefonte, Pennsylvania, USA).

The mobile phase consisted of water (A) and methanol
(B), both containing 0.1% formic acid and 300 mg/L. ammo-
nium formate, which was supplied at a gradient with a flow
rate of 0.5 mL/min. The gradient was set as follows: 2% B
for 0.8 min, after 4 min B was increased to 53%, after 6 min
B was set at 60%, after 11 min B was 95% for 1 min, fol-
lowed by 5 min of restoration to the initial conditions. Total
run time was 17 min.

The detector was operated in negative electrospray ioniza-
tion (ESI) mode under multiple reaction monitoring (MRM).
Operating ESI conditions were setup as follows: curtain
gas: 40 psi, gas 1: 60 psi, gas 2: 35 psi, collision gas flow:
medium and source temperature: 300 °C. Ion spray voltage
(IS) was set at 4500 V and —4000 V in positive and negative
ionization mode, respectively. Two characteristic ions were

chosen for the assessment of the mycotoxins in the sam-
ples, quantification and the qualitative confirmation of the
analytes. Table 1 regroups the MS/MS parameters applied.
Figure 1 of the Supplementary Materials section showcases
a chromatogram containing the six analytes.

The optimization of the compound related signal was per-
formed by a direct infusion of the standards of ZEN-14-S
and a-ZEL-14-S at a concentration of 10 ug/L (dissolved in
methanol:water, 1:3, v/v) into the MS/MS detector.

Procedure
Calibration solutions

To improve the accuracy of the measurements, for the ana-
lytes for which U-[!*C]-labelled homologues were available,
standard isotope dilution assay (SIDA) was performed. In
the case of the sulfates derivates, matrix-matched calibration
was carried out. For that, several blank oat samples were
extracted by weighting 5 g of oat flour and mixing it with
10 mL acetonitrile and 10 mL water, shaking for 30 min
(Multi Reax, Heidolph Instruments GmbH and Co.KG,
Schwabach), centrifuging at 3800 g for 30 min (Megafuge
16, Thermo Fisher Scientific, Braunschweig, Germany), col-
lecting 1 mL of the supernatant and mixing it with 250 mg
of anhydrous magnesium sulfate. Then, the samples were
centrifuged at 17,000 g for 5 min (Microfuge R, Beckmann,
Krefeld, Germany) and all the resulting extract collected in
a vial for further use.

Finally, three eight-point series of calibration solutions
were prepared: one containing ZEN (8.008-500.5 ng/mL),
a-ZEL (1.1047-69.074 ng/mL), B-ZEL (2.776-173.5 ng/L)
and their respective U-["3C]-labelled homologues, dissolved
in acetonitrile:water (25:75, v/v); one containing a series of
calibration solutions of ZEN-14-S (0.858-546.25 ng/mL)
and another one containing a-ZEL-14-S (0.853-947.1 ng/

Table 1 MS/MS parameters

for zearalenone (ZEN) Mycotoxin Retentign ESI' mode Precursor Product ions Collision Declus.tering
§ time, min ion (m/z) (m/z) energy (eV)  potential (V)
a-zearalenone (a-ZEL),
ﬁ-Zearallenone (PL;ZEII}% ZEN 6.0 ESI- 317.1 131.0 —40 -75
e i
B-zearalenone- 14-sulfate o-ZEL 5.9 ESI- 319.1 174.0 -37 —-80
(B-ZEL-14-Sulf) 160.0 —44 —-80
B-ZEL 53 ESI- 319.2 174.0 -37 -80
160.0 —44 -80
ZEN-14-S 4.8 ESI- 397.1 317.1 -25 =30
175.0 —46 =30
a-ZEL-14-S 4.8 ESI- 399.1 319.1 -25 =70
275.0 —-42 =70
B-ZEL-14-S 43 ESI- 399.2 319.1 -30 =70
275.1 —44 =70
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mL) and B-ZEL-14-S (0.6092-676.35 ng/mL), both dis-
solved in blank matrix extract (25%).

