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Preface to “LC-MS/MS Method for Mycotoxin Analysis”

The mycelium structure of a variety of filamentous fungi are able to produce secondary metabolites.
Among these secondary metabolites, those that can elicit deleterious effects on other organisms are
classified as mycotoxins, the biochemical significance of which in fungal growth and development has not
always been fully clarified.

The main fungal species that can produce mycotoxins belong to Fusarium, Aspergillus, and
Penicillium genera; other are Claviceps and Alternaria genera. The same mycotoxin class can be produced
by more species of the same mold genus, whereas other mycotoxins (e.g., ochratoxin and patulin) can be
produced by different mold genera. The known mycotoxins are generally low-molecular weight
compounds characterized by very heterogeneous chemical structures, since they are, for example,
macrocyclic (3-resorcyclic acid lactones (zearalenone and its metabolites/derivatives), trichothecenes
(including several tens of toxins with a common tricyclic 12,13-epoxytrichothec-9-ene structure),
coumarins (e.g., the difuranocoumarin derivatives aflatoxins and the dihydrocoumarin ochratoxin A), etc.
Consequently to this chemical variety, also the toxic effects the mycotoxins can induce in humans and
animals are as much various, from immunosuppressive, to estrogenic, teratogenic, and cancerogenic effects.

The most known and important mycotoxins from the toxicological point of view are aflatoxins,
ochratoxin, trichothecenes A and B, fumonisins, and macrocyclic lactones.

The main route of human exposure to mycotoxins is the intake of contaminated food, directly from
contaminated agricultural products or indirectly from residues and metabolites present in foods of animal
origin (e.g., meat, milk and egg). Seldom, inhalation and dermal contact can represent other routes of
exposure.

The mycotoxin-induced diseases are studied since the early 1960s, when aflatoxin exposure was
recognized as the cause of a severe poultry disease. More recently, the carcinogenic properties of
afalatoxins have been recognized by IARC. Other diseases, such as Balkan endemic nephropathy (BEN),
endemic squamous cancer of the esophagus, various hemorrhagic syndromes, have been linked to
various mycotoxin intake.

Although immunochemical methods are routinely used for fast screening of mycotoxin presence,
however, analytical methods based on high-performance liquid chromatography (LC) are preferred for
confirmation purposes, especially when coupled with tandem mass spectrometry (MS/MS), which allows
the determination of multiclass mycotoxins in a single analysis. Moreover, the technical innovations
available in LC-MS/MS instrumentation are prompting its application in monitoring the presence of
contaminants in food and feed.

The aim of this paper collection, constituted by ten research articles and one review, is to provide to
the reader an overview about the novelties and capabilities in LC-MS/MS-based multi-mycotoxin
methods, including the investigation of emerging and modified mycotoxins.

Aldo Lagana
Special Issue Editor
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Article

Development of a LC-MS/MS Method for the
Multi-Mycotoxin Determination in Composite
Cereal-Based Samples
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Abstract: The analytical scenario for determining contaminants in the food and feed sector is constantly
prompted by the progress and improvement of knowledge and expertise of researchers and by the
technical innovation of the instrumentation available. Mycotoxins are agricultural contaminants of
fungal origin occurring at all latitudes worldwide and being characterized by acute and chronic effects
on human health and animal wellness, depending on the species sensitivity. The major mycotoxins of
food concern are aflatoxin B1 and ochratoxin A, the first for its toxicity, and the second for its recurrent
occurrence. However, the European legislation sets maximum limits for mycotoxins, such as aflatoxin
B1, ochratoxin A, deoxynivalenol, fumonisins, and zearalenone, and indicative limits for T-2 and
HT-2 toxins. Due to the actual probability that co-occurring mycotoxins are present in a food or feed
product, nowadays, the availability of reliable, sensitive, and versatile multi-mycotoxin methods
is assuming a relevant importance. Due to the wide range of matrices susceptible to mycotoxin
contamination and the possible co-occurrence, a multi-mycotoxin and multi-matrix method was
validated in liquid chromatography-tandem mass spectrometry (LC-MS/MS) with the purpose to
overcome specific matrix effects and analyze complex cereal-based samples within the Italian Total
Diet Study project.

Keywords: mycotoxin; aflatoxins; ochratoxin A; deoxynivalenol; fumonisins; T-2 and HT-2 toxins;
zearalenone; Total Diet Study; liquid chromatography-tandem mass spectrometry

1. Introduction

As is known, the change of climatic conditions of the planet will determine a warming of the
eco-system leading to an unavoidable increase of the probability of the occurrence of fungal attack
and mycotoxin production in the majority of crops worldwide [1-5]. The more immediate fallout is
the increase of the menace of a further limitation of food availability prejudicing food security firstly
and food safety secondly, as recently reported for the most dangerous hazard among mycotoxins,
namely aflatoxin B1 [6]. Since the entire agri-food system is involved in this challenge, any stakeholder
belonging to any position and role must deserve the highest attention in encouraging the adoption
of preventive actions aimed at minimizing the phenomenon as much as possible; this, in view of
guaranteeing the availability of safe feed and food products to the final consumer. In addition, the
inherent health implications due to the consumption of mycotoxin-contaminated feed and food
products pose a real alarm both for animals wellness, with concomitant consequences for the productive
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yields, the economic gain and the quality of processed foods and the consumer health with a direct
impact towards the more sensitive consumer groups such as infants, children, and adolescents together
with other situations regarding specific status such as the pregnancy and people affected by coexistent
pathologies such as celiac disease.

These aspects are even more relevant in consideration of the probability to have the concomitant
presence of more than a mycotoxin in a feed or food product [7,8] that can pose a real, and still
now underestimated, increased level of risk for the end-consumer due to any potential additive,
antagonistic, or synergistic toxic effects. Recently, a combined toxicity of deoxynivalenol (DON) and
fumonisins (FBs), or aflatoxins (AFs) and fumonisin B1 (FB1), in the livers of piglets caused higher
histopathological lesions and immune suppression [9,10]. Lee and Ryu summarized the most relevant
studies reporting additive or synergistic effects due to the co-occurrence of mycotoxins and their
interactive toxicity [11]. Severe reductions in growth and immune response were found in broilers by
dietary combinations of AFs and ochratoxin A (OTA) [12].

For the abovementioned reasons, the need of the availability of accurate precise and sensitive
analytical methods able to detect the mixture of mycotoxins in a reliable way, plays a pivotal role both
for toxicological and exposure assessment issues.

To date, maximum levels (MLs) have been set for the majority of countries worldwide in different
food products for different individual mycotoxins with recognized adverse effects, but a new scenario
could be depicted in the near future, by the reconsideration of these levels in light of the proved
increase of the toxicity due to the co-presence of mycotoxins in comparison with the one derived
from the individual toxins. Furthermore, all of the Health-Based Guidance Values (HBGV) have been
established for individual toxins and not for their forms of mixture.

Another new aspect to be considered is related to the co-presence of the well-known and studied
mycotoxins with the so-called emerging toxins, such as enniatins and T-2 and HT-2 toxins, even if, in a
recent review from EFSA, the European Authority of Food Safety, no conclusion on risk assessment for
the co-presence of enniatins and beauvericin was possible due to the paucity of data available in feeds
and food products.

Hence, it is important to fill the gap by carrying out validated analytical tools aimed at obtaining
the accurate assessment of human and animal exposure to this group of mycotoxins by determining
their levels in feeds and foodstuffs.

For the determination and quantification of mycotoxins in complex matrices, analytical methods
based on liquid chromatography-tandem mass spectrometry (LC-MS/MS) have been extensively
used [13-16]. With the aim to reduce the matrix effects as much as possible by reducing the interferences
from the extraction step, a wide variety of sample preparations, such as liquid-liquid extraction, solid
phase extraction (SPE), accelerated solvent extraction (ASE), matrix solid-phase dispersion, and dilute
and shoot approaches, have been reported [17].

In a recent review [18], it was outlined that, as far as multi-mycotoxin methods, despite the
advantages of these multi-mycotoxin methods with respect to conventional methods due to the
superior specificity, sensitivity, and fast data acquisition features, which allow simplified sample
preparation, improvements in accuracy and efficiency, as well as in the management of matrix effects
are still needed [19].

As known, the matrix effects represent one of the most challenging issues, as well LOQ value,
to be solved depending on the final endpoint of the analytical research. It should be underlined that
multi-mycotoxin analyses must deserve high flexibility from the researchers’ point of view in order to
choose the more suitable approach to match the performance characteristics with the different targeted
use [18].

This aspect is even more crucial if the composition and the physical nature of the sample to
be analyzed corresponds to a quite high complexity of the matrix as the one investigated in a total
diet study (TDS) for which the proposed analytical methodology has been set up. The cited TDS,
“The Italian Total Diet Study 2012-2014" that included mycotoxins due to their high toxicity and wide
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frequency in the dietary foods, was organized for the first time in Italy with the aim to develop and
spread the TDS methodology on the basis of harmonized principles in terms of study design, sampling
and exposure assessment [20,21].

From the above, within the implementation of the Italian TDS, a versatile LC-MS/MS multi-mycotoxin
and multi-matrix method was validated with the purpose to guarantee a reliable analysis of cereal-based
samples characterized by high sensitivity and applicability.

2. Results and Discussion

2.1. LC-MS/MS Optimization

The optimization of the LC-MS/MS parameters was conducted by directly applying tuning
solutions of the selected mycotoxins. Mycotoxin determination was performed in positive ionization
mode after testing the negative ionization mode, especially for DON and ZEA evaluation. Formic
acid and ammonium formate were added to facilitate the formation of the protonated precursor ion or
the ammonium adduct. Only for T-2 toxin, the sodium adduct, usually considered not suitable, was
selected as precursor ion. Tests using different concentrations of HCOOH/NH;COOH and adding acid
and ammonium salt only to the aqueous component of the mobile phase were performed. The highest
peak intensity was obtained by adding the formate buffer to both the eluents at a concentration of 0.3%
of HCOOH and 5 mM of NH,COOH. Different injection volumes were also tested and, finally, a 10 uL
volume was chosen due to a remarkable improvement of the performance in terms of repeatability,
10 uL being the total loop injection mode. Both acetonitrile and methanol were tested as organic
modifiers for the mobile phase composition and since no dramatic difference was evidenced, methanol
was preferred because it is more environmental friendly in view of laboratory waste disposal.

For identification purpose, the two most intense transitions of the parent compound were selected,
while for mycotoxin quantification only the most intense peak (quantifier) was used. In addition,
retention time (RT) and ion ratio (IR) variations measured in the samples met the requested criteria
(0.1 min for RT and £+30% for IR), when compared with the value obtained for the calibration
standard. In Table 1, precursor and product ions of the tested mycotoxins and the specific MS/MS
parameters are presented.

Table 1. Optimized MS/MS parameters for the analyzed mycotoxins.

Mycotoxin Retention Precursor Ion Product Ions Collision Cone
Time (min) (m/z) (m/z) 2 Energy (V)  Voltage (V)
AFB1 8.15 313.2 [M + H]* 285.3/241 21/35 45
OTA 7.35 404.1 [M + H]* 238.8/358.1 25/14 25
DON 3.89 297.3 [M + H]* 203.5/249.5 15/10 22
FB1 5.55 7233 [M + H]* 335.1/353.5 40/30 50
T-2 6.24 489.6 [M + Na]* 245.1/327.1 30/20 30
HT-2 5.77 447.2 [M + NH4]* 285.1/345.1 15/10 30
ZEA 6.79 319.3 [M + H]* 282.9/301.1 10/10 22

@ Numerical value are given in the order quantifier/qualifier.

In Figure 1, chromatograms obtained for the investigated mycotoxins in a fortified sample
belonging to the model matrix “Wheat other cereals and flours” are shown.
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Figure 1. UPLC-MS/MS chromatograms for the considered mycotoxins in the model matrix “Wheat,
other cereals and flours” fortified at 0.4 pug/kg for AFB1, 2.5 ng/kg for OTA, 125 ug/kg for DON,
50 ng/kg for FB1, 25 ug/kg for T-2, 125 ng/kg for HT-2, and 10 pg/kg for ZEA.

2.2. Optimization of the Extraction Step

LC-MS/MS methods for mycotoxin determination in food samples are often developed with the
aim to reduce sample treatment prior to the injection step. Dilute and shoot is a strategy frequently
applied since it allows a reduction in time and cost of the analysis and to retain groups of mycotoxins
with high chemical diversity. However, the simple dilution of the sample extract may result in an
increased limit of quantification (LoQ); on the other hand, the concentration of the sample can lead
to strong matrix effect seriously affecting the performance of the method, if no clean-up is applied.
The use of isotope dilution is also a strategy to overcome the matrix effect but the entailed costs and
availability of isotopologue standards are a real inconvenience to take into account. Thus, in order to
avoid sample treatment and to reduce the cost of the analysis, the matrix-matched approach was used.
Different extraction mixtures were tested paying attention to the extraction efficiency of the mycotoxins
from the composite cereal based food samples and to the co-extraction of interfering compounds that
could reasonably result in disturbing matrix effects. In particular, three solvent mixtures, selected
from the literature, were tested, namely CH3OH:H,0 80:20 [22]; CH3CN:H,O:CH3COOH 79:20:1 [15],
and EtOH:H,O 2:1 [23]; the evaluation of the performance was made on six replicates of spiked
blank samples, comparing the recovery factor values and the associated relative standard deviation
of repeatability (RSD;) obtained. The matrix used for optimizing the extraction phase consisted of
pooled extra material obtained from the preparation of the cereal based TDS samples (see Section 3.2).
The two first extraction approaches were performed by shaking the sample (1 g) for 30 min with the
solvent mixture. After extraction, the samples were treated as described in Section 3.3. The third
tested extraction was conducted as reported by Breidbach et al. [23], firstly vortexing the sample
with water and then extracting with EtOH in a wrist shaker for 30 min. Magnesium sulfate was
added for the salting out effect and, after centrifugation, an aliquot of the supernatant was dried
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and redissolved with the injection solvent for LC-MS/MS analysis. The obtained results, in terms of
recovery factors and RSD;, are reported in Table 2. Accordingly, with the data presented in Table 2,
the extraction with the mixture with acidified water/organic solvents, namely CH3CN:H,O:CH3;COOH
79:20:1, was finally selected. Additionally, the ratio between the weighed sample and the amount of
extraction solvent was evaluated. The small amount of sample weighted for the analysis (1 g) was not
considered a critical factor in terms of representativity because, in this specific case, the TDS samples
originated from thoroughly mixed and processed preparations (see Section 3.2), bypassing the issue
of the heterogeneous distribution of the mycotoxins in the matrix. With respect to the amount of the
extraction solvent, different quantities were tested; the best results were obtained for the weighted
ratio sample:extraction solvent 1:8. Taking into account the nine subcategories to be analyzed for the
TDS purpose, six model matrices were chosen as representative of the validation. On the basis of
the processing and grain ingredients, the validation was performed on a selected number of model
matrices, more specifically, pasta was chosen as a model for the analysis of pasta and pizza samples;
bakery products were chosen as a model matrix for biscuits, savory fine bakery products, cakes,
and sweet snacks; finally, breakfast cereals, bread, rice, wheat, and other cereals and flours were the
remaining matrices used for validation.

Table 2. Solvent mixtures tested for extraction step optimization, recovery factors (%) and RSD of
repeatability (%). Results for aflatoxin B1 (AFB1) and OTA were grouped, as well as for FB1, DON, T-2,
and HT-2 toxins and ZEA.

R Fact RSD, ?
Extraction Solvent ecovery Factors ( e?)

AFB1, OTA FB1, DON, T-2 and HT-2, ZEA
CH;OH:H,0 80:20 75 (20) 30 (19)
CH3CN:H,0:CH;COOH 79:20:1 65 (15) 80 (15)
H,0 4mL + EtOH 8mL 25 (20) 80 (19)

@ Relative standard deviation, calculated on six replicates processed under repeatability operating conditions.

2.3. Method Performance

2.3.1. Linearity

Linearity was tested by the evaluation of determination coefficients (R?). The linear range was
estimated for curves prepared in neat solvent, as well as for spiked extracts and spiked sample in
Table 3. The target value for acceptability of the curve was a R > 0.99, while the residuals were all
matrix-matched calibration curves prepared for the six analyzed matrices. Results for R? are reported
visually checked to be randomly distributed. As shown from the data reported in Table 3, satisfactory
R? values were obtained for all the targeted mycotoxins in all the tested matrices.

Table 3. Determination coefficient (R?) obtained for the targeted mycotoxins in the six validated cereal
based matrices.

R2
Mycotoxin Neat Solvent  Bread Pasta Rice Wheat Bakery Products Breakfast Cereal
AFB1 0.9995 0.9956  0.9997  0.9901  0.9913 0.9974 0.9995
OTA 0.9976 09958  0.9995  0.9994  0.9903 0.9965 0.9989
FB1 0.9975 0.9982 09964  0.9968  0.9982 0.9993 0.9969
DON 0.9941 0.9993  0.9997  0.9993  0.9978 0.9927 0.9914
T2 0.9937 0.9983  0.9925  0.9929  0.9969 0.9996 0.9906
HT-2 0.9973 09909 09927 09952  0.9919 0.9935 0.9950
ZEA 0.9926 0.9963 09937  0.9939  0.9902 0.9942 0.9902
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2.3.2. Apparent Recovery, Matrix Effect, and Extraction Recovery

Results obtained from the injection of calibration curves prepared in neat solvent, spiked extract
and spiked samples are presented as apparent recovery (Rp), signal suppression/enhancement (SSE),
and extraction recovery (Rg), in Table 4. The value of RSD; calculated for R is shown in Table 4. Since
calibration curves were prepared and injected in replicates (1 = 6) for validation purposes, the LoQ for
each mycotoxin, in all of the validated matrices, was assessed as the first point of the spiked extract
calibration curve. The validated LoQs are reported in Table 4 for each tested model matrix.

Table 4. Apparent recovery, signal suppression/enhancement, extraction recovery, and relative standard
deviation of repeatability of Ry obtained for all of the selected mycotoxins and for each validated
matrix, together with the validated LoQs.

