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Abstract

Infants are sensitive to negative effects caused by food contaminants such as mycotoxins. To date, analytical methods assess-
ing mycotoxin mixture exposure in infant stool are absent. Herein, we present a novel multi-mycotoxin LC-MS/MS assay
capable of detecting 30+ analytes including the regulated mycotoxin classes (aflatoxins, trichothecenes, ochratoxins, zea-
ralenone, citrinin), emerging Alternaria and Fusarium toxins, and several key metabolites. Sample preparation consisted of a
‘dilute, filter, and shoot” approach. The method was in-house validated and demonstrated that 25 analytes fulfilled all required
criteria despite the high diversity of chemical structures included. Extraction recoveries for most of the analytes were in the
range of 65-114% with standard deviations below 30% and limits of detection between 0.03 and 11.3 ng/g dry weight. To
prove the methods’ applicability, 22 human stool samples from premature Austrian infants (n = 12) and 12-month-old Nige-
rian infants (n = 10) were analyzed. The majority of the Nigerian samples were contaminated with alternariol monomethyl
ether (8/10) and fumonisin B, (8/10), while fumonisin B, and citrinin were quantified in some samples. No mycotoxins were
detected in any of the Austrian samples. The method can be used for sensitive human biomonitoring (HBM) purposes and to
support exposure and, potentially, risk assessment of mycotoxins. Moreover, it allows for investigating potential associations
between toxicant exposure and the infants’ developing gut microbiome.

Keywords Natural food contaminants - Human biomonitoring - Infant and public health - Feces - Exposome research - Sub-
Saharan Africa

Introduction

Mycotoxins are naturally occurring secondary metabolites
primarily produced by toxigenic molds belonging to the
Aspergillus, Fusarium, Penicillium, and Alternaria gen-
era (Fig. 1(c)) [1]. Typically, mycotoxins contaminate food
crops such as maize, rice, wheat, nuts, spices, coffee beans,
and dried fruits [1, 2]. Recently, the worldwide occurrence
of mycotoxins in food crops was reported to range between
04 Benedikt Warth 60 and 80% [3]. Mycotoxin contamination of food is a global
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Fig.1 (a) Schematic illustration of the human biomonitoring (HBM)
approach. An infant might be exposed to mycotoxins via comple-
mentary infant food or via breast milk. Biological samples including
blood, urine, stool, breast milk, and others can be used for monitor-
ing mycotoxin exposure using analytical methods such as LC-MS/
MS. (b) Possible effects of xenobiotics such as mycotoxins on the gut
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microbiome development. With increasing mycotoxin concentration,
the gut microbiota might become unbalanced, which could encourage
colonization by more harmful bacteria. (c) Chemical structures of the
32 mycotoxins (and metabolites) that have been included in the final
LC-MS/MS method
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whereas aflatoxin M, is classified as potentially carcinogenic
to humans (group 2B) [1, 6]. Fumonisins (FBs) are classified
as group 2B carcinogens by the International Agency for
Research on Cancer (IARC) [6] and have been implicated in
poor child growth and incidence of esophageal cancer [7-9].
Ochratoxin A (OTA) and citrinin (CIT) have been shown
to cause nephrotoxicity [10, 11]. Zearalenone (ZEN) can
exert estrogenic effects by binding to the estrogen receptor
[12,13].

In the European Union, most major classes of mycotoxins
including aflatoxins (AFs), CIT, FBs, trichothecenes, and
OTA are regulated by the European Food Safety Author-
ity (EFSA), who has set maximum levels in animal feed
and food commodities for humans. However, for emerging
mycotoxins, e.g., Alternaria mycotoxins, including alter-
nariol (AOH), alternariol monomethyl ether (AME), and
tentoxin (TEN), no guidance levels were set by EFSA due
to insufficient data to assess the health risk [14]. The toxicity
of and exposure to Alfernaria toxins were recently reviewed
by Aichinger et al. [15].

Human biomonitoring (HBM) has become an important
tool for determining the internal dose of a given xenobi-
otic. Analysis of biological samples including breast milk,
blood, saliva, stool, and urine can help to monitor levels
of any xenobiotic or natural contaminants including myco-
toxins (Fig. 1(a)). The biomonitoring data can be used for
exposure and risk assessment and help in developing poli-
cies [16]. The preferred analytical platform for multi-analyte
HBM is liquid chromatography tandem mass spectrometry
(LC-MS/MS), owing to its high sensitivity, specificity, and
robustness, which make it well suited for ultra-trace analysis.
Developing an analytical method with the aim of including
several classes of xenobiotics with different chemical prop-
erties is challenging. In general, analytical approaches taking
into consideration a holistic view by analyzing numerous
classes of compounds originating from different types of
exposures are becoming popular [17]. Despite recent pro-
gress, there are still many knowledge gaps in areas such as
mycotoxin research, where the health effects of exposure to
mycotoxin mixtures or exposures during fetal and post-natal
development have not been studied in detail. To date, no
sensitive targeted multi-mycotoxin LC-MS/MS method for
infant stool is available, to the best of our knowledge. There
are a few reports where mycotoxins such as fumonisin B,
(FB)) and aflatoxin B; (AFB,) metabolites in human stool
have been investigated [18-20]. These studies, however,
applied high-performance liquid chromatographic (HPLC)
methods without mass spectrometric detection, and the focus
was exclusively on a single mycotoxin class. Other studies
that employed LC-MS-based methods targeting mycotoxins
in stool are available for animals; however, like in human
studies, the focus has been mostly on a single mycotoxin
class instead of a comprehensive multi-class assessment

[21-25]. Previously, Cao et al. developed a mass spectro-
metric—based method, for detecting mycotoxins in various
matrices including stool, with some emerging toxins (e.g.,
citrinin and alternariol) not included and the samples ana-
lyzed were obtained from adults [26]. Multi-mycotoxin LC-
MS-based methods are available for other frequently used
HBM matrices such as urine and breast milk [27, 28]. Stool
is a very important yet commonly not considered matrix in
HBM, despite the fact that it is non-invasive and can provide
useful exposure data. For example, analysis of the stool can
give a broader insight into the level of exposure to poorly
absorbed mycotoxins such as FBs, especially in high-risk
mycotoxin regions. Moreover, stool reflects to a large extent
the gut microbiome and it can be easily collected, compared
to invasive sampling types such as biopsy or luminal brush
[29]. Mycotoxins can distort the gut microbiota potentially
causing poor nutrient absorption and disrupting the local
immune response (Fig. 1(b)) [30]. For example, FB, can
induce intestinal cell apoptosis, whereas OTA was shown
to decrease glucose absorption in rats [30, 31]. Alternariol
has been recently reported to be absorbed by gut bacteria
in vitro [32].

The main aim of this study was to develop and validate a
sensitive and selective multi-mycotoxin LC-MS/MS method
assessing 30+ mycotoxins/metabolites in infant stool. The
performance of the method was demonstrated in a proof-of-
principle study utilizing stool samples from two countries.

Materials and methods
Chemicals and reagents

Water (H,O), acetonitrile (ACN), and methanol (MeOH)
(all LC-MS grade) were purchased from Honeywell
(Seelze, Germany). Acetic acid (HAc) was bought from
Sigma-Aldrich (Vienna, Austria). The following mycotoxin
reference standards were purchased: AFB,, AFB,, AFG,,
AFG,, deoxynivalenol (DON), FB,, FB,, nivalenol (NIV),
OTA, sterigmatocystin (STC), T-2 toxin, alpha-zearale-
nol (a-ZEL), beta-zearalenol (p-ZEL), alpha-zearalanol
(a-ZAL), beta-zearalanol (f-ZAL), zearalanone (ZAN),
and ZEN from RomerLabs (Tulln, Austria). Enniatin A
(Enn A), Enn A, Enn B, Enn B, and TEN were purchased
from Sigma-Aldrich (Vienna, Austria). Aflatoxin metabo-
lites AFM,, AFM,, AFP,, AFQ,, AFB,-N’-guanine (AFB-
Gua) adduct, AME, AOH, beauvericin (BEA), CIT, HT-2
toxin, ochratoxin alpha (OTa), and ochratoxin B (OTB)
were bought from Toronto Research Chemicals (Ontario,
Canada). Dihydrocitrinone (DH-CIT) was kindly provided
by Michael Sulyok (IFA-Tulln, Austria).