Sample preparation

QuEChERS method based on the European Standard EN
17279:2019 (Slovenian Institute of Standardization, 2019),
describing an LC-MS/MS method for the screening of
mycotoxins, was used for the preparation of the flour sam-
ples for analysis in the HPLC. Briefly, 5 g of sample were
weighted in a 50 mL polypropylene tube, mixed with 20 mL
acetonitrile/water (50:50, v/v), shaken for 30 min and centri-
fuged for 30 min at 3800 X g. Then, 1 mL of the supernatant
was taken and mixed with 100 pL of the internal standard
solution and 100 pL of Milli Q water. Afterwards, 250 mg
of anhydrous magnesium sulfate was added, vortexed for
another 30 s, centrifuged for 5 min at 17,000 X g and 200 uL.
of supernatant were diluted with 400 puL. water and submitted
to HPLC-MS/MS analysis.

Validation

For the validation of the method, blank oat flour samples
(2.5 g) were spiked with ZEN and its modified forms and
left overnight at ambient temperature to allow the evapora-
tion of the solvent and the establishment of an equilibrium
between the analytes and the matrix. The sample preparation
procedure (“Sample preparation”) section was carried out
on one concentration level and repeated three consecutive
days with 3, 3 and 10 replicas on each day, respectively. The
spiking levels of the blank oat flour was 2.5 pg/kg, 3.5 ug/kg
and 3.7 pg/kg for p-ZEL-14-S, a-ZEL-14-S, and ZEN-14-S,
respectively.

Data evaluation

Limits of detection (LOD) and limits of quantification
(LOQ) were calculated according to (Wenzl et al. 2016),
using the following equations:

S,
LOD = 3.9 % Tb

LOQ =33 LOD

where s, ;, — standard deviation of the (pseudo)blanks’ con-
centration used for the determination of LOD and LOQ; b
— slope of the calibration curve.

Also, intra- and inter- day precision were calculated.
The significance in the changes of toxin concentrations was
assessed for each flour and each enzyme dose, performing
ANOVA and a post hoc Tukey HSD tests using Python 3.9.7
(x=0.05).

