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Quantification of 700 mycotoxins and
other secondary metabolites of fungi
and plants in grain products
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Michael Sulyok 1,2 , Michele Suman 3,4 & Rudolf Krska1,2,5

This work reports on the validation of a liquid chromatography–tandem mass spectrometric method
for the simultaneous quantification of more than 700 mycotoxins and other secondary fungal
metabolites and plant toxins in pasta, biscuits, crackers and musli. The “dilute and shoot” approach
was found to be fully applicable to these complex matrices, as only 7–14% of the analytes exhibited
significant matrix effects while recoveries of the extraction were outside the target range of 70–120%
for only 26 compounds. Data on repeatability (based on 7 brands per matrix) and on intermediate
precision was compliant to the related < 20% criterion for 95–98% and 99% of all analytes,
respectively. The limits of quantification were much lower than the related regulatory limits set for
mycotoxins in cereal products. Application of the method to 157 samples from the European market
revealed the presence of enniatins and deoxynivalenol in the majority of the samples. No regulatory
limits were exceeded except the sum of ergot alkaloids being higher in a few samples than the
50–150 µg/kg to be implemented as of July 2024.

Liquid chromatography coupled to tandem mass spectrometry (LC-MS/
MS) has become the working horse for the quantitative determination of
mycotoxins and other lowmolecular weight contaminants in food samples.
The selectivity, robustness and multi-analyte capability of this technique
enables developing protocols for sample preparation that include single
solvent extraction (sometimes in connection with a QuEChERS-like salting
out step) and only minimal or even no clean-up1. This facilitates their
application to differentmatrices ranging from rawagricultural commodities
like grains or nuts to complex processed products. Although regulatory
limits for mycotoxins and plant toxins are laid down (e.g. in Commission
Regulation 2023/915) for grain based products (thus requiring reliable
methods for compliance testing), there are only a few papers focusing on
validation of LC-MS/MS based methods for mycotoxins in products like
pasta, biscuits, breakfast cereals or crackers2–12.

Individual samples/brands of processed foodstuffs might exhibit sig-
nificantly larger differences in composition compared to raw grains (e.g. type
of grain, whole-grain vs. refined grains, presence of oils, flavours, additives).
From an analytical point of view, thismight result in significant dispersion of
recoveries of the extraction or ofmatrix effects obtained for different samples
belonging to the same matrix (i.e relative matrix effects). Therefore, it might

be questioned if validation data obtained from technical replicates of one
“representative” or pooled sample can be considered to be a sufficient proof
for the validity of the method for the whole type of grain product. In parti-
cular, relativematrix effects have been found to contribute significantly to the
uncertainty of the method13.

Recent official guidelines on method validation take this issue into
consideration to a different extent. Commission Implementing Regulation
EC 2021/808 on method performance for pharmacologically active com-
pounds in food producing animals14 demands to determine the absolute
recovery for at least 6 representative lots of a matrix in case neither internal
standardizationnormatrixmatching is applied. In addition, the coefficient of
variation shall not be greater than 20% for thematrix factor to be determined
in20different samples. Insteadof giving sucha specific criterionCommission
Implementing Regulation EC 2023/278215 for mycotoxins in food suggests
supplementing data on repeatability and within laboratory reproducibility
with data from proficiency testing. This seemingly less strict requirement is
most probably due to the fact that - in contrast to other contaminant classes
such as pesticides or veterinary drugs - stable isotope labelled internal stan-
dards are available formost of themycotoxins addressed by regulatory limits.
The use of such standards is considered as the most reliable approach for
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dealing with matrix effects by Official Control Labs16, especially as it effec-
tively compensates for relative matrix effects as well.