Matrix AFB1 OTA FB1 DON T-2 HT-2 ZEA
LoQ (ng/kg) 013 0.8 16 20 8 20 32

Ry (%) 61 64 84 62 65 62 65

Bread SSE (%) 83 98 113 61 55 63 75
Rg (%) 73 65 74 100 119 99 87

RSD; (%) 14 10 15 18 17 15 20

LoQ (nug/kg)  0.06 0.4 8 20 4 20 1.6

Ry (%) 61 79 116 69 75 79 75

Pasta SSE (%) 52 102 120 66 96 109 83
Rg (%) 117 78 96 105 81 73 90

RSD; (%) 11 12 11 12 16 15 16

LoQ (ug/kg)  0.06 0.4 8 20 4 20 1.6

Ra (%) 88 79 93 70 65 63 78

Rice SSE (%) 105 102 101 107 74 64 75
Rg (%) 83 78 92 65 88 98 104

RSD; (%) 11 10 10 15 14 13 15

LoQ (nug/kg)  0.06 0.4 8 20 4 20 1.6

Ra (%) 69 76 122 66 61 66 65

Wheat SSE (%) 73 92 123 71 64 73 65
Rg (%) 94 83 99 92 95 90 101

RSD; (%) 12 10 12 15 15 15 15

LoQ (ug/kg)  0.13 0.8 16 20 8 20 32

Ra (%) 66 85 76 67 65 63 64

Backery products SSE (%) 84 108 123 61 64 55 74
Rg (%) 79 79 61 109 102 116 87

RSD; (%) 13 10 16 18 15 15 18

LoQ (ng/kg)  0.13 0.8 16 20 8 20 3.2

Ra (%) 65 68 63 66 69 69 68

Breakfast cereals SSE (%) 59 95 123 74 72 68 71
Rg (%) 110 71 52 89 96 101 96

RSD; (%) 16 6 15 14 19 11 20

In order to obtain very low LoQ values, a concentration of the sample was applied; as a consequence
an increase of the matrix effect was observed, as shown from the SSE values reported in Table 4.
The influence of the matrix on the sample ionization depends on the mycotoxin and on the matrix
components co-extracted during the analysis. For better evaluation of the influence of the matrix effect,
SSEs for different mycotoxin/matrix combinations are reported in Figure 2.

The depicted scenario of SSEs is quite satisfactory, being that the effect of the matrix on
the mycotoxin signal is in the range of 60-90% or 110-120% for the majority of the analyzed
mycotoxin/matrix combinations. SSE values in these ranges were considered acceptable provided
that a matrix match approach is used for the correction of the response. Moreover, the 24% of the
tested combinations showed a SSE value in the range 90-110%; in this range SSE may be considered
as not affected by matrix effects, according to Malachova et al. [24]. On the other hand, seven out
of 42 tested mycotoxin/matrix combinations were below 60% (four combinations) or above 120%



Toxins 2017, 9, 169

(three combinations). However, despite these unfavorable SSE cases, the good performances, in terms
of Ra, Rg, and RSDy, shown in Table 4, support the method reliability when critical values of SSE were
also observed.

As for recovery and precision, Annex II of the Commission Regulation (EC) No 401 /2006 [25]
establishes the performance criteria to which a method shall comply. All of the recovery experiments
performed at the LoQ levels for all of the model matrices gave results in the range of acceptability for
the tested mycotoxins (namely: >50-120% for OTA and AFB1; 60-110% for DON; 60-120% for ZEA and
FBs; and 60-130% for T-2 and HT-2). The calculated relative standard deviations of repeatability were all
below 22%, thus confirming a satisfactory performance of method precision even though occasionally
a suppression (e.g., AFB1 in pasta or breakfast cereals, T-2 in bread, and HT-2 in bakery products) or
enhancement (e.g., FB1 in pasta, wheat, bakery products, and breakfast cereals) was registered.

(a) Apparent Recovery - RA (%)

130

L Bread i Rice = Bakery products

i Pasta i Wheat L4 Breakfast cereals

Figure 2. Histograms of the apparent recovery, signal suppression/enhancement, and extraction
recovery obtained for all the selected mycotoxins and for each validated matrix. The grey stripe highlights
the range 60-120% in (a); 90-120% in (b); and the range 70-120% in (c).
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2.3.3. Application to TDS Samples

The validated method was applied to the analysis of 36 pooled samples obtained within the
2012-2014 Italian Total Diet Study [20]. Examining the levels of contamination of the pooled samples,
the 25% resulted lower than LoQ, for all the investigated mycotoxins, the 47% of the samples were
contaminated with only one mycotoxin and the 28% of the samples were positive to two or more
mycotoxins. In relation to the presence of one or more mycotoxins, DON and ZEA were the most
frequently found mycotoxins. Estimated concentrations of DON ranged from LoQ to a maximum
value of 200 ng/kg in pooled samples of the “Wheat, other cereals, and flours” subcategory. ZEA was
determined at concentrations between LoQ and 40 ng/kg, but no toxin was found in “pasta”, “rice”,
“biscuits”, and “savory fine bakery products”.

Moreover, the co-occurring DON + ZEA + FB1 was found in two samples out of 36 of the “Wheat,
other cereals, and flours” subcategory.

It is noteworthy to underline that only one pooled sample exceeded the EU maximum levels,
namely a sample of subcategory “bread” where the OTA contamination was 18.7 nug/kg.

Finally, considering the high toxicity of aflatoxin B1, it is remarkable that only one sample was
positive at a concentration level close to the LoQ value.

3. Materials and Methods

3.1. Chemicals and Reagents

Methanol (MeOH, Chromasolv® for HPLC, >99.9%), acetonitrile (AcCN Chromasolv® for HPLC,
>99.9%), ammonium formate, and formic acid were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Ultra-pure water was produced by a Milli-Q system (Millipore, Bedford, MA, USA).

The certified standard solutions were purchased from Romer Labs Diagnostic GmbH (Tulln,
Austria). A composite standard working solution of all of the mycotoxins was prepared by dissolving
appropriate volumes of each compound in a mobile phase mixture, A:B, 50:50 v:v (H,O (A) and MeOH
(B), both containing 5 mmol-L~! ammonium formate and 0.3% (v/v) formic acid). Stock solutions were
then diluted with the mobile phase mixture, in order to obtain the appropriate working solutions for
the calibration. All solutions were stored at —20 °C in amber glass vials and darkness before use.

3.2. Samples

The investigated food samples were obtained from the stock supplied by the “2012-2014
Italian Total Diet Study” [20]. The optimization and validation was conducted on those samples
of the food category “Cereals, cereal products, and substitutes” which, in turn, was composed

R A R

by nine subcategories as follows: “bread”; “pasta”; “pizza”; “rice”; “wheat, other cereals, and
flours”; “breakfast cereals”; “biscuits”; “savory fine bakery products”; and “cakes and sweet snacks”.
Each subcategory represented a composite core food, which was obtained by pooling a number (up to
eight) different “individual samples”, selected according to market share and processing (packed food),
origin, and species (fresh food). Each individual sample was, in turn, formed by the combination of
a fixed number of “elementary samples” (from 16 to 32) that belonged to the established sampling
program conducted within the Italian territory. In some cases the individual samples were prepared
and cooked according to normal consumer practices (e.g., pasta and rice were boiled) and then were
freeze-dried to enable long-term storage for the study purpose.

The sampling program considered the collection of elementary samples from the four main
geographical areas in Italy (northeast, northwest, center, and south), thus, after pooling the samples
of nine subcategories representative of four geographical areas, the “Cereals, cereal products,
and substitutes” food category summed up a grand total of 36 samples.

As for the method optimization, a suitable cereal based sample was prepared by combining extra
material obtained from the preparation of the TDS samples. The validation was performed on six
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model matrices (namely bread, pasta, rice, wheat, breakfast cereal, and bakery products) considered as
representative of the nine subcategories.

The analytical method was finally applied to all the 36 samples of the “Cereals, cereal products,
and substitutes” category, as obtained by the “2012-2014 Italian Total Diet Study” [20], for the
multi-mycotoxin determination. Water loss as a consequence of freeze-drying was measured and
fresh/dry weight ratios calculated.

3.3. Sample Preparation

For all of the tested samples one gram (1.0 g & 0.1 g) of freeze-dried sample was accurately
weighed into a 15 mL centrifuge tube. Samples were extracted by shaking with 8 mL of AcCN:H,O
(80:20) 1% HCOOH on a mechanical wrist shaker for 30 min. Extracted samples were centrifuged
at 10,000 rpm for 10 min. Four milliliters of supernatant were dried under a stream of nitrogen,
redissolved with 400 uL of injection solution (mobile phase A:B, 50:50), and then centrifuged at
10,000 rpm for 10 min. Prior to injection on the LC-MS/MS system, the samples were filtered through
a4 mm, 0.2 um polytetrafluoroethylene (PTFE) syringe filter (Sartorius, Gottingen, Germany.

3.4. LC-MS/MS Analysis

A Waters UPLC system (Waters, Milford, MA, USA) was used to perform a reverse phase
chromatography separation of the selected mycotoxins. The separation was achieved by a Kinetex
Biphenyl column (50 mm x 3 mm i.d., 2.6 um particle size) preceded by a SecurityGuard™ ULTRA
Holder pre-column, both supplied by Phenomenex (Phenomenex, Torrance, CA, USA). The mobile
phase was a time-programmed gradient using H,O (eluent A) and MeOH (eluent B), both containing
5 mmol L~! ammonium formate and 0.3% (v/v) formic acid. Gradient elution was started isocratically
with 95% A for 1 min. Then, B was linearly increased to 100% within 7.5 min and kept constant for
2 min. Finally, B was decreased linearly to 5% in 1.0 min and equilibrated for 5 min. The flow rate was
set at 300 uL min 1.

The LC system was coupled with a Waters Quattro Premier XE TQ mass spectrometer (Waters,
Manchester, UK) equipped with an ESI source operating in positive ionization mode (ESI+).
ESI-MS/MS was performed in multiple reaction monitoring (MRM). The MassLynx v4.1 (Waters,
Milford, MA, USA) was used in order to control the UPLC-MS/MS system. Capillary voltage, source
temperature, desolvation gas flow rate, and its temperature were set at 3 kV, 120 °C, 600 Lh~!, and
350 °C, respectively. Collision-induced dissociation was performed using argon as collision gas at a
pressure of 3.5 x 10~3 mbar in the collision cell. Cone voltage (CV) and collision energy (CE) values
were optimized for each precursor ion and different product ions. For each compound, at least one
precursor and two product ions for both identification and quantification purposes were identified,
selecting the most abundant product ion for quantification and the second one for confirmation
purposes. The precursor ion and the optimized MS/MS parameters (cone voltage and collision energy)
for each analyte are summarized in Table 1.

3.5. Method Performance

Linearity, apparent recovery, matrix effect, and recovery of extraction were evaluated by preparing
a set of three calibration curves prepared (i) in neat solvent; (ii) by spiking the extract of a blank
sample (spiked extract curve); and (iii) by spiking a blank sample before the extraction step (spiked
sample curve).

The matrix-matched calibration curves (spiked extract and spiked samples curves) were prepared
for each validated matrix. The described set of calibration curves was processed in replicates (1 = 6)
for repeatability evaluation. The spiked samples used for the spiked calibration curve were also used
as spiking experiments for the assessment of trueness and precision.

Limits of detection (LoDs) based on a signal-to-noise (S/N) ratio of 3:1, and LoQs on a S/N ratio
of 6:1, were calculated by injecting neat solvent standard solutions at different concentration levels.
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The calculated LoQs were than verified and validated on the different analyzed matrices, being one of
the selected concentration levels of the replicated (1 = 6) spiking experiments.

3.5.1. Linearity

Linearity was evaluated by preparing a six-concentration levels calibration curve. The concentration
range for each mycotoxin is reported in Table 5. The spiked sample curves were used for quantification,
each working day the calibration curve was constructed in duplicate and the average values were
considered. The matrix-matched calibration curves were prepared for all of the six validated matrices.

Table 5. Concentration levels prepared for the selected mycotoxins.

Concentration Ranges

Mycotoxin
ng/mL ngl/g
AFB1 0.075-2.000 0.06-1.60
OTA 0.5-12.5 0.4-10.0
FB1 10-250 8-200
DON 25-625 20-500
T-2 5-125 4-100
HT-2 25-625 20-500
ZEA 2-50 1.6-40

3.5.2. Apparent Recovery, Matrix Effect, Recovery of Extraction

The evaluation of apparent recovery, signal suppression/enhancement due to matrix effects and
extraction recovery were calculated from the six points calibration curves as described in Section 3.5.1,
as follows [15]:

R4 (%) =100 x 1
4 ( ) Slopeneat solvent ( )
slopesyiked e
SE (%) = 100 x —Fespiked exrtact @
SIopeneat solvent
Ra
Rg (%) =1 —=
E (/) 00 x SSE (3)

where slopespiked samples S10PCneat solvent, AN SIOPCspiked extract Tepresent the values of the gradient of the three
calibration curves obtained by plotting peak areas: (1) of the spiked samples; (2) of the neat standards;
and (3) of the spiked extracts versus the analyte concentration. Each curve was run in duplicate and
each spiking experiment was replicated six times to assess repeatability.

Trueness was assessed following EURACHEM criteria [26] by performing replicated spiking
experiments (1 = 6) at the LoQ levels for each of the model matrix for all of the tested mycotoxins.
The average values of recovery were calculated and the standard deviations of repeatability from the
six replicates were taken as a measure of the precision of the method.

With respect to the identification requirements for mass spectrometric detection of mycotoxins,
the retention times of the analytes in the sample extract were checked to correspond to that of the
average of the calibration standards measured in the same sequence with a tolerance of £0.1 min;
the ion ratio (defined as the response of the peak with the lower area divided by the response of the
peak with the higher area) was checked to be within +30% (relative) to that obtained from the average
of the calibration standards from the same sequence.

4. Conclusions

The proposed method represents an example of multi-mycotoxin determination in composite
cereal-based samples fit for the purpose of a TDS study. The “Cereals, cereal products, and substitutes”

", ou

was the category of reference in which nine kinds of subcategories (i.e., “bread”; “pasta”; “pizza”;
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“rice”; “wheat, other cereals, and flours”; “breakfast cereals”; “biscuits”; “savory fine bakery products”;
and “cakes and sweet snacks”) were included. The number of publications available for LC-MS/MS
techniques around food and feed subject matter are extensive [17,18,23,24], and all kind of references
criteria are defined on the basis of “real life” scenarios very much depending on either the specific group
(or number) of toxins or combination (and kinds) of matrices. The need to reach low levels of LoQ
and satisfactory performances for all the considered mycotoxins was successfully achieved by means
of a robust matrix matched validation experiments performed on a selected model matrix samples.
The lack of validation criteria/acceptability criteria specifically addressed to mycotoxins in the context
of LC-MS method, pushed us to assess the outputs on the basis of the general criteria of precision
and recovery [27] and the obtained results are encouraging in terms of acceptable and satisfactory
performances to be considered in the context of a multi-toxin analytical method for complex matrices.
However, the dynamism in terms of extension to emerging toxins, MS method development, and the
setting of new maximum limits compels the researchers to constantly improve method performances,
especially in those remarkable cases, such as baby foods, for which the requested LoQs represent a
real challenge.
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Abstract: An improved analytical method compared with conventional ones was developed for
simultaneous determination of 13 mycotoxins (deoxynivalenol, nivalenol, 3-acetylnivalenol, aflatoxin
Bj, aflatoxin B,, aflatoxin Gy, aflatoxin G,, fumonisin By, fumonisin B,, T-2, HT-2, zearalenone, and
ochratoxin A) in cereal grains by liquid chromatography-tandem mass spectrometry (LC/MS/MS)
after a single immunoaffinity column clean-up. The method showed a good linearity, sensitivity,
specificity, and accuracy in mycotoxin determination by LC/MS/MS. The levels of 13 mycotoxins in
5 types of commercial grains (brown rice, maize, millet, sorghum, and mixed cereal) from South Korea
were determined in a total of 507 cereal grains. Mycotoxins produced from Fusarium sp. (fumonisins,
deoxynivalenol, nivalenol, and zearalenone) were more frequently (more than 5%) and concurrently
detected in all cereal grains along with higher mean levels (4.3-161.0 ng/g) in positive samples than
other toxins such as aflatoxins and ochratoxin A (less than 9% and below 5.2 ng/g in positive samples)
from other fungal species.

Keywords: aflatoxins; deoxynivalenol; fumonisins; HT-2; nivalenol; ochratoxin A; T-2; zearalenone;
grains; LC/MS/MS

1. Introduction

Mycotoxins are biologically active secondary metabolites produced by a variety of fungi such
as Aspergillus, Penicillium, and Fusarium sp. To date, approximately 400 compounds have been
identified as mycotoxins such as aflatoxins (AFs), ochratoxin A (OTA), fumonisins (Fs), nivalenol (NIV),
deoxynivalenol (DON), zearalenone (ZEN), T-2 toxin (T-2), and HT-2 toxin (HT-2) [1]. The International
Agency for Research on Cancer [2] assigned major mycotoxins into one of 5 groups based on their
carcinogenicity. Aflatoxin By (AFBy) is categorized as a Group 1 human carcinogen due to its potent
carcinogenic properties in liver [2]. OTA, fumonisin By (FB;), and fumonisin B, (FB,) are classified
as possible carcinogens (Group 2B) to human since OTA causes nephrotoxicity, immune suppression,
carcinogenicity, and teratogenicity in laboratory animals, and it has been associated with a fatal
human kidney disease known as Balkan Endemic Nephropathy, and FB; and FB, cause equine
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Toxins 2017, 9, 106

leukoencephalomalacia (ELEM) in horses and porcine pulmonary edema (PPE) in pigs [3]. However,
DON, ZEN, and T-2 are categorized into Group 3 (not classifiable as to its carcinogenicity to humans)
because there is no evidence in their mutagenicity and carcinogenicity [4].