Results and discussion
MS/MS detection

MS/MS parameters (selection of the most abundant MRM
transition, declustering potentials, collision energies) for
ZEN-14-S, o- and B-ZEL-14-S were optimized using the
automatic routine provided by Analyst in the negative ESI
mode. The parameters for the other analytes have been
optimized previously. Table 1 summarizes the set condi-
tions of the optimized MRM transitions. ZEN-14-S and
a-ZEL-14-S showed a relatively poor chromatographic
separation on a regular C,g-HPLC-column, which together
with the similarity of the ionization and an insufficient
specificity of the most abundant product ions between
ZEN-14-S and a-ZEL-14-8S, required two different spiked
series of oat flour to be prepared: one containing ZEN-
14-S and another one containing ZEN, a-ZEL, B-ZEL,
a-ZEL-14-S and $-ZEL-14-S. The product ions selected
for the identification and quantification of a- and -ZEL-
14-S (Q: 399.1 — 319.1 and q: 399.1 — 275.1) corre-
spond to the ones described by Brodehl et al. (2014).
However, they differ only by two amu from two of the
most abundant transitions observed for ZEN-S ([M-H]™:
397.1 amu). Thus, ZEN-S containing one or two naturally
occurring heavier isotopes interferes with the a-ZEL-14-S
quantification. According to the natural isotope distribu-
tion mainly driven by the most frequently occurring '*C
carbon and **S atoms, the relative frequency of a ZEN-S
molecule being two amu heavier than the most abundant
molecule containing only '2C and *?S is approximately
8.1%. Since the two interfering compounds together were
present in the samples that were to be analysed, for the
quantification of ZEN-14-S and a-ZEL-14-S a different
approach was applied. The ionisation and fragmentation
behaviour of ZEN-14-S and o-ZEL-14-S is different and
the most abundant heavier isotopic form >*S is cleaved
and no longer part of the detected main MS/MS fragment
ion. Thus, the relative natural abundance of the +2 amu
ZEN-14-S signal does not correspond to 8.1% to the signal
abundance of a-ZEL-14-S. The abundance needs to be
elucidated empirically. As a result of the optimization pro-
cedure, it was verified that the ionization of the ZEN-14-S
leads to the constant formation of the product ions also
characteristic for a-ZEL-14-S. Thus, since the two com-
pounds were present together in the samples to be analyzed
without being chromatographically resolved, a mathemati-
cal subtraction of the part of the area of the signal pro-
duced by ZEN-14-S from the area of the a-ZEL-14-S was
required. Consequently, individual solutions of the two
sulfate derivates of ZEN, at three different concentration
levels (2, 5 and 10 ug/L in the spiked blank sample extract
and liquid standard solution with 25% acetonitrile) were
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«Fig. 2 Changes in concentration (ug/kg+SD) of zearalenone (ZEN)
and its modified forms a-zearalenol (a-ZEL), p-zearalenol (f-ZEL),
zearalenone-14-sulfate (ZEN-14-S) and p-zearalenol-14-sulfate
(B-ZEL-14-S) in wheat and oat flour during enzymatic treatment at a
dose of 2.1 and 4.0 g of enzyme/kg of flour during 10, 50 and 90 min.
Tukey HSD test with compact letter display was run for each enzyme
concentration separately. The different letters represent a significant
change in mycotoxin concentrations between the treatments i.e., the
farer the letters the bigger the numerical difference between the val-
ues (e.g. a is significantly different from b, but not different from ab
etc.)

injected into the system. The four product ions were moni-
tored on the ZEN-14-S chromatograms and the ratio of
the areas of the quantifier ion for a-ZEL-14-S/area of the
quantifier for ZEN-14-S was calculated to be around 2.9%
at all concentrations (Supplementary materials, Table 1).
The following formula was used to determine the true final
area of the a-ZEL-14-S quantifier ion after subtraction of
the ZEN-14-S induced interference:

Final A_zgy 145 = A_zg1-14-5 = (2-9% * AZEN—14—S)’

where Final A, 75 14.5 — the resulting corrected area of
a-ZEL-14-S peak; A, yz; 14.¢ —the area of a-ZEL-14-S peak
recorded by the MS/MS detector and A,y 4.5 — peak area
of ZEN-14-S. The concentration of a-ZEL-14-S was deter-
mined by substituting the obtained final area in the linear
regression equation.

Method performance

The QUEChERS based method used for the present study
showed relatively good results (Table 2). To account for
possible interferences from the oat flour matrix, stable
isotope dilution assay was used for the assessment of
the concentration of ZEN, a- and B-ZEL. For the deter-
mination of ZEN sulfate-derivates (ZEN-14-S, o- and
B-ZEL-14-S), for which the use of internal standard was
impossible, matrix-matched calibration plots were con-
structed. The linearity was interpreted graphically using
a scatter plot and confirmed through Mandel test for all
analytes. The calibration curves for each analyte were also

characterized by the coefficient of determination (R?) with
values above 0.98. The precision was evaluated in terms
of relative standard deviation (RSD). It ranged between
2.5 and 6.4% for intra-day precision (RSDr) and from 2.5
to 10.3% between the 3 days (RSDR). Method recoveries
were in the range between 72.4 and 85.7% for ZEN sulfate-
derivates and from 90.7 to 95.6% for other analytes stud-
ied. The LOQ for the different analytes ranged between 1.0
for B-ZEL-14-S and 59.1 pg/kg for ZEN.

Samples analysis

Various studies have reported the presence of mycotoxins
in cereal-based baby food (Dombrink-Kurtzman et al. 2010;
Cano-Sancho et al. 2011; Juan et al. 2014).