Solid reference standards were dissolved in ACN, except
the fumonisins (ACN/H,0, 1/1, v/v) and AFB-Gua (ACN/
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Fig.2 Schematic illustration ACN/MeOH/HAc,
of the sample preparation 49.5/49.5/1,
procedure. After drying the v/v/v
stool sample, extraction solvent
is added followed by a protein

Extraction

precipitation step. The sample is
then centrifuged, and the super-
natant is further diluted and
filtered through a PTFE filter
into an LC glass vial. Finally,
the diluted and filtered sample
is injected onto an LC-MS
instrument

solvent + water

Dried stool
sample

LC-MS/MS
analysis

H,O/acetic acid, 75/24/1, v/v/v), to reach individual stock
solutions with final concentrations of 5-500 pg/mL which
were stored at — 20 °C. Internal standards (IS) [13C]—AFM1,
[*C]-CIT, [*C]-DON, [*C]-FB,, ['*C]-NIV, ['3C]-OTA,
and ['*C]-ZEN were purchased from RomerLabs (Tulln,
Austria). [?H]-AOH was kindly provided by Michael Rych-
lik (TU Munich, Germany).

Individual stock solutions were diluted in ACN to prepare
a multi-standard working solution containing all analytes in
a concentration range of 3.7-16,000 ng/mL. Similarly, the IS
mixture was prepared from individual stock solutions, con-
taining the following final concentrations: [?H]-AOH (1.5
ng/mL), ['*C]-AFM, (0.3 ng/mL), ['*C]-CIT (0.3 ng/mL),
['3C]-DON (3 ng/mL), ['*C]-FB, (50 ng/mL), [*C]-NIV (3
ng/mL), [*C]-OTA (3 ng/mL), and ['*C]-ZEN (0.3 ng/mL).

Sample collection

Stool samples (n = 12) from 8 infants that were analyzed
individually (for exposure assessment) but also pooled (for
method development and in-house validation) were obtained
from 6- to 8-week-old extremely premature infants (< 28
week of gestational age and < 1000 g birth weight) in 2021
in Vienna, Austria. All infants were fully enteral fed and
exclusively received own mothers’ milk or pooled pasteur-
ized human breast milk with 4% of a bovine fortifier (Beba
FMSS5, Nestle). The study was approved by the local ethics
committee of the Medical University of Vienna (1348/2017).

For the Nigerian proof-of-principle study, stool samples
(n = 10) were collected from 12-month-old infants from
Ogun state (5 males, 5 females). These samples are part
of an ongoing, larger longitudinal study (2019-2021) that
aims to correlate toxicant exposure with effects on the gut
microbiome. Infants consumed mothers’ breast milk and
complementary food mostly consisting of cereals, infant
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PTFE filtration Diluted sample

formula, nuts, and tuber. The weight and the height of the
children were taken using a digital scale and measuring tape,
respectively. The stool samples were collected by mothers
or by trained study personnel directly from diapers into
falcon tubes (50 mL) and stored immediately at — 20 °C.
The samples were transported on dry ice for LC-MS/MS
analysis. Ethical approval was obtained from the Ethi-
cal Committee of Babcock University (BUHREC585/18,
BUHRECA421/21R). For both studies, all parents gave writ-
ten informed consent prior to study inclusion.

Sample preparation protocol

During method development, different clean-up protocols
were tested and optimized. As the final extraction method,
samples were diluted and filtered using polytetrafluoroeth-
ylene (PTFE) filters (pore size 0.20 um, diaphragm diam-
eter 13 mm, Macherey-Nagel, Germany), as summarized in
Fig. 2. In brief, wet premature infant stool (n = 12) was
pooled together and homogenized with a spatula. Approxi-
mately 40 mg of the pooled sample was weighed in micro
reaction tubes (2 mL) followed by a drying step (24 h) in a
vacuum concentrator (Labconco, MO, USA). After drying,
the weight of the samples was recorded again (on average
approx. 30% of the original weight; range 26-34%). Sub-
sequently, water was added (40 uL per 20 mg) followed
by vortexing. The extraction solvent (ACN/MeOH/HAc,
49.5/49.5/1, v/ivIv) was added (160 uL per 20 mg) followed
by thorough vortexing and ultrasonication in an ice bath
(15 min). The samples were stored overnight at — 20 °C
to precipitate the proteins, followed by centrifugation (10
min at 18,000 X g, 4 °C), after which the supernatants were
transferred to new reaction tubes. The supernatants were
diluted (1:10) with water containing 0.1% HAc and 10 pL
IS mixture. The final concentration of the individual IS
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in the samples was as follows: [?H]-AOH (0.075 ng/mL),
['*C]-AFM, (0.015 ng/mL), ['*C]-CIT (0.015 ng/mL),
['3C]-DON (0.15 ng/mL), ['*C]-FB, (2.5 ng/mL), [*C]-NIV
(0.15 ng/mL), ['3C]-OTA (0.15 ng/mL), and ['3C]-ZEN
(0.015 ng/mL). Then, the diluted samples were filtered
through PTFE filters. The resulting overall dilution factor
of this procedure was 1:100. The filtrates were transferred to
amber-LC vials with micro-inserts. A volume of 5 pL. were
injected into the LC-MS/MS system.

LC-MS/MS parameters and analysis

The analysis was performed using an Agilent 1290 Infinity II
LC coupled to a Sciex QTrap 6500" (Darmstadt, Germany)
mass spectrometer (MS), which was equipped with a Turbo-
V™ electrospray ionization (ESI) source. The separation
was achieved on an Acquity HSS T3 column (2.1 x 100
mm, 1.8 pm particle size) purchased from Waters (Vienna,
Austria), protected with a VanGuard pre-column (1.8 pm,
Waters, Vienna, Austria). The mobile phase was composed
of an aqueous solvent A (H,O + 0.1% HAc) and solvent
B (MeOH + 0.1% HAc). The gradient was based on the
method developed previously by Braun et al. [28]. In brief,
the gradient was as follows: the first 0.5 min, the content
of B was kept at 10%. From 0.5 to 1 min, the eluent B was
increased to 35% and then to 60% at min 3. The eluent B
was then further increased to reach 97% at min 10 and kept
constant at these conditions for 6 min. Eluent B was then
rapidly dropped to the starting conditions and the column
was re-equilibrated for 2.9 min before the next injection. The
overall run time was 19 min. The column oven was main-
tained at 40 °C and the autosampler at 7 °C. The measure-
ments were done in scheduled multiple reaction monitoring
(MRM) mode, and the compounds were ionized in either
positive or negative ESI mode using fast polarity switch-
ing. The settings of the ion source were as follows: source
temperature 450 °C, curtain gas 30 psi, collision gas high,
ion source gasses (sheath and drying gas) 80 psi and the ion
spray voltage was set to 4500 V in positive and — 4500 V in
negative mode. Complete MS parameters for all the analytes
are summarized in Table 1.

For data acquisition, the Analyst (version 1.7.1) soft-
ware was applied, and for quantification, SCIEX OS (ver-
sion 1.6 and 2.0) was used. A system quality control (QC)
sample was measured before and after each measurement
sequence (in triplicates) to ensure acceptable performance
of the instrument. Additional QC samples were included for
the Nigerian measurements: the dried stool samples were
spiked at two levels (low and high) before extraction (trip-
licates for each level) with a mycotoxin mixture and were
left to dry (with open lids) for approximately 45 min. The
spiking levels were selected based on preliminary measure-
ments, and the spiking levels were aimed for 5X and 15X the

respectively LOQ values. The extraction was carried out as
described in the sample preparation protocol. The quantita-
tive results were required to be < 20% RSD for all analytes.

