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Abstract

Stable isotope dilution assays (SIDAs) are getting more and more common in mycotoxin
analysis and the number of synthesized or commercially available isotopically labelled
compounds has largely increased in the last seven years following our last review dealing
with this topic. Thus, this review is conceived as an update for new applications or
improvements of SIDAs for compounds already discussed earlier, but the main focus is
laid on newly introduced labelled substances and the development of SIDAs for e.g.
fusarin C, moniliformin or the enniatins. Mycotoxin research has concentrated on the
emerging group of Alternaria toxins in the last years and a series of SIDAs have been
developed including tenuazonic acid, alternariol, altertoxins and tentoxin that are
discussed in detail in this review. Information about synthetic routes, isotopic purity and
mass spectrometric characterisation of labelled compounds are given, as well as about the
development and validation of SIDAs and their application to foods, feeds or biological
samples. As the number of commercially available labelled standards increases
continuously, a general tendency on the use of analytical methods based on liquid
chromatography coupled to mass spectroscopy capable of identifying a series of
mycotoxins simultaneously (“multi-methods”) and using one or more labelled internal
standards can be observed. An overview of these applications are given, thus

demonstrating that SIDAs increasingly are used in routine analysis.

Key words:
Alternaria toxins; Fusarium toxins; LC-MS/MS, Mycotoxins; Stable isotope

dilution assay; SIDA



Introduction: State-of-the-art of stable isotope dilution assays

Mycotoxin contamination of food and feedstuffs are regulated in many parts of the world
and particularly low maximum limits (MLs) are stipulated in the European Union. Due to
severe legal consequences when MLs are exceeded, accurate and reliable analytical
methods for these contaminants are essential. Moreover, as MLs for many mycotoxins are
at sub ppb levels, e.g. 0.05 pg/kg for Aflatoxin M1, accuracy at these trace amounts poses
an additional challenge. In 2008 we detailed in our previous review [1], which particular
benefits stable isotope dilution assays (SIDAs) offer, especially for LC-MS methods, and
present here an update. The previous review introduced the principle of SIDAs in
mycotoxin analysis along with the prerequisites and limitations of the use of stable
isotopically labelled internal standards and possible calibration procedures. Moreover the
state of SIDA applications at that time for the analysis of trichothecenes, zearalenone,
fumonisins, patulin and ochratoxin A was presented. In the subsequent years this
methodology has seen tremendous expansion and appreciation. Principles of access to
stable isotope-labelled analogues as internal standards (1S), prerequisites and limitations
have remained the same, thus we present here new stable isotope labelled analogues and

SIDAs that have been developed since then.

Update to Applications of Stable isotope dilution assays to mycotoxins

PART A: Fusarium toxins

1. Zearalenone

Zearalenone (ZEN) is a mycoestrogen produced by Fusarium species. The synthesis of
deuterated ZEN and its use (together with commercially available labeled standards of
zearalenols (ZELs) and zearalanols (ZALs)) in a SIDA of environmental samples by has

been reported in 2007 [2] and was already included in our preceding review [1]. The



method used for synthesizing labeled ZEN was base-catalyzed protium-deuterium
exchange. However, as protons at C-3, C-5, C-5" and C-7’ of the ZEN molecule are prone
to protium-deuterium exchange, a mixture of different [?H1-g]-labeled compounds was
obtained, with [?Hs]-ZEN being the predominant isotopologue (38.3 %). Aware of the
discovery that the protons at C-3 and C5 are always almost completely exchanged against
deuterium [3], a modified synthetic route was developed, in which the carbonyl moiety at
C-6’ is protected as a [1,3]-dioxolane prior to base-catalyzed protium-deuterium exchange
[4]. Hence, with the partial protium-deuterium exchange at C-5’ and C-7’ being avoided,
double labeled [?H2]-ZEN was obtained with high isotopic purity (94.4 %), the rest being
singly deuterated (5.4 %) or unlabeled (0.1 %) (Fig. 1). However, the presence of
unlabeled compound in the labeled standard and spectral overlap of the double labeled
standard with the natural occurring ['3C2]-isotopologue (2.9 %), required quadratic
regression to obtain a linear calibration curve between analyte to standard ratios of 1:10 to
10:1. Recovery rates for ZEN were between 104 + 3 % and 101 + 2 % for spiking levels
ranging from 5 ug/kg to 300 pg/kg. Precision and limits of detection and quantitation were
not determined. The developed SIDA was applied to the analysis of several food
commodities from the German retail market not exceeding a content of ZEN higher than
45 pg/kg in a sample of taco shells.

It is generally assumed that Fusarium species biosynthesize ZEN with the sidechain
double bond only trans configured, however the change to cis configuration has been
reported after artificial UV-radiation [5] or by natural sunlight [3]. Data about estrogenic
relevance and occurrence in food and feed of this isomer are limited. However, after
synthesis by UV-radiation, purification and characterization of pure cis-ZEN as analytical
standard [6, 7], it stood to reason to prepare an isotopically labelled standard in the same
way. Thus, after UV-radiation of commercially available U-['3C+s]-ZEN, the isomeric U-

['3C1g]-cis-ZEN was obtained with a yield of about 50 % [8]. The developed SIDA showed



low limits of detection (LOD) (0.35 pg/kg for trans-ZEN; 0.28 pg/kg for cis-ZEN) and limits
of quantitation (LOQ) (1.17 pg/kg for trans-ZEN; 0.93 pg/kg for cis-ZEN) and excellent
recovery (104 = 4 % for trans-ZEN; 104 + 2 % for cis-ZEN). However, a survey of 15
edible oils from the German retail market showed low contamination with trans-ZEN (2/15)

and only one sample exceeding the LOD for cis-ZEN, but not the LOQ [8].