These mycotoxins occur in agricultural crops during pre-harvest and storage. As the mycotoxins
are chemically very stable, they are not degraded during food processing, causing a variety of adverse
and toxic health effects in target organs such as liver, kidney, and nerve systems in human. Thus, most
of the countries started to reinforce management of mycotoxins in foods and feeds, and the European
Union and the Codex have made efforts to set common regulatory limits for mycotoxins. South Korea
has also set and regulated the maximum allowable limits for important mycotoxins in foods and
feeds based on Food Sanitation Act and Control of Livestock and Fish Feed Act. Currently, risks of
mycotoxins found in agricultural crops are assessed by analyses of only one toxin among several
mycotoxins, which can contaminate the same agricultural crops, and the maximum allowable limits
and analytical methods for major mycotoxins are established only for individual toxin in South Korea as
well as other countries. Moreover, these mycotoxins found in a contaminated agricultural commodity
can cause serious synergistic effects in human and animals when consumed simultaneously by them.
Boeira and co-workers reported a synergistic toxicity between Fusarium mycotoxins (DON and ZEA)
on the growth of brewing yeasts [5]. Other researchers have demonstrated that a combined toxicity
of either DON and Fs or AFs and FB; in liver in piglets or barrows caused higher histopathological
lesion and immune suppression [6,7]. Severe reductions in growth and immune response were
found in broilers by dietary combinations of AFs and OTA [8]. Also, synergistic cytotoxic effects of
mycotoxin combinations were shown in mammalian cell [9-12]. Because co-occurrence of mycotoxins
is very common in agricultural commodities, a reliable and sensitive analytical method is needed
for simultaneous determination of multi-mycotoxins. In addition, a prerequisite for the analyses of
multi-toxins is good recoveries of the toxins at toxin extraction and clean-up steps. Most of recently
developed multi-mycotoxin analytical methods employ acetonitrile-water mixtures for co-extraction
of mycotoxins at toxin extraction steps [13]. In order to purify toxin extracts at toxin clean-up
steps, commercial immunoaffinity columns (IAC) have been successfully applied for simultaneous
determination of mycotoxins by liquid chromatography-tandem mass spectrometry (LC/MS/MS).
There are two toxin elution methods at IAC steps; single elution [13] and double elution [14]. In the
current study, in order to develop analytical methods for rapid and efficient determination of major
mycotoxins in food, we developed a new rapid method to co-elute all 13 major mycotoxins by one step
using 5 mL of 80% methanol (MeOH) containing 0.5% acetic acid at the same time and established an
analytical method for simultaneous determination of the 13 mycotoxins by LC/MS/MS. The method
was successfully applied for rapid and simultaneous determination of the 13 mycotoxins in grains
collected from retail markets in South Korea. To the best of our knowledge, this is the first report
on improved co-extraction of 13 mycotoxins in a variety of grains and simultaneous analyses of the
multi-mycotoxins in the cereal grains collected from markets in South Korea by LC/MS/MS.

2. Results

2.1. Linearity of Calibration Curves for 13 Mycotoxins

The linearity of 13 mycotoxins in the analytical method was assessed by each standard curve using
5 levels of standard solutions for each toxin. An extract ion chromatogram (EIC) of 13 mycotoxins
analyzed by the LC/MS/MS is shown in Figure 1. The linearity of the calibration curves was
determined by linear regression analysis. The curves for all 13 mycotoxins showed r? values of
0.9932-1.0000 (Figure S1). Therefore, we concluded that the standard curves for all 13 mycotoxins were
linear in the range of 1.3-53 ng/mL.
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Figure 1. Chromatograms of 13 mycotoxins using LC/MS/MS. Extract ion chromatogram of
13 mycotoxins. Ten microliters of the toxin mixture standard was injected into the LC/MS/MS
system. The retention times of peaks corresponding to each toxin are as follow: NIV, 2.08 min; DON,
2.98 min; 3-AcDON, 7.95 min; AFG,, 10.67 min; AFG;, 11.25 min; AFB,, 11.71 min; AFB;, 12.19 min;
FBy, 12.54 min; HT-2, 12.77 min; T-2, 13.68 min; FB;, 13.94 min; ZEN, 14.95 min; OTA, 16.36 min.

2.2. Extraction of 13 Mycotoxins from 5 Different Matrices and the Effects of the Matrices on Toxin Extraction

Previously, toxins have been extracted by two steps using water and MeOH, which require
time-consuming and laborious shaking and clean-up [14,15]. In this study our method describes a
rapid and efficient co-extraction and co-elution of 13 mycotoxins in 5 different matrices including
mixed cereal with organic solvents containing acetic acid. Our one step method for extraction of
multi-toxins shortened the toxin extraction procedure.

Extraction of toxins from grain samples with organic solvents entails the possibility of analytical
problems (matrix effects) due to the co-extraction of matrix components in the samples. The matrix
effects can affect the ionization efficiency of toxins, leading to suppression or enhancement of the
signal in LC/MS/MS depending on combinations of types of toxins and matrices. Thus, the effects of
matrices on the determination of 13 mycotoxins in 5 types of grains were evaluated.

The signal suppression/enhancement was calculated by the following equation:

SSE — Slope of a standard curve using a sample spiked with a toxin x x 100
N Slope of a standard curve using a toxin standard solution

Five types of grain samples showed minor matrix effects on the determination of all 13 toxins in
the samples (74.5%-112.2%) (Figure 2). Of these toxins, signals for levels of 3-AcDON in all 5 types of
samples were slightly enhanced by the matrices (102.9%-112.2%), whereas those for all other toxins in
the samples were a little suppressed by the matrices (74.5%-90.0%).
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Figure 2. Signal suppression/ enhancement (SSE) effect of 13 mycotoxins in 5 types of matrices.
Five levels (1.325, 2.65, 13.25, 26.5, and 53 ng/mL) of standard solutions for each toxin were prepared
by mixing the extract from each type of grain sample. The standard solutions for each toxin were
injected into LC/MS/MS in triplicate.

2.3. Recovery of 13 Mycotoxins from 5 Different Matrices

Recoveries for 13 mycotoxins extracted from each matrix spiked with each toxin standard solution
were evaluated by using our newly developed co-extraction and co-elution method.
The recoveries were calculated by the following equation:

Each toxin concentration equivalent to the peak area measured from the spiked samplex100
Each toxin concentration used for spiking the sample

Recovery =

The recoveries were measured by injecting toxins extracted from each matrix, which was naturally
uncontaminated with 13 mycotoxins and spiked with 1.2-326.1 ng/mL of each toxin standard solution
as described in materials and methods, into LC/MS/MS. The recovery rates for 13 mycotoxins in
5 types of matrices were 73.9%-133.0% along with relative standard deviation (RSD;) of 0.1%-14.3%
(Figure 3). These recovery rates of 13 mycotoxins satisfied allowable limits of the recovery and RSD
recommended by Codex or Association of Official Analytical Chemists (AOAC) [16,17]. The Codex
recommends 60%—-120% of recovery rates in food samples contaminated with 1-10 ug/kg of mycotoxins
and the guideline for the recoveries by AOAC is 70%—-125% in food samples contaminated with
10 ug/kg of mycotoxins. In addition, RSD; values of the 13 mycotoxins (0.1%-14.3%) were below 15%,
which is recommended for food samples contaminated with 10 ug/kg of mycotoxins by AOAC. Thus,
we concluded that the analytical method by co-extraction and co-elution using MeOH containing
acetic acid had good recoveries from 5 types of matrices.

Recoveries (%)

@ @ @ P @ @ P @ & =
o

Figure 3. Recovery of 13 mycotoxins from 5 types of matrices. Each matrix, which was naturally
uncontaminated with 13 mycotoxins, was spiked with 1.2-326.1 ng/mL of each toxin standard
solution as described in materials and methods. Toxins extracted from each matrix were injected
into LC/MS/MS.
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2.4. LOD and LOQ of an Analytical Method for Determination of Levels of 13 Mycotoxins

The sensitivity of the analytical method using LC/MS/MS was determined by a limit of detection
(LOD) and limit of quantification (LOQ). They were calculated as signal-to-noise (5/N) ratios of 3 and
10, respectively, which were measured by using Analyst 1.6 software. The LODs of the analytical
method for 13 mycotoxins in 5 types of cereal grains were between 0.1 and 18.1 ng/g, whereas the
LOQs of the method for the mycotoxins in cereal grains were between 0.4 and 54.8 ng/g (Table S1).
They were as low as those for detection of trace amounts of the toxins. It indicates that the method
using LC/MS/MS is highly sensitive for determination of all 13 mycotoxins in cereal grains.

2.5. Monitoring Levels of 13 Mycotoxins in Commercial Cereal Grains

The analytical method validated above was used for the determination of levels of 13 mycotoxins
in 5 types of 507 cereal grains (brown rice, maize, millet, sorghum, and mixed cereal) collected from
local markets in South Korea. The occurrence and levels of all 13 toxins in the commercial products
are summarized in Table 1. Mycotoxins produced from Fusarium sp. (FBy, FBy, DON, NIV, and ZEN)
were more frequently detected in all grain samples than other toxins such as AFs and OTA from other
fungal species.

Table 1. Mean and range of levels and incidence of 13 mycotoxins in a total of 507 brown rice, millet,
sorghum, maize, and mixed cereal collected from retail market.

Grain Sample

Mycotoxin®
Item Brown Rice Millet Sorghum Maize Mixed Cereal
Incidence (%) 1 9 4 1 4
AFBy Mean? (ng/g) 11 13 1.0 5.2 43
Range (ng/g) 11 0.4-5.6 0.7-1.7 5.2 0.7-12.4
Incidence (%) 0 1 0 0 0
AFB, Mean? (ng/g) 0 0.5 0 0 0
Range (ng/g) - 0.5 - - -
Incidence (%) 42 52 95 47 74
FB; Mean? (ng/g) 13.6 12.4 160.8 136.5 17.3
Range (ng/g) 2.1-22.8 2.0-32.6 5.8-890.0 3.8-2990.0 3.1-80.1
Incidence (%) 44 50 89 59 58
FB, Mean? (ng/g) 9.6 12.0 42.8 452 14.6
Range (ng/g) 1.6-18.8 1.6-31.1 4.0-223.5 1.9-620.0 1.8-22.1
Incidence (%) 0 0 0 2 0
T2 Mean? (ng/g) 0 0 0 10.0 0
Range (ng/g) - - - 6.4-13.7 -
Incidence (%) 0 0 0 0 1
HT-2 Mean? (ng/g) 0 0 0 0 43
Range (ng/g) - - - - 43
Incidence (%) 0 0 0 0 1
OTA Mean? (ng/g) 0 0 0 0 0.5
Range (ng/g) - - - - 0.5
Incidence (%) 7 25 70 13 19
DON Mean? (ng/g) 5.6 46.5 64.0 180.4 415
Range (ng/g) 6.0-12.3 12.1-212.0 18.1-257.0 17.0-1405.0 14.5-162.0
Incidence (%) 5 16 53 18 40
NIV Mean? (ng/g) 26.3 453 482 116.1 50.2
Range (ng/g) 16.3-36.8 15.7-102.0 18.1-211.5 12.7-570.0 13.8-175.0
Incidence (%) 0 0 0 2 0
3-AcDON Mean? (ng/g) 0 0 0 17.8 0
Range (ng/g) - - - 7.9-27.7 -
Incidence (%) 32 14 62 7 47
ZEN Mean? (ng/g) 5.2 74 375 43 6.1
Range (ng/g) 0.4-37.6 0.7-61.5 0.9-313.0 0.9-14.7 0.2-36.0

1 AFG; and AFG, were not detected in all grain samples; > Mean indicates an average in positive samples.
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The AFB; showed 1%-9% of incidence in all cereal grains (Table 1). The highest levels of AFB; in
maize and millet were 5.2 and 5.6 ng/g, respectively, which were below the maximum allowable limit
(10 ng/g) set by the Korean Food and Drug Administration (KFDA) [18]. However, levels of AFB; in
mixed cereal (12.4 ng/g) exceeded the allowable limit. The occurrence of AFB, was much lower than
that of AFBy; the occurrence of AFB, was below 1% in millet. AFG; and AFG, were not detected in
any types of grain samples.

The incidence (42%-95%) and levels of FB; and FB, were similar to each other in the same
grain group, and the levels of Fs were in the range of 1.6-2990 ng/g in positive samples (Table 1).
In particular, Fs were detected in relatively high concentrations (1.9-2990 ng/g of the range and
42.8-160.8 ng/g of the mean levels in positive samples) in maize and sorghum compared to those
(1.6-80.1 ng/g of the range and 9.6-17.3 ng/g of the mean levels in positive samples) in other types of
cereal grains. Nevertheless, the levels of FB; and FB, detected in all types of grains were below the
maximum allowable limit (4 ug/g for FB; and FB; in maize) set by the KFDA.

Of trichothecenes (TCs), DON and NIV were more frequently detected in all types of cereal grains
than T-2, HT-2, and 3-AcDON; the incidence of DON and NIV was between 16%-70% in all grains
except 7% for DON and 5% for NIV in brown rice, and the mean levels of DON and NIV were in the
range of 6.0-1405 ng/g in positive samples (Table 1). Except the levels of DON in maize, the levels of
DON and NIV detected in all types of cereal grains were below the maximum allowable limit (1 ug/g
for DON in grains and their products) set by the KFDA when the limit of DON is used for levels of
NIV since the legal limits of NIV are not set yet in South Korea [18]. However, the occurrence of T-2,
HT-2, and 3-AcDON was less than 2% in the cereal grains, and the ranges of those in positive samples
were lower than 27.7 ng/g. The ranges of T-2, HT-2, and 3-AcDON were far below than 1 pg/g, which
was set for DON as the legal limit by KFDA [18]. Thus, the levels of DON and NIV as well as those of
3AcDON, T-2, and HT-2 in all types of cereal grains except for DON in maize could not pose a health
risk in South Korea.

The incidence of ZEN, one of mycotoxins from Fusarium sp., was between 7%-62% in all types
of cereal grains, and its range was between 0.2-313.0 ng/g (Table 1). In particular, the levels of ZEN
detected in sorghum were above the maximum allowable limit (200 ng/g) set by the KFDA [18].
Therefore, the level of ZEN in sorghum could pose a risk to public health in South Korea.

Finally, OTA was detected rarely (0%—-1% of incidence) in the cereal grains, and its range was
0-0.5ng/g. The levels of OTA detected in all grains were below the maximum allowable limit (5 ng/g)
set by the KFDA [18].

The co-occurrence of the mycotoxins in 507 cereal grains was as follows; 30% of 2 groups of
micotoxins, 22% of 3 groups of mycotoxins, and 3% of 4 groups of mycotoxins as shown in Figure 4A.
In samples which showed co-occurrence of 2 groups of mycotoxins, Fs and TCs were frequently
detected. Fs, TCs, and ZEN were major mycotoxins in the category of 3 groups of mycotoxins. These
data on the co-occurrence of the mycotoxins in the same grain sample indicate that mycotoxins
produced from Fusarium sp. (FBy, FBy, HT-2, T-2, DON, N1V, 3-AcDON, and ZEN) were concurrently
detected in the same samples. In addition, they were detected more frequently along with AFB; or
AFB, in the same samples than along with OTA, and any samples were not co-contaminated with AFs
and OTA; AFs with Fusarium mycotoxins in 17 samples and OTA with Fusarium mycotoxins in only
1 mixed cereal sample (Figure 4B).

Overall, although the levels of AFB; (except for mixed cereal), total AFs, FB;, FB,, and OTA
detected in all 5 types of grain samples were below the maximum allowable limit set by the KFDA,
they should have been much lower than observed levels because even low exposure to dietary toxins
could pose a carcinogenic risk to human. In addition, the levels of DON and NIV in all 5 types of grains
(except the levels of DON in maize) as well as those of 3AcDON, T-2, and HT-2 in the cereal grains
were below the maximum allowable limit set for DON by KFDA. Also, the level of ZEN detected in
sorghum was above the maximum allowable limit set by KFDA. Therefore, monitoring the levels of
13 mycotoxins in cereal grains marketed in South Korea should be continued.
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Figure 4. Co-occurrence of mycotoxins in the same sample of 5 types of cereal grains collected from
retail market. (A) Percentage of co-occurrence of mycotoxins in a total of 507 cereal grains; (B) Number
of co-occurrence of mycotoxins in 5 types of cereal grains.

3. Discussion

In this study we developed an improved rapid one-step method to co-elute all 13 major mycotoxins
from Myco6inl with IAC using 5 mL of 80% MeOH containing 0.5% acetic acid and established an
analytical method for simultaneous determination of the mycotoxins by LC/MS/MS. The method was
then used for rapid and simultaneous determination of levels of the 13 mycotoxins in grains collected
from retail markets in South Korea. For 100% elution of 13 mycotoxins from IACs, all bonds between
analytes and antibodies should be broken. In our one-step elution, 5 mL of 80% MeOH can provide
enough time to break the bonds, and the acidic condition produced by 0.5% acetic acid makes the bond
breakage occur easily, which improves the recoveries of the mycotoxins in this study. The recovery
rates for 13 mycotoxins in 5 types of matrices were 73.9%-133.0% using the improved toxin extraction
method (Figure 3). In contrast, a previous study described by Lattanzio and collaborators showed that
recovery rates were relatively low (63%-93%) in simultaneous determination of multi-mycotoxins in
corn and wheat samples [14].
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Our data showed that the incidence of AFB; in all cereal grains was from 1% to 9% (Table 1).
Of these grains, the occurrence of AFB; in maize was 1% in our study, while AFB; was not detected in
corn collected in South Korea in one study described by Park and co-workers [19]. One of the reasons
for this discrepancy may have come from the small sample size (1 = 18) in the previous study.

Also, the occurrences of FB; and FB, in brown rice and millet were about 50% (42% in brown
rice and 52% in millet for FBy, and 44% in brown rice and 50% in millet for FB,) in the current study
(Table 1), while both mycotoxins were not detected in brown rice and millet collected in South Korea
in one study described by Seo and collaborators [20]. Again, the small sample size (1 = 12) in the
previous study may have been one of the reasons for this discrepancy.

Table 1 showed that the incidence and the mean levels of DON and NIV in maize were similar to
each other (13% and 180 ng/g for DON, and 18% and 116 ng/g for NIV). These results show lower
occurrences and levels of DON and NIV compared to those detected in corn collected in South Korea
in 1993, in which authors reported occurrences of 65.2% of DON (310 ng/g of the mean level) and
34.8% of NIV (77 ng/g of the mean level) [21]. One of possible reasons for this discrepancy may have
been due to different climate when the maize was harvested in the field or differences between the
regions where the maize was harvested.