In-house validation

In-house validation was performed according to the Eura-
Chem Laboratory Guide and the European Commission
decision 2002/657/EC concerning the performance of ana-
lytical methods and the interpretation of results [33, 34]. The
following parameters were considered: linearity, extraction
recovery (Rp), repeatability (intraday precision, RSD,), inter-
mediate precision (interday precision, RSDy), selectivity,
signal suppression or enhancement (SSE), and sensitivity.
A pooled stool derived from 8 newborns was used as matrix
blank as no commercial reference material was available.
Calibration standards were prepared in dilution solvent (H,O
+ 0.1% HAc) and pooled blank matrix, each consisting of
five or six calibration points ranging from 0.00025 to 304.5
ng/mL. The highest standard was prepared by diluting the
multi-analyte working solution by 1:10 (v/v) in blank matrix
or in dilution solvent (H,O + 0.1% HAc). The standards
of lower concentrations were prepared by serial dilution,
using the highest standard. A weighing factor of 1/x was
used for both calibration curves, which was generated by
plotting the measured concentrations against the peak area
of the respective analyte. The peak area ratios were used for
the calculations of analytes with available IS; for the other
analytes, solely the peak area was used. Spiked samples,
matrix-matched standards, and solvent standards were meas-
ured in three distinct sequences over a period of 10 weeks.
The linearity was evaluated by considering the regression
coefficient R? of the matrix-matched calibration curve for
all analytes. The recovery experiments were done by spiking
blank matrix samples before the extraction procedure at two
different concentration levels, each in triplicate. The Ry was
calculated using the linear equation of the matrix-matched
calibration standards. The calculated concentration of spiked
samples was divided by the theoretical spiking concentra-
tion and reported in percent (%) for the respective analyte.
The percentage of repeatability (RSD,) and intermediate pre-
cision (RSDg) were each calculated by using the standard
deviation of the average concentration determined in spiked
samples divided by the average concentration determined
in spiked samples and multiplied with 100. The number of
replicates was 6 and 9 for RSD, and RSDy, respectively. The
selectivity was determined by comparing the blank samples
with the spiked samples and by investigating the monitored
transitions during proof-of-principle experiments.

Positive identification was based on four factors includ-
ing matching retention time, the presence of quantifier and
qualifier ions and their matching ion ratios. The ion ratios
(in %) were evaluated from matrix calibration (quantifier’s
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Table 1 MS and MS/MS parameters including the retention time, precursor and product ion (m/z), ion species, de-clustering potential (DP), col-
lision energy (CE), cell exit potential (CXP), and ion ratio (%)

Analyte Retention Precursor ion Product ion Ion species DP CE CXP Ion ratio
time
(min) (mlz) (mlz) VW) V) (%)
Aflatoxicol 5.9 297.0 269.1/115.0 [M—H,0+H]* 71 29/83 12/14 78
Aflatoxin B, 5.2 313.0 241.0/213.0 [M+H]* 106 49/61 14/16 67
AflatoxinB, 5.0 315.0 259.2/243.0/203.0 [M+H]* 96 43/53/49 18/16/12 44
Aflatoxin G, 4.7 329.1 243.1/200.0 [M+H]* 86 39/59 14/12 65
Aflatoxin G, 4.5 331.1 313.2/245.2 [M+H]* 111 35/43 18/14 55
Aflatoxin M, 4.5 329.1 273.2/229.1 [M+H]* 91 35/59 16/12 50
BC.Aflatoxin 4.5 346.0 288.2 [M+H]T* 91 35 16 -
Ml
Aflatoxin M, 4.3 331.0 285.2/259.0/241.0 [M+H]* 96 33/33/57 14/16/14 78
Aflatoxin P, 4.8 299.1 270.7/215.1/171.1 [M+H]* 126 35/38/56 18/11/17 31
Aflatoxin Q, 4.4 328.7 206.0/177.0 [M+H]* 121 33/47 14/12 73
Aflatoxin B;- 4.0 480.0 152.1/135.0 [M+H]* 46 23/85 10/14 39
N7-guanine
Alternariol 6.4 257.0 215.0/213.0 [M—H]~ — 100 —36/—34 —11/-11 64
2H-Alter- 6.4 261.0 150.0 [M—H]~ - 110 —46 -5 -
nariol
Alternariol 8.2 271.1 256.0/227.0 [M-H]~ -95 —32/-50 —13/-9 19
monomethyl
ether
Citrinin 6.2 281.0 249.0/205.0 [M+MeOH-H]~ —-50 —24/—33 —7-1 56
BC-Citrinin 6.2 294.3 217.1 [M+MeOH-H]~ —-40 -32 -17 -
Deepoxy- 3.8 339.1 248.9/59.1 [M+O0Ac]~ -70 —18/-20 —17/-9 17
deoxyniva-
lenol
Deoxyniva- 3.2 355.1 59.2/265.2 [M+O0Ac]~ —70 —40/-24 —8/-13 28
lenol
3C.Deoxyni- 3.2 370.1 278.8 [M+OAc]~ -20 -22 -15 -
valenol
Dihydroc- 5.2 265.0 177.0/203.0/147.1 [M-H]~ —25 —34/-40/-46 —11/-17/—15 22
itrinone
Fumonisin B, 5.8 722.5 334.4/352.3 [M+H]* 121 57/55 4/12 103
13C.Fumoni- 5.8 756.3 356.3 [M+H]* 130 46 10 -
sin B;
Fumonisin B, 7.2 706.5 336.4/318.4 [M+H]* 126 59/51 8/2 53
HT-2 toxin 6.2 4422 263.1/215.0 [M+NH,]* 76 21/21 19/19 55
Nivalenol 2.8 371.1 281.1/59.1 [M+O0Ac]~ -75 —22/-42 —15/-7 84
13C-Nivalenol 2.8 386.0 295.2 [M+0OAc]~ -75 =22 —-15 -
Ochratoxin A 7.7 404.0 239.0/102.0 [M+H]* 91 37/105 16/14 36
BC.Ochra- 7.7 424.0 250.0 [M+H]* 51 33 12 -
toxin A
Ochratoxin B 6.6 370.1 205.0/103.1 [M+H]* 86 33/77 12/16 34
Ochratoxin @ 5.1 254.9 166.9/123.0/110.9 [M-H]~ -90 —36/—40/—44 —11/—17/-21 21
Sterigmato- 8.1 325.1 281.1/310.2 [M+H]* 96 51/35 16/18 83
cystin
T-2 toxin 7.0 467.3 215.2/185.1 [M+NH,]* 56 29/31 18/11 84
Tentoxin 6.5 4133 141.0/271.1 [M-H]~ - 105 —30/—24 —11/-15 55
Zearalanone 7.5 319.1 107.0/137.0 [M-H]~ — 145 —40/-38 —13/-17 57
o-Zearalanol 7.2 321.1 277.1/235.1/161.0 [M-H]~ —120 —30/—32/-38 —18/—17/—-9 8
B-Zearalanol 6.4 321.1 277.05/303.05 [M-H]~ - 120 —30/-30 —18/-20 29
Zearalenone 7.7 317.1 175.0/131.1/160.0 [M-H]~ — 110 —34/—42/—40 —13/-8/—11 35
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Table 1 (continued)
Analyte Retention Precursor ion Product ion Ion species DP CE CXP Ion ratio
time
(min) (m/z) (mlz) VW) V) (%)
3C.Zearale- 7.7 335.2 185.1 [M-H]~ - 110 —34 -13 -
none
«a-Zearalenol 7.4 319.2 160.1/130.1 [M-H]~ — 115 —44/-50 —13/-20 69
p-Zearalenol 6.7 319.2 160.0/130.0 [M—-H]~ — 115 —44/-50 —13/-20 67

calculated concentration divided by qualifier and multi-
plied by 100). The matrix effect (in %) was assessed using
the SSE, which was calculated by dividing the slope of the
matrix-matched calibration curve by the slope of the solvent
calibration curve and multiplying by a factor of 100. The
limit of detection (LOD) and quantification (LOQ) values
were determined by calculating the average concentration
of the lowest quantifiable signal of the respective analyte
and dividing this value by the average signal-to-noise (S/N)
ratio (generated by algorithm in SCIEX OS). Resulting val-
ues were multiplied by a factor of three and six to derive
the instrumental LOD and LOQ values, respectively, which
were finally converted to nanograms per gram of dried stool.
All quantitative results in naturally contaminated samples
were corrected for the extraction efficiency and the weight
(expressed in the results as ng/g dry weight).