However, LC-MS/MS based methods with a broader scope and/or
targeting contaminants from different classes still require a thorough char-
acterizationof relativematrix effects. Inaprevious study17wehave shownthat
formycotoxins in rawagricultural commodities (grains, nuts anddried fruits)
compliance toperformance criteria for repeatability can still be obtained if the
data derives from different varieties of a given matrix rather than from
technical replicates of a single or apooled sample. The goal of thisworkwas to
determinemethodperformancedata of an extended versionof themethod in
processed grainmatrices (pasta, biscuits, crackers andmusli). The robustness
of the method was challenged by spiking seven different brands (with
potential differences in the type of grains, ingredients, additives, flavours etc.)
permatrix. In thisway, relativematrix effects aswell aspotential differences in
extraction efficiencies between individual samples were taken into con-
sideration in the calculation of the expanded measurement uncertainty.

Results and discussion
Method extension
The previously published LC-MS/MS protocol was further extended to
cover almost 900 metabolites (170 of them not being amenable to quanti-
fication due to lack of a quantitative standard). This required amodification
of the general sMRM parameters to achieve acceptable data quality for the
1090 and 736 sMRM transitions acquired in the positive and the negative
ionization mode, respectively. As we previously found that increasing the
dwell time at the cost of number of data points per peak is advantageous at
least on the instrumental platform used in our laboratory18, the target cycle
time was increased from 1.0 s to 1.4 s, resulting in minimum dwell times of
20 and 25ms in the positive and the negative ionizationmode, respectively.
At the same time, at least 10 data pointswere obtained for eachLCpeakwith
a typical width of 15 s.

The newly implemented compounds comprise (besides fungal meta-
bolites) pyrrolizidine and tropane alkaloids, as those compounds may,
similar to mycotoxins, contaminate cereals during harvesting and food
processing. Similar to the pair of epimers of ergotamine and ergosine, a
baseline separation of some individual plant toxins exhibiting the sameMS/
MSparameters (such as the triplet of indicine, intermedine and lycopsamine
as well as that of theirN-oxides) cannot be achieved under acidic conditions
and an alkaline gradient or a two-dimensional separation19 would be pre-
ferable for a dedicated quantitative analysis of those compounds.

Apparent recoveries, matrix effects and recoveries of the
extraction
The compiled data for 730 metabolites obtained under repeatability condi-
tions in the four matrices (with seven different individual samples for each
matrix) is given in Supplementary Table S1. 85–88% of the investigated
analytes exhibit RA values in the target range of 70–120%, whereas the
fractions of RE complying this criterion range from 92 to 94% (Figs. 1 and 2).
Compared to our investigations in raw commodities of grains, nuts anddried
fruits (RA: 58–83% RE: 84–94%

17) the fractions of compliant RA values have
significantly increased while the increase was less pronounced for RE. This is
due to a decrease of absolutematrix effects as only 7–14%of the analyteswere
significantly suppressed/enhanced (i.e. a deviation ofmore than±20%) in the
spiked extracts compared to the solvent standards. We consider this to be a
counter-intuitive result aswehavepreviously expected that themorecomplex
processed matrices investigated in this study will result in more pronounced
matrix effects. We speculate that mechanical and thermal processing of the
grains and other ingredients causes a reduction/transformation of low
molecular weight matrix constituents that cause matrix effects in the raw
commodities.

For 31 compounds, the signal in the spiked extracts was con-
sistently enhanced compared to the solvent standards. For enniatins,
abscisic acid, brevianamide F, cordycepin, cyclo (L-Pro-L-Tyr),
infectopyron and tryptophol this was due to the non-availability of
true blank samples. In contrast, the sample matrix seems to act as a

protectant against oxygen, light or adsorption in case of some other
compounds such as cyclopiazonic acid, altenusin, altersetin, (epi-)
equisetin, demethylsulochrin, methylequisetin, rugulosin, sorbicilla-
tone A or violaceol I and II, resulting in a significantly enhanced signal
in the spiked samples and spiked extracts compared to the solvent
standards. As considers the latter, matrix effects in the narrow sense
(i.e. enhancement of the ionization of the analyte in the ion source due
to presence of a particular co-eluting matrix compound) seem to be
unlikely to be the cause instead as (I) the increased signals were
observed for these analytes in all the matrices investigated in this work
and the raw grains/nuts/dried fruits investigated earlier as well and
(II) this increase was huge for a few compounds (e.g. a factor of 4 for
rugulosin and sorbicillactone A or even a factor of 30–50 for violaceol I
and II).