The incidence and the mean level of ZEN, another mycotoxin from Fusarium sp., in maize were 7%
and 4.3 ng/g in the present study (Table 1). The level of ZEN in maize was lower than that (151 ng/g of
the mean level) detected in corn collected in South Korea in 1993 as described by Kim and co-workers,
while the occurrence of ZEN in maize in our study was similar to that (8%) detected in the previous
study [21]. The same reason (different climate when maize was harvested or different regions where
maize was harvested) as that for DON, and NIV may be able to explain this discrepancy.

Finally, OTA was detected rarely (1% of incidence) in all cereal grains, and its mean level was
0-0.5 ng/g in our study (Table 1). Of these grains, OTA was not detected in maize in this study, which
was the same as that (0%) in corn collected in South Korea in 2002 [19].

On the other hand, Figure 4B showed that 17 samples were co-contaminated with AFs and
mycotoxins from Fusarium sp. (FBq, FBy, HT-2, T-2, DON, NIV, 3-AcDON, and ZEN), whereas
only one sample (mixed cereal) was concurrently contaminated with OTA and Fusarium mycotoxins.
These data are in agreement with Ok and co-workers’ study in which they detected DON and ZEN
concurrently in 12 out of 70 corn and barley samples collected from South Korea in 2005 and 2006 [22].
In addition, another study from South Korea reported the co-occurrence of AFB;, FB;, and ZEN in
corn and barley [19]. Moreover, studies from other countries also showed the co-occurrence of the
mycotoxins from Fusarium sp. One study from Finland reported that the same samples of cereal
grains such as barley, oats, and wheat were contaminated simultaneously with DON, 3-AcDON, HT-2,
T-2, and ZEN [23]. Another study by Ali and collaborators also reported that Fs, DON, NIV, and
ZEN were co-contaminated with AFs in corn from Indonesia, and they isolated Aspergillus flavus and
Aspergillus parasiticus along with Fusarium moniliforme in the same samples [24]. These data suggest
that our cereal samples may also have been co-infected with the Aspergillus sp. and Fusarium sp.

Because the co-occurrence of these mycotoxins is common in cereal grains and they can cause
synergistic effects to human and animals, it is necessary that efficient control methods are developed
to prevent and monitor contamination of multi-mycotoxins and fungi in grains.

4. Conclusions

In our current study we developed a highly sensitive and reliable analytical method for
simultaneous determination of levels of 13 mycotoxins (AFB;, AFB,, AFG;, AFG,, DON, NIV,
3-AcDON, FBy, FB,, T-2, HT-2, ZEN, and OTA) in cereal grains by LC/MS/MS after IAC clean-up.
We were able to minimize any interfering materials against determination of levels of the mycotoxins
in grains using the Myco6inl with IAC columns and were able to elute all of the mycotoxins
simultaneously from the IAC using 5 mL of 80% MeOH containing 0.5% acetic acid. The analytical
method established in this study showed a good linearity, sensitivity, specificity, and accuracy in
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determination of levels of the mycotoxins by LC/MS/MS. The recovery rates of the mycotoxins in rice
were 73.9%-133.0% along with RSD; of 0.1%-14.3%, which satisfied the legal limits of the recovery and
RSD recommended by Codex or AOAC. The LODs of the analytical method for all of the mycotoxins
were in the range of 0.1-18.5 ug/kg at a signal-to-noise (S/N) ratio of 3, and the LOQs of the method
for the mycotoxins were in the range of 0.4-56.1 ug/kg at an S/N ratio of 10.

Finally, we investigated levels of 13 mycotoxins in 5 types of commercial cereal grains (brown
rice, maize, millet, sorghum, and mixed cereal) collected from local markets in South Korea using the
analytical method established in this study. The levels of DON and NIV in all types of cereal grains
(except levels of DON in maize) and those of 3-AcDON, T-2, and HT-2 in cereal grains were below the
maximum allowable legal limit (1 ug/g) set for DON or NIV by the KFDA. The levels of AFB; (except
for mixed cereal), total AFs, FBy, FBy, ZEN (except for sorghum) and OTA in the cereal grains were also
below the maximum allowable limit set by the KFDA in South Korea. Because levels of DON in maize,
those of AFB; in mixed cereal, and those of ZEN in sorghum were higher than the maximum legal
limits set by KFDA, extensive and active research should be continued for monitoring all 13 mycotoxins
in cereal grains. Furthermore, establishment of legal limits of trichothecenes including NIV, 3-AcDON,
T-2, and HT-2 for grains marketed in South Korea is required for monitoring them.

5. Experimental Sections

5.1. Samples

Brown rice, millet, sorghum, maize, and mixed cereal were used for the development of the
analytical method and the determination of levels of 13 mycotoxins in these grains. The 5 types of
507 cereal grains were purchased from retail markets in South Korea. The grain samples were stored at
4 °C until use.

5.2. Standard Solutions and Reagents

The standards of Aflatoxins Mix 1 (2 pg/mL for AFB; and AFGy, and 0.5 ug/mL for AFB,
and AFG;), OTA (10 pg/mL), Fumonisin Mix 3 (50 ug/mL for FB; and FB;), DON (100 pg/mL),
NIV (100 pg/mL), and 3-AcDON (100 pug/mL) were obtained from Biopure (Cambridge, MA, USA),
while those of ZEN (100 pug/mL), T-2 (100 pug/mL), and HT-2 (100 ug/mL) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). The standard of 3 TCs mixture (DON, NIV, and 3-AcDON) was
prepared by mixing 100 pL of each TC (101.9 ug/mL of DON, 100.9 ng/mL of NIV, and 100.6 ng/mL
of 3-AcDON, which were diluted with acetonitrile [ACN]) with 490 uL of ACN, followed by dilution
of the mixture with 410 uL of MeOH. The phosphate buffered saline (PBS, pH 7.4) for pH adjustment
of toxin extracts was purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC grade ACN and
MeOH were obtained from Merck (Darmstart, Germany). Stock solutions for each toxin were prepared
by dilution of the standard solutions with 100% ACN (except for FB; and FB; for which 50% ACN was
used), and working solutions with a series of toxin concentrations were made by dilution with 50%
MeOH containing 1% acetic acid.

5.3. Assessment of the Precision, Linearity, and Sensitivity of the Analytical Method forDetermination ofLevels
of 13 Mycotoxins

The linearity of a series of concentrations of 13 toxins in the analytical method was assessed by
each standard curve using five levels (1.325, 2.65, 13.25, 26.5, and 53 ng/mL) of standard solutions for
each toxin. The calibration curve for each toxin was constructed by plotting the peak areas (y axis)
versus concentrations of each toxin (x axis) in LC/MS/MS analyses (Figure S1).

Five types of cereal grains that were not naturally contaminated with toxins were spiked with a
mixed standard solution including 13 mycotoxins to determine the precision of the analytical method
at levels of the toxins as follows: NIV, 321.0 ng/g; DON, 326.1 ng/g; 3-AcDON, 321.9 ng/g; AFB;,
8.5ng/g; AFB,, 8.5 ng/g; AFGy, 8.2 ng/g; AFG,, 8.0 ng/g; FBy, 163.2 ng/g; FB,, 160.3 ng/g; HT-2,
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161.6 ng/g, T-2, 64.6 ng/g; ZEN, 64.3 ng/g; OTA, 16.1 ng/g. Extraction and clean-up of analytes from
the spiked samples were performed in triplicate by the procedures described below.

The sensitivity of the analytical method using LC/MS/MS was determined by LOD and LOQ.
They were calculated as signal-to-noise (S/N) ratios of 3 and 10, respectively, which were determined
by using HPLC software (Analyst 1.6 software program, Sciex, Framingham, MA, USA).

5.4. Toxin Extraction Procedure

Each sample (12.5 g) was weighed and placed in 100 mL of Erlenmeyer flasks after being ground
into powders by a food grinder (Hallde, KISTA, Sweden). Fifty milliliters of ACN containing acetic
acid (ACN: water: acetic acid = 79.5:20.0:0.5; v:v:v) as a selected solvent was added to it, and the
13 toxins were extracted by shaking at 320 rpm for 1 h with a wrist action shaker (EYELA, Tokyo,
Japan). After the extracts were centrifuged at 3000 g for 5 min under 4 °C, supernatants were filtered
through Whatman No. 4 filter paper (WhatmanTM, Maidstone, UK). Five milliliters of each filtrate
was diluted with 75 mL of PBS (pH 7.4) and then filtered through a GF/ A filter paper (Whatman™,
Maidstone, UK). Sixty-five milliliters of the filtrate was loaded onto an IAC (Myco6inl+ column,
VICAM, Milford, MA, USA) and passed through at a flow rate of one—two drops/sec. The column
was washed with 10 ml of PBS and distilled water until 2-3 mL of air passed through it, and toxins
were finally eluted from the column with 5 mL of 80% MeOH containing 0.5% acetic acid. The eluates
were evaporated to dryness under a stream of N at 50 °C using a vacuum manifold (Agilent, Santa
Clara, CA, USA), and the residues were re-dissolved in 1 mL of 50% MeOH containing 0.5% acetic
acid. The solutions were vortexed for 1 min and filtered through a 0.22 um syringe filter.

5.5. Matrix Effects on Toxin Extraction

After extraction of matrix components from the 5 types of cereal grains by the same procedure as
the toxin extraction method described above, 265 ng/mL of each toxin standard solution was mixed
with the extract from each type of grain sample at a ratio (v:v) of 4 to 1 to make 53 ng/mL of each
toxin standard solution containing the extracted matrix components. Then, a series of five levels
(1.325, 2.65, 13.25, 26.5, and 53 ng/mL) of standard solutions for each toxin were prepared by serial
dilution of 53 ng/mL of the standard solution with the extract containing matrix components. After
LC/MS/MS analyses, each calibration curve for each toxin was constructed as described above. The
matrix-matched calibration curves were used for calculation of recovery rates of 13 mycotoxins from
5 types of matrices.

5.6. LC/MS/MS Conditions

HPLC (1260 series, Agilent, Santa Clara, CA, USA) equipped with a AB SCIEX QTRAP mass
spectrometer (AB 3200, Applied Biosystems, Foster city, CA, USA) was used to detect the 13 toxins.
Separation of the toxins was carried out on a Scherzo SM-C18 column (3 mm x 150 mm, 3 pm particle
size; Imtakt, Kyoto, Japan). The two elution solutions used were (A) 0.1% formic acid in water
containing 2 mM ammonium acetate and (B) 0.1% formic acid in MeOH containing 2 mM ammonium
acetate. The solutions were pumped at a flow rate of 0.5 mL/min and a gradient elution program was
applied as shown in Table 2. The injection volume of the samples was 10 uL. Analysis software (version
1.6, Sciex, Framingham, MA, USA) was used to control the LC/MS/MS system and to acquire and
process data. The mass spectrometer was operated in the positive ESI (electrospray ionization) mode
with MRM (multiple reaction monitoring) at unit resolution. The main MS parameters were optimized
and finally set as follows: curtain gas, 20 psi; collision gas (CAD), medium; capillary temperature
(TEM), 500 °C; ion spray voltage, + 4500 V; ion source gas 1 (GS1), 50 psi; ion source gas 2 (GS2), 50 psi;
interface heater (ihe), on. Nitrogen was used as the nebulizer, heater, curtain, and collision gas.
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Table 2. A gradient condition of a mobile phase composed of two solutions in analyses of
multi-mycotoxins by HPLC.

Total Time (min) Flow Rate (mL/min) A Solution (%) B Solution (%)
0 0.5 70 30
3 0.5 70 30
13 0.5 10 90
16 0.5 10 90
18 0.5 70 30
20 0.5 70 30

MRM parameters for detection of 13 mycotoxins by the mass spectrometer are shown in Table 3.

Table 3. Multiple reaction monitoring (MRM) parameters for detection of 13 mycotoxins by the
mass spectrometer.

Mycotoxin  Precursor ion Q1 Gniz) Q3 (mlz) (Z::) (v](?llt’s) (VEIIIS) (vf):lb;s) (ﬁw);tl;)
NIV [M + CH;COO™ |~ 3}3 gg 183 ﬂ g g 2
DON  M+CHCOOT 573 20T 10 w73 1
FADON M+CHCOOT™ 330 25 g0 13 a3 o1
AFB, M+ Bw  ms  w  w u ® 4
AFB, M+ HI* B w1 w0 w1 @3
AYG, M+ H* 2 81w om0 ® 4
ARG, M+ w2 w  nm w5 &7 4
B, M+ - 74 w4 W0 a8 & s
FB; M+ HI* mes w2 w0 w5 & s
HT2 O MeNHS g 0w % a1 i
T2 MeNH el e a6 w4
7N M~ HI- rer =S v S S
oTA M+ HI* 0 209 w5 1 4

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/9/3/106/s1,
Figure S1: Calibration curves of 13 mycotoxins, Table S1: LODs and LOQs of 13 mycotoxins in 5 types of
cereal grains.
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Abbreviations

The following abbreviations are used in this manuscript:

LC/MS/MS  Liquid Chromatography-Tandem Mass Spectrometry

AFs aflatoxins

DON deoxynivalenol

3-AcDON 3-Acetyldeoxynivalenol

OTA ochratoxin A

Fs fumonisins

NIV nivalenol

ZEN zearalenone

T2 T-2 toxin

HT-2 HT-2 toxin

TCs Trichothecenes

TIC Total Ion Chromatogram

EIC Extract Ion Chromatogram

RSD; relative standard deviation

LOD Limit of Detection

LOQ Limit of Quantification

ACN acetonitrile

MeOH methanol

MRM multiple reaction monitoring
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Abstract: In food/feed control, mycotoxin analysis is often still performed “one analyte at a time”.
Here a method is presented which aims at making mycotoxin analysis environmentally friendlier
through replacing acetonitrile by ethyl acetate and reducing chemical waste production by analyzing
four mycotoxins together, forgoing sample extract clean-up, and minimizing solvent consumption.
For this, 2 g of test material were suspended in 8 mL water and 16 mL ethyl acetate were added.
Extraction was accelerated through sonication for 30 min and subsequent addition of 8 g sodium
sulfate. After centrifugation, 500 uL supernatant were spiked with isotopologues, dried down,
reconstituted in mobile phase, and measured with LC-MS. The method was validated in-house
and through a collaborative study and the performance was fit-for-purpose. Repeatability relative
standard deviation (RSDs) between 16% at low and 4% at higher contaminations were obtained.
The reproducibility RSDs were mostly between 12% and 32%. The trueness of results for T-2 toxin
and Zearalenone were not different from 100%, for Deoxynivalenol and HT-2 toxin they were
larger than 89%. The extraction was also adapted to a quick screening of Aflatoxin Bl in maize
by flow-injection-mass spectrometry. Semi-quantitative results were obtained through standard
addition and scan-based ion ratio calculations. The method proved to be a viable greener and quicker
alternative to existing methods.

Keywords: mycotoxins; LC-MS; green analytical chemistry

1. Introduction

Mycotoxins are toxic secondary metabolites of certain moulds whose occurrence in food and feed
is difficult to avoid. They present a potential risk to the health of consumers. Therefore, many countries
have regulated the occurrence of mycotoxins [1,2]. A wealth of methods of analysis exists to enforce
these regulations. Many of these methods rely on mixtures of acetonitrile (ACN)/water for extraction
of the mycotoxins from the solid food /feed matrix [3]. To minimize sub-sampling uncertainties, test
portion sizes of 25-50 g are not uncommon, which are then extracted with tens or hundreds of mL of
extraction solvent [4]. In the end, only an aliquot of the extract is cleaned up and actually used for the
determination. The rest is chemical waste needing proper disposal.

A compounding factor for the waste problem is the need to prepare the test material several times
to determine several mycotoxins in the “classical” way. Classical approaches in mycotoxin analysis
make use of immuno-affinity clean-up to obtain the necessary selectivity prior to separation/detection
with HPLC with ultraviolet (UV) or fluorescence detector. These methods are mostly used for single
or, at most, very few, very similar analytes.

“Green Analytical Chemistry” (GAC) is a rapidly developing trend that is rooted in the desire
to make chemical analysis environmentally friendlier. Key principles are, amongst others, chemical
waste reduction and the use of “safer” solvents [5]. One way of reducing the amount of chemical
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waste produced during food/feed analysis is certainly decreasing test portion size. With a smaller test
portion, the volume of extraction solvent can be reduced while maintaining a high solvent/sample ratio
beneficial for good extraction yields. This requires a higher effort in homogenizing the sample which is
delivered to the laboratory to avoid sub-sampling uncertainties which might exceed the measurement
uncertainty. Sample materials milled to particle sizes smaller than 500 pm and thoroughly mixed
usually fulfil this requirement. Another approach would be to prepare aqueous slurries. For this, the
test material and a certain amount of water are high-speed blended to create a well-mixed dispersion of
very small particles. Such slurries display very little heterogeneity and thus minimize the sub-sampling
uncertainty as shown by Spanjer et al. for 10 kg samples [6]. Preparing slurries of 10-50 g of test
material and then using a test portion which is the slurry equivalent of 1 or 2 g of test material would
be a compromise. The limited amount of unused slurry consisting of water and test material is easy to
dispose of and the small aliquot of slurry which is extracted only requires a relatively small volume of
organic solvent. Yet the sub-sample size is that of older, proven methods.

Increasing the number of analytes determined per analysis from the same test material preparation
also reduces the generation of chemical waste. In mycotoxin analysis, modern generation LC-MS with
high sensitivity and selectivity enable this [7] and the selectivity of LC-MS also allows the analyst
to forgo sample extract clean-up, which eliminates another waste-producing step [8,9]. Another
advantage of LC-MS is its preference for lower flow rates. While in the classical HPLC analysis,
analytical columns of 4.6 mm i.d. at flow rates of 1 mL/min are used; LC-MS, with the most commonly
used electrospray ionization (ESI), works better at lower flow rates. Therefore, analytical columns of
2.1 mm i.d. are being used which can reduce the mobile phase consumption by a factor of five or more.