Results and discussion
Optimization of the sample preparation protocol

Herein, we present the development of the first selective and
sensitive LC-MS/MS method targeting multiple mycotoxin
classes in infant stool. The method includes 32 mycotoxins
including some of their metabolites, out of which 25 met
all the requirements laid out in the validation guidelines.
The results of the validation experiments are summarized
in Table 2.

The aim of the sample preparation was to develop a fast
and simple clean-up procedure. As there are no available
simple clean-up methods for infant stool published in the
literature, animal studies were used instead. The initial
sample preparation conditions were based on a rat study by
Puntscher et al. [35], where the samples were extracted fol-
lowed by an overnight protein precipitation step and cen-
trifugation. The samples were then evaporated in a vacuum
concentrator, reconstituted, and analyzed. This “evaporation
method” was tested and for comparison purpose, a simple
“extract-dilute-shoot” approach (dilution 1:10) was explored
additionally. The evaporation step was omitted after the first
tests as the resulting pellet was difficult to re-dissolve. The
“extract-dilute-shoot” approach resulted in higher recoveries

compared to the “evaporation method” and thus was further
optimized. Several dilution factors were tested but dilution
below a factor of 100 showed worse results due to concen-
trated and crude extracts. In addition, a solid phase extrac-
tion step (SPE) and filtration through PTFE filters were
tested to increase sensitivity and purify sample extracts.
The results from the SPE showed that several analytes
were lost during the procedure and the extraction recover-
ies were much lower in comparison to the filtered samples.
The extraction followed by dilution and filtration proved to
be the most appropriate clean-up approach, with highest
extraction recoveries and acceptable LOD and SSE values.
This method was chosen for the subsequent in-house method
validation with a final dilution factor of 100. The chosen
dilution factor was a compromise to achieve sufficient sen-
sitivity and “clean” samples to avoid severe contamination
of the LC-MS instrument.

In-house validation and quality control measures

In-house method validation was performed according
to EuraChem and the European Commission Decision
2002/657/EC [33, 34]. Results are reported in Table 2. Over-
all, for 25 mycotoxins, all parameters were fully in agree-
ment with the requirements. The remaining mycotoxins
which did not meet all the criteria for both spiked concen-
trations included FB,, STC, OTA, and AME due to issues
with the extraction recovery. For the remaining NIV, CIT,
and T2-toxin, only the high spiking level was evaluated as
at the lower level the peak intensities were below the LOQ.

Premature infant stool samples from Austria were used
for the method validation measurements. Pre-experiments
showed that the analysis of each individual sample (n =
12) had no detectable levels of mycotoxins. Thus, indi-
vidual samples were pooled and used as a blank matrix due
to the current lack of suitable reference material. The esti-
mated LOD and LOQ values for 20 analytes were below 1
ng/g and 2 ng/g, respectively. The highest sensitivity was
observed for Alternaria toxins, zearalenone with deriva-
tives, and aflatoxins. In general, the polar trichothecenes
had higher LODs (> 1 ng/g), in particular T-2 (LOD of 74
ng/g) and HT-2 (LOD of 92 ng/g) toxins. Other analytes
with higher LOD values included NIV (11 ng/g), DON
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Table 2 In-house validation results of the method including spiking levels, extraction efficiency (Rp), intermediate precision (RSDy), repeatabil-
ity (RSD,), signal suppression/enhancement (SSE), limits of detection (LOD), and limits of quantification (LOQ)

Analyte Spiking level® Ry +RSDy Ry +RSDy RSD,* SSE LOD LOQ
Low level High level

(ng/g) (%) (%) (%) (%) (ng/g) (ng/g)
Aflatoxicol 21/63 80 + 32 80+ 15 5/4 93 0.8 1.6
Aflatoxin B, 3.5/10 84 +22 79 + 21 18/18 84 0.2 04
Aflatoxin B, 3/9 83 +28 86 + 15 36/13 85 0.3 0.6
Aflatoxin G, 5/15 73+12 80+ 14 14/3 96 0.5 1.0
Aflatoxin G, 15/45 80 +£22 88+ 13 1777 98 1.2 2.4
Aflatoxin M, 5/15 91 + 18 94 + 11 9/7 102 0.2 0.4
Aflatoxin M, 15/45 61 + 35 80+ 14 15/11 102 1.0 2.0
Aflatoxin P, 30/90 96 + 19 93+ 14 10/11 86 22 44
Aflatoxin Q, 5/15 79 +21 82+18 34/6 96 0.5 1.0
Aflatoxin B,-N7-guanine 4/12 84 + 17 87+ 12 /4 110 0.1 0.2
Alternariol 10/30 68 + 28° 78+ 8 40°9 96 0.8 1.6
Alternariol monomethyl ether 0.7/2.2 40 + 27 49+ 16 23/7 83 0.03 0.06
Citrinin 1.5/4.5 - 5125 /22 123 0.04 0.08
Deepoxy-deoxynivalenol 225/675 94 + 14 98 + 13 51 45 1.4 24
Deoxynivalenol 80/240 111+ 13 96 + 12 22/13 54 6.3 12.6
Dihydrocitrinone 18/53 87 +21 91 + 14 8/9 131 1.4 2.8
Fumonisin B, 35/105 140 + 399 164 + 45 923 141 4.9 9.8
Fumonisin B, 18/83 94 + 72° 65+ 26 13/14 212 1.3 2.6
HT-2 toxin 1015/3045 81 +12 95+9 14/9 99 924 184.8
Nivalenol 31/93 - 97 +29 —/7 29 11.3 22.6
Ochratoxin A 5/15 132 + 28 105 £33 8/9 112 0.4 0.8
Ochratoxin B 3/9 114 +£29 106 + 17 8/5 113 0.1 0.2
Ochratoxin o 35/105 97 + 24 94 + 11 7/4 108 29 5.8
Sterigmatocystin 0.5/1.5 24 + 32 29+ 15 20/11 97 0.03 0.06
T-2 toxin 160/480 - 99 +13 -/10 105 74.1 148.2
Tentoxin 5/15 75+13 81 +12 6/3 83 0.2 04
Zearalanone 25175 56 + 12 54+ 12 12/5 83 0.8 1.6
a-Zearalanol 15/45 68 + 10 67 +4 32 88 0.4 0.8
p-Zearalanol 15/45 78 + 10 80+ 6 9/1 88 0.6 1.2
Zearalenone 7.5/22 100 + 62 72 + 39 37/21 71 0.4 0.8
a-Zearalenol 7/21 60 + 22 57+8 8/1 78 0.3 0.6
p-Zearalenol 15/45 76 + 14 75 +13 6/5 81 0.2 0.4

2Spiking levels in order: low, high

®Intraday precision RSD in order: low spiking level, high spiking level
“Based on 11/12 samples

9Based on 7/12 samples, it was not possible to calculate RSD,

°Based on 10/12 samples

(6.3 ng/g), and FB, (4.9 ng/g). The Ry ranged from 54 to
114% for the fully validated analytes and were in agree-
ment with respective guidelines. The mycotoxins which
had an Ry below 50% or above 120% included STC (24%
and 29%), AME (40% and 49%), FB, (140% and 164%),
and OTA (132%). In addition, all the ENNs and BEA
could not be recovered due to the filtration step; hence,
these were excluded from the final method. A possible