2. Moniliformin

The semisquaric acid or, systematically, 1-hydroxycyclobut-1-ene-3,4-dione, was originally
isolated from Fusarium moniliforme in 1973 [9], from which its common name
“moniliformin” (MON) was deduced, and soon after was structurally characterized [10].
However, many other Fusarium species have been found to be able of producing MON,

e. g. F. avenaceum, F. tritinctum, and F. proliferatum [11], and contamination of cereal
samples with MON (as sodium or potassium salt) has been reported worldwide [12].
Although the principal mode of action is still under discussion, studies with ducklings, mice
and rats revealed MON to be an acute cardiotoxin with LDso-values that are comparable
with the most toxic Fusarium mycotoxins T-2 and HT-2 toxin [13—-15]. Recent studies
showed rapid urinary excretion of administered MON in rats and no signs of accumulation,
but subchronic toxic effects could not be excluded [16]. Synthetic routes to MON have
been reported [17, 18], the latter based on a [2+2] cycloaddition that was also used in the
synthesis of ['3C2]-MON [19]. In the [2+2] cycloaddition 2,3-dihydro-1,4-dioxine was
reacted with dichloro-['3C2]-ketene that was generated in situ by reductive dehalogenation
of trichloro-['3C2]-acetyl chloride with activated zinc. After hydrolysis and purification ['3Ca]-
MON was isolated with a yield of 15 % and an isotopic purity of 99 % (Fig. 2).

Using this labeled standard a SIDA was developed based on the measurement of the base
peaks of the [M-H]~ ions of MON and ['3C2]-MON with high-resolution mass spectrometry

(HRMS) after liquid chromatography [20]. It has already been known that the use of triple



quadrupole mass spectrometers is critical for the analysis of MON as only one significant
mass transition is formed and selectivity derogated, therefore [21, 22]. The use of HRMS
has already been shown to ensure selectivity of the MON analysis by the exact mass
measurement [23]. Beside the use of ['3C2]-MON as internal standard, selectivity was
further improved by monitoring the ratio between MON and its natural occurring ['3C1]-
isotopologue [20]. Unfortunately, little information was given about the linear range of the
calibration and the developed SIDA was principally limited by adding the labeled standard
just before the mass spectrometric measurement. For cereal matrices a mean recovery of
75.3 % was calculated, but not used for correcting the results of the samples. The limit of
detection (0.7 ug/kg) and limit of quantitation (2.5 pg/kg) of the SIDA determined by the
authors showed similar sensitivity to recent conventional methods using LC-MS/MS [24].
The precision of the SIDA (6.5 %) also differs little from published conventional methods
[22, 24, 25], although deeper assessment is difficult as method validation was not

systematically carried out or reported in most studies, generally.

3. Fusarin C

Fusarin C (Fig. 3) is a mycotoxin produced by several Fusarium species including the
commonly occurring F. avenaceum, F. culmorum, F. graminearum, F. sporotrichoides, and
many others [26, 27]. It was isolated from corn infected with F. moniliforme in the early
1980s and soon found to be mutagenic [28, 29]. Data about contamination of food and
feed with this toxin are limited, but corn seems to be affected, especially [30, 31]. High-
performance liquid chromatography (HPLC) with ultraviolet detection (UV) has been used
for the analysis of this toxin until the recent development of a HPLC method with tandem
mass spectrometric detection [32]. Sample preparation was based on dispersive solid
phase extraction (“QUEChERS”, Quick, Easy, Cheap, Effective, Rugged, and safe), the

limit of detection (LOD) was 2 ug/kg, the limit of determination (LOQ) 7 ug/kg and the



recovery 80 %. Fusarin C was detected in corn-based food and feed with maximum values
up to 28 ug/kg in a popcorn sample. However, in this study quantitation had to be done by
matrix matched calibration, which is time consuming and expensive. The same group of
authors subsequently developed a stable isotope dilution assay (SIDA) for [33]. Using
carboxyfusarin C, a biochemical precursor of fusarin C that was enriched in cultures of a
knockout strain of F. fujikuroi, synthesis of fusarin C was achieved by methylation with
deuterated diazomethane. Although the authors took every precaution against deuterium-
protium back-exchange, isotopic purity was low, as the synthesis yielded only 62 % [?H3]-
fusarin C. However, as the synthesized standard contained as little as 0,3 % of the
unlabeled compound, it could be used for development of a SIDA based on the earlier LC-
MS/MS method. Using SIDA, the LOD and the LOQ decreased (1 and 4 ug/kg,
respectively) and the recovery was almost complete (99 %). Unfortunately, no systematic
precision studies were performed in both publications. However, based on the given data
for e. g. whole corn an improvement of the precision from 55 % (11 £ 6 pg/kg; matrix

calibration; [32]) to 3 % (11.5 £ 0.3 pg/kg; SIDA,; [33]) can be calculated.

4. Depsipeptides

Some Fusarium species, most commonly F. tricinctum and F. avenaceum are able to
produce a series of cyclic depsipeptides [34—36], out of which the enniatins (ENNs) and
beauvericin (BEA) are the most frequently analyzed ones. These compounds have been
evaluated by the EFSA Panel on Contaminants in the Food Chain (CONTAM) [37],
recently. According to this, grain and grain-based products are often contaminated with
ENNs and BEA, but the lack of relevant toxicity data prevented a risk assessment.
However, as these compounds show distinct biological effects, e. g. acting as ionophores,
antimicrobials, or enzyme inhibitors, the panel considered acute and chronic exposure still

being a possible concern for human health. The preferred analytical method for the



analysis of ENNs and BEA in food, feed and agricultural goods has been liquid
chromatography coupled to mass spectrometry [38—41]. Depending on the matrix, both ion
suppression [41] and signal enhancement [38] has been described, thus underlining the
need of an isotopically labeled standard for compensation. Although it has been shown
that chemical synthesis of ENNs and BEA is possible in principle (e. g. reviewed by [42]),
the introduction of labels into the molecules was found to be easily achieved
biosynthetically by growing Fusarium strains on Czapek-Dox liquid minimal medium with
Na'>NQs as the only nitrogen source [43]. Thus, ['°N3]-BEA was isolated from a culture of
F. fujikuoi and ["*N3]-ENN A, A1, B and B1, respectively, from a culture of F. sambucinum.
The developed SIDA revealed values for LODs (1.9 — 4.4 ug/kg) and LOQs (5.8 — 13.1
Mag/kg) commonly achievable with modern LC-MS/MS instrumentation. However, both
recovery (96 — 110 %) and intraday precision (1.35 — 7.21 %) of the SIDA was much better
than for conventional LC-MS/MS methods (e. g. recovery 64 — 121 % and precision 7 — 18

% according to [39]).