The developed method was applied to Fusarium con-
taminated wheat and oat flours, which were submitted to
enzymatic treatment with a-amylase and amyloglucosidase
(enzymes characteristic for cereal-based infant food pro-
duction process). The aim was to investigate the effect of
different incubation times on ZEN and its modified forms.
Since infants are particularly sensitive to the effect of cereal
contaminants and especially the ones targeting their in-
development hormonal system, a special attention was given
to following the changes in the levels of a-ZEL and a-ZEL-
14-S. Figure 2 is a graphical representation of the obtained
results. As the oat and wheat flours used in this work were
infected in the laboratory, all the metabolites studied were
also produced by the Fusarium graminearum strain used.
The starting levels of ZEN, before the enzymatic treatment
were 2660 pg/kg in wheat and 5095 pg/kg in oat flours,
which is approximately between 10 and 878-fold higher
compared to the levels of its modified forms in wheat, and
between 6 and 295-fold in oat flour.

Regarding the enzymatic treatment of the samples, ZEN
and o-ZEL are not showing any significant change during
the applied process in none of the two matrices, although
a slightly increasing trend can be observed. For p-ZEL, a
significant decrease can be observed during the treatment at
both concentrations of enzymes, 2.1 and 4.0 g enzyme/kg
flour in oats with up to 46 and 37% after 90 min of incuba-
tion, respectively. In wheat flour, -ZEL level did not show
a significant change during the treatment.

Table 2 Overview of the limits

Mycotoxi LOD (ug/k: LOQ (ug/k R % RSD.%  RSDy. % R

of detection (LOD), limits of yeotoxmn (neg/ke) Q (ng/ke) eeovery,® v ” R 7
quantification (LOQ), recovery ZEN 17.9 59.1 95.6 2.5 2.6 0.9995
(%), intra- and inter-day

precision (RSD, and RSDy. o-ZEL 5.6 18.46 92.6 2.9 37 0.9979
respectively) and the coefficient  B-ZEL 12.16 40.14 90.7 2.5 25 0.9988
of determination (R?) of the ZEN-14-S 0.72 2.39 72.6 6.4 10.3 0.9984
analytical method validated in a-ZEL-14-S 0.31 1.03 72.4 2.9 3.5 0.9831
oat flour (n=16) B-ZEL-14-S 0.3 1.0 85.7 35 7.0 0.9813
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Regarding the fate of ZEN sulfato-derivates, ZEN-14-S is
found to be the most abundant in both wheat and oat. ZEN-
14-S, starting at concentrations of 241.2 pg/kg in wheat
and 815.6 pg/kg in oat, shows a decrease after 90 min at
both doses of enzymes (up to 37% in oat and up to 29% in
wheat flours), nonetheless it could not be proven statistically
significant. The variable results for ZEN do not allow for
claiming a correlation between the opposite behaviour of the
two toxins. a-ZEL-14-S was not identified in any of the ana-
lysed samples. p-ZEL-14-S showed a very similar behaviour
compared to its free form ($-ZEL) in both matrices, namely
neither an increase nor a reduction compared to the initially
identified levels of the toxin were recorded in wheat and a
slight decrease in oat.

There is scarce literature on ZEN modifications during
food production processes. Only a recent study published
by Ksieniewicz-Wozniak et al. (2021) identified a F. cul-
morum strain that was able to biosynthesise ZEN-14-S with
higher yield as compared to ZEN in wheat. In the study,
afterwards the cereal was used submitted to a malting pro-
cess. At the end of the malting the levels of both ZEN-14-S
and ZEN increased significantly, which was explained by the
natural contamination of wheat cultivars and the conditions
during malting process appropriate for mycotoxin produc-
tion. However, no conclusion on a potential interconver-
sion of ZEN-14-S and ZEN could be drawn. Together with
the data obtained in the present assay, the study performed
by Ksieniewicz-WoZniak et al. (2021) show the need for a
broader investigation of the Fusarium potential to produce
ZEN and its sulfated metabolites.