@ Springer

explanation is that the stool matrix is an issue during fil-
tration, since the same filter type was used previously to
effectively recover the same analytes in breast milk [28].
RSDy was ranging from 4 to 35% for most of the ana-
lytes, and the RSD, was similar with a range of 1-40% for
all the mycotoxins. The RSD, was slightly higher than the
intermediate precision, which could be due to the impact of
the matrix on the column. The analytes which had a RSDy
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higher than 35% included FBs and ZEN. Very high RSDgs
for FB, (39% and 45%) and FB, (72%) were observed
which could be due to the lower sample number that was
used for recovery calculations or due to the specific chemi-
cal properties of the fumonisins. The high RSDs for FBs
and ZEN should be further investigated in the future. The
RSD values are in general high, but based on the com-
plexity of the matrix and the simple clean-up procedure,
we expected higher variances. Linearity was evaluated by
using the R? of matrix-matched calibration samples, and
for all analytes, this value was above 0.98. The SSE was
assessed by a comparison of the slopes of the solvent and
the matrix-matched calibration curve and calculating an
average. Overall, SSE was between 80 and 120% for most
analytes; however, strong signal enhancement was observed
for FB, and FB, (141% and 212%), respectively. In con-
trast, signal suppression was noted for NIV, DON, and
DOM-1 (29%, 54%, and 45%), respectively. Signal suppres-
sion was also observed for ZEN (71%) and a-ZEL (78%);
however, these were in the expected range for zearalenone
and its derivatives. Although seven analytes did not fulfill
all validation criteria, they could still be used for screen-
ing as was done in the Nigerian pilot study. Importantly,
internal standards were utilized when available ([?H]-AOH,
[*C]-AFM,, [*C]-CIT, [*C]-DON, ['*C]-FB,, [°*C]-N1V,
['3C]-OTA, and ['*C]-ZEN), accounting for the filtration
step during sample preparation. The internal standards
could not account for the whole extraction procedure as the
required concentrations would have been rather high and
cost intensive. However, adding them before extraction in
future applications seems to be required, at least for some
analytes. QC samples to be applied in future epidemiologi-
cal cohort studies will be prepared by using a pooled matrix
blank (Austrian samples used in the method validation),
which was demonstrated not to be contaminated and can
be used as a material for comparing performance in-house.
These samples can be spiked and subsequently extracted
in the future in the same way as during method validation,
with a higher spiking level to ensure proper extraction and
sample preparation.

The limitations of the current method are relatively low
extraction recoveries and high RSDs for several analytes
which are likely caused by the highly complex matrix. Prob-
ably the biggest limitation is the dilution factor of 100 used
during the sample preparation, which was a compromise
between sensitivity, matrix effects, instrument pollution,
and sample throughput. However, the resulting LOD val-
ues were relatively low considering the high dilution factor.

Application to biological samples

Analysis of the stool samples from Austrian prema-
ture infants with the established method revealed no

Table 3 Results of the Nigerian proof-of-principle experiment dem-
onstrating the applicability of the LC-MS/MS method in a small set
of Nigerian infant stool samples. Results are reported in nanograms
per gram dried stool. Results for CIT and FB, were corrected by their
respective internal standard

Alternariol  Citrinin  Fumonisin B; Fumonisin B,
monomethyl  (ng/g) (ng/g) (ng/g)
ether (ng/g)
Sample (ng/g)
1 10 <LOD <LOD <LOD
2 29 <LOD 45 <LOD
3 16 <LOD <LOD <LOD
4 2 44 86 18
5 64 76 339
6 6 <LOD 355 222
7 10 <LOD 103 <LOD
8 10 <LOD 471 258
9 <LOD 104 321 883
10 <LOD <LOD 20 <LOD

contamination; thus, the sample pool was considered as
matrix blank and used in further measurements. As a proof
of principle, the method was applied to a subset of Nige-
rian samples (n = 10), which were part of a larger ongo-
ing study to be published elsewhere. The average weight
(kg) and height (cm) of the females (n = 3) were above the
15" and around the 85" percentile of child growth stand-
ards, respectively. In contrast, the average weight (kg) and
height (cm) of the males (n = 4) were around the 50" and
above the 15" percentile of growth standards, respectively
[36]. For the rest of the participants (2 females and 1 male),
the weight and height were not recorded. Overall, all the
samples were contaminated either with FB, (8/10), FB,
(5/10), AME (8/10), or CIT (3/10) (Table 3). Representative
MRM chromatograms of contaminated samples are shown
in Fig. 3. No other mycotoxins including aflatoxins, ochra-
toxins, trichothecenes, or zearalenone were detected in the
samples. All of the samples contaminated with FB; were
also contaminated with FB, at concentrations ranging from
20 to 471 ng/g and 18 to 883 ng/g, respectively. Most of the
positive samples were contaminated with several mycotoxins
at the same time. Two samples (2 and 7) were contaminated
with two mycotoxins (FB,; and AME), three samples (6, 8,
and 9) were contaminated with three mycotoxins (FB,, FB,,
and AME or CIT), and samples 4 and 5 were contaminated
with all four mycotoxins.

Contamination of samples was expected, because expo-
sure to mycotoxins is a common problem in Nigeria [37, 38]
and several mycotoxins including AFs, FB, OTA, and AME
were detected in either breast milk of Nigerian mothers or
urine of infants [28, 39, 40]. However, higher contamina-
tion levels were reported in complementary food [41, 42].
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Contaminated sample Matrix blank Spiked matrix
a) Alternariol monomethyl ether
« Quantifier (271,1/256,0)
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Fig.3 MRM-chromatograms of (a) alternariol monomethyl ether
(AME), (b) citrinin (CIT), (c) fumonisin B, (FB,), and (d) fumoni-
sin B, (FB,), comparing a naturally contaminated infant stool sam-
ple from the Nigerian cohort, the matrix blank of pooled Austrian
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infant stool samples, and the spiked matrix blank. For FB, and CIT,
13C-labeled internal reference standards were utilized. Concentrations
in the contaminated Nigerian samples were determined to be 4 ng/g
(AME), 64 ng/g (CIT), 76 ng/g (FB,), and 339 ng/g (FB,)
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Hence, the results from the present study suggest that the
infants were exposed to mycotoxins mainly via complemen-
tary food. Compared to exclusively breastfed infants, non-
breastfed infants or infants being breastfed and consuming
other baby food are at higher risk of exposure to mycotoxins
as shown by the recent study of Ezekiel et al. [43].

The novel method developed herein can be used as a foun-
dation to comprehensively explore the exposure of infants to
mycotoxins. It is worth noting that the Alfernaria mycotoxin
AME, which is not regulated in the European Union, was
quantified in most of the samples, suggesting that it can be
commonly found, at least in Ogun state, southwest Nigeria.
A recent surveillance study from this state revealed AME in
industrially processed fruit juice consumed by children albeit
in very low concentrations [44]. Thus, more attention should
be paid to AME and other related mycotoxins. Results for
FB, and CIT also call for concern as it was shown previously
that complementary food fed to infants and young children is
frequently contaminated with these two mycotoxins [41, 42,
45, 46]. In general, as described above, complementary food,
in contrast to breast milk, was shown to be contaminated at
higher levels and by more diverse mycotoxin classes [47]. In
general, the reasons for frequent mycotoxin contamination in
developing countries include poor agricultural and storage
practices [48, 49]. Hence, it is likely that exclusively breast-
fed infants would have less contaminated stool. According
to the National Bureau of Statistics and United Nations
Children’s Fund, only about 24% of infants are exclusively
breastfed from birth to 6 months [50]. This statistic sug-
gests that exclusive breastfeeding is not common in Nigeria.
Nevertheless, one of the most straightforward and cheapest
approaches to minimize exposure to mycotoxins would be to
prolong breastfeeding for at least 6 months as recommended
by the World Health Organization (WHO) [51]. This not
only would lead to lower natural contaminant exposure but,
in addition, is known to positively affect mother-child bond-
ing and the health of both individuals [52, 53]. It is very
important to encourage and educate the general population
about the clear benefits of breastfeeding, especially in eco-
nomically less developed countries [54].