PART B: Alternaria toxins

The saprophytic moulds of the genus Alternaria are ubiquitous plant pathogens invading
several agricultural crops, as well as food and feed derived thereof. Mould growth is
accompanied with the production of over 70 toxins, out of which the most relevant ones can
be classified into the two major groups benzopyrones and perylenequinones, along with the

phytotoxin tentoxin (TEN) and the amino acid derivative tenuazonic acid (TA) [44].

1. Benzopyrones

Of all Alternaria toxins, the benzopyrone group is the best examined one and was the first
to be analysed. This group encompasses the two major toxins alternariol (AOH) and

alternariol monomethyl ether (AME) besides altenuene and altenuisol. Both AOH and AME



have been reported to inhibit topoisomerase | and lla [45] and to be mutagenic in cell culture
[46].

As the first labelled isotopologues, deuterated alternariol and alternariol methyl ether were
synthesized by palladium catalyzed protium-deuterium exchange from the unlabeled toxins
(Fig. 4) [47]. The aromatic protons are most easily exchanged against deuterium, leading to
the preferred formation of the [?Ha]-isotopologue of alternariol (43 % isotopic purity) and
alternariol monomethyl ether (59 % isotopic purity). However, as the three benzylic protons
are also affected by the exchange reaction a mixture of isotopologues with mass increments
of up to M+7 was achieved. But as the internal standards contained no unlabeled material,
this isotopic fractionation only resulted in slopes of the response curve deviating from the
ideal value 1, whereas the linearity was not affected.

Based on the use of [?H4]-AOH and [°H4]-AME as internal standards, SIDAs were developed
and applied to the determination of AOH and AME in several food commodities using LC-
MS/MS [47]. Method validation for fruit juices revealed complete recovery (100.5 £ 3.4 % for
AOH and 107.3 + 1.6 % for AME), low LODs (0.03 pg/kg for AOH and 0.01 ug/kg for AME)
and LOQs (0.09 ug/kg for AOH and 0.03 pg/kg for AME) and excellent precision (4.0 % for
AOH and 2.3 % for AME). Values for both benzopyrones in fruit juices were low in general
(< 1 ug/kg for AOH and < 0.3 ug/kg for AME), but higher values of the toxins were found in
wine and vegetable juices amounting to 7.82 ug/kg and 0.79 pg/kg for AOH and AME,
respectively.

In another study by the same group of authors, cereal, fruit and vegetable products were
analyzed for contamination with both benzopyrones using the developed SIDA [48]. Both
toxins were practically not detectable in cereals and cereal products from the German retail
market. Higher values were found in cereals intended for animal nutrition (AOH: 13 — 250
ua/kg; AME: 3 — 100 pg/kg). However, AOH and AME were also detected in about 50 % of

all analyzed vegetable products in rather high values (2.6 — 25 ug/kg for AOH and 0.1 — 5
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Ma/kg for AME. Tomato products were affected, especially. The highest content of AOH (25
Ma/kg) and AME (5 pg/kg) were found in triple concentrated tomato paste.

Most recently, U-['3C]-labelled AOH and AME have been synthesized by a microbiological
procedure using a modified Czapek-Dox medium with low concentrations of ['3Ce]-glucose
and ['3C2]-acetate as only carbon sources and ammonium sulfate as only source of nitrogen
[49]. Thus, ['3C14]-AOH and ['*C15]-AME were isolated in high isotopic purity, albeit in low
yield (5 ug absolute each) and applied for developing SIDAs for different food commodities.
As by-products ['3C1s]-altenuene and ['3C14]-altenuisol were also isolated, but not used as
internal standards in SIDAs so far.

The alternative labelling of AOH and AME enabled the authors to clarify the fragmentation
of both benzopyrones in LC-MS/MS [49]. For AOH, the fragments of the [?H4]- and the
['3C14]-isotopologue led to the conclusion that the quantifier fragment at m/z 147 of AOH
must have lost five carbon atoms and one aromatic hydrogen (Fig. 5). For AME, the
assignment was much more complicated. From the deuterated isotopologue alone no
structural deduction of the fragments was possible [47]. However, the main fragment ions
m/z 255 and 256 of AME were accordingly observed with the ['3C1s]-isotopologue (m/z 269
and 270), whereas the [?Ha]-isotopologue showed three signals (m/z 258, 259 and 260).
Therefore, the loss of the O-methyl radical and of a hydrogen radical is reasonable. The
latter must originate mainly from the hydroxyl group and, according to the appearance of a
small signal at m/z 258 in the [?H4]-AME spectrum, a minor amount may originate from the
aromatic ring (Fig. 6). Using both U-['3C]-labelled benzopyrones a SIDA was developed and
validated for cereal matrices. LODs and LOQs of 0.36 ug/kg and 1.1 pg/kg for AOH and
0.09 pg/kg and 0.27 pg/kg for AME were determined. The values for recovery (98 — 103 %
for AOH and 109 — 112 % for AME) and precision (4.1 % for AOH and 5.8 % for AME) once
more proved the advantages of the SIDA methodology. A survey on a series of food

commodities from the German market confirmed the rather low contamination with these
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two toxins. However, paprika powder (AOH: 17 — 46 ug/kg; AME: 14-26 ug/kg) and sorghum
based animal feed (AOH: 347 — 757 ug/kg; AME: 109 — 215 ug/kg), especially, contained

both AOH and AME in amounts that may be critical for human and animal health.