Only half of the 26 analytes not complying to the range of
70–120% for RE exhibit very low and/or irreproducible extractions
and need therefore to be considered to be incompatible to the sample
preparation protocol. The other half (including fumonisin B1)
exhibits an RE between 50 and 70% with an associated RSDr of lower
than 20%, which is considered to be still acceptable15. Although the
use of spiked materials is common practice for the determination of
the extraction efficiencies in multi-analyte methods, it might still
introduce a bias as spiked samples might be easier to extract in

Fig. 1 | Summary of apparent recoveries obtained under repeatability conditions.
Numerical values for all individual analyte/matrix combinations are given in Sup-
plementary Table S1. The green bars cover the target range of 70–120%.

Fig. 2 | Summary of recoveries of extraction obtained under repeatability con-
ditions. Numerical values for all individual analyte/matrix combinations are given
in Supplementary Table S1. The green bars cover the target range of 70–120%.
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comparison to naturally contaminated materials. As we did not
observe a systematic underestimation of the concentrations in the
samples from proficiency testing (see below), we concluded that the
extraction efficiencies we have obtained based on the spiked samples
are applicable to real-world samples as well.

Apparent recoveries obtainedon lower concentration levels for biscuits
andmusli, respectively, did not showany significant differences between the
tested levels for the large majority of analytes (Supplementary Tables
S2 and S3). This was true as well for analyte/matrix combinations resulting
in RA values significantly deviating from 100% e.g. 65 ± 8%, 53 ± 7%,
59 ± 5%, 57 ± 10% and 64 ± 7% for citrinin in biscuits or 73 ± 7%, 70 ± 6%,
80 ± 6% and 82 ± 8% for fumonisin B1 in musli. This underlines our pre-
vious considerationof spiking experiments on levels near theLOQnotbeing
sufficiently relevant to justify the time effort required in broad multi-
methods for a manual cross-check of small peaks.

Precision
Repeatability dataobtained for the sevendifferent individual spiked samples
per matrix was better than previously expected with more than 70% of all
analyte/matrix combinations exhibiting an RSDr < 10% and 95–98% of all
analytes complying to the RSDr < 20% criterion (Supplementary Table S1
and Fig. 3). Being in line with the observation on reduced absolute matrix
effects in the investigated matrices compared to raw commodities (see
above), the extent of relativematrix effects was reduced significantly as well.
Still, thewithin-laboratory reproducibility obtained on 7 technical replicates
of one sample per matrix (thus cancelling any relative matrix effects) over a
period of 7 weeks was still slightly superior (RSDWLR < 20% for 98.9 to
99.2% % of all analytes depending on the matrix, see Supplementary Table
S4 and Fig. 4) to the RSDr. The combined measurement uncertainty cal-
culated from RSDr and RSDWLR was compliant for 95–98% of all investi-
gated analytes depending on the matrix to the Ur,exp < 50% criterion set in
ref. 15 (Supplementary Table S4 and Fig. 5).

Trueness
The trueness of the method is monitored on a continuous basis by
participation in a proficiency testing program. 1118 results were
submitted since October 2019 for 30 analytes (5 aflatoxins, ochratoxin
A, fumonisins B1 and B2, T-2 and HT-2 toxin, deoxynivalenol and its
derivatives, nivalenol, zearalenone, 12 ergot alkaloids, atropine and
hyoscine) for grains, nuts, dried fruits, feed, baby food, spices etc. For
the sample that was most similar to the matrices investigated in this
study (i.e. rusk) all z-scores were between −1 and 1 except
3-acetyldeoxynivalenol with z = 1.15 (Table 1; all other individual
results are shown in Supplementary Table S5). Overall, 68.2% and
96.2% of the submitted results exhibited a z-score of −1 < z < 1 and

−2 < z < 2, respectively (Fig. 6), indicating the trueness of our dilute
and shoot approach is at least comparable to the methods of the other
participants. We consider this to be perfectly satisfactory as 1) full
validation data is not available for all matrices covered by the profi-
ciency testing scheme and 2) part of the other participants use dedi-
cated methods (e.g. LC with fluorescence detection for aflatoxins) or
stable isotope labelled internal standards.