The other principle of GAC listed above was the use of “safer” solvents. Mixtures of ACN/water
are still the preferred extraction solvent in mycotoxin analysis. In a proficiency test about the
determination of multiple mycotoxins in cereals executed in 2013 by the European Reference Laboratory
(EURL) for Mycotoxins, close to 70 laboratories participated [10]. Of those, only 22 laboratories used
a multi-mycotoxin method of analysis and 17 of the 22 used an ACN/water mixture for extraction.
A “safer” alternative is ethyl acetate (EtOAc). It is less toxic, readily available and less expensive.
Of course, to be useful as extraction solvent it needs to provide sufficient solubility for the analytes.
That it is not miscible with water is not a disadvantage for extraction.

In this paper, a method of analysis is presented for the simultaneous determination of the
mycotoxins Deoxynivalenol (DON), HT-2 toxin, T-2 toxin, and Zearalenone (ZON) in unprocessed
cereals. Extraction is accomplished with an EtOAc/water system. To limit EtOAc consumption,
a small test portion size is used. The method has been thoroughly validated in-house and through a
collaborative trial and shown to perform well. The logarithm of the partition coefficient (octanol-water;
log Pow) of the mycotoxins listed above ranges from —0.7 (DON) to 3.6 (ZON). It is safe to assume that
for other mycotoxins with log Pow within the stated range, the extraction will work as well. To display
the flexibility of the extraction approach the results of a quick screening method for Aflatoxin Bl
(AFB1) in maize based on slight modifications of this extraction approach and flow injection-mass
spectrometry (FI-MS) are also presented.

2. Results & Discussion

2.1. LC-MS Multi-Mycotoxin Method

The aim of this method of analysis is to be a tool for enforcement of existing (DON, ZON) [2] and
tentative (HT-2, T-2) [11] legal limits in unprocessed cereals. At the same time, it should be quick, easy
to apply and be a “greener” alternative to existing methods. The results of the in-house validation and
the collaborative study will be presented and discussed together below. The collaborative study data
represents results from 21 laboratories which have analyzed ten coded samples (five different materials
as blind duplicates). Full details of the in-house [12] and the collaborative study [13] validation are
available online.
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2.1.1. Isotopologues as Internal Standard (ISTD)/Matrix Effects

The use of isotopologues in MS analyses is called isotope dilution mass spectrometry (IDMS) and
its utility for accurate determinations of organic substances has been recognized in the late '80s of the
last century [14]. IDMS is a method of analysis of very high metrological order and enables exceptional
accuracies. Yet true IDMS requires addition of the isotopologue to the test material and thorough
equilibration with the analyte before extraction. This is difficult to achieve and control. Moreover,
it can be prohibitively expensive. Those issues preclude this approach from being used in a routine
analysis context.

We used a different approach in that we added the isotopologues to only an aliquot of the sample
extract. Used in such a way, the isotopologues can only be employed for correction of matrix effects
which are a major concern in LC-MS. Upstream effects like extraction efficiency and/or losses during
transfer or dilution steps are not covered. Yet if the extraction conditions are under good control then
this mode of usage offers the benefit of cancellation of matrix effects at very reasonable expenses [9].

For determination of the matrix effects, analyte-free materials were extracted and the extracts
were spiked at four different levels with the analytes and at constant levels with the isotopologue
ISTD mix [15]. After determination of the ion ratios, the matrix effects (ME) were calculated with the
following formula:

ME = B/C, (1)

with B = slope of regression fit of ion ratios of analyte added to extracts of analyte-free material,
C = slope of regression fit of ion ratios of analyte in neat solvent. A value of 1 indicates no matrix effect,
values > 1 indicate ion enhancement, values < 1, ion suppression. For the four analytes in the six tested
materials, MEs between 0.81 and 1.04 were calculated. Considering the uncertainties of the modelling
and the pipetting steps, none of these values were significant with the exception of the values in oat.
Also, those are still within an acceptable range. This is evidence of the validity of the approach to add
the isotopologues after extraction.

2.1.2. Recovery/Trueness

The recovery (Rec), the ratio of observed content to expected, of this method of analysis was
determined following a similar scheme as above. The six tested analyte-free materials were spiked
with the four analytes at four different levels before extraction. All of this was done in duplicate,
resulting in 48 samples. After sufficient equilibration (data not shown), these samples were extracted
and ion ratios were determined. The method recovery was then calculated as:

Rec = A/C, (2)

with A = slope of regression fit of ion ratios of analyte added to analyte-free material, C = slope of
regression fit of ion ratios of analyte in neat solvent. Recoveries between 0.79 and 1.07 were calculated.
This is well within accepted ranges [16].

Of more importance is the trueness of a method of analysis. While recovery can be estimated from
spiked materials with the spiked amount being the expected amount, the determination of trueness
necessitates the knowledge of a “true” value. This true value can be the certified value of a Certified
Reference Material (CRM) or a value determined with a reference method [17].

To this end, for the collaborative study two test materials for which reference values were
determined by exact-matching double IDMS (EMD-IDMS) were included. The process of EMD-IDMS
is described in detail by Breidbach et al. [18] and in the study report [13]. Table 1 displays the results
of the determination of the two reference materials (RM). The bias between the study results and the
assigned values is only significant (confidence interval does not include zero) for DON and HT-2 and
amounts to —11% in RM I and —8% in RM II for DON, and —11% in RM II for HT-2. This demonstrates
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better than recovery experiments the small to negligible systematic error achievable by the combination
of EtOAc as extraction solvent, isotopologues as surrogate ISTD and LC-MS for detection.

Table 1. The assigned reference values from EMD-IDMS and the collaborative study results.

Analyte Assigned Value Study Result
xa ulxa)! Overall Mean sR?2 (ug/kg) 3 A4 -AsR5 +A sR®
(ng/kg)  (ug/kg) (ug/kg) (ug/kg) &S (ug/kg)  (uglkg)
Reference Material I (EFL2)
DON 282 13 250 33 —32 0.47 —47 -16
HT-2 51 3 49 12 -2 0.48 -8 4
T-2 18 1 18 4 0 0.47 -2 2
ZON 28 2 30 6 2 0.46 -1 5
Reference Material II (EFL3)
DON 605 24 559 67 —46 0.46 -77 —15
HT-2 201 7 178 23 -23 0.45 —34 -13
T-2 52 2 50 6 -2 0.46 —5 1
ZON 445 8 430 49 -15 0.46 —38 7

1 combined standard uncertainty of the assigned value; 2 reproducibility standard deviation; 3 bias (overall

mean—assigned value); 4 factor for ca. 95% confidence interval; > lower limit 95% confidence interval around bias;
6 upper limit 95% confidence interval around bias.

2.1.3. Precision

The variability in the results of a method of analysis, its precision, can be determined under
two extreme conditions: repeatability and reproducibility. Repeatability conditions describe the
minimum variability inherent in such a method determined through repeated measures in a short
span of time keeping other contributing factors, such as operator, instrumentation, calibration, etc.,
constant. Maximum variability will be recorded under reproducibility conditions when all those
factors are varied during a collaborative study. The between-laboratory variability adds then onto the
repeatability variability.

The repeatability standard deviations were determined in-house through analysis of three
different naturally-contaminated test materials (designated as EFL1, EFL2, and EFL3 in Table 2)
20 times each. For DON, the relative repeatability standard deviations (RSD;) ranged from 15% at
73 ug/kg to 6% at 427 ug/kg. The ranges for HT-2 were from 11% at 27 pg/kg to 6% at 174 ug/kg; for
T-2, from 16% at 7 pg/kg to 6% at 45 ug/kg; and for ZON, from 18% at 6 pg/kg to 4% at 483 ug/kg.

The results for the collaborative study are listed in Table 2. It is apparent that the RSD; values are
in line with the values found in-house with three exceptions: T-2 with values of 27% and 35%, and
ZON with 32%. All three exceptions are connected to very low contamination levels. A similar picture
unfolds for the relative reproducibility standard deviations (RSDR). For most of the analyte /matrix
combinations, the values are at acceptable levels except for T-2 with 44% and 88%, and ZON with 98%
and 65%. The two T-2 values and the ZON value of 98% are related to the same low contamination
levels as mentioned above.

The second ZON value of 65% in material IRMMFEED is apparently not related to the
contamination level but to the complexity of the matrix. There is a second material (EFL1) with
a very similar contamination level for which the RSDg is less than half at 31%. That for both materials
the RSD; is very similar points to a large between-laboratory variability for IRMMFEED. The higher
matrix complexity of IRMMFEED was a challenge for the separation capabilities. Based on prescribed
resolution requirements, the results of the laboratories could be separated into two groups: those for
which the requirements were met and those for which they were not. For test material EFL1, there was
no significant difference between the overall means of the two groups; for test material IRMMFEED
there was. The existence of two distinct groups explains the much higher between-laboratory variability
and underlines the need for proper chromatographic separation.
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Table 2. Results of the collaborative study.

Material ! Overall Mean 2 (ug/kg) s, > (ug/kg) RSD; (%)  sg * (ug/kg) RSDg (%)

DON
EFL1 88.5 9.5 11 17.0 19
EFL2 250.0 13.6 6 33.3 13
EFL3 558.6 30.1 5 66.9 12
IRMMCER 135.8 8.2 6 23.0 17
IRMMEFEED 281.8 19.9 7 33.1 12
HT-2
EFL1 38.0 3.4 9 6.2 16
EFL2 49.1 3.4 7 12.0 25
EFL3 177.6 13.5 8 23.2 13
IRMMCER 53.1 8.1 15 12.4 24
IRMMFEED 22.0 3.3 15 6.3 29
T2
EFL1 12.1 1.7 14 39 32
EFL2 17.7 1.6 9 44 25
EFL3 50.3 3.1 6 6.5 13
IRMMCER 7.0 1.8 27 3.1 44
IRMMFEED 3.5 1.2 35 3.1 88
ZON
EFL1 139 2.0 15 4.3 31
EFL2 30.5 2.9 10 6.0 20
EFL3 430.0 25.0 6 49.3 12
IRMMCER 3.4 1.1 32 3.3 98
IRMMFEED 159 17 11 10.4 65

1 more information about the materials in [13]; 2 average of all retained lab results; 3 repeatability standard deviation;

4 reproducibility standard deviation.

2.1.4. Other Method Validation Parameters

In-house, the following other validation parameters were determined: for selectivity, the six
materials, which were free of all analytes, were extracted as is and after spiking with the analytes at the
lowest calibration level. Analyte peaks were detected in none of the chromatograms of the unspiked
and in all of the spiked materials. During calibration experiments at six equidistant levels within the
working ranges (in ug/kg: DON 200-2560, HT-2 25-400, T-2 15-240, ZON 50-240), performed on six
different days, no deviations from linearity were found.

Limits of detection (LOD) were determined from the data of the recovery experiments based on
ISO 11843 Part 2 [19]. Since the estimated LODs (in pg/kg: DON <47, HT-2 <9, T-2 < 3, ZON < 5) were
much smaller than the targeted working ranges, no more resources were invested in determining more
precise LOD values. The same was the case for the determination of the limit of quantification (LOQ).
These values were also estimated from the recovery data. Since almost all LOQs, with the exception
of the value for DON in maize, were below the targeted working range, no more resources were
invested. The LOQ for DON in maize was 340 ug/kg and almost twice as large as the next lower value
(190 ug/kg in rice). The reason was an inconsistency in the recovery data for maize. Since the legislative
limit for DON in unprocessed maize is 1750 ug/kg, even a “true” LOQ of 340 ng/kg would not pose a
problem. Figure 1 shows a total ion current (TIC) chromatogram of the separation of a cereal mix with
a fractional content of 23% maize. The peaks of the four analytes are well shaped and resolved with a
total run time of 8.7 min. Figure 2 depicts the extracted ion current (EIC) chromatograms of the four
analytes and their respective isotopologues of the same run as in Figure 1. The top chromatogram in
panel (a) of Figure 2 shows the EIC of DON at a contamination level of about 90 ug/kg. Obviously, the
signal-to-noise ratio is already very favorable at this level which indicates that the LOQ of 340 ug/kg
is a very conservative estimate.
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Figure 1. Total ion current chromatogram of a cereal mix with low contamination of DON, HT-2, T-2,
and ZON; the majority of the peak signals stems from the isotopologues.
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2.2. Quick Screening Method

To investigate the distribution of AFB1 in about 200 kg of contaminated whole grain maize,
a quick screening method for 10 g samples was needed. Since the EtOAc extraction approach worked
so well, it was adapted and tested in this context. To keep overall solvent consumption low, the method
should work with small test portions without generating a high sub-sampling variability. Therefore,
the preparation of aqueous slurries of the 10 g samples was tested.

Nine test portions equivalent to 1 g of maize each out of a slurry prepared from 10 g contaminated
whole grain maize were measured with a routine LC-MS method to assess the sub-sampling variability.
The relative standard deviation (RSD) of results of the nine determinations was 3% based on the peak
area of AFB1. This was seen as sufficiently small to continue with slurries and test portions of 1 g
maize equivalent.

2.2.1. Extraction Efficiency

To speed up the extraction process, the sodium sulfate (Nap;SO,), which was previously added
after sonication in the LC-MS procedure, adding 10-20 min of crystallization time to the extraction,
was now added before avoiding the additional wait. Whether this change influenced the extraction
efficiency (EE) was determined following a similar scheme as described above. Out of a slurry of
contaminated whole grain maize, four aliquots were spiked with AFB1 at two levels in duplicate before
extraction and four were spiked at the same levels after extraction. The spiked and two unspiked
extracts were then measured with LC-MS to obtain the peak areas of AFB1 and to calculate EE with
the following formula:

EE = A/B, 3)

with A = slope of regression fit of peak areas of AFB1 added before extraction and B = slope of
regression fit of peak areas of AFB1 added after extraction. An extraction efficiency of 89% =+ 5%
(95% confidence) was calculated, which is in line with findings of Mol et al. [20] and shows that the
early addition of the Na;SO4 has no significant negative effect.

2.2.2. Flow Injection-MS

While chromatographic separation before MS detection has many advantages and is strongly
recommended for quantitative assessments, it is time consuming. One of those advantages is certainly
the reduction of matrix effects because fewer compounds will coelute with the analyte. However,
for a qualitative screening method, this can be sacrificed to speed up analysis even more.

Therefore, the test solutions were directly delivered to the MS by injecting them into the spray
solvent flow. Since ionization efficiencies of electrospray improve at lower flow rates, and to save
solvent, a flow rate of 20 uL/min was chosen. This led to broad, irregular elution profiles (see Figure 3)
which could not be integrated automatically. To obtain a concentration-dependent response, a different
approach was chosen: Scan-based ion ratios, which had shown to lead to exceptional accuracies in
IDMS measurements [21], were utilized to automatically evaluate the flow injection measurements.
For this, the ion ratio of the AFB1 signal over an ISTD signal (Caffeine was chosen as ISTD) was
calculated as follows: for each scan event measuring the transition m/z 313->241 (AFB1) the signals of
the preceding and the successive scan event measuring the transition m/z 195->138 (Caffeine) were
averaged. The signal of m/z 313->241 was then divided by the average of m/z 195->138 to obtain the
ion ratio for the respective scan. When plotting the signal of the ISTD, a broad peak with flat top could
be observed (Figure 3). Averaging all ion ratios belonging to that flat-top region then provides a mean
ion ratio which is a representation of the amount-dependent analyte response.

32



Toxins 2017, 9, 91

03 - £ s — 1e+05
g 1 [ ]
. 024 ! O 4 — 8e+04
8 ! Ve @ @
sl ; le ©° &
£ o418 - . s ~ 6e+04 O
= L] * =
o ¢ o° b Lo . )
= il *h =t . =
. . ‘e® ® @& -
E 0.12 ‘,0, " $e 4e+04 =
0.06 -| g H — 2e+04
| / '
0 m - 0e+00
\ \ \ \ \
0 100 200 300 400
Scan

Figure 3. lon ratio profile of a flow injection analysis. Solid circles depict the calculated ion ratios per
scan, only the green ones have been retained for averaging. Superimposed is the chronogram of the
internal standard (ISTD) caffeine (broken line).

2.2.3. AFB1 Distribution and Standard Addition

Panel (a) of Figure 4 shows the distribution of AFB1 over ten 10 g samples drawn at random from
10 kg of crushed maize and submitted to the flow injection analysis. The 10 kg were sampled from the
200 kg of contaminated whole grain maize according to the incremental sampling scheme (100 x 100 g)
described in the corresponding European Union (EU) regulation [16] for large lots. Next to samples
containing very little AFB1, there is one sample containing very much. This is evidence of the known
heterogeneity of AFB1 contamination. To obtain an idea of the contamination levels, the slurries of
samples 2, 6, and 10 were submitted to standard addition (STDADD) analysis.

The use of STDADD became necessary because of the uncontrolled and severe matrix effects
that come along with the flow injection measurement. The additional effort was limited because
several aliquots were available for extraction from each slurry. For STDADD experiments, six aliquots,
representing 1 g of maize each, were used. Two were extracted in their native state, the other four were
spiked with AFB1 at two levels in duplicate. For sample 2 (Panel (b), Figure 4), one medium and three
high-level spikes were produced due to a pipetting error.

The calculated mass fractions of AFB1 in the three samples were: 4 (0-76) ug/kg in sample 2;
28 (16-40) ug/kg in sample 6; and 100 (59-165) ng/kg in sample 10. The values in parentheses represent
the ~95% confidence interval around the calculated value. These intervals have been determined from
the computed prediction intervals of the STDADD experiments. The confidence intervals around the
predicted value are unsymmetrical by definition. The value zero in the interval of sample 2 shows
that the calculated value is below the detection capabilities of the analytical method. The width of the
intervals indicates the semi-quantitative nature of this approach. Yet it appears to be valuable as a
tool to screen large numbers of samples. In this study, the focus was on AFB1 which is notoriously
heterogeneously distributed and has low legal limits. This approach could easily be adapted to
other mycotoxins, for instance fumonisins, and certainly DON, HT-2, T-2, and ZON. The use of 1%
trifluoroacetic acid in the slurries boosts extraction efficiencies of fumonisins and prevents, due to the
low pH, enzymatic activities which appear to convert T-2 toxin through deacetylation to HT-2 toxin.
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Figure 4. Ion ratio distribution over ten 10 g samples of contaminated crushed maize and standard
addition plots. (a) Box plot of duplicate flow injections of ten random sub-samples, boxes extend to the
two measured ion ratios, horizontal line depicts the mean of the two ion ratios; (b) Standard addition
plot of sample 2 in (a); (c) Standard addition plot of sample 6 in (a); (d) Standard addition plot of
sample 10 in (a); black circles—ion ratio (mean of two injections), black line—regression fit, red broken

line—prediction interval.