2. Tenuazonic acid

The tetramic acid derivative L-tenuazonic acid [(5S,8S)-3-acetyl-5-sec-butyl-pyrrolidine-2,4-
dione] (TA) is one of the major mycotoxins produced by a series of different Alternaria spp.
[44] and has attracted increasing attention during the last years. It is regarded as the most
acutely toxic metabolite produced by Alternaria [50] and is known to occur in high
concentrations in commodities infected with this mould [44]. Until now, two different methods
leading to isotopologues of TA have been described.

a) ['3Ce,"°N]-TA

The first stable isotope labelled TA was synthesized from ["3Cs, "N]-methyl isoleucinate by
Dieckmann intramolecular cyclization after acetoacetylation with diketene, yielding
sevenfold labelled ["3Cs, 7°N]-tenuazonic acid (Fig. 7, 1) [51]. The obtained labelled standard
revealed excellent isotopic purity, however the low yield (about 30 %) of the synthesis was
only acceptable because the labeled amino acid is commercial available at a relatively
moderate price. Additionally, the conditions employed for the ring closure led to
epimerization, the labeled standard being a mixture of the (5S,8S)- and (5R,8S)-
diastereomers, therefore. However, this reaction is reported to occur with the analyte itself
in aqueous solution, but the few analytical methods that are able to separate the
diastereomers are not routinely performed [52]. Thus, the labelled standard can be used for
general purposes, but if - for example - immunochemical devices become available for
sample preparation in the future, this cannot be taken for granted in any case. Using this
stable isotope-labelled standard a SIDA was developed and validated. The method was

based on derivatization of TA with 2,4-dinitrophenylhydrazine during extraction, solid phase
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clean up using C1s material and liquid chromatography before mass spectrometric detection.
The use of the internal standard during the extraction and derivatization procedure greatly
improved the recovery that ranged between 104 + 2.5 % and 108 + 1.6 % for tomato
products. Without an IS the recovery was 79 + 11 % for different cereal matrices and 90 *
22 % for beer [53, 54]. Different tomato products (n = 16) from the German market were
analyzed for their content of TA using the developed SIDA. Values were between 15 — 195
Ma/kg (tomato ketchup, n = 9), 363 — 909 pg/kg (tomato paste, n = 2) and 8 — 247 ug/kg
(pureed tomatoes and comparable products, n = 5).

In a further application of the ['3Ce,'°N]-TA isotopologue, the median contents in different
foods were found to be 1.8 ug/kg (fruit juices), 16 ug/kg (cereals) and 500 ug/kg (spices).
The amount of positive samples was 86 % (fruit juices), 92 % (cereals) and 87 % (spices)
[55], which highlighted the ubiquitous occurrence of TEA.

In another study infant foods and beverages were analyzed by SIDA [56]. The median
content of TA in infant tea infusions (n = 12) was 2 ug/L, but values up to 20 ug/L were found
in fennel tea infusions. In puree infant food in jars (n = 12), the median content of TA was
7 ug/kg, but higher values were detected in products containing tomato (25 ug/kg), banana
and cherry (80 ug/kg) and sorghum (20 ug/kg). Infant cereals on the basis of wheat and/or
oats, rice, spelt and barley (n = 4) did not contain TA in values higher than 30 ug/kg, but if
sorghum was the major ingredient (n = 12) the mean content of TA was 550 ug/kg and the
maximum level was 1,200 ug/kg. This finding raised concerns about the safety of millet
infant cereals and the risk was assessed based on the threshold of toxicological concern
(TTC) approach [57] by the European Food Safety Authority (EFSA) with a TTC value of
1,500 ng TA/kg body weight per day [58]. The TTC is likely to be exceeded by infants
consuming these cereals and, therefore, the Bavarian health and food safety authority
stipulated a warning limit for these kinds of products of 500 pg/kg, which led to withdrawal

of the highly contaminated products from the Bavarian market.
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The [73Cs,"°N]-labelled TA was also used as internal standard for the quantitation of TA
analogues derived from valine (ValTA), leucine (LeuTA), alanine (AlaTA) and phenylalanine
(PheTA) that were synthesized from the respective amino acids [59]. Two analytical
methods based on high performance liquid chromatography (HPLC) and MS detection were
developed, one with derivatization with 2,4-dinitrophenylhydrazine (DNPH) and one without.
Beside TA, the analogues LeuTA (about 4 % of TA content) and ValTA (about 10 % of TA
content) were found in highly contaminated sorghum infant cereals and sorghum grains.
Other analogues were not detected.

Further studies using SIDA were directed towards unravelling the toxic potential of TA. In
toxicokinetic studies in humans, the content of TA in human urine was determined by a SIDA
extensively re-validated for urine matrix [60]. Interestingly, it was very difficult to obtain blank
urines as TA is constantly consumed due to its ubiquitous occurrence. For a blank urine, a
diet devoid of spices, cereals, vegetables and fruits was necessary. The method then was
applied for two studies dealing with urinary excretion of TA: In the first study, TA was
quantified in the 24-hour urine of six volunteers from Germany (3 female, 3 male) having
their usual diet in a concentration range of 1.3—17.3 ug/L or 2.3—10.3 ng/mg™' creatinine,
respectively. In the second study, two volunteers (1 female, 1 male) ingested 30 ug TA by
consumption of naturally contaminated whole meal sorghum infant cereals and tomato juice,
respectively. The urinary excretion of the ingested TA was 54-81 % after six hours,
depending on matrix and volunteer. After 24 hours 87-93 % of the ingested amount of TA
was excreted, but the fate of the remaining about 10 % was not revealed.