Sensitivity
LOQs determined both in biscuits and in musli according to
EURACHEM20 are compiled in Supplementary Table S6 and Fig. 7. The
numerical values obtained for a given analyte in the two matrices dif-
fered by more than a factor of 2 only for 42 compounds. The majority of
those exceptions were caused by traces of the respective analytes (e.g.
culmorin or chrysogin in musli) or by interferences being present in the
samples of one matrix, thus hampering data evaluation of lower levels.
This confirms our earlier conclusion drawn from the related data in figs
andmaize17 i.e. that it might not be essential to determine LOD/LOQ for
each new commodity. Instead, a pragmatic approach for a broad multi-
analyte method is to establish a conservative matrix-independent esti-
mation as any lower concentration is irrelevant for most/analyte matrix
combinations anyway. Indeed, the obtained LOQs are below the reg-
ulatory limits set for mycotoxins in cereal-based products, bread, bis-
cuits, pastries etc. set in Commission Regulation 2023/91521, whereas the
more stringent limits set for grain-based baby food are in the range or

Fig. 3 | Summary of repeatabilities RSDr obtained for 7 spiked individual sam-
ples permatrix.Numerical values for all individual analyte/matrix combinations are
given in Supplementary Table S1.

Fig. 4 | Summary of intermediate precision RSDWLR obtained for spiked tech-
nical replicates of one sample. Numerical values for all individual analyte/matrix
combinations are given in Supplementary Table S4.

Fig. 5 | Summary of the expanded measurement uncertainties Ur,exp calculated
from RSDr and RSDWLR. Numerical values for all individual analyte/matrix
combinations are given in Supplementary Table S4.
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slightly below the respective LOQs for aflatoxins, ergot alkaloids and
tropane alkaloids.

Analysis of real-world samples
Individual data obtained on the 157 investigated samples are compiled in
Supplementary Table S7. As considers mycotoxins addressed by regulatory
limits, the findings are in fair agreement with published studies2,6,8–11.
Deoxynivalenolwasmost frequently identified (in approximately two thirds
of the samples) at levels below the EU regulations. This was also true for
zearalenone (identified in one out of six samples) as well as for other tri-
chothecenes, and ochratoxin A (which was positively identified in one
sample), whereas fumonisins and aflatoxins were not present at detectable
levels at all. In contrast to this, the regulatory limit of 50–150 µg/kg (as of 1st
July 2024) set in Commission Regulation 2023/91521 for the sum of ergot
alkaloids in milling products has been exceeded in a few samples. Crackers
exhibited a significantly higher rate of positive samples (68%) compared to
pastries and pasta, which supports the findings of earlier studies on rye-
based products22,23. Enniatins were detected in themajority of samples, thus
confirming earlier studies3,8,10, with the median concentrations of the

positive samples ranging from the sub- to the lowµg/kg level. Culmorin and
15-hydroxyculmorin were identified in the majority of samples as well at
levels similar to deoxynivalenol, which is inline with our findings on
naturally contaminated and inoculated wheat24. The concentration of
alternariol exceeded the indicative level for grain-based baby food of 2 µg/kg
set in Commission Recommendation 2022/55325 in two samples, whereas
alternariol monomethyl ether as well as tenuazonic acid were below the
related values (2 and 500 µg/kg, respectively) in all samples. Infectopyron
was the only metabolite produced by Alternaria species that was present at
levels exceeding 100 µg/kg, which confirms earlier findings on milling oats
intended for human consumption26. The remaining fungal metabolites
produced by species belonging to Aspergillus, Penicillium or other genera
were found either in only few samples or at low concentrations, with the
exception of questiomycin A that was present in 61 samples with a max-
imum level of 534 µg/kg.