3. Conclusions

In conclusion, it can be said that the presented approach is:

e  greener than many existing approaches because it replaces ACN through EtOAc, minimizes the
consumption of organic solvent, and produces less chemical waste;

e simple and quick because a time-consuming clean-up step is avoided and sample processing is
easily scaled up or down;

e adaptable to other applications without too much effort;

e showing favorable performance characteristics and is fit-for-purpose as a tool to enforce EU
mycotoxin legislation.

The fitness-for-purpose is also evidenced through the fact that the presented LC-MS method
of analysis has been published by the European Committee for Standardization (CEN) as European
standard method of analysis [22].

4. Materials and Methods

4.1. Chemicals and Materials

All chemicals were purchased from either Sigma-Aldrich (Overijse, Belgium) or VWR (Leuven,
Belgium) and were of at least analytical grade. For mobile phases LC-MS CHROMASOLV grade
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water and methanol (MeOH), formic acid (FA), ammonium formate (NH4FA) (all LC-MS grade, Fluka,
Sigma-Aldrich), and LC-MS grade acetonitrile (ACN; VWR) were used. Deionised water was generated
by a MilliQ system (Millipore, Overijse, Belgium). All tested materials came from the material pool of
the EURL for Mycotoxins of the Joint Research Centre (JRC) of the European Commission (EC).

The mycotoxins Deoxynivalenol (DON), HT-2 toxin, T-2 toxin, Zearalenone (ZON), Aflatoxin B1
(AFB1), and the isotopologues 13C15-DON, 13Cyp,y-HT-2, 13Cy4-T-2, and 13C1g-ZON were purchased
from Biopure (Romer Labs, Getzersdorf, Austria) as ready-to-use solutions and were stored at the
recommended temperatures.

From those solutions, a mixed stock solution of 3.2 ug/mL DON, 0.5 pg/mL HT-2 toxin,
0.3 pg/mL T-2 toxin, and 0.3 pg/mL ZON in acetonitrile was prepared and stored. This stock solution
was freshly diluted for every calibration task. A mixed ISTD solution with the same concentrations
of the respective *C-isotopologues in acetonitrile was also prepared and used undiluted. These two
solutions were stable for at least three months in the dark between 2 °C and 8 °C.

For buffered mobile phases, an equimolar mix of NH4FA and FA (pH 3.7), adjusted to 6 mol/L in
water, was added to the solvents.

4.2. Sample Preparation for LC-MS

In a 50 mL conical screw-cap polyethylene centrifuge tube (VWR), 2 g of test material (comminuted
to <500 pum particle size) were fully suspended in 8 mL of water. Then 16 mL ethyl acetate (EtOAc)
was added and after a brief, hard shake, the mixture was sonicated for 30 min. After sonication, 8 g of
NaySO4 were added. The mixture was again shaken hard and then left for 10 to 20 min to allow the
NaySOy to crystallize. To settle particulate matter and aid phase separation, the tube was centrifuged
at a relative centrifugal force (RCF) of 3200 g for at least 1 min. 500 uL of the clear supernatant were
transferred to a silylated auto sampler vial (2 mL, Supelco, Sigma-Aldrich), 25 uL of ISTD mix were
added and the content of the vial was evaporated to dryness with a stream of dry nitrogen (boil-off) at
60 °C. The dry residue was reconstituted with 250 uL. MeOH/FA (999/1, v/v) and 250 uL water/FA
(999/1, v/v), in that order. Initial reconstitution with the pure organic mobile phase significantly
improved the dissolution of the more hydrophobic analytes. Turbidity of the injection solutions, often
seen in these reconstituted extracts, did not negatively affect column lifetime in our experience.

4.3. Sample Preparation for Quick Screening

Ten g of maize (whole grain or comminuted) were high-speed blended (Ultra Turrax, IKA-Werke,
Germany) with 20 g water/trifluoroacetic acid (TFA) (99/1, v/v) to obtain a smooth, semi-viscous
slurry; 3 g of that slurry (representing 1 g of test material) were transferred to a 50 mL conical screw-cap
polyethylene centrifuge tube, and 8 mL ethyl acetate (EtOAc) and 4 g Na;SO,4 were added. The tube
was capped, shaken hard, and then sonicated for 30 min. Right after, the tube was centrifuged at RCF
of 3200 g for 2 min. Five hundred uL of supernatant, together with 25 uL of a 400 ug/mL solution of
caffeine, used as ISTD, were dried down in a silylated auto sampler vial with nitrogen as described
above. The dry extract was reconstituted with 250 uL. ACN/water/NH,FA pH 3.7 (90/9/1,v/v/v)
and 250 uL water/NH4FA pH 3.7 (99/1, v/v/v).

To determine contamination levels, known amounts of AFB1 were added to aliquots of the slurry
before extraction. After allowing for 60 min of equilibration between slurry and added analyte, these
spiked standard addition samples were extracted as described above.

4.4. LC-MS Measurements

The LC consisted of two LC-20 AD pumps (Shimadzu, Belgium) for a high-pressure binary
gradient and an Accela Auto Liquid Sampler (ALS) (Thermo Scientific, Belgium). The gradient delay
volume was minimized through the use of an ASI binary static micro-mixer with a 25 pL cartridge
(Supelco, Sigma-Aldrich) and 0.13 mm ID tubing for all fluid connections. The ALS was equipped
with a 5 pL sampling loop. As analytical column, an Ascentis Express C18 (75 x 2.1 mm, 2.7 pm
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particle size; Supelco, Sigma-Aldrich) was employed. Mobile phase A was water/FA (999/1, v/v)
and mobile phase B MeOH/FA (999/1, v/v). The gradient conditions were as follows: 0 min 8% B,
2 min 57% B, 6 min 61% B, 6.1 min 95% B, 7.6 min 95% B, 7.7 min 8% B, 8.7 min 8% B at a flow rate of
0.3 mL/min. The column was maintained at 40 °C during analysis. This gradient was designed with
optimal resolution and shortest analysis time for just the four mycotoxins in mind and was obtained
using computer-aided design [23].

A TSQ Quantum Ultra triple-quadrupole mass spectrometer with IonMax HESI2 interface
(Thermo Scientific, Erembodegem-Aalst, Belgium) was used in SRM mode with the settings listed in
Table 3. The MS was calibrated according to manufacturer’s recommendations and source/analyser
settings have been optimized using “Design of Experiments” with the full LC-MS setup. Other source
settings were: vaporizer temp. 350 °C, capillary temp. 320 °C, sheath gas press. 30 arbitrary units
(a.u.), auxiliary gas press. 10 a.u., sweep gas press. 10 a.u. The collision gas was argon at 1.5 mTorr.
The data acquisition was segmented to limit the number of acquired transitions and enable longer
dwell times per analyte while maintaining a fast-enough scan rate to obtain 15-20 scans per peak.

Table 3. Mass spectrometry (MS) source and analyser settings.

Item Segment 1 Segment 2 Segment 3 Segment 4
Run time (min) 0-2.6 2.6-4.1 41-49 4.9-87
Analyte DON + 13Cy5-DON  HT-2 + 13Cyp-HT-2 T2 + 13Cyy-T2 ZON + 13C3-ZON
Adduct Protonated Sodium Sodium Deprotonated
297->231 (16), 447->285 (22), 489->245 (30), 317->131 (25),
Transitions 297->249 (13), 447->345 (20), 489->327 (25), 317->175 (22),
(m/z)(Collision Energy [eV]) 312->263 (9), 469->300 (19), 513->260 (26), 335->185 (26),
312->276 (9) 469->362 (18) 513->344 (23) 335->290 (21)
Dwell time [ms] 130 130 180 180
Tube Lens [V] 80 110 140 80
Polarity Pos Pos Pos Neg
Spray Voltage [V] 2800 2800 2800 2200

4.5. Flow Injection Measurements

To perform the flow injection measurements, a LC-20 AD pump equipped with a low-pressure
gradient unit and the standard mixer (Shimadzu Benelux, 's-Hertogenbosch, The Netherlands)
delivered the mobile phase at a flow rate of 20 uL/min. The mobile phase consisted of
ACN/water/NH4FA pH 3.7 (45/54/1, v/v/v). A HTC PAL (CTC Analytics, Switzerland) with
a 10 pL loop was used to inject test solutions into the solvent flow. The loop was overfilled three times.
The same TSQ Quantum Ultra triple-quadrupole mass spectrometer with IonMax HESI2 interface
(Thermo Scientific, Erembodegem-Aalst, Belgium) was used in SRM mode. The source settings were
as follows: vaporizer temp. off, capillary temp. 300 °C, sheath gas press. 10 a.u., auxiliary gas press.
1 a.u., sweep gas press. 1 a.u. The collision gas was argon at 1.5 mTorr. The spray voltage was set to
3 kV and the tube lens to 110 V. The following transitions (respective collision energies in parentheses)
were continuously measured for the run time of 2 min: for Caffeine m/z 195->83 (30 eV), 195->110
(30), 195->138 (30); for AFB1 m/z 313->241 (37 eV), 331->270 (29).

4.6. Computations

All statistical computations were performed using the free software “R” [24]. For all calculations
involving responses, either ion ratios of peak area of analyte over peak area of respective isotopologue
(LC-MS) or ion ratios of ion intensity of analyte over ion intensity of ISTD (flow injection) were used.
Due to the heteroscedasticity, regression fits of those ion ratios over amount of analyte were performed
using generalized least-squares modelling with variance function class “varConstPower” [25]. From the
modelled variance function, prediction intervals were computed which allowed assigning proper
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confidence intervals around predicted amounts of analyte. The computations for LOD/LOQ and
prediction intervals were based on ideas in an S-PLUS script published by O’Connell [26]. For the
evaluation of the flow injection measurements, the MS data was converted to mzML [27] format, which
was then further processed with a “R” script. All “R” packages and scripts used for this study are
available from either [24] or on request from the author.

4.7. Method Validation

The LC-MS method underwent first a thorough single-laboratory validation. In accordance to
Regulation (EC) No. 882/2004 [28], selectivity, linearity, matrix effects, working range, LOD, LOQ,
repeatability, intermediate precision, recovery, trueness, and robustness were investigated. This was
done in the following materials: maize, wheat, oat, rice, soy and a cereal-based compound feed.
For matrix effect and method recovery determination, different amounts of the analytes and equal
amounts of ISTD were either spiked into materials free of the analytes before extraction (Set A) or
after extraction of the analyte-free materials (Set B). After regression analysis, the slopes of the signals
of the sets A and B were then compared with the slopes of a calibration done in neat solvent (Set C).
Comparing slope A and C indicated method recovery, while comparison of B and C determined the
extent of matrix effects [15].

The data of these spiking experiments were also used to compute LOD based on ISO 11843
Part 2 [19]. LOQs were computed based on an extension of the concept of ISO 11843 towards variance
function estimation [25]. For repeatability and intermediate precision, naturally contaminated cereal
mixes were prepared and measured 20 times on the same day (repeatability) and once each on a
total of eight days by three different operators (intermediate precision). A detailed validation report
is available online [12]. The method was then further validated through a collaborative trial [13].
This method and the results of the collaborative trial have recently been published as a European
Standard by the European Committee for Standardization (CEN).

The sole purpose of the flow injection method was to screen maize samples for the presence of
AFBL. Its validation was therefore very limited and included only the determination of the extraction
efficiency in maize.
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Abstract: A method based on the QUEChERS (quick, easy, cheap, effective, rugged, and safe)
purification combined with ultrahigh performance liquid chromatography tandem mass spectrometry
(UPLC-MS/MS), was optimized for the simultaneous quantification of 25 mycotoxins in cereals.
Samples were extracted with a solution containing 80% acetonitrile and 0.1% formic acid, and purified
with QUEChERS before being separated by a C18 column. The mass spectrometry was conducted
by using positive electrospray ionization (ESI+) and multiple reaction monitoring (MRM) models.
The method gave good linear relations with regression coefficients ranging from 0.9950 to 0.9999.
The detection limits ranged from 0.03 to 15.0 pg-kg !, and the average recovery at three different
concentrations ranged from 60.2% to 115.8%, with relative standard deviations (RSD%) varying from
0.7% to 19.6% for the 25 mycotoxins. The method is simple, rapid, accurate, and an improvement
compared with the existing methods published so far.

Keywords: ultrahigh performance liquid chromatography tandem mass spectrometry (UPLC-MS/
MS); QUEChERS; mycotoxin; cereals

1. Introduction

Mycotoxins can be analyzed by various methods, including thin layer chromatography
(TLC) [1], enzyme-linked immunosorbent assay [2], gas chromatography [3,4], and immunoaffinity
column/high-performance liquid chromatography with fluorescence and diode array detection [5,6].
The specific determination of multiclass mycotoxins in cereals requires highly selective and sensitive
techniques such as ultrahigh-performance liquid chromatography tandem mass spectrometry (UPLC—
MS/MS) [7-11] and direct analysis in real time (DART) ionization coupled to an (ultra)high-resolution
mass spectrometer based on orbitrap technology (orbitrap MS) [12].

Several methods have been developed to purify mycotoxins from crude samples such as
solid-phase extraction (SPE) [13], immunoaffinity columns (IACs) [14], and MycoSep columns [15].
A direct and simple method for the purification of multiple mycotoxins is challenging because of their
diverse chemical structures and properties. The SPE cartridge is the most commonly used purification
column, but the purification is tedious and time consuming. The most prominent feature of IACs is
their low matrix effects, high selectivity, and increased rate of recovery. However, they present some
drawbacks such as being too expensive and unsuitable for the determination of a large number of
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molecules. The MycoSep columns are efficient but can only deal with the mixtures of mycotoxins
exhibiting similar structures or properties.

Recently, the method based on QUEChERS (quick, easy, cheap, effective, rugged, and safe) has
attracted increasing attention in the research field of mycotoxins due to its simplicity and effectiveness
for isolating mycotoxins from complex matrices. The successful application of this method has been
reported in many products, including cereals and their products [16], spices [17], nuts and seeds [18],
Madeira wine [19], human breast milk [20], sesame butter [21], noodles [22], eggs [23], human biological
fluids [24], and baby food [25]. In order to reduce the matrix effects (MEs), which can result in
unsatisfactory recoveries, additional purification with sorbents such as octadecyl silica (C18), primary
secondary amine (PSA), and graphitized carbon black (GCB) are commonly used. The sorbents
react differently depending on the physicochemical properties of the compounds constituting the
samples [26,27].

The published analyses of multiple mycotoxins in cereals only report the determination of
14 mycotoxins, including deoxynivalenol (DON), aflatoxins (AFs), and fumonisins (FBs) [15,28-31],
but do not take into account enniatins (ENNs) and beauvericin (BEA), which are commonly found
in harvested grains [32]. To the best of our knowledge, few studies have been published on the
evaluation of the simultaneous presence of 25 mycotoxins in cereals. Although Liu et al. [21] detected
26 mycotoxins in sesame butter, they used a two-ion mode and mobile phase system. For quality and
safety risk assessment of cereals and their products, the aim of this study was to develop and validate
an efficient and reliable method for the simultaneous quantitative analysis of multiple mycotoxins in
cereals. The strategy exploits the efficiency of QUEChERS extractions and the sensitive and selective
UPLC-MS/MS technique. We have optimized the mobile phase types, gradients of elution, and the
removal of the matrix effects.

2. Results and Discussion

2.1. Optimization of the Type of the Mobile Phase

The mobile phase plays an important role in the ionization efficiency when the analytes enter
the MS/MS system. Acetonitrile, methanol, water, formic acid, and buffers such as ammonium
acetate are commonly used as the mobile phase in UPLC. We have selected formic acid and
ammonium acetate because of their high ionization efficiency and solubility in the presence of methanol.
Therefore, we investigated mixtures of methanol/water and acetonitrile/water, separately, as the
mobile phase. The results showed that the response of fumonisins was 15 times higher when using
methanol/water than when using acetonitrile/water, with an acceptable peak shape. Moreover, the use
of methanol/water produced better separation of the mycotoxins compared with acetonitrile/water.
Therefore, we selected methanol as the elution mobile phase.

Adding ammonium acetate (10 mM) and formic acid (0.1%, v/v) to the mobile phase of methanol
improved the responses of all mycotoxins. Adding formic acid greatly enhanced the response especially
of positively charged ENNs, BEA, and FBs. Thereby, the formic acid in water was selected to improve
the mobile phase. The possible reason for the superior performance is that ionic strength can increase
after adding a suitable amount of formic acid solution to the mobile phase; the change in ionic strength
can affect the behavior of the separated material, which is advantageous to the positive ion protons.

Varying concentrations of formic acid solution (0.05%, 0.1%, 0.5%, 1.0%, and 5.0%, v/v) showed
minimal effect, but the responses of zearalenone (ZEN), ENN A1, ENN B1, BEA, fusarenon-X (FUS-X),
gliotoxin (GLT), and neosolaniol (NEO) were relatively higher with 0.5% formic acid compared to the
other proportions (Figure 1). Considering the efficiency of all mycotoxins, 0.5% (v/v) formic acid in
water was selected for the mobile phase.
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Figure 1. Response obtained for a fixed concentration of the 25 mycotoxins at different concentrations of
the formic acid in water. DON: deoxynivalenol; AF: aflatoxin; ZEN: zearalenone; SMC: sterigmatocystin;
OTA: ochratoxin; T-2: T-2 toxin; HT-2: HT-2 toxin; VCG: verruculogen; ENN: enniatin; BEA: beauvericin;
FUS-X: fusarenon-X; GLT: gliotoxin; NEO: neosolaniol; DAS: 4,5-diacetoxyscirpenol; FB: fumonisin

2.2. Optimization of the Gradient Elution

The gradient elution program of mobile phase had effects on the retention time and peak shape of
target compounds, and also influenced the ionization efficiency and sensitivity of the target compounds.
The gradient elution supports an efficient separation of the multiple mycotoxins, shortens the retention
time, and enhances the peak shape and sensitivity.