In another toxicokinetic study of TA [61] in the plasma of pigs and broiler chickens, each
animal received a single dose of 0.05 mg TA/kg body weight orally (p.o.) and intravenously
(i.v.) in a two-way cross-over design. The toxicokinetic profile of TA measured by SIDA using
[13Cs,’°N]-TA as IS markedly differed between pigs and broilers. TA was completely

absorbed in pigs as well broiler chickens with an absolute oral bioavailability of 147 and 124
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%, respectively. However, absorption was slower in broiler chickens with a mean time to
maximal plasma concentration of 2.60 h. TA was more rapidly eliminated in pigs compared
to broiler chickens, since the mean elimination half-life after i.v. administration was 0.51 h
and 2.03 h for pigs and broiler chickens, respectively. This slower elimination is mainly due
to the significantly lower total body clearance of TA in broilers, i.e. 448.4 mL/h/kg and 59.3
mL/h/kg after i.v. administration for pigs and broilers, respectively. Possible hypotheses are
zero order biotransformation kinetics of TA and/or inhibition of biotransformation enzymes
in broiler chickens. Furthermore, the higher area under the plasma concentration-time curve,
a measurement of body exposure, in broilers could implicate differences in species
susceptibility to the harmful effects of TA, although no clinical signs of intoxication were
observed in either species after single bolus administration.

A study from Belgium used ['3Cs,"°N]-TA to analyze a series of derived tomato products
using SIDA [62]. The samples had been screened for the mycotoxins AOH, AME, ochratoxin
A (OTA) and fumonisin B1, B2 and Bs using liquid chromatography-high resolution mass
spectrometry, before. All samples that contained AOH or AME were also contaminated with
TA (0.7 — 4.8 mg/kg). A dietary exposure assessment was performed for TA with Belgian
consumption data, and the obtained mean value (4230 ng/kg bw/day) was higher than the
threshold of toxicological concern (TTC) value of 1500 ng/kg bw/day set by EFSA [58].

A very recent UPLC-ESI*"-MS/MS method for the simultaneous determination of some free
(AOH, AME, ALT, TA, TEN, ATX-I) and conjugated (sulphates and glucosides of AOH and
AME) Alternaria toxins in cereals and cereal products (rice, oat flakes and barley) has been
described [63] applying isotopically labelled internal standards ([°H4]-AME and ['3Cs,°N]-
TA) for SIDAs of AME and TA. ['3Ce,'®N]- was also used as internal standard for all other
surveyed toxins. Extensive validation of the method has been carried out very thoroghly for
all compunds using different matrices and spiking levels. Good values for recovery (> 95 %)

and precison (<10 %) were obtained, in general, but even better validation data were
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obtained for TA and AME that were analyzed with SIDA. Finally, 24 commercially available
cereal-based foodstuffs were analyzed for all 10 toxins. Beside some trace levels of AOH
and TEN in rice samples, TA was the toxin most often detected. A total of 71% (22/31) of
the rice samples, and 31% (5/16) of the oat flake samples were contaminated with
concentrations in the range of 1.9-113 ug/kg and 2.1-39 pg/kg, respectively.

b) ['3C2]-TA

Another synthetic route towards labelled tenuazonic acid was reported recently [64]. ['3C2]-
tenuazonic acid was elaborated in a three-step procedure starting from unlabelled Boc-
protected isoleucine followed by condensation with meldrum’s acid, thermal cyclization,
decarboxylation and finally introducing the labelled carbons via 3-C-acetylation with ['3C2]-
acetyl chloride (Fig. 7, Il). Apart from the good vyield (67 %), the particular benefit of this
procedure was the introduction of the label in the last step via a rather cheap reagent.
However, epimerization at C-5 also took place during the last step of this approach, so until
now there has not been prepared any stereochemically pure labeled standard for TA, yet.
Using the ['3C2]-TA isotopologue a SIDA was developed for tomato and pepper products
based on sample preparation using the QUEChERS procedure. No derivatization was
applied and the method was less sensitive (LOD 0.86 ug/kg; LOQ 2.89 ug/kg), therefore.
Recovery was determined for different matrices and ranged between 91.0 £ 1.2 % (pepper
paste) and 102 + 4.4 % (tomato products). No data about the precision of the method and
the linear range of the calibration were given. The method was applied to 26 tomato samples
and 4 bell pepper samples from the German market and TA was found in each sample with

levels ranging from 3 to 2330 pg/kg.

3. Perylenequinones

Derivatives of perylenquinone such as altertoxin (ATX) I, Il, 1ll, alterperylenol (APOL; syn.

“alteichin”, ALTCH), and stemphyltoxin (STX) Il (Fig. 8) are minor metabolites of Alternaria
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spp., but are regarded most critical due to their mutagenic properties [65, 66]. Due to the
lack of available reference compounds in particular of altertoxins, analytical studies are rare.
Therefore, biosynthesis of altertoxins and other perylenes (Fig. 8) by Alternaria was studied
in a modified Czapek—Dox medium with a low level of glucose as the carbon source and
ammonium sulphate as the sole nitrogen source [49]. Under these conditions the
perylenequinones were the most abundant metabolites produced by the employed A.
alternata strain and the required compounds were isolated from the culture broth, purified
by preparative HPLC and used as analytical standards in the following. Labeled altertoxins
were synthesized in the same way using ['3Ce]-glucose. However, the obtained ['3C]-
isotopologues were not completely labelled as unlabeled citric acid in the trace element
solution contributed with one '2C2 unit into the biosynthetic pathway and caused the
emergence of the ['3C+s]-isotopologues, which amounted to about 40% of the ['3C2o]-
isotopologues for all compounds. Unfortunately, the mass increment of 18 Da caused an
unexpected mass spectral overlap between the internal standards and the unlabelled
altertoxins as the hydroxyl group of C-12a (Fig. 9) in the bay corner is easily eliminated
during ionization, thus leading to a loss of water equivalent to 18 Da in the ion source. Thus,
the fragments (a) were not suitable for quantitation and the fragments (c) were chosen
instead. SIDAs were developed for ATX |, ATX Il and APOL and validation resulted in good
values for precision (3.8-9.9 %) and recovery (96—-105 %). Using SIDA, 35 food samples
form the German market were analyzed and ATX | and APOL were detected in organic
whole grains and paprika powder with maximum values of 4.7 yg/kg (ATX I) and 5.2 pg/kg
(APOL). ATX Il and 1ll and STX Ill were not detectable. In addition, if the samples were
contaminated with ATX, they were likely to be co-contaminated with other Alternaria toxins
such as AOH, AME and TEN, but not necessarily vice versa. Much higher values of

perylenequinones were found in feed samples based on sorghum. Maximum concentrations
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of ATX | and APOL were 43 and 58 ug/kg, respectively, in some cases ATX Il was also

detected (max. 1.7 pg/kg).