Conclusions

The developed LC-MS/MS method for the analysis of ZEN
and modified forms demonstrated good performance criteria
and applicability. The QUEChERS based method used for
sample preparation also proved itself suitable for the quan-
tification of the analytes showing good recoveries. The very
similar ionization products of ZEN-14-S and a-ZEL-14-S
and their poor separation on a regular stationary phase could
requires an indirect calculation of the concentration which is
feasible also in matrix samples as shown above, as long as
a chromatographic separation is not achieved. The analysis
of wheat and oat flours after the enzymatic treatment did
not show any changes for ZEN and a-ZEL levels, however
up to 46% decrease of B-ZEL was observed after 90 min
of incubation. A quite similar behaviour was observed for
ZEN-14-S and B-ZEL-14-S, which proves no correlation
between the change of the two modified forms under the
performed treatment. a-ZEL-14-S was not identified in any
of the analysed samples.

@ Springer

In conclusion, the observed changes in the targeted ana-
lytes during the amylolytic treatment of the flours did not
show a significant reduction nor elimination from the pro-
cess. There are few studies on exposure to ZEN in infants,
thus, monitoring the modified forms, of which the toxicity
and the metabolism in the human body are not fully under-
stood, is of great importance and especially the presence of
the highly estrogenic a-ZEL derivatives require more atten-
tion from the researchers.

Author contributions XP: analysis and writing original draft; SW:
writing-review and editing; SM & VS: supervision and review; RM:
supervision, writing-review and editing.

Funding Open Access funding enabled and organized by Projekt
DEAL. The authors are grateful to the University of Lleida (predoctoral
Grant JADE Plus 218/2016) and to the Spanish Ministry of Economy
and Competitiveness (MINECO, Project AGL2017-87755-R) for fund-
ing this work.

Data availability The dataset used and/or analysed in this study are
available from the corresponding author on reasonable request.

Code availability Not applicable.

Declarations

Conflict of interest Authors declare no conflict of interest.

Consent to participate Not applicable.
Consent for publication Not applicable.

Ethical approval Not applicable.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Berthiller F, Cramer B, ITha MH et al (2018) Developments in myco-
toxin analysis: an update for 2016-2017. World Mycotoxin J
11:5-31. https://doi.org/10.3920/WMJ2017.2250

Binder SB, Schwartz-Zimmermann HE, Varga E et al (2017) Metabo-
lism of zearalenone and its major modified forms in pigs. Toxins
(basel) 9:1-15. https://doi.org/10.3390/toxins 9020056


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3920/WMJ2017.2250
https://doi.org/10.3390/toxins9020056

J Food Sci Technol (April 2023) 60(4):1367-1375

1375

Brodehl A, Moller A, Kunte HJ et al (2014) Biotransformation of
the mycotoxin zearalenone by fungi of the genera Rhizopus and
Aspergillus. FEMS Microbiol Lett 359:124-130. https://doi.org/
10.1111/1574-6968.12586

Bryta M, Wa’skiewicz A, Ksieniewicz-Wo“zniak E et al (2018) Modi-
fied Fusarium mycotoxins in cereals and their products—Metab-
olism, occurrence, and toxicity: an updated review. Molecules
23:1-34. https://doi.org/10.3390/molecules23040963

Cano-Sancho G, Gauchi JP, Sanchis V et al (2011) Quantitative dietary
exposure assessment of the catalonian population (spain) to the
mycotoxin deoxynivalenol. Food Addit Contam Part A Chem
Anal Control Expo Risk Assess 28:1098—1109. https://doi.org/
10.1080/19440049.2011.576445

de Baere S, Osselaere A, Devreese M et al (2012) Development of a
liquid — chromatography tandem mass spectrometry and ultra-
high-performance liquid chromatography high-resolution mass
spectrometry method for the quantitative determination of zearale-
none and its major metabolites in chicken and pig plasma. Anal
Chim Acta 756:37-48. https://doi.org/10.1016/j.aca.2012.10.027