The initial ratio of 0.5% (v/v) formic acid water solution/methanol was set to 80:20 (v/v), resulting
in a suitable response and peak shape for the ENNs, while there was no response for FBs, ochratoxin A
(OTA), DON, 3-AcDON, and 15-AcDON. In this condition, the results showed that when increasing the
proportion of methanol, the ENNs and BEA mycotoxins presented two peaks with varying retention
times (Figure 2), which can seriously affect the accuracy of qualitative and quantitative results of the
compounds. When the initial ratio of 0.5% (v/v) formic acid water solution/methanol was set to
95:5 (v/v), we could observe better-resolved peaks. The optimized gradient elution of eluent A (0.5%
formic acid water solution) was as follows: starting with 5% and rapidly increasing the proportion to
85% in 5.5 min, slowly increasing to 100% within 5.8 min, then linearly reducing to 5% in 10.0 min.
Under this condition, the concentration of DON, 3-AcDON, 15-AcDON, FUS-X, 4,5-diacetoxyscirpenol
(DAS), GLT, FB1, FB2, and FB3 is 200 ug-L‘1 ; the concentration of ZEN, OTA, verruculogen (VCG),
sterigmatocystin (SMC), T-2 toxin (T-2), HT-2 toxin (HT-2), NEO, ENNA, ENNA1, ENNB, ENNB1,
and BEA is 50 ug-L*1 ; and the concentrations of AF B1, AF B2, AF G1, and AF G2 are 10, 3, 10, and
3 ug-L~1, respectively. The 25 mycotoxins could be monitored as shown in Figure 3. A good peak shape
and resolution were achieved for all the target mycotoxins within 10 min except for the conjugations
3-AcDON and 15-AcDON, which were selected as different MS/MS daughter ions for quantification.
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Figure 2. The change of peak shape between ENNs and BEA when using different ratios of formic acid
water solution/methanol. MRM: multiple reaction monitoring.
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Figure 3. Cont.
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Figure 3. Multiple reaction monitoring (MRM) chromatograms of mixed solutions of 25 mycotoxins
standards by positive electrospray ionization (ESI+).

2.3. Selection of the Extraction Solvent and Purification Evaluation

The extraction solvent was selected according to the method described in a previous work [15].
The extraction yield greatly improved when the acetonitrile/water content gradually increased until
reaching the maximum yield at the proportions of 80% and 84%, respectively [33]. In this study, we
have made a slight modification. When using pure acetonitrile as the extraction solvent, the yields of
ENNSs, BEA, and FBs were less than 60% in all matrices. However, when extracting with a solution
containing a ratio of 99:1 (v/v) of 0.1% formic acid water solution/acetonitrile, we observed more
prominent intensities of the peaks, especially for the FBs.

Sorbents C18, PSA, GCB, SPE C18, and the amino column (NH;) were selected for the purification
of mycotoxins. The sorbent C18 can be used to remove the fatty and nonpolar components of the
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matrix, whereas PSA is mainly used for the removal of organic acids, pigments, and phenol, among
others, whereas GCB mainly removes pigments of the crude sample.

We have optimized the purification by separately testing 100 mg of C18, 150 mg of PSA, and
150 mg GCB. The results are summarized in Table 1. The mycotoxins used with PSA and GCB were
recovered with less than 50% yield, and the extraction yield with GCB was less than 20%. The low yield
can be explained by the high affinity of the mycotoxins to the sorbents, except for DON mycotoxin.
Published results show that GCB is suitable for application with biscuits when using an amount
smaller than 500 mg with dichloromethane /methanol (80:20, v/v) [26]. Nevertheless, dichloromethane
is toxic and is not recommended. The sorbent GCB was not suitable for the detection of mycotoxins in
pomegranate juices [17] and beer-based drinks [2] due to the sorption of the mycotoxins, so we may
not choose GCB as an alternative cleaning sorbent.

Using 0.4 g of PSA produced significant improvements in the recovery, reaching yields superior to
80% for DON, AF B1, AF B2, AF G1, AF G2, T-2 toxin, HT-2 toxin, OTA, ZEN, FB1, and FB2 in rice [28],
but the yields decreased when using PSA in sesame, with recoveries less than 10% for T-2, HT-2, OTA,
ZEN, FB1, FB2, and FB3, and lower than 60% for AF B1l. When the amount of PSA increased, the
recovery of AF B2 decreased from 70.4% to 36.4%, and did not affect the recoveries of AF G1 and
AF G2 [21].

Our results showed that C18 obtained satisfactory yields of about 60.0%~101.7% for most of the
mycotoxins, excepted for T-2, HT-2, SMC, NEO, and DAS, which is consistent with the results obtained
for sesame butter [21]. However, using a C18 sorbent concentration of 50 mg/mL did not improve the
purification of human breast milk [20].

Using a combination of C18 with PSA in the range of 10, 20, 50, and 100 mg showed that when the
amount of PSA increased, the recovery of most mycotoxins decreased. However, the mycotoxins VCG,
FUS-X, and GLT were not affected, with extraction yields inferior to 30%. Our results demonstrated
that the type and quantity of sorbents greatly influence the extraction yield.

Evaluation of the commonly used purification column MycoSep 226, 227, and 400 (Romer Labs
Inc., Union, MO, USA) showed that the three columns were all suitable for DON, 3-AcDON, 15-AcDON,
T-2, HT-2, VCG, FUS-X, and DAS, with recoveries from 61.3% to 125.1%, with the MycoSep 227 superior
to the 226 and 400, although the three MycoSep columns were not suitable for OTA, ENNs, BEA, NEO,
and FBs. Our results are consistent with the observations of Sun et al., who reported on the extraction
of mycotoxins from wheat, rice, and corn with MycoSep 226 [15], and the observations reported by
other researchers extracting other feedstuffs with MycoSep 400 [34].

The comparison of column C18 with amino column NH, showed that FBs and OTA were not
properly recovered from the column NHy, as reported in the case of multiple mycotoxins determination
of sorghum [35].

Satisfactory recoveries were obtained when using column C18 for FBs, compared with a MultiSep
211 FUM purification cartridge [36], with recoveries of 80.9%-97.0%. In addition, the cost of a C18
column is much lower than an immunoaffinity column. The method thus provides a simple and cheap
purification. The results showed that the amino column NHj is also suitable for the extraction of ENNs
and BEA, although the yields ranged from 61.3% to 83.6%. This work presents the first simple and
cost-effective purification of ENNs and BEA.

It can be clearly observed that by optimization of the extraction parameters, satisfactory results
could be obtained for most of the mycotoxins, although a few mycotoxins presented low yields.
No cleanup was applied for the following experiments of 25 mycotoxins.
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2.4. Evaluation of the Matrix Effect

Matrix effects (MEs) are unavoidable, and the removal of the matrix interference is challenging.
At present, reports from scientific literature offer solutions such as the internal standard method using
the internal standards zearalenone (ZEN) and deepoxy-deoxynivalenol (DOM) [35] or isotopically
labeled standards [37]. Although using a standard curve with an acceptable linear relation presents
the advantage of high precision, the choice of an appropriate internal standard for a multicomponent
analysis is often difficult and expensive. The response of the target mycotoxins can be suppressed or
enhanced on account of the interfering matrix components. The ME was calculated by the Equation (1)
for different blanks of wheat, corn, and rice samples as shown in Figure 4.

area of mycotoxin seandard in blank matrix

ME = 100 x (1
X area of mycotoxin standard in solent

) @)

150.0

mmmm wheat NN corn W rice I i
100.0

50.0

0.0

Matrix Effect (%)

-50.0
1

-100.0

-1500 —

Figure 4. Matrix effects of blank cereals (wheat, corn, and rice) on the response of 25 mycotoxins.
The two dashed lines show the tolerance level of the matrix effect.

It can be observed that the signal enhancement was prominent for the FBs, with an ME ranging
from 28.4% to 132.1%. The effect is emphasized in the case of corn, which exhibited an ME of about
twice that of wheat or rice. The signal enhancement of the FBs was also reported in spices (enhancement
of about 20%) [38] and sesame butter [21], but the was suppressed in white rice (ME between 13.2%
and 17.5%) [9]. The MEs of OTA and DAS were slightly enhanced, presenting values ranging from
24.3% t0 50.9% and 6.8% to 31.4%, respectively.

Most of the mycotoxins had a signal suppression effect and were close to the tolerable range
between +20% and —20% [23]. However, the signals of HT-2, T-2, and VCG were significantly
suppressed by 48.8%-81.3%, as reported for cereal syrups [38].

It is worth mentioning that AF B1 and B2 in corn presented a strong signal suppression effect,
as reported in white rice, edible nuts, and seeds by Arroyo-Manzanares et al. [18]. Compared to
literature results, we obtained acceptable ME percentages except for AF Bl and B2. The mycotoxins
NEO and DAS in wheat showed a strong signal enhancement. The signal suppression for the ENNs,
especially for ENNB in rice, was more important than that for wheat and corn.

In conclusion, the matrix effects caused by different matrices were significant for most of the
mycotoxins. The calibration curves help to reduce the MEs and, therefore, increase the extraction
yields to improve the accuracy of the analysis.
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2.5. Method Validation

2.5.1. Calibration Curves and Linearity

The calibration curves were constructed using a blank matrix with of the following concentrations:
0.1,0.2,0.5,1, 2,5, 10, 25, 50, 100, 200, 300, 400, and 500 p.g~L*1. The peak area (Y) was plotted against
the concentration of the analyte (X). The linear range of DON, 3-AcDON, 15-AcDON, FUS-X, DAS,
FB1, FB2, and FB3 was from 0.5 to 500 p.g~l<g_1 ; the range of ZEN, OTA, VCG, SMC, T-2, HT-2, GLT,
NEO, ENNA, ENNA1, ENNB, ENNB1, and BEA was from 0.1 to 200 p.g-l(g(1 ; and the range for AF B1,
AF B2, AF G1, and AF G2 was from 0.1 to 50 pg-kg ™! (Table 2). A linear relation was considered to
exist when the linear regression coefficient (2) was equal to or higher than 0.995.

2.5.2. Limit of Detection and Quantification

Limits of detection (LODs) and limits of quantification (LOQs) were calculated from spiked blank
samples at the lowest spiking level. The lowest spiking levels were 3-fold and 10-fold lower than the
signal-to-noise ratio (S/N) of the multiple reaction monitoring (MRM) chromatograms. The results
showed that LODs were in the range of 0.1-5.0 ug~kg’1 except for AF B1, BEA, and ENNSs, which were
0.03, 0.05, and 0.05 pg-kg ™!, respectively, whereas the LOQs were in the range of 0.1-25.0 pg-kg ™!
(Table 2). These results were far below the values for methanol extraction from cereals and derived
products from a study in Tunisia, which reported LODs for ENNA, ENNA1, ENNB, ENNBI, and BEA
of 215, 140, 145, 165, and 170 pg-kg ™!, respectively, and LOQs of 600, 400, 400, 500, and 500 pg-kg~?,
respectively [39]. The values for FBs were higher than those of the other mycotoxins due to the low
signal responses and matrix effects. Nonetheless, when adding the values of FB1 and FB2, we obtain a
value which below the maximum limits of European Union regulations (<1000 pg-kg~!; FB3 is not
included in the regulations). The LODs of regulated mycotoxins (AF B1, AF B2, AF G1, AF G2, DON,
ZEN, T-2, HT-2, and OTA) were lower than the maximum limits of the different analytes in regulated
cereals per EU regulations [40].

2.5.3. Method Accuracy and Precision

The method accuracy was evaluated by determining the recovery of the standard mycotoxins that
were spiked into the blank matrices at three different concentrations as shown in Table 3. The recovery
values were in the range of 60.2%-115.8%, and the relative standard deviations (RSDs) of the values
were between 0.7% and 19.6%. The results demonstrated that the method applied to the cereals was
highly accurate and reliable.

In our study, we also use the certified reference material DON (PriboLab, Level # DW-163) for
method verification. The reference material value was 0.5 + 0.1 pg-kg ™!, and the actual measured
value was 0.44 pg-kg ™!, which proved the state of instrument is stable and the method is feasible.

The precision of the method was evaluated by intra- and inter-day repeatability and by measuring
six times. In the case of the wheat matrices, the intra-day repeatability values were within 2.4%-12.0%,
and the inter-day repeatability ranged from 6.1% to 17.6% (Table 2). The results showed that the RSDs
of inter-day repeatability test were higher than those for the intra-day repeatability test. Nonetheless,
these values were still below 20% and within the allowable range.
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2.6. Application of the Developed Method on Real Samples

The developed and optimized method was applied for the analysis of 65 samples, comprising
26 wheat samples from different areas of China, 14 corn samples collected from two different years
(2014 and 2015), and 25 various brands of rice obtained from the local supermarket. As shown in
Figure 5, 90% of the samples were contaminated with mycotoxins. The detected mycotoxins were
DON, 3-AcDON, 15-AcDON, ENNA, ENNA1, ENNB, ENNBI, FB1, FB2, FB3, T-2, OTA, BEA, ZEN,
and SMC. The other mycotoxins (AF B1, AF B2, AF G1, AF G2, HT-2, VCG, NEO, FUS-X, and DAS)
were not detected.
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Figure 5. Multiple mycotoxins determination of cereal samples collected from farmland and local
supermarkets in China.

In contaminated samples, all the wheat samples contained DON within concentrations ranging
from 42.1 to 718.0 ug-kg ™!, but the values are still below the state limit standards. Nevertheless,
we should pay attention to the addition of the concentrations of 3-AcDON and 15-AcDON reaching
values ranging from 6.1 to 32.8 pg-kg~!. It is worth mentioning that 19%, 27%, 69%, and 35% of
the total wheat samples were contaminated with ENNA, ENNA1, ENNB, and ENNBI, respectively.
The detected concentrations ranged from 0.1 to 17.2 ug-kg 1. The concentrations of ENNB were similar
to that of ENNA in the wheat sample, as reported in the case of wheat grains from Poland [30] and
Morocco [32]. Moreover, the values of FBs (FB1+, FB2+, and FB3), T-2, and OTA ranged from 0.1 to
5.9 ug~kg*1, 0.2t0 0.7 ug-kg’l, and 0.2 to 3.7 pg-kg’l, respectively. These values are all far below the
maximum residual limits authorized by the European Union regulations [40].

The main mycotoxins detected in corn (12 samples out of 14 were contaminated) were FBs with
concentrations ranging from 0.1 to 1190.7 ug-kg . Samples from 2014 were more contaminated than
the ones from 2015, indicating that storage conditions should be better controlled. The quantity of
detected mycotoxins in rice was lower than that of wheat and corn. The concentrations of mycotoxins
FBs, OTA, BEA, and SMC ranged from 0.1 to 11.0 ug-kg’l, and are below the maximum residual limits,
as well as the mycotoxins that are not mentioned in the regulations, such as ENNs and BEA. We should
strengthen supervision and try to identify the potential risks and the effect of toxin combinations.

3. Conclusions

The parameters of the QUEChERS purification combined with ultrahigh-performance liquid
chromatography tandem mass spectrometry were optimized for the simultaneous quantification
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of 25 mycotoxins in different cereals (wheat, corn, and rice). The method is rapid, simple, and
economical. The optimization was focused on the mobile phase type, elution gradient, the extraction
solvent, and the matrix effect removal. The method provided a good linear relation, precision, LODs,
LOQs, and recoveries. The matrix effect could be controlled by using a matrix-matched calibration.
The experimental results also showed that the amino column NH, is suitable for the extraction of
ENNs and BEA, whereas the C18 column is suitable for the FBs, which may provide useful suggestion
for cleaning up some kinds of mycotoxins in future applications. The optimized method was applied to
26 wheat, 14 corn, and 25 rice samples. We could monitor and examine the potential risk of mycotoxins
in cereals by a quick and reliable method.

4. Experimental Section

4.1. Materials

The reagents methanol, acetonitrile, and formic acid were of HPLC grade and were purchased
from Thermo Fisher Scientific Inc. (Shanghai, China). The extraction kits QuUEChERS (Part No:
5982-0650, Agilent Technologies Inc., Santa Clara, CA, USA), sorbent C18, GCB, and PSA were
purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). The solid-phase extraction column C18
and the amino column NH; were purchased from Agilent Technologies Inc. (Santa Clara, CA, USA).
Ultra-pure water was produced by a Mill-Q system (Millipore, Billerica, MA, USA). All other reagents
were of analytical grade.

Solid mycotoxin standards of deoxynivalenol (DON), 3-acetyldeoxynivalenol (3-AcDON),
15-acetyldeoxynivalenol (15-AcDON), fusarenon-X (FUS-X), neosolaniol (NEO), 4,5-diacetoxyscirpenol
(DAS), aflatoxin B1 (AF B1), aflatoxin B2 (AF B2), aflatoxin G1 (AF G1), aflatoxin G2 (AF G2), T-2
toxin, HT-2 toxin, fumonisin B1 (FB1), fumonisin B2 (FB2), fumonisin B3 (FB3), sterigmatocystin
(SMCQ), verruculogen (VCG), ochratoxin A (OTA), zearalenone (ZEN), gliotoxin (GLT), enniatin A
(ENNA), enniatin A1 (ENNA1), enniatin B (ENNB), enniatin B1 (ENNB1), and beauvericin (BEA) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.2. Preparation of the Standard Solutions

The standards AF B1, AF B2, AF G1, and AF G2 were dissolved in methanol at concentrations
of 200, 60, 200, and 60 ug-L~1, respectively. Stock solutions of the other standards were prepared in
methanol at a concentration of 100 mg/L. All the standard solutions were stored at —18 °C in darkness.
The working standard solutions were freshly prepared before use by diluting the stock solution in
order to obtain a 50:50 v/v ratio of methanol/water. The concentrations of the working mixed solutions
were set accordingly to the response values of the mycotoxins by MS. The concentration of the working
mixed standard solutions for DON, 3-AcDON, 15-AcDON, FUS-X, DAS, GLT, FB1, FB2, and FB3
were 200 pg-L~1. In the case of ZEN, OTA, VCG, SMC, T-2, HT-2, NEO, ENNA, ENNA1, ENNB,
ENNBI, and BEA, the concentration of the working mixed solutions was 50 p.g-Lfl. Finally, the
concentrations of the working mixed solutions for AF B1, AF B2, AF G1, and AF G2 were 10, 3, 10, and
3 ug- L™, respectively.

