tetadata, citation and similar papers at core.ac.uk

Accepted Manuscript

Title: Liquid Chromatography — High Resolution Mass
Spectrometry Method for Monitoring of 17 Mycotoxins in
Human Plasma for Exposure Studies

Authors: Irina Slobodchikova, Dajana Vuckovic

PII: S0021-9673(18)30323-6

DOI: https://doi.org/10.1016/j.chroma.2018.03.030
Reference: CHROMA 359269

To appear in: Journal of Chromatography A

Received date: 15-9-2017

Revised date: 12-3-2018

Accepted date: 14-3-2018

Please cite this article as: Irina Slobodchikova, Dajana Vuckovic, Liquid
Chromatography — High Resolution Mass Spectrometry Method for Monitoring of
17 Mycotoxins in Human Plasma for Exposure Studies, Journal of Chromatography
A https://doi.org/10.1016/j.chroma.2018.03.030

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


https://core.ac.uk/display/211520403?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1016/j.chroma.2018.03.030
https://doi.org/10.1016/j.chroma.2018.03.030

Liquid Chromatography — High Resolution Mass Spectrometry
Method for Monitoring of 17 Mycotoxins in Human Plasma for
Exposure Studies

Irina Slobodchikoval, Dajana Vuckovic?!

1Department of Chemistry and Biochemistry, Concordia University, Montréal, Québec,
Canada

Corresponding author: D. Vuckovic, Department of Chemistry and Biochemistry, 7141
Sherbrooke Street West, Montréal, Québec, Canada, H4B 1R6

Email: dajana.vuckovic@concordia.ca

Telephone: 514-848-2424 ext. 3981

Fax: 514-848-2868

Highlights
e  First LC-MS assay for 17 mycotoxins was developed and validated in human plasma.
e Liquid-liquid extraction minimized absolute matrix effects to improve quantitation.
e 0.02% acetic acid enhanced sensitivity of mycotoxin analysis in negative ESI.

Mycotoxins are secondary metabolites produced by filamentous fungi. Primary route of human
exposure to mycotoxins is the intake of the contaminated food. Minimizing mycotoxin exposure
is important for population health, as their chronic toxic effects have been associated with kidney
and liver diseases, some types of cancer and immunosuppression. The objective of this work was
to develop and validate a multi-class mycotoxin method suitable for exposure monitoring of
mycotoxins in human plasma. A sensitive liquid chromatography — mass spectrometry method
was developed for 17 mycotoxins: nivalenol (NIV), deoxynivalenol, fusarenon X, 3-
acetyldeoxynivalenol, 15-acetyldeoxynivalenol, T-2 toxin, HT-2 toxin, aflatoxin B1, aflatoxin B2,
aflatoxin G1, aflatoxin G2, zearalenone, a-zearalenol (a-ZOL), B-zearalenol, zearalanone, a-
zeranoland, and B-zeranol. The method relies on three-step liquid-liquid extraction with ethyl
acetate to eliminate the need for immunoaffinity extraction and minimize ionization matrix
effects. Chromatographic separation of mycotoxins, including all isomers, was achieved with
pentafluorophenyl column and water/methanol mobile phase. Mycotoxin detection and
guantitation were performed using high-resolution mass spectrometry on LTQ Velos Orbitrap, in
both positive and negative electrospray ionization (ESI(+) and (ESI(-)). The use of 0.02% acetic
acid as mobile phase additive for ESI(-) resulted in significant increase in ionization efficiency
ranging from 1.7 to 26 times for mycotoxins that ionize better in ESI(-). The optimized method
was validated according to FDA guidance procedures. LOQs of all mycotoxins ranged from 0.1 to
0.5 ng/ml, except NIV which resulted in LOQ of 3 ng/ml because of low extraction recovery of
this highly polar mycotoxin. Mean intra-day accuracy ranged from 85.8% to 116.4%, and intra-
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day precision (n=6) ranged from 1.6% to 12.5% RSD for all mycotoxins except a-ZOL where mean
accuracy ranged from 72.9% to 97.2%. Inter-day accuracy and precision were 85.6% to 111.5%
and 2.7 to 15.6% RSD respectively, showing good analytical performance of the method for
biomonitoring.

Keywords: mycotoxins, high-resolution mass spectrometry, human plasma, pentafluorophenyl,
biomonitoring, validation

1. Introduction

Mycotoxins are fungal metabolites that can be toxic to animal and human populations.
Mycotoxin exposure may contribute to a variety of adverse health effects, as specific mycotoxins
may have hepatotoxic, nephrotoxic, carcinogenic, cytotoxic, immunosuppressive, inflammatory,
neurological, estrogenic and/or teratogenic effects[1],[2]. Direct contact and inhalation
represent minor routes of exposure, while the majority of human exposure to mycotoxins occurs
through diet via intake of contaminated food. In fact, 25% of grain supply worldwide is estimated
to be contaminated with mycotoxins, and the contamination of Canadian food chain is well
documented[3],[4],[5],[6],[7]. Although food contamination and consumption data can be used
to estimate human exposure levels, such approaches raise concerns about the accuracy of the
estimated levels especially for at risk populations such as infants and children. In addition, inter-
individual variability in adsorption, distribution, metabolism and excretion of mycotoxins can
contribute to higher exposure of particular individuals or consumer groups. Thus, the direct
monitoring of mycotoxin levels in biological fluids such as urine or blood is crucial for the most
accurate estimate of human exposure to these toxins and for further refinement of diet-based
models.