Neither tropane alkaloids nor pyrrolizidine alkaloids addressed by EC
2023/91521 were identified in any of the samples (with the exception of low
levels of erucifolin). In contrast to this, the cyanogenic glucosides linamarin,
lotaustralin and prunasin (with the related cyanide equivalent being far
below the regulatory limits set for cassava flour), the glycoalkaloids solanine
and chaconin (produced by Solanaceae like potatoes or tomatoes) as well as
xanthotoxin and the phytoestrogen biochanin were present in up to half of
the samples withmaximum concentrations in the lowmg/kg range. Finally,
a few of the unspecific metabolites (mostly cyclic dipeptides or anthraqui-
none derivatives) included in the applied analytical method were present in
the majority of samples with levels of up to 40mg/kg.

The data presented in this work confirm that a quantitative determi-
nation of hundreds of contaminants of fungal and plant origin in diluted
crude extracts of processedgrainmatrices is feasiblewithmodernLC-MS/MS
instruments. Somewhat surprisingly, the increased complexity of the inves-
tigated matrices and the differences in composition between individual
samples belonging to the samematrix did not result in an increase of absolute
or relative matrix effects compared to the raw grains, nuts and dried fruits
investigated in an earlier study17. Still, themajor conclusions remain the same
i.e. 1) relative matrix effects significantly contribute to the uncertainty of the
method (as the intermediate precision obtained on 7 technical replicates was
compliant to the <20% criterion for an even larger fraction of the analytes
compared to the repeatability obtained on 7 different samples) and 2) eva-
luation of low spiking levels upon transfer of the method to a new matrix is
not essential as extraction efficiencies and matrix effects are independent of
the analyte concentration and numerical values determined for the LOQ
exhibited a reasonable agreement between the investigated matrices.

The application of the method to real-world from supermarkets con-
firmed that the samples are compliant to currentEUregulation.However, it is

Table 1 | Results of the proficiency test in rusk

Analyte Determined
conc. [µg/kg]

Assigned
conc. [µg/kg]

ơProficiency
[µg/kg]

z-score

Aflatoxin B1 3.12 2.65 0.8 0.59

Aflatoxin B2 3.02 2.55 0.77 0.61

Aflatoxin G1 1.74 1.67 0.5 0.14

Aflatoxin G2 1.71 1.35 0.41 0.88

Sum Aflatoxins 9.59 8.13 2.29 0.64

Ochratoxin A 3.66 3.73 1.12 -0.06

Deoxynivalenol 102 127 34 -0.72

15-AcDON 98 112 30 -0.48

3-AcDON 125 95 26 1.15

sum AcDONs 223 197 51 0.50

all DONs 325 324 42 0.02

Nivalenol 92 98 26 -0.23

T-2 toxin 59.9 48 14 0.85

HT-2 toxin 50.3 44 13 0.48

Sum T-2/HT-2 110 91 25 0.77

Zearalenone 63.6 68 19 -0.23

Fig. 6 | Compilation of z-scores obtained in pro-
ficiency testing (1118 results submitted).
z = (measured concentration − assigned con-
centration)/standard deviation of the proficiency
test; a z-score between −2 and 2 is considered as a
satisfactory result, a z-score between −3 and −2 or
between 2 and 3 is considered as a questionable
result, a z-score <−3 or > 3 is considered as an
unsatisfactory result.
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almost impossible to find a sample that is completely free from mycotoxins
(most notably free from enniatins) and co-contamination with different
compounds is the rule rather than the exception. The underlines the
importance of investigations of any potential effects of the chronic uptake of
very low levels of (mixtures of) natural toxins.

Methods
Chemicals and reagents
LC-MS Chromasolv grade methanol was obtained from Riedel de Haen
(Seelze, Germany), LC-MS grade ammonium acetate and glacial acetic acid
(p.a.) were purchased from Sigma–Aldrich (Vienna, Austria). Reverse
osmosis water was purified by a Purelab Ultra system (ELGA LabWater,
Celle, Germany). HiPerSolv Chromanorm HPLC gradient grade acetoni-
trile was purchased from VWR Chemicals (Vienna, Austria).