A comparison of the presented results with those of previ-
ously published studies revealed expected differences and a
few similarities. For example, in the paper by Chelule et al.
[19], in which FB; was investigated, the estimated LOD was
50 ng/g in comparison to 5 ng/g in this study. The range of
FB, quantified in the stool samples from households in rural
and urban areas in South Africa (KwaZulu Natal area) was
0.5-39 mg/kg [19], which is very high in comparison with
the results reported here (max 471 ng/g). In another study
by Phoku et al., the FB, levels ranged from 0.3 to 464 ng/g
in stool samples from Limpopo province in South Africa
[20], which is similar to the FB, levels detected in the Nige-
rian samples. In the study of Cao et al. [26], an LC-MS/MS

method for adult stool was developed including mycotoxins
such as fumonisins, aflatoxins, zearalenones, ochratoxin, and
deoxynivalenol. The LOQs reported were lower than the
LOQs in our method. For instance, the LOQs reported for
FB, and AFM, were 0.5 ng/g and 0.2 ng/g, respectively [26],
compared to 9.8 ng/g and 0.4 ng/g reported in the present
study. The study of Cao et al. [26], however, did not include
mycotoxins such as CIT or AME, which were covered using
our method. In addition, the method was developed using
adult stool, whereas the focus of this study is on premature
infants and 12-month-old infants. In the three samples that
were analyzed, AFB, FB,, OTA, a-ZEL, $-ZEL, neosolan-
iol, and T-2 triol were detected.

In summary, we have developed the first multi-mycotoxin
LC-MS/MS method for human infant stool. The major
advantage of the method is the straightforward clean-up of
the samples which only includes extraction, dilution, and
filtration steps; thus, potential analyte losses during prepa-
ration are minimized. Another main advantage is that the
method includes several major mycotoxin classes with dif-
ferent chemical properties. In the future, the method can
be used for exposure assessments and screening of highly
exposed populations in regions such as sub-Saharan Africa.
For proper risk assessment, the performance of some ana-
lytes needs additional improvement to achieve accurate
quantitative data.

Conclusion and outlook

In the present study, we report the development of a novel
LC-MS/MS method for assessment of exposure to myco-
toxins in stool during early life. To our knowledge, this
is the first targeted LC-MS/MS method for human infant
stool that includes several mycotoxin classes at once. The
in-house validation revealed that 25 out of the 32 analytes
fulfilled all stringent criteria despite the fact of covering
a broad chemical space. It was successfully applied to a
small set of samples from extremely premature infants
from Austria and presumably highly exposed infants from
Nigeria. The analytes which did not fulfill all the criteria
(T2-toxin, AME, FB,, STC, OTA, NIV, CIT) can still be
monitored, and this method can serve as a useful semi-
quantitative screening tool for these mycotoxins. The co-
occurrence of AME, FBs, and CIT in Nigerian samples
reflects the current problem of mycotoxin exposure in the
country and emphasizes the urgent need for large-scale
cohort studies. It would be valuable to obtain data on
mycotoxin levels in other types of matrices in order to do
a full-exposure assessment and to better understand the
toxicokinetic of a given mycotoxin. In addition, data from
various regions with distinct climates would be of great
value to explore the difference in exposure patterns.

@ Springer



7514

Krausova M. et al.

Acknowledgements We want to thank all the mothers and their
babies from Austria and Nigeria that provided samples. We also want
to acknowledge the Mass Spectrometry Centre (MSC) of the Faculty
of Chemistry at the University of Vienna for technical support. This
work was financed by the FWF stand-alone project (P33188-B). We
are also grateful to the Austrian Agency for International Cooperation
in Education and Research (OEAD-GmbH), Mobility Programmes,
Bilateral and Multilateral Cooperation (MPC), for awarding an Ernst
Mach Fellowship to K. A. (reference number ICM- 2020-00023).

Funding Open access funding provided by University of Vienna.

Declarations

The ethical approvals for the Austrian and Nigerian studies were ob-
tained from the local ethics committee of the Medical University of
Vienna (Ref. No.: 1348/2017) and from the Ethical Committee of Bab-
cock University (Ref. No.: BUHREC585/18, BUHREC421/21R). For
both studies, all parents gave written informed consent prior to study
inclusion.

Conflict of interest The authors declare no competing interests.

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

References

1. Wild CP, Miller JD, Groopman JD. Mycotoxin control in low-
and middle-income countries. Lyon (FR): International Agency
for Research on Cancer; 2015

2. Alshannaq A, Yu J-H. Occurrence, toxicity, and analysis of
major mycotoxins in food. Int J Environ Res Public Health.
2017;14(6):E632. https://doi.org/10.3390/ijerph14060632.

3. Eskola M, Kos G, Elliott CT, Hajslova J, Mayar S, Krska R.
Worldwide contamination of food-crops with mycotoxins: valid-
ity of the widely cited “FAO estimate” of 25. Crit Rev Food Sci
Nutr. 2020;60(16):2773-89. https://doi.org/10.1080/10408398.
2019.1658570.

4. Magan N, Medina A. Integrating gene expression, ecology and
mycotoxin production by Fusarium and Aspergillus species in
relation to interacting environmental factors. World Mycotoxin
Journal. 2016;9(5):673—-84. https://doi.org/10.3920/WMJ2016.
2076.

5. Peraica M, Radi¢ B, Lucié A, Pavlovi¢ M. Toxic effects of myco-
toxins in humans. Bull World Health Organ. 1999;77(9):754-66.

6. IARC Working Group on the Evaluation of Carcinogenic
Risks to Humans. Some traditional herbal medicines, some

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

mycotoxins, naphthalene and styrene. IARC Monogr Eval Car-
cinog Risks Hum. 2002;82:1-556

Shirima CP, Kimanya ME, Routledge MN, Srey C, Kinabo JL,
Humpf H-U, et al. A prospective study of growth and biomark-
ers of exposure to aflatoxin and fumonisin during early child-
hood in Tanzania. Environ Health Perspect. 2015;123(2):173-8.
https://doi.org/10.1289/ehp.1408097.

Marasas WF. Discovery and occurrence of the fumonisins: a
historical perspective. Environ Health Perspect. 2001;109(Suppl
2):239-43.

Chu FS, Li GY. Simultaneous occurrence of fumonisin B1 and
other mycotoxins in moldy corn collected from the People’s
Republic of China in regions with high incidences of esophageal
cancer. Appl Environ Microbiol. 1994;60(3):847-52. https://
doi.org/10.1128/aem.60.3.847-852.1994.

Chain (CONTAM) EP on C in the F. Scientific opinion on the
risks for public and animal health related to the presence of cit-
rinin in food and feed. EFSA Journal. 2012;10(3):2605. https://
doi.org/10.2903/j.efsa.2012.2605

Chain (CONTAM) EP on C in the F, Schrenk D, Bodin L, Chip-
man JK, del Mazo J, Grasl-Kraupp B, et al. Risk assessment
of ochratoxin A in food. EFSA Journal. 2020;18(5):e06113.
https://doi.org/10.2903/j.efsa.2020.6113

Gao Y, Zhao Y, Zhang H, Zhang P, Liu J, Feng Y, et al. Puber-
tal exposure to low doses of zearalenone disrupting spermato-
genesis through ERa related genetic and epigenetic pathways.
Toxicol Lett. 2019;315:31-8. https://doi.org/10.1016/j.toxlet.
2019.08.007.

Warth B, Preindl K, Manser P, Wick P, Marko D, Buerki-
Thurnherr T. Transfer and metabolism of the xenoestrogen zea-
ralenone in human perfused placenta. Environ Health Perspect.
2019;127(10):107004. https://doi.org/10.1289/EHP4860.
Arcella D, Eskola M, Ruiz JAG. Dietary exposure assess-
ment to Alternaria toxins in the European population. EFSA J.
2016;14(12):e04654. https://doi.org/10.2903/j.efsa.2016.4654.
Aichinger G, Del Favero G, Warth B, Marko D. Alternaria
toxins - still emerging? Compr Rev Food Sci Food Saf.
2021;20:4390-4406.

Apel P, Rousselle C, Lange R, Sissoko F, Kolossa-Gehring M,
Ougier E. Human biomonitoring initiative (HBM4EU) - Strat-
egy to derive human biomonitoring guidance values (HBM-
GVs) for health risk assessment. Int J Hyg Environ Health.
2020;230:113622. https://doi.org/10.1016/j.ijheh.2020.113622.
Vorkamp K, Castafio A, Antignac J-P, Boada LD, Cequier E,
Covaci A, et al. Biomarkers, matrices and analytical methods
targeting human exposure to chemicals selected for a European
human biomonitoring initiative. Environ Int. 2021;146:106082.
https://doi.org/10.1016/j.envint.2020.106082.