4. Tentoxin

The cyclic tetrapeptide tentoxin (TEN) is produced as secondary metabolite by some
Alternaria species along with dihydrotentoxin (DHT) and isotentoxin (isoTEN) (Fig. 9) [67,
68]. Their structures differ at the unsaturated bond of the N-methyldehydrophenylalanine
moiety, which is hydrogenated into a single bond in DHT and “E” configured in isoTEN. All
three compounds are considered as phytotoxins with TEN being the most potent one,
inhibiting the photophosphorylation and inducing chlorosis [69]. However, no toxicological
data are available for mammals and the data about occurrence of this toxin in food and feed
are limited as well. Triply deuterated TEN was prepared via total synthesis from simple
building blocks (Fig. 10) and [?H3]-DHT and [?Hs]-isoTEN were synthesized starting from
[°H3]-TEN by hydrogenation or isomerization, respectively [70]. The label was introduced
with [?Hs]-iodomethane in the last step before cyclization. Although the yield of the whole
synthetic procedure was only 0.24 %, it can be calculated to be about 10 % for the steps
after introducing the label, which is reasonable and emphasizes the need for thorough
planning of the synthetic routes leading to labelled compounds. The method was applied to
103 food samples including bread, cereals, chips, juice, nuts, oil, sauce, seeds and spices.
Of these, 85 % were contaminated with tentoxin and 55 % were contaminated with
dihydrotentoxin, whereas isotentoxin was not quantifiable. Maximal concentrations of
tentoxin and dihydrotentoxin were 52.4 and 36.3 ug/kg, respectively, and were both detected

in paprika powder.
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PART C: Ochratoxin A
After the first report on the synthesis of a labelled OTA analogue, namely [?Hs]-OTA [71],

two further isotopologues have been made commercially available or have been reported in
the literature, respectively. The first one, ['*C20]-OTA, is commercially available and has
been used since its generation in several studies either on the multi-mycotoxin
contaminations presented in the table or specifically on OTA, e.g. in coffee [72] or on
toxicokinetics in rats [73]. Whereas ['3C20]-OTA has been prepared microbiologically and
can be expected enantiomerically pure in its (3R,14S) configuration, in chemical syntheses
the stereochemistry of the prepared OTA has to be considered. Owing to its two stereo
centers at C-3 and C-14, four diastereomers are possible. The first isotopologue reported,
[?Hs]-OTA [71], has not been characterized with regard to its stereochemistry. However,
according to its preparation by base catalyzed coupling of ochratoxin alpha (Ota) with [?Hs]-
L-phenylalanine methyl ester, a partly racemization of the phenylalanin moiety can be
assumed, thus giving the respective pair of diastereomers. This isomerization also has been
observed to occur thermally during roasting of coffee [74] and, for accurate analysis, the
respective [?Hs]-(14R)-OTA was prepared by thermal isomerization of enantiomerically pure
[?Hs]-(14S)-OTA. This stereo differentiation will enable to evaluate the contribution of heated
foods containing OTA to the overall exposure when using blood analyses for assessing the
‘internal exposure” of humans to the mycotoxin. For OTA, stable isotopologues are
increasingly used also in clinical analysis [75]. In the latter study - for the first time in
mycotoxin analysis - the quantitation of exact amounts of standards by quantitative NMR
was introduced thus providing better accuracy also for SIDAs. During analysis of OTA,
stereochemistry is crucial as often immunoaffinity cleanup is applied and the latter may be
enantiospecific. This effect has been observed during the use of the (3S)-diastereomer as
possible internal standard for OTA in a diastereomeric dilution assay (DIDA) as an

alternative to SIDA. For this study, both racemic unlabeled and deuterated Ota have been
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prepared chemically [76] and coupled to L-phenylalanine. As a result, the respective DIDA
was found to show significantly less accuracy than the SIDA used in parallel [77]. In a
complementary approach, Gabriele et al. [78] synthesized racemic Ota in a three-step
procedure and coupled the latter with protected [?Hs]-L-phenylalanine to give a mixture of
(3S)- and (3R)- diastereomersof OTA, which were separated by preparative TLC. In contrast
to this, stereoisomeric pure Ota has been prepared in another study to be used as educt for
labelled OTA after coupling with labelled phenylalanine. Two new routes for the synthesis
of enantiomerically pure (3R)-OTa are presented [79]. The key step of both routes is the
directed ortho-metalation of unprotected and suitably functionalized aromatic carboxylic

acids, followed by an alkylation-cyclization reaction with (R)-propylene oxide.

Commercially available labelled standards for mycotoxins

The emerging availability of commercial labeled standards led to increased use in
mycotoxin analysis. Out of the 30 published LC-MS methods covering the years 2008 —
2013 that have recently been reviewed [80], 10 of them use at least one commercially
labeled standard for correction of the analytical results [81-90]. More recent methods
follow this trend and perform SIDAs for all or at least some analyzed mycotoxins (table). At
present, labelled standards are commercially available for all mycotoxins, the maximum
contents of which are internationally regulated in foods and feeds, and are provided as
uniformly carbon-13 labelled (“U-['3C]") isotopologues, in general. The aflatoxins (AF) may
serve as example, as for them the labeled internal standards U-['3C]-AFB1, U-['3C]-AFBx,
U-['3C]-AFG1, U-['3C]-AFG2 and U-['3C]-AFM1 can be purchased from well-known
suppliers of chemicals. Further examples are U-['3C]-patulin, U-['3C]-ocharatoxin A, some
trichothecenes (U-['3C]-T-2 toxin and U-['3C]-HT-2 toxin) and the fumonisins B1, B2 and B3
that all can be purchased as U-['3C]-isotopologues as well. However, some other labelled

mycotoxins not being legally controlled routinely are also commercially available at the
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moment, e. g. U-['3C]-nivalenol or U-['3C]-kojic acid and an increasing number of others
that may serve the specific purpose of the researcher, but whose long-term availability
may be doubted due to lack of general demand. Although the range of labelled
compounds does not seem to point to a certain “most needed” lacking compound actually,
most likely researchers will not find their desired compound commercially available and
have to develop individual strategies towards their synthesis.