De Boevre M, Jacxsens L, Lachat C et al (2013) Human exposure to
mycotoxins and their masked forms through cereal-based foods
in Belgium. Toxicol Lett 218:281-292. https://doi.org/10.1016/j.
toxlet.2013.02.016

Dombrink-Kurtzman MA, Poling SM, Kendra DF (2010) Determina-
tion of deoxynivalenol in infant cereal by immunoaffinity column
cleanup and high-pressure liquid chromatography—UV detection.
J Food Prot 73:1073-1076. https://doi.org/10.4315/0362-028X-
73.6.1073

EFSA (2011) Scientific opinion on the risks for public health related to
the presence of zearalenone in food. EFSA J 9:2197-2321. https:/
doi.org/10.2903/j.efsa.2011.2197. Available

European Commission (2006a) Commission directive 2006a/125/EC
on processed cereal-based foods and baby foods for infants and
young children. Off J Eur Un 16-35

European Commission (2006b) Commission regulation (EC) No
1881/2006 of 19 December 2006 setting maximum levels for cer-
tain contaminants in foodstuffs. Off J Eur Commun L364:5-24.
https://doi.org/10.2203/dose-response.06-012.Hanekamp

Igbal SZ (2021) Mycotoxins in food, recent development in food
analysis and future challenges; a review. Curr Opin Food Sci
42:237-247

Ismaiel AA, Papenbrock J (2015) Mycotoxins: producing fungi and
mechanisms of phytotoxicity. Agriculture 5:493-537. https://doi.
org/10.3390/agriculture5030492

Juan C, Raiola A, Manes J, Ritieni A (2014) Presence of mycotoxin in
commercial infant formulas and baby foods from Italian market.
Food Control 39:227-236

Kinkade CW, Rivera-Nuiiez Z, Gorcyzca L et al (2021) Impact of
fusarium-derived mycoestrogens on female reproduction: a sys-
tematic review. Toxins (basel). https://doi.org/10.3390/toxins 1306
0373

Kovalsky P, Kos G, Nihrer K et al (2016) Co-occurrence of regulated,
masked and emerging mycotoxins and secondary metabolites
in finished feed and maize—an extensive survey. Toxins (basel)
8:1-29. https://doi.org/10.3390/toxins8120363

Ksieniewicz-Wozniak E, Bryta M, Michatowska D et al (2021) Trans-
formation of selected Fusarium toxins and their masked forms
during malting of various cultivars of wheat. Toxins (basel).
https://doi.org/10.3390/toxins 13120866

LiuJ, Applegate T (2020) Zearalenone (ZEN) in livestock and poultry:
dose, toxicokinetics, toxicity and estrogenicity. Toxins (basel).
https://doi.org/10.3390/toxins 12060377

Lu H, Leal Ruiz MJ, Miguez MP, Fernidndez-Franzén M (2013) Detec-
tion of seven trichothecene mycotoxins in infant cereal foods by
QuEChERS extraction and liquid chromatography coupled to tan-
dem mass spectrometry. Revista De Toxicol 30:203-208

Marroquin-Cardona AG, Johnson NM, Phillips TD, Hayes AW (2014)
Mycotoxins in a changing global environment-a review. Food
Chem Toxicol 69:220-230. https://doi.org/10.1016/j.fct.2014.
04.025

Martinez MM, Gémez M (2016) Insight of the a-Amylase family of
enzymes. In: Microbial enzyme technology in food Applications.
pp 21-45

Mousavi Khaneghah A, Fakhri Y, Gahruie HH et al (2019) Mycotoxins
in cereal-based products during 24 years (1983-2017): a global
systematic review. Trends Food Sci Technol 91:95-105. https://
doi.org/10.1016/j.tifs.2019.06.007