Reference standards were either isolated in-house, obtained as gifts or
purchased from the following commercial sources: AdipoGen Life Sciences
(Liestal, Switzerland), AG Research (Christchurch, New Zealand), Analy-
tiConDiscovery (Potsdam,Germany), BioAustralis (Smithfield, Australia),
BioViotica Naturstoffe GmbH (Dransfeld, Germany), Cfm Oskar Tro-
pitzsch GmbH (Marktredwitz, Germany), Chiralix B.V. (Nijmegen, The
Netherlands), CSIR Biosciences (Pretoria, South Africa), Enzo Life Sciences
(Lausen, Switzerland), Fermentek Ltd. (Jerusalem, Israel), Iris Biotech
GmbH (Marktredwitz, Germany), LGC Promochem GmbH (Wesel, Ger-
many), PhytoLabGmbH&Co. KG (Vestenbergsgreuth, Germany), Romer
Labs®Inc. (Tulln, Austria), SantaCruzBioechnology Inc. (Dallas, TE,USA),
Sigma-Aldrich (Vienna, Austria), Takara Bio Europe (Saint-Germain-En-
Laye, France), THP Medical Products (Vienna, Austria) and Toronto
Research Chemicals (Toronto, Canada). The related details are given in
Supplementary Table S8.

Single-analyte stock solutions were prepared by dissolving the solid
substance in acetonitrile, preferably at 250 µg/mL.Due to limited solubility in
acetonitrile, a few compounds were dissolved in acetonitrile/water 1:1 (v/v),
methanol or water instead. 78 intermediate mixes were prepared by mixing
the stock solutions of 10 analytes each for easier handling. The final multi-
analyte standardwas freshly preparedprior to spiking experiments bymixing
of the intermediate mixes. All solutions were stored at−20 °C.

Samples
For each investigated matrix (pasta, biscuits, crackers and musli) seven dif-
ferent individual samples exhibiting no or very low analyte concentrations
were selected for spiking experiments. All pasta samples were made from
durum wheat flour, one brand was a whole meal durum flour. As considers
biscuits, crackers andmuslis, brands based on different cereals with different
additives and flavours were selected, details are given in Table 2.

The 157 different real-world commercial samples were provided from
the European market. Proficiency test samples were obtained from BIPEA
(Genneviliers, France).

Sample preparation
Samples were milled and homogenized using an Osterizer blender (Sun-
beam Oster Household Products, Fort Lauderdale, FL, USA). 5g-portions
were subsequently extracted with 20mL of extraction solvent (acetonitrile/
water/acetic acid 79:20:1, v/v/v) and shaken for 90min using a rotary shaker
(GFL 3017, GFL; Burgwedel, Germany). 500 µl of the supernatants were
transferred into HPLC vials and diluted with 500 µl of dilution solvent
(acetonitrile/water/acetic acid 20:79:1, v/v/v).After appropriatemixing, 5 µL
of the diluted extracts were injected into the LC–MS/MS system without
furtherpre-treatment. For spiked samples aminiaturized approachof 0.25 g
sample and 1mL extraction solventwas applied to economize on standards.

Instrumental parameters
Themethod applied in this study is an extension of the version described in
detail elsewhere17. In brief, a QTrap 5500 MS/MS system (Sciex, Framing-
ham, MA, USA) equipped with a TurboV electrospray ionisation (ESI)
source was coupled to a 1290 series UHPLC system (Agilent Technologies,
Waldbronn,Germany). Chromatographic separationwas obtained at 25 °C
on a Gemini C18-column, 150 × 4.6 mm i.d. with a particle size of 5 μm,
whichwas equippedwith aC18 security guard cartridge, 4 × 3mm i.d. (both
Phenomenex, Torrance, CA, USA). For elution of the analytes a binary
methanol/water gradient was applied with a flow rate of 1000 μl/min. Both
mobile phases contained 5mM ammonium acetate and were composed of
methanol/ water/acetic acid 10:89:1 (v/v/v; eluent A) and 97:2:1 (v/v/v;
eluent B), respectively. After an initial hold time of 2min at 100% A, the