Concerning the reliability of the results, a closer look reveals that the majority of the recent
methods tend to add the labelled standard to the sample matrix directly at the beginning of
the sample preparation (table), which is the best method to counterbalance analyte losses
during the analytical procedure. However, in some methods the labelled standard is added
just before the LC-MS measurement, which compensates for suppression or enhancement
effects in the ion source of the mass spectrometer, but leaves analyte losses during

sample preparation aside and, therefore, is less reliable.

Discussion of Perspectives

Since our first review on SIDAs in mycotoxin analysis, the stock of available stable
isotopologues has tremendously expanded. All mycotoxins with maximum limits (ML) in
foods are commercially available labelled with stable isotopes. When reviewing the
synthetic strategies towards labelled mycotoxins, on the one hand, biosynthesis by fungi
versus chemical synthesis, on the other hand, can be distinguished, in principal. As a
guideline, the more complex the molecule is the more efficient a biotechnologically
approach may be. For example, isotopologues for the small molecule TA up to now have
only been synthesized chemically. In contrast to this, biosynthesis offers the perspective to
fully labelled isotopologues, either with '3C (c.f. altertoxins) or with >N (c.f. enniatins).

Most of the commercially available labelled mycotoxins are biotechnologically produced as
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fully carbon-13 labelled isotopologues and - as a matter of fact - are applied more often
than the chemically synthesized ones.

Generally, it can be recognized that SIDAs gain a status as reference methods due to
several benefits. The surpassing attributes of SIDAs in terms of recovery and precision are
essential, if low MLs trace amounts have to be accurately quantitated. Moreover, the
versatile and sensitive LC-MS/MS instrumentation has become standard laboratory
equipment facilitating the low LODs and LOQs required in MLs supervision, but its
susceptibility to matrix interference does not leave many alternatives than using stable
isotope labelled isotopologues as internal standard. Finally, more and more analysts
realize that the price of the labelled standard is negligible, if calculated for the respective
sample and compared to personnel labour costs and general expenses for consumables
(solvents, columns for clean-up, etc.) and for acquiring and running LC-MS/MS equipment.
However, prices for stable isotope-labelled standards still can be expected to be too high
for a breakthrough of multiple SIDAs. This is due to mycotoxins occurring in very different
contents in food matrices and, therefore, a multi-SIDA would require high standard
additions for the most abundant mycotoxins, at least when added at the initial of a SIDA in
its pure philosophy. The addition of the labelled standard just immediately before the LC-
MS/MS measurement is sometimes performed, therefore (table), but analyte losses during
sample preparation are not compensated for any more in this case, requiring
determination of and correction for recovery. Moreover, MLs require highly varying
sensitivity and linear ranges of the LC-MS/MS method (up to four orders of magnitude),
which is not easy to achieve with standard instruments and calibrations. Thus, specifically
combined ones rather than multiple SIDAs will still be used in the medium term.

Further challenges arise from the “emerging mycotoxins” such as Alternaria toxins, for

which the commercial availability of stable isotopologues is still limited. However, research
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groups are increasingly willing to cooperate and exchange labelled isotopologues non-
commercially.

Moreover, the issue of “modified mycotoxins” is emerging, which formerly have been
known as “masked mykotoxins”, but the latter term is now accepted to be strained [91].
New strategies for identification of modified mycotoxins are required with a promising
approach being non targeted metabolomics as exemplified for DON [92]. Risk assessment
of modified mycotoxins is limited due to the lack of analytical methods, which in turn
restricts studies on toxicology and exposure surveys. First opinions of risk assessment
authorities on modified mycotoxins dealt with the best studied compounds, i.e. with DON

and its acetates [93] and, more recently, with zearalenone and its metabolites [94].
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Tables

Table: Overview of LC-MS/MS methods for the determination of mycotoxins in different
matrices using commercially available labeled standards published from 2011 — 2015 and

not already been reviewed [72]

Analytes Standards Matrices Time of addition | Reference
AFB1, AFB2, AFG1, [*C47]-AFB1, ['3Cy]-OTA, Finished Grain and Nut before MS [95]
AFG2, BEA, DON, DAS, | [3C1g]-ZEN, [**Ca]-FB1, Products
15-ADON, FB1, FB2, [*Cp4]-T-2
FUSX, HT-2, NEO,
OTA, OTB, T-2, ZEN
AFB1, AFB2, AFGT, [C.7]-AFB2, [°C1/]-AF G2, Bottled water to the sample [96]
AFG2, FB1, FB2, FB3, | [3Ca4]-FB1, [*C1]-OTA,
NEO, OTA
T-2, HT-2 [*C24]-T-2 Cereals and cereal before clean-up [97]
products
DON, DOM, ZEN, a- ['3C+5]-DON, ['®C1g]-ZEN, a- Animal body fluids to the sample [98]
ZEL, B-ZEL, ZAN, a- [2Ha]-ZEL, B-[2H4-ZEL, o B-
ZAL, B-ZAL, [2H4]-ZAL
AFB1, AFB2, AFG1, [**C47]-AFB1, ['°C47]-AFB2, a) food grade gums to the sample [99, 100]
AFG2, DON, FB1, FB2, | [*®*C4/]-AFG1, ['*C47]-AFG2, b) baby food and animal
FB3, OTA, T-2, ZEN [*C15]-DON, feed
[*Ca4]-FB1, ['°C34]-FB2,
[*Caa]-FB3, [*C20]-OTA,
[*C24]-T-2, ['*C1g]-ZEN
DON, DOM, D3G, [**C15]-DON animal feed before MS [101]
15ADON, 3ADON, NIV,
FUSX
DON, ZEN, T-2, HT-2, | [°C15]-DON, [°C1s]-ZEN, feed before MS [102]
OTA [C24]-T-2, [®Cyy]-HT-2,
['*C2)-OTA
33 mycotoxins [*C47]-AFB1, ['3Cy]-OTA, Lentinula to the sample [103]
[®C15]-DON, [*Co4]-T-2, edodes
[*C1e]-ZEN
AFB1, AFB2, AFG1, [*C47]-AFB1, ['°C47]-AFB2, Cocoa, infant formula, to the sample [104]
AFG2, AFM1, DON, 3- [*®C47]-AFG1, ['°C47]-AF G2, green coffee, red
[*®C47]-AFM1, [*C45]-DON,
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ADON, 15-ADON, NIV
FB1, FB2, OTA,