Mykkénen H, Zhu H, Salminen E, Juvonen RO, Ling W, Ma J,
et al. Fecal and urinary excretion of aflatoxin B1 metabolites
(AFQ1, AFM1 and AFB-N7-guanine) in young Chinese males. Int
J Cancer. 2005;115(6):879-84. https://doi.org/10.1002/ijc.20951.
Chelule PK, Gqaleni N, Dutton MF, Chuturgoon AA. Expo-
sure of rural and urban populations in KwaZulu Natal, South
Africa, to fumonisin B(1) in maize. Environ Health Perspect.
2001;109(3):253-6. https://doi.org/10.1289/ehp.01109253.
Phoku JZ, Dutton MF, Njobeh PB, Mwanza M, Egbuta MA,
Chilaka CA. Fusarium infection of maize and maize-based prod-
ucts and exposure of a rural population to fumonisin B, in Lim-
popo Province, South Africa. Food Addit Contam Part A Chem


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijerph14060632
https://doi.org/10.1080/10408398.2019.1658570
https://doi.org/10.1080/10408398.2019.1658570
https://doi.org/10.3920/WMJ2016.2076
https://doi.org/10.3920/WMJ2016.2076
https://doi.org/10.1289/ehp.1408097
https://doi.org/10.1128/aem.60.3.847-852.1994
https://doi.org/10.1128/aem.60.3.847-852.1994
https://doi.org/10.2903/j.efsa.2012.2605
https://doi.org/10.2903/j.efsa.2012.2605
https://doi.org/10.2903/j.efsa.2020.6113
https://doi.org/10.1016/j.toxlet.2019.08.007
https://doi.org/10.1016/j.toxlet.2019.08.007
https://doi.org/10.1289/EHP4860
https://doi.org/10.2903/j.efsa.2016.4654
https://doi.org/10.1016/j.ijheh.2020.113622
https://doi.org/10.1016/j.envint.2020.106082
https://doi.org/10.1002/ijc.20951
https://doi.org/10.1289/ehp.01109253

Trace analysis of emerging and regulated mycotoxins in infant stool by LC-MS/MS

7515

21.

22.

23.

24.

25.

26.

217.

28.

29.

30

31.

32.

33.

Anal Control Expo Risk Assess. 2012;29(11):1743-51. https://
doi.org/10.1080/19440049.2012.708671.

Fodor J, Balogh K, Weber M, Miklés M, Kametler L, Pésa R,
et al. Absorption, distribution and elimination of fumonisin B(1)
metabolites in weaned piglets. Food Addit Contam Part A Chem
Anal Control Expo Risk Assess. 2008;25(1):88-96. https://doi.
org/10.1080/02652030701546180.

Lauwers M, De Baere S, Letor B, Rychlik M, Croubels S,
Devreese M. Multi LC-MS/MS and LC-HRMS Methods for
Determination of 24 Mycotoxins including Major Phase I and
II Biomarker Metabolites in Biological Matrices from Pigs and
Broiler Chickens. Toxins. 2019;11(3):171. https://doi.org/10.
3390/toxins11030171.

Binder SB, Schwartz-Zimmermann HE, Varga E, Bichl G,
Michlmayr H, Adam G, et al. Metabolism of Zearalenone and
Its Major Modified Forms in Pigs. Toxins (Basel). 2017;9(2):56.
https://doi.org/10.3390/toxins9020056.

Nagl V, Woechtl B, Schwartz-Zimmermann HE, Hennig-
Pauka I, Moll W-D, Adam G, et al. Metabolism of the masked
mycotoxin deoxynivalenol-3-glucoside in pigs. Toxicol Lett.
2014;229(1):190-7. https://doi.org/10.1016/j.toxlet.2014.06.
032.

Schwartz-Zimmermann HE, Binder SB, Hametner C, Mir6-
Abella E, Schwarz C, Michlmayr H, et al. Metabolism of
nivalenol and nivalenol-3-glucoside in rats. Toxicol Lett.
2019;306:43-52. https://doi.org/10.1016/j.toxlet.2019.02.006.
Cao X, Wu S, Yue Y, Wang S, Wang Y, Tao L, et al. A high-
throughput method for the simultaneous determination of mul-
tiple mycotoxins in human and laboratory animal biological
fluids and tissues by PLE and HPLC-MS/MS. J Chromatogr B.
2013;942-943:113-25. https://doi.org/10.1016/j.jchromb.2013.
10.017.

éarkanj B, Ezekiel CN, Turner PC, Abia WA, Rychlik M, Krska
R, et al. Ultra-sensitive, stable isotope assisted quantification of
multiple urinary mycotoxin exposure biomarkers. Anal Chim
Acta. 2018;1019:84-92. https://doi.org/10.1016/j.aca.2018.02.
036.

Braun D, Ezekiel CN, Abia WA, Wisgrill L, Degen GH,
Turner PC, et al. Monitoring Early Life Mycotoxin Expo-
sures via LC-MS/MS Breast Milk Analysis. Anal Chem.
2018;90(24):14569-77. https://doi.org/10.1021/acs.analchem.
8b04576.

Tang Q, Jin G, Wang G, Liu T, Liu X, Wang B, et al. Current
Sampling Methods for Gut Microbiota: A Call for More Precise
Devices. Front Cell Infect Microbiol. 2020;10:151. https://doi.
org/10.3389/fcimb.2020.00151.

Liew W-P-P, Mohd-Redzwan S. Mycotoxin: Its Impact on Gut
Health and Microbiota. Front Cell Infect Microbiol. 2018;8:60.
https://doi.org/10.3389/fcimb.2018.00060.

Peraica M, Flajs D, Mladinic M, Zeljezic D, Eror DB, Koepsell
H, et al. Oxidative stress and Na+-glucose cotransporters Sgltl
and Sglt2 in kidneys of ochratoxin A-treated rats. Toxicol Lett.
2011;205:5275.

Crudo F, Aichinger G, Mihajlovic J, Varga E, Dellafiora L,
Warth B, et al. In vitro interactions of Alternaria mycotoxins, an
emerging class of food contaminants, with the gut microbiota: a
bidirectional relationship. Arch Toxicol. 2021;95(7):2533-49.
B. Magnusson, U. Ornemark. Eurachem Guide: The Fitness
for Purpose of Analytical Methods — A Laboratory Guide to
Method Validation and Related Topics, (2nd ed. 2014). https://
www.eurachem.org/index.php/publications/guides/mv

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

European Commission Decision. 2002/657/EC of 12 August
2002 implementing Council Directive 96/23/EC concerning
the performance of analytical methods and the interpretation
of results. European Union Commission. J. Eur. Commun. 221,
8-36. http://op.europa.eu/en/publication-detail/-/publication/
ed928116-a955-4a84-b10a-cf7a82bad858/language-en
Puntscher H, Aichinger G, Grabher S, Attakpah E, Kriiger F,
Tillmann K, et al. Bioavailability, metabolism, and excretion
of a complex Alternaria culture extract versus altertoxin II: a
comparative study in rats. Arch Toxicol. 2019;93(11):3153-67.
de Onis M. WHO Child Growth Standards based on length/
height, weight and age. Acta Paediatr. 2006;95(5S450):76-85.
https://doi.org/10.1111/j.1651-2227.2006.tb02378.x.

Ezekiel CN, Sulyok M, Ogara IM, Abia WA, Warth B, §arkanj
B, et al. Mycotoxins in uncooked and plate-ready house-
hold food from rural northern Nigeria. Food Chem Toxicol.
2019;128:171-9. https://doi.org/10.1016/j.fct.2019.04.002.
Ezekiel CN, Ayeni KI, Akinyemi MO, Sulyok M, Oyedele OA,
Babalola DA, et al. Dietary Risk Assessment and Consumer
Awareness of Mycotoxins among Household Consumers of
Cereals, Nuts and Legumes in North-Central Nigeria. Toxins.
2021;13(9):635. https://doi.org/10.3390/toxins13090635.
Braun D, Ezekiel CN, Marko D, Warth B. Exposure to Myco-
toxin-Mixtures via Breast Milk: An Ultra-Sensitive LC-MS/MS
Biomonitoring Approach. Front Chem. 2020;8:423. https://doi.
org/10.3389/fchem.2020.00423.