A blank substrate was measured with the matrix of a standard solution according to Section 2.3,
with the same concentration as the working mixed standard solutions.

4.3. Sample Preparation

The sample (2 £ 0.05 g) was finely milled in a 50 mL centrifuge tube before extraction. In the case
of spiked sample, the required volume of spiking standard solution was added prior to the extraction
step. A mixture of acetonitrile/water (20 mL, 80:20, v /v) containing 0.1% (v/v) formic acid was added
to the solution. The mixture was then vortexed for 30 s and shaken on an automatic thermostatic
cultivation shaker (Yiheng Technology Co., Ltd., Shanghai, China) for 30 min. The QuEChERS
extraction kit, containing sodium chloride (1.0 g), anhydrous magnesium sulfate (4.0 g), sodium citrate
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(1.0 g), and sodium hydrogen citrate sesquihydrate (0.5 g), was added to the mixture and the tube
was vigorously shaken by hand for 2 min. The sample was then centrifuged (3-18K, Sigma, St. Louis,
MO, USA) at 8000 revolutions per minute (relative centrifugal force, RCF, 3500 g) for 5 min at 10 °C.
The supernatant (2 mL) containing the extracts was transferred to a centrifuge tube, and submitted to
a stream of N at 55 °C until complete dryness. The residue was sequentially dissolved in a mixture
of methanol/water (0.5 mL, 1:1, v/v), vortexed for 1 min, then filtered through nylon filter (0.22 pum,
Membrana GmbH, Wuppertal, Germany), and the extracts were finally recovered in a 200 pL microtube
for UPLC-MS/MS analysis.

4.4. UPLC-MS/MS Conditions

The extracted mycotoxins were analyzed by ultrahigh-performance liquid chromatography
coupled to tandem quadrupole mass spectrometry (UPLC-MS/MS, XEVO-TQ, Waters Corp., Milford,
MA, USA). The data processing was performed using the MassLynx 4.0 software (Waters Corp.,
Milford, MA, USA).

The separation of the mycotoxins was performed using a CORTECS C18 column (100 x 2.1 mm,
1.6 pm, Waters Corp., Manchester, NH, USA) under a flow rate of 200 pL-min~!. The volumes of
the strong wash (90% methanol) and weak wash (10% methanol) solvents were 100 uL and 600 pL,
respectively. The proportion of the mobile phase was set as described in Section 2.2. Mobile phase A
was methanol and mobile phase B was a water solution containing 0.5% (v/v) formic acid. The mobile
phase A was gradually eluted from 5% during 5.5 min, 850% during 5.8 min, 100% during 9.0 min, 5%
during 10.0 min. The column was maintained at room temperature and the sample temperature was
20 °C. The injection volume was 5 uL.

Tandem mass spectrometry (MS/MS) detection was performed in a positive electrospray
ionization mode (ESI+). For the infusion experiments, the mycotoxins standards (0.1 mg/L) were
dissolved in methanol and a flow rate of 25 pL-min~! was applied. The parameters were optimized by
using the IntelliStart program supplied by Waters Corp. (Milford, MA, USA). The capillary voltage
was set at 2.5 kV. Gaseous nitrogen was used as the cone, nebulizing, and desolvation gas. The source
and desolvation temperature was 110 °C and 500 °C, respectively. The cone and desolvation gas flows
were maintained at 20 L-h~! and 800 L-h~!, respectively. The collision gas flow was 0.17 mL-min~!.
The analysis of the mycotoxins was performed in a multiple reaction monitoring (MRM) mode.
For each mycotoxin, at least one precursor ion and two fragment ions were monitored. The most
abundant product ion was selected for quantification while the second-most intense ion was used for
the qualitative analysis. The shape of the peaks was optimized by waiting 1 min before and after the
retention time. The acquisition parameters for the 25 analyzed mycotoxins are summarized in Table 4.

Table 4. Ultrahigh-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS)
acquisition parameters of the 25 mycotoxins.

Mycotoxins I?etentic'm Precursor Product Ion ]?well Cone Collision
Time (min) Ion (m/z) (m/z) Time (s) Voltage (V)  Energy (V)
pox a2 ws Sl s a 14
s me wa  mO gm
3-ADON 137 3392 Mo oo i 5
wn sn s M@ g e
A a2 Geld g w 2
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Table 4. Cont.

Mycotoxins ﬁetenti(?n Precursor Product Ion l?well Cone Collision

ime (min) Ton (m/z) (mlz) Time (s) Voltage (V)  Energy (V)
AFG1 478 W po@ 0008 20 2
arG2ae wm oe@ g 2
ZEN 6.45 319.05 2188372 ((%) 8:88? 13 ﬁ
SMC 6.63 325.20 2285133 ((%) 8:38; ii ig
OTA 6.43 404.24 22329111 ((%) 8:88? ;g 22
HT-2 5.75 447.30 3;;5521 ((%) 8:88; §i iﬁ
1 wm wa B0l 2 3
VCG 6.73 534.32 2992121 ((%) 8:882 ;i ;Z
ENNA 7.66 682.29 2212%_% ((3)) 8:88; g ig
ENNA1 7.50 668.28 29196?0(% 8:88? jﬁ ig
ENNB 730 018 Zuo@ 0008 b 2
ENNB1 7.45 654.26 f;;;% 8;88? ig zi
BEA 7.36 784.24 iﬁ‘% ((%) 8:882 iﬁ 52
FUS-X 374 354.84 11212_88 ((%) 8:38? 12 gi
GLT 5.22 326.81 2221‘_99 8 8:88? 12 12
wo se s @ MW
DAS 5.18 383.94 3236699 ((3)) 8:88? }2 12
mo s oms e Gm %
moen omes W39 S %W
FB3 5.87 706.48 3;’;3 ((3) 8:88? ii i;

Note: 25 mycotoxins standards were dissolved in methanol (0.1 mg/L). The protonated ion peaks (M + 1)
(precursor ion, 11/z) of the 25 mycotoxins were determined by full scan under flow injection mode. The fragment
ions were obtained on the basis of the MS; (product ion scan) and two fragment ions with relatively higher peak
intensities selected as the quantitative and qualitative ion, respectively. Automatic optimization of the mass
parameters was conducted with the IntelliStart program from Waters Corp. Q: quantitative ion, q: qualitative ion.

54



Toxins 2016, 8, 375

Acknowledgments: This work was financially supported by the National Key Program on Quality and Safety
Risk Assessment for Agro-products (2014 GJFP2014006) and The CAAS Agricultural Science and Technology
Program for Innovation Team on Quality and Safety Risk Assessment of Cereal Products. We are grateful to all
colleagues of our team and thank the reviewers of our paper for their valuable suggestions.

Author Contributions: B.W. and ].S. conceived and designed the experiments; ].S., W.L. performed the
experiments; J.S. analyzed the data; J.S., W.L. and Y.Z. contributed reagents/materials/analysis tools; J.S. wrote
the paper. B.W., X.H. and L.W. contributed suggestions and revision of the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

De Saeger, S.; Sibanda, L.; Desmet, A.; Van Peteghem, C. A collaborative study to validate novel field
immunoassay kits for rapid mycotoxin detection. Int. |. Food Microbiol. 2002, 75, 135-142. [CrossRef]
Tamura, M.; Mochizuki, N. Development of a Multi-mycotoxin Analysis in Beer-based Drinks by a Modified
QuEChERS Method and Ultra-High-Performance Liquid Chromatography Coupled with Tandem Mass
Spectrometry. Anal. Sci. 2011, 27, 629-635. [CrossRef] [PubMed]

Tanaka, T.; Inoue, S.; Sugiura, Y.; Ueno, Y. Simultaneous determination of trichothecene mycotoxins and
zaaralenone in cereal by gas chromatography mass spectrometry. J. Chromatogr. A 2000, 882, 23-28. [CrossRef]
Ferreira, I.; Fernandes, J.O.; Cunha, S.C. Optimization and validation of a method based in a QUEChERS
procedure and gas chromatography-mass spectrometry for the determination of multi-mycotoxins in
popcorn. Food Control 2012, 27, 188-193. [CrossRef]

Ndube, N.; van der Westhuizen, L.; Green, LR.; Shephard, G.S. HPLC determination of fumonisin mycotoxins
in maize: A comparative study of naphthalene-2,3-dicarboxaldehyde and o-phthaldialdehyde derivatization
reagents for fluorescence and diode array detection. J. Chromatogr. B 2011, 879, 2239-2243. [CrossRef]
[PubMed]

Chan, D.; MacDonald, S.J.; Boughtflower, V.; Brereton, P. Simultaneous determination of aflatoxins
and ochratoxin A in food using a fully automated immunoaffinity column clean-up and liquid
chromatography—fluorescence detection. J. Chromatogr. A 2004, 1059, 13-16. [CrossRef] [PubMed]
Romero-Gonzalez, R.; Garrido Frenich, A.; Martinez Vidal, J.L.; Prestes, O.D.; Grio, S.L. Simultaneous
determination of pesticides, biopesticides and mycotoxins in organic products applying a quick, easy, cheap,
effective, rugged and safe extraction procedure and ultra-high performance liquid chromatography-tandem
mass spectrometry. J. Chromatogr. A 2011, 1218, 1477-1485. [CrossRef] [PubMed]

Zachariasova, M.; Lacina, O.; Malachova, A.; Kostelanska, M.; Poustka, J.; Godula, M.; Hajslova, J.
Novel approaches in analysis of Fusarium mycotoxins in cereals employing ultra performance liquid
chromatography coupled with high resolution mass spectrometry. Anal. Chim. Acta 2010, 662, 51-61.
[CrossRef] [PubMed]

Arroyo-Manzanares, N.; Huertas-Pérez, ].E.; Garcfa-Campana, A.M.; Gamiz-Gracia, L. Simple methodology
for the determination of mycotoxins in pseudocereals, spelt and rice. Food Control 2014, 36, 94-101. [CrossRef]
Malachova, A.; Sulyok, M.; Beltran, E.; Berthiller, F; Krska, R. Optimization and validation of a quantitative
liquid chromatography-tandem mass spectrometric method covering 295 bacterial and fungal metabolites
including all regulated mycotoxins in four model food matrices. |. Chromatogr. A 2014, 1362, 145-156.
[CrossRef] [PubMed]

Skrbi¢, B.; Purigié-Mladenovi¢, M.G.N.; Zivancev, A.J. Multi-mycotoxin Analysis by UHPLC-HESI-MSMS:
A Preliminary Survey of Serbian Wheat Flour A. Agron. Res. 2011, 9, 461-468.

Vaclavik, L.; Zachariasova, M.; Hrbek, V.; Hajslova, J. Analysis of multiple mycotoxins in cereals under
ambient conditions using direct analysis in real time (DART) ionization coupled to high resolution mass
spectrometry. Talanta 2010, 82, 1950-1957. [CrossRef] [PubMed]

Rubert, J.; Dzuman, Z.; Vaclavikova, M.; Zachariasova, M.; Soler, C.; Hajslova, J. Analysis of mycotoxins in
barley using ultra high liquid chromatography high resolution mass spectrometry: Comparison of efficiency
and efficacy of different extraction procedures. Talanta 2012, 99, 712-719. [CrossRef] [PubMed]
Desmarchelier, A.; Tessiot, S.; Bessaire, T.; Racault, L.; Fiorese, E.; Urbani, A.; Chan, W.C.; Cheng, P;
Mottier, P. Combining the quick, easy, cheap, effective, rugged and safe approach and clean-up by
immunoaffinity column for the analysis of 15 mycotoxins by isotope dilution liquid chromatography
tandem mass spectrometry. J. Chromatogr. A 2014, 1337, 75-84. [CrossRef] [PubMed]

55



Toxins 2016, 8, 375

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Sun, J.; Li, W.; Zhang, Y.; Sun, L.; Dong, X.; Hu, X.; Wang, B. Simultaneous determination of twelve
mycotoxins in cereals by ultra-high performance liquid chromatography-tandem mass spectrometry.
Acta Agron. Sin. 2014, 40, 691-701. [CrossRef]

Kirinci¢, S.; ékrjanc, B.; Kos, N.; Kozolc, B.; Pirnat, N.; Tav¢ar-Kalcher, G. Mycotoxins in cereals and
cereal products in Slovenia Official control of foods in the years 2008-2012. Food Control 2015, 50, 157-165.
[CrossRef]

Myresiotis, C.K.; Testempasis, S.; Vryzas, Z.; Karaoglanidis, G.S.; Papadopoulou-Mourkidou, E.
Determination of mycotoxins in pomegranate fruits and juices using a QuEChERS-based method. Food Chem.
2015, 182, 81-88. [CrossRef] [PubMed]

Arroyo-Manzanares, N.; Huertas-Perez, J.F.; Gamiz-Gracia, L.; Garcia-Campana, A.M. A new approach in
sample treatment combined with UHPLC-MS/MS for the determination of multiclass mycotoxins in edible
nuts and seeds. Talanta 2013, 115, 61-67. [CrossRef] [PubMed]

Fernandes, PJ.; Barros, N.; Camara, J.S. A survey of the occurrence of ochratoxin A in Madeira wines based
on a modified QUEChERS extraction procedure combined with liquid chromatography-triple quadrupole
tandem mass spectrometry. Food Res. Int. 2013, 54, 293-301. [CrossRef]

Rubert, J.; Leon, N.; Saez, C.; Martins, C.P.; Godula, M.; Yusa, V.; Manes, J.; Soriano, J.M.; Soler, C. Evaluation
of mycotoxins and their metabolites in human breast milk using liquid chromatography coupled to high
resolution mass spectrometry. Anal. Chim. Acta 2014, 820, 39-46. [CrossRef] [PubMed]

Liu, Y;; Han, S.; Lu, M.; Wang, P,; Han, J.; Wang, J. Modified QUEChERS method combined with ultra-high
performance liquid chromatography tandem mass spectrometry for the simultaneous determination of
26 mycotoxins in sesame butter. J. Chromatogr. B 2014, 970, 68-76. [CrossRef] [PubMed]

Sirhan, A.Y.; Tan, G.H.; Wong, R.C.S. Method validation in the determination of aflatoxins in noodle samples
using the QUEChERS method (Quick, Easy, Cheap, Effective, Rugged and Safe) and high performance
liquid chromatography coupled to a fluorescence detector (HPLC-FLD). Food Control 2011, 22, 1807-1813.
[CrossRef]

Frenich, A.G.; Romero-Gonzalez, R.; Gomez-Perez, M.L.; Vidal, ].L. Multi-mycotoxin analysis in eggs using
a QUEChERS-based extraction procedure and ultra-high-pressure liquid chromatography coupled to triple
quadrupole mass spectrometry. J. Chromatogr. A 2011, 1218, 4349-4356. [CrossRef] [PubMed]

Belen Serrano, A.; Capriotti, A.L.; Cavaliere, C.; Piovesana, S.; Samperi, R.; Ventura, S.; Lagana, A.
Development of a Rapid LC-MS/MS Method for the Determination of Emerging Fusarium mycotoxins
Enniatins and Beauvericin in Human Biological Fluids. Toxins 2015, 7, 3554-3571. [CrossRef] [PubMed]
Rubert, J.; Soler, C.; Mafies, ]. Application of an HPLC-MS/MS method for mycotoxin analysis in commercial
baby foods. Food Chem. 2012, 133, 176-183. [CrossRef]

Capriotti, A.L.; Cavaliere, C.; Foglia, P.; Samperi, R.; Stampachiacchiere, S.; Ventura, S.; Lagana, A. Multiclass
analysis of mycotoxins in biscuits by high performance liquid chromatography-tandem mass spectrometry.
Comparison of different extraction procedures. . Chromatogr. A 2014, 1343, 69-78. [CrossRef] [PubMed]
Azaiez, I; Giusti, F.; Sagratini, G.; Maries, |.; Ferndandez-Franzén, M. Multi-mycotoxins Analysis in Dried
Fruit by LC/MS/MS and a Modified QuEChERS Procedure. Food Anal. Methods 2014, 7, 935-945. [CrossRef]
Koesukwiwat, U.; Sanguankaew, K.; Leepipatpiboon, N. Evaluation of modified QuEChERS method for
analysis of mycotoxins in rice. Food Chem. 2014, 153, 44-51. [CrossRef] [PubMed]

Dzuman, Z.; Zachariasova, M.; Veprikova, Z.; Godula, M.; Hajslova, J. Multi-analyte high performance liquid
chromatography coupled to high resolution tandem mass spectrometry method for control of pesticide
residues, mycotoxins, and pyrrolizidine alkaloids. Anal. Chim. Acta 2015, 863, 29-40. [CrossRef] [PubMed]
Bryla, M.; Waskiewicz, A.; Podolska, G.; Szymczyk, K.; Jedrzejczak, R.; Damaziak, K.; Sulek, A. Occurrence
of 26 Mycotoxins in the Grain of Cereals Cultivated in Poland. Toxins 2016, 8, 160. [CrossRef] [PubMed]
Arroyo-Manzanares, N.; Huertas-Perez, ].F.; Gamiz-Gracia, L.; Garcia-Campana, A.M. Simple and efficient
methodology to determine mycotoxins in cereal syrups. Food Chem. 2015, 177, 274-279. [CrossRef] [PubMed]
Blesa, J.; Molté, J.-C.; El Akhdari, S.; Mafies, J.; Zinedine, A. Simultaneous determination of Fusarium
mycotoxins in wheat grain from Morocco by liquid chromatography coupled to triple quadrupole mass
spectrometry. Food Control 2014, 46, 1-5. [CrossRef]

Ren, Y.; Zhang, Y.; Shao, S.; Cai, Z,; Feng, L; Pan, H; Wang, Z. Simultaneous determination of
multi-component mycotoxin contaminants in foods and feeds by ultra-performance liquid chromatography
tandem mass spectrometry. J. Chromatogr. A 2007, 1143, 48-6