Pereira VL, Fernandes JO, Cunha SC (2015) Comparative assess-
ment of three cleanup procedures after QUEChERS extraction for
determination of trichothecenes (type A and type B) in processed
cereal-based baby foods by GC-MS. Food Chem 182:143-149

Rasane P, Jha A, Sabikhi L et al (2015) Nutritional advantages of oats
and opportunities for its processing as value added foods-a review.
J Food Sci Technol 52:662-675

Rogowska A, Pomastowski P, Sagandykova G, Buszewski B (2019)
Zearalenone and its metabolites: effect on human health, metabo-
lism and neutralisation methods. Toxicon 162:46-56. https://doi.
org/10.1016/j.toxicon.2019.03.004

Sarkar R, Shinde R, Dhanshetty M, Banerjee K (2022) Multi-myco-
toxin analysis method using liquid chromatography with tandem
mass spectrometry and fluorescence detection in Indian medicinal
herbs: development and validation. J Chromatogr A. https://doi.
org/10.1016/j.chroma.2022.463310

Wang N, Wu W, Pan J, Long M (2019) Detoxification strategies for
zearalenone using microorganisms: a review. Microorganisms.
https://doi.org/10.3390/microorganisms7070208

Wenzl T, Haedrich J, Schaechtele A, et al (2016) Guidance document
on the estimation of LOD and LOQ for measurements in the field
of contaminants in feed and food. EUR 28099 EN

Zinedine A, Soriano JM, Molt6 JC, Maiies J (2007) Review on the
toxicity, occurrence, metabolism, detoxification, regulations and
intake of zearalenone: an oestrogenic mycotoxin. Food Chem
Toxicol 45:1-18. https://doi.org/10.1016/j.ct.2006.07.030

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1111/1574-6968.12586
https://doi.org/10.1111/1574-6968.12586
https://doi.org/10.3390/molecules23040963
https://doi.org/10.1080/19440049.2011.576445
https://doi.org/10.1080/19440049.2011.576445
https://doi.org/10.1016/j.aca.2012.10.027
https://doi.org/10.1016/j.toxlet.2013.02.016
https://doi.org/10.1016/j.toxlet.2013.02.016
https://doi.org/10.4315/0362-028X-73.6.1073
https://doi.org/10.4315/0362-028X-73.6.1073
https://doi.org/10.2903/j.efsa.2011.2197.Available
https://doi.org/10.2903/j.efsa.2011.2197.Available
https://doi.org/10.2203/dose-response.06-012.Hanekamp
https://doi.org/10.3390/agriculture5030492
https://doi.org/10.3390/agriculture5030492
https://doi.org/10.3390/toxins13060373
https://doi.org/10.3390/toxins13060373
https://doi.org/10.3390/toxins8120363
https://doi.org/10.3390/toxins13120866
https://doi.org/10.3390/toxins12060377
https://doi.org/10.1016/j.fct.2014.04.025
https://doi.org/10.1016/j.fct.2014.04.025
https://doi.org/10.1016/j.tifs.2019.06.007
https://doi.org/10.1016/j.tifs.2019.06.007
https://doi.org/10.1016/j.toxicon.2019.03.004
https://doi.org/10.1016/j.toxicon.2019.03.004
https://doi.org/10.1016/j.chroma.2022.463310
https://doi.org/10.1016/j.chroma.2022.463310
https://doi.org/10.3390/microorganisms7070208
https://doi.org/10.1016/j.fct.2006.07.030

	Detection and quantification of zearalenone and its modified forms in enzymatically treated oat and wheat flour
	Abstract 
	Introduction
	Materials and methods
	Chemicals and reagents
	Samples
	Instrumental conditions
	Procedure
	Calibration solutions
	Sample preparation
	Validation
	Data evaluation


	Results and discussion
	MSMS detection
	Method performance
	Samples analysis

	Conclusions
	Anchor 18
	References