Fig. 7 | Overview on the LOQs determined
according to EURACHEM20.Numerical values for
all individual analyte/matrix combinations are
given in Supplementary Table S6.
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proportion of B was increased linearly to 50% between minute 2 and 5.
Further linear increase of B to 100% betweenminute 5 and 14 was followed
by a hold time of 4min at 100% B and 2.5min column re-equilibration at
100% A. The injection volume was 5 µl.

ESI-MS/MS data was acquired in the scheduled multiple reaction
monitoring (sMRM) mode both in positive and negative polarity in two
separate chromatographic runs. The detection window width was 40 and
46 s in the positive and negative ionization mode, respectively. The target
cycle time was 1400 msec and the MS pause time was 3 msec. Compound
dependent LC-MS/MS parameters are listed in Supplementary Table S9.
Two sMRM transitions were acquired for each analyte except for
3-nitroropionic acid andmoniliformin that yield only one product ion. For
unambiguous identification of an analyte the ion ratio has to agree with the
related values of the standardswithin 30%as stated in SANTE/12089/201627

whereas for the LC retention time a stricter in-house criterion of ±0.03min
is applied.

For external calibration based on neat solvent standards, a working
solution was prepared by mixing 300 µl of the multi-analyte standard
(see section 2.1.), 20 µl of a certified liquid standard containing fumo-
nisins B1 and B2, 20 µl of a certified liquid standard containing fumo-
nisin B3 (the fumonisins were added at this late stage as their
concentration is not long-term stable in the multianalyte solution of
almost pure acetonitrile) and 260 µl of dilution solvent (acetonitrile/
water/acetic acid 20/79/1, v/v/v). From this working solution a serial
dilution was prepared using acetonitrile/water/acetic acid (49.5/49.5/1,
v/v/v) to obtain dilution levels of 1:3, 1:10, 1:30, 1:100, 1:300, 1:1000,
1:3000 and 1:1000, respectively. To check the linearity of the response,
linear, 1/x weighted calibration curves were constructed for the neat
solvent standards. Peak integration and construction of calibration
curves and were performed using MultiQuant™3.0.3 software (Sciex,
Framingham, MA, USA).

Validation
Spiked samples were prepared by adding 100 µl of the working solution to
0.25 g of homogenized blank samples, which theoretically results (after
extraction and dilution) in a concentration of half of the concentration of
the 1:10 dilution level of the external standard. After spiking (and prior to
extraction) theywere stored overnight in darkness at room temperature to
facilitate evaporation of the spiking solvent. For post-extraction spiking,
500 µl of raw extracts were mixed with 50 µl of the working solution and

450 µl of dilution solvent. For determination of LOD/LOQ spiking of
biscuit and musli samples was additionally performed on lower levels
using 100 µl of the respective dilutions of the working solution
(1:10–1:1000) as the spike.

Spiked samples and spiked extracts were analysed under repeat-
ability conditions against the neat-solvent standards and the averages of
the calculated concentrations were used to determine apparent recov-
eries (RA), signal suppression/enhancement (SSE) and recoveries of
extraction (RE). Data on method repeatability RSDr derived from seven
different individual spiked samples analysed within one sequence
(lasting 2.5 days). For the intermediate precision (within laboratory
reproducibility; RSDWLR) seven technical replicates of one sample per
matrix were spiked and one replicate per matrix was analysed each week
within a period of seven weeks. The relative expanded method uncer-
tainty Ur,exp was calculated from data on repeatability and intermediate
precision:

Ur;exp ¼ 2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RSD2
r þ RSD2

WLR

q

ð1Þ

LOD and LOQwere calculated from repeatability data on low spiking
levels following the EURACHEM guide20.

Data availability
The authors declare that all raw data that support the findings of this study
as well as details on LC-MS/MS parameters and on target analytes are
available in the supplementary information.
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