Braun D, Abia WA, éarkanj B, Sulyok M, Waldhoer T, Erber
AC, et al. Mycotoxin-mixture assessment in mother-infant pairs
in Nigeria: From mothers’ meal to infants’ urine. Chemosphere.
2022;287:132226. https://doi.org/10.1016/j.chemosphere.2021.
132226.

Ojuri OT, Ezekiel CN, Sulyok M, Ezeokoli OT, Oyedele OA,
Ayeni KI, et al. Assessing the mycotoxicological risk from con-
sumption of complementary foods by infants and young children
in Nigeria. Food Chem Toxicol. 2018;121:37-50. https://doi.
org/10.1016/j.fct.2018.08.025.

Ojuri OT, Ezekiel CN, Eskola MK, §arkanj B, Babalola AD,
Sulyok M, et al. Mycotoxin co-exposures in infants and young
children consuming household- and industrially-processed
complementary foods in Nigeria and risk management advice.
Food Control. 2019;98:312-22. https://doi.org/10.1016/j.foodc
ont.2018.11.049.

Ezekiel CN, Abia WA, Braun D, Sarkanj B, Ayeni KI, Oye-
dele OA, et al. Mycotoxin exposure biomonitoring in breastfed
and non-exclusively breastfed Nigerian children. Environ Int.
2022;158:106996. https://doi.org/10.1016/j.envint.2021.106996
Ayeni KI, Sulyok M, Krska R, Ezekiel CN. Fungal and plant
metabolites in industrially-processed fruit juices in Nigeria.
Food Addit Contamin Part B. 2020;13(3):155-61. https://doi.
org/10.1080/19393210.2020.1741691.

Imade F, Ankwasa EM, Geng H, Ullah S, Ahmad T, Wang G,
et al. Updates on food and feed mycotoxin contamination and
safety in Africa with special reference to Nigeria. Mycology.
2021;0(0):1-16. https://doi.org/10.1080/21501203.2021.19413
71

Adetunji MC, Atanda OO, Ezekiel CN. Risk Assessment of
Mycotoxins in Stored Maize Grains Consumed by Infants and
Young Children in Nigeria. Children (Basel). 2017;4(7):58.
https://doi.org/10.3390/children4070058.

Braun D, Schernhammer E, Marko D, Warth B. Longitudinal
assessment of mycotoxin co-exposures in exclusively breastfed

@ Springer


https://doi.org/10.1080/19440049.2012.708671
https://doi.org/10.1080/19440049.2012.708671
https://doi.org/10.1080/02652030701546180
https://doi.org/10.1080/02652030701546180
https://doi.org/10.3390/toxins11030171
https://doi.org/10.3390/toxins11030171
https://doi.org/10.3390/toxins9020056
https://doi.org/10.1016/j.toxlet.2014.06.032
https://doi.org/10.1016/j.toxlet.2014.06.032
https://doi.org/10.1016/j.toxlet.2019.02.006
https://doi.org/10.1016/j.jchromb.2013.10.017
https://doi.org/10.1016/j.jchromb.2013.10.017
https://doi.org/10.1016/j.aca.2018.02.036
https://doi.org/10.1016/j.aca.2018.02.036
https://doi.org/10.1021/acs.analchem.8b04576
https://doi.org/10.1021/acs.analchem.8b04576
https://doi.org/10.3389/fcimb.2020.00151
https://doi.org/10.3389/fcimb.2020.00151
https://doi.org/10.3389/fcimb.2018.00060
https://www.eurachem.org/index.php/publications/guides/mv
https://www.eurachem.org/index.php/publications/guides/mv
http://op.europa.eu/en/publication-detail/-/publication/ed928116-a955-4a84-b10a-cf7a82bad858/language-en
http://op.europa.eu/en/publication-detail/-/publication/ed928116-a955-4a84-b10a-cf7a82bad858/language-en
https://doi.org/10.1111/j.1651-2227.2006.tb02378.x
https://doi.org/10.1016/j.fct.2019.04.002
https://doi.org/10.3390/toxins13090635
https://doi.org/10.3389/fchem.2020.00423
https://doi.org/10.3389/fchem.2020.00423
https://doi.org/10.1016/j.chemosphere.2021.132226
https://doi.org/10.1016/j.chemosphere.2021.132226
https://doi.org/10.1016/j.fct.2018.08.025
https://doi.org/10.1016/j.fct.2018.08.025
https://doi.org/10.1016/j.foodcont.2018.11.049
https://doi.org/10.1016/j.foodcont.2018.11.049
https://doi.org/10.1016/j.envint.2021.106996
https://doi.org/10.1080/19393210.2020.1741691
https://doi.org/10.1080/19393210.2020.1741691
https://doi.org/10.1080/21501203.2021.1941371
https://doi.org/10.1080/21501203.2021.1941371
https://doi.org/10.3390/children4070058

7516

Krausova M. et al.

48.

49.

50.

51.

infants. Environ Int. 2020;142:105845. https://doi.org/10.
1016/j.envint.2020.105845.

Ayeni KI, Atanda OO, Krska R, Ezekiel CN. Present status and
future perspectives of grain drying and storage practices as a
means to reduce mycotoxin exposure in Nigeria. Food Control.
2021;126:108074. https://doi.org/10.1016/j.foodcont.2021.
108074.

Bankole S, Schollenberger M, Drochner W. Mycotoxins in
food systems in Sub Saharan Africa: A review. Mycotoxin Res.
2006;22(3):163-9.

Multiple Indicator Cluster survey | UNICEF Nigeria. 2018.
https://www.unicef.org/nigeria/topics/multiple-indicator-clust
er-survey. Accessed 20 Sep 2021

Global strategy for infant and young child feeding. 2003.
https://www.who.int/publications-detail-redirect/9241562218.
Accessed 20 Sep 2021

@ Springer

52.

53.

54.

Palmer JR, Viscidi E, Troester MA, Hong C-C, Schedin P,
Bethea TN, et al. Parity, lactation, and breast cancer subtypes
in African American women: results from the AMBER Consor-
tium. J Natl Cancer Inst. 2014;106(10):dju237. https://doi.org/
10.1093/jnci/dju237

Horta BL, Loret de Mola C, Victora CG. Long-term conse-
quences of breastfeeding on cholesterol, obesity, systolic blood
pressure and type 2 diabetes: a systematic review and meta-
analysis. Acta Paediatr. 2015;104(467):30-7. https://doi.org/10.
1111/apa.13133

Binns C, Lee M, Low WY. The Long-Term Public Health Ben-
efits of Breastfeeding. Asia Pac J Public Health. 2016;28(1):7-14.
https://doi.org/10.1177/1010539515624964.

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


https://doi.org/10.1016/j.envint.2020.105845
https://doi.org/10.1016/j.envint.2020.105845
https://doi.org/10.1016/j.foodcont.2021.108074
https://doi.org/10.1016/j.foodcont.2021.108074
https://www.unicef.org/nigeria/topics/multiple-indicator-cluster-survey
https://www.unicef.org/nigeria/topics/multiple-indicator-cluster-survey
https://www.who.int/publications-detail-redirect/9241562218
https://doi.org/10.1093/jnci/dju237
https://doi.org/10.1093/jnci/dju237
https://doi.org/10.1111/apa.13133
https://doi.org/10.1111/apa.13133
https://doi.org/10.1177/1010539515624964

	Trace analysis of emerging and regulated mycotoxins in infant stool by LC-MSMS
	Abstract
	Introduction
	Materials and methods
	Chemicals and reagents
	Sample collection
	Sample preparation protocol
	LC-MSMS parameters and analysis
	In-house validation

	Results and discussion
	Optimization of the sample preparation protocol
	In-house validation and quality control measures
	Application to biological samples

	Conclusion and outlook
	Acknowledgements 
	References