T-2, HT-2, ZEN

[C17]-3ADON [Cy5]-NIV,

[*Cas]-FB1, [°Cad]-FB2,

[*Ca]-OTA, [C24]-T-2, [*C2]-

HT-2, ['*C1]-ZEN

paprika, corn flour,

sunflower oil, peanuts

DON, NIV, 3-ADON, T- [**C45]-DON organic and (not given) [105]
2, HT-2, MAS, DAS, conventional rye grain
ZEN, ZAN
15 mycotoxins and [**C15]-DON Human urine before MS [108]
metabolites
DON, D3G, DOM [**C15]-DON Human urine to the sample [107]
DON, DOM, T-2, HT-2, | [*®C15]-DON, [*C24]-T-2, Plasma of broiler chicks | to the sample [108]
ZEN; a-ZEL, B-ZEL, ['*C1g]-ZEN
ZAN, a-ZAL, B-ZAL
AFB1, AFB2, AFG1, [*C47]-AFB1, ['°C47]-AFB2, Wines and beers to the sample [109]
AFG2, DON, FB1, FB2, | ["®*C4/]-AFG1, ['*C47]-AFG2,
OTA, T-2, HT-2, ZEN [3C45]-DON, [1*C34]-FBA,

[*Ca4]-FB2, ['*C4]-OTA,

[PCaa]-T-2, [*Ca2]-HT-2,

[*C1e]-ZEN
AFB1, AFB2, AFG1, [*C47]-AFB1, ['°C47]-AFB2, Milk based products and | to the sample [110]
AFG2, AFM1, DON, [**C47]-AFG1, ['3C47]-AF G2, infant formula
FB1, FB2, FB3, OTA, T- | ["®C47]-AFM1, [*C45]-DON,
2, ZEN [3Cas]-FB1, [°Ca]-FB2,

[*Caa]-FB3, [*C20]-OTA,

[*Ca]-T-2, ['*C1g]-ZEN
DON, DOM, T-2, HT2- | [°C15]-DON, [PCo]-T-2 Animal body fluids to the sample [111]
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Legends to the Figures

Fig. 1
Fig. 2
Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Synthetic routes to labeled zearalenone: [I] according to [2]; [Il] according to [4]
Synthesis of ['3Cz]-moniliformin (“B“ = '3C) [19]

Structure of fusarin C (R = CH3) and its labelled isotopologue (R = C[?H]3) [33]
Structures of the [?Has]-isotopologues of alternariol (R = H) and alternariol methyl
ether (R = CHs) [47]

Proposed fragmentation of labeled and unlabeled alternariol to the main
quantifier ions in LC-MS/MS [49]. In parentheses: the respective m/z data of the
completely ['3C]-labeled isotopologue. In square brackets: the respective m/z
data of the isotopologue with four [?H]-labelings in the aromatic rings

Proposed fragmentation of labeled and unlabeled alternariol monomethyl ether
to the main quantifier ions in LC-MS/MS [49]. In parentheses: the respective
m/z data of the completely ['*C]-labeled isotopologue. In square brackets: the
respective m/z data of the isotopologue with four [?H]-labelings in the aromatic
rings

Synthetic pathways leading to stable isotope labeled tenuazonic acid (“B* = '3C)
() Acetoacylation of ['3Cs, "®N]-methyl isoleucinate with in-situ generated
diketene followed by Dieckmann intramolecular condensation [47]

(I1) Condensation of isoleucine with melldrum’s acid, followed by thermal
cyclization, decarboxylation and introduction of the label by 3-C-acylation with
labeled acetyl chloride [64]

Structures of perylenequinones produced by Alternaria species (ATX = Altertoxin;

APLO = alterperylenol; STX = Stemphyltoxin)



Fig. 9

Fig. 10

Fig. 11

Fig. 12
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Spectral interferences between ATX |, ['3C+s]-ATX | and ['3C20]-ATX | in mass
spectroscopy [49]. In parentheses: the respective m/z data of the 3C-labeled
isotopologue (first value ['3C1s], second value ['3C20]). Arrows indicate the
respective spectral overlap

Structures of cyclic tetrapeptides produced by Alternaria species (TEN = tentoxin;
DHT = dihydrotentoxin; isoTEN = isotentoxin)

The last two steps (introduction of the label and ring closure) of the synthesis of
[?Hs]-tentoxin [70] (‘D" = [°H]; “HBTU” = O-(benzotriazol-1-yl)-N,N,N’,N’-
tetramethyl-uronium hexafluorophosphate; “DMF” = dimethylformamide; “tB” =
tert-Butyl). The respective origin of the building blocks leading to the intermediate
products are given in the light squares (“‘Leu” = leucine; “MeAla” = N-methyl-
alanin; “BA” = benzaldehyde; “Gly” = glycine)

Synthetic routes leading to enantiomerically pure ochratoxin alpha ((3R)-OTa) to
be used as educt to produce stable OTA isotopologues [71] (“LTMP” = lithium

tetramethylpiperidine; “THF” = tetrahydrofurane)
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