The majority of existing mycotoxin methods for biomonitoring studies focus on the
guantitation of one or few mycotoxins of similar chemical properties, with ochratoxin A (OTA)
being the most commonly studied in biological fluids due to its high toxicity, long lifetime in blood
and high prevalence worldwide with 90-100% incidence in samples tested[8],[9]. The use of such
single analyte or class-specific methods[10],[11] makes large scale studies of multiple mycotoxins
cost prohibitive. Ideally, accurate methods for monitoring trace quantities of mycotoxins in both
urine and plasma are required to obtain complementary information on both short-and medium-
term exposure, depending on toxin’s half-life in plasma, as well as metabolism and excretion
rates of these species. Depending on the mycotoxin of interest, monitoring of either plasma or
urine specimens can provide different advantages. For example, for OTA, which has plasma life
of 35 days[12], monitoring of plasma is beneficial as it can provide evidence of medium-term and
time-weighted average exposure. This mycotoxin is also present at higher concentrations in
plasma versus urine which further supports use of this matrix[13]. For aflatoxin B1 (AFB1),
analysis of plasma also reflects medium-term exposure due to AFB1 binding to plasma
albumin[14]. On the other hand, monitoring of mycotoxins such as fumonisin B1 (FB1) and T-2
toxin (T-2) in plasma provides evidence of short-term exposure due to their shorter lifetimes of
18 min and 8.1 hour in rat blood, respectively[15] [16].



The importance of direct biomonitoring studies is illustrated by findings of higher
prevalence than expected of some mycotoxins. For example, citrinin and its main metabolite
were detected in 90% of urine samples in Belgian study[17]. Another study found that 16-69%
and 1% of Belgian population may have exceeded tolerable daily intakes of deoxynivalenol (DON)
and OTA, respectively[18]. Gerding et al. [19] also found 16% of urine samples collected in
Germany exceeded tolerable daily intake of DON whereas 94% and 40% of study participants in
southern ltaly exceeded tolerable daily intakes for OTA and DON[20]. These studies clearly
establish the need and the importance of direct biomonitoring of mycotoxins. To support multi-
mycotoxin biomonitoring studies and reduce the cost of such studies, the availability of liquid
chromatography - mass spectrometry (LC-MS) assays that can measure as many species as
possible simultaneously and without the need forimmunoaffinity enrichment is critically needed.
For example, Wallin et al. used extensive sample preparation including enzymatic hydrolysis step,
sequential immunoaffinity and reversed-phase solid phase extraction (SPE) to quantitate 5-10
mycotoxins in human urine[21]. Although the method achieved good limits of detection for
human biomonitoring, the use of immunoaffinity increases the cost per sample of the assay
and/or restricts the method for analytes recognized by the antibodies utilized. To avoid these
limitations, several LC-MS multi-mycotoxin methods that omit immunoaffinity enrichment have
been reported and validated in urine[22],[23],[24]. These simple direct injection or dilute-and-
shoot methods were recently further extended to enable (semi-)-quantitation of total of 32
mycotoxins[17] or 23 mycotoxins[19], respectively. Heyndrickx et al. [18] combined two LC-MS
methods, one direct filter-and-shoot and one with extensive sample clean-up (liquid-liquid
extraction (LLE) with ethyl acetate/formic acid followed by strong ion exchange SPE) to permit
monitoring of total of 33 mycotoxins, out of which 9 were detected in urine samples from
children and adult Belgian population[18]. In addition, two methods combining QUEChERS
(abbreviation name originates from the first letters of Quick, Easy, Cheap, Effective, Rugged, and
Safe) extraction and LC-MS for monitoring of 27 mycotoxins in human breast milk and 30
mycotoxins in animal milk were also developed[25],[26].

In contrast to urine biomatrix, suitable multi-class LC-MS methods for biomonitoring of
human plasma or serum are currently not available due to high matrix complexity,
physicochemical diversity of mycotoxins of interest and the need for exceptional analytical
sensitivity. Thus, for the determination of multiple mycotoxins in plasma, most methods to date
focused on analysis of structurally-related mycotoxins belonging to a single family, for example
zearalenone and its metabolites[27] or enniatins and beauvericin[28]. To address these
limitations, Devreese et al. [29] developed simple acetonitrile solvent precipitation method in
combination with LC-MS for measurement of 13 mycotoxins in pig plasma suitable for
toxicological studies, but the limits of quantitation (2-10 ng/mL)[29] do not make this method
adaptable to human biomonitoring. Similarly, De Santis et al. [30] combined pronase treatment,
acidified ethyl acetate LLE and QUEChERS with LC-MS detection for the analysis of 8 mycotoxins,
but the method showed insufficient limit of quantifications (LOQs) for accurate quantitation
(mean values for positive samples below LOQ) and significant susceptibility to matrix effects for
several of the analytes despite extensive clean-up. Tolosa et al. [31] developed dispersive liquid-
liquid microextraction method using ethyl acetate in combination with LC-MS/MS for
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measurement of 15 mycotoxins in fish plasma. However, the method LOQs ranged from 1 to 17
ng/ml which is not sufficient for detection of mycotoxins in human plasma. Osteresch et al. [32]
proposed a method that combines simple solvent extraction using water/acetone/acetonitrile
(30:35:35, v/v/v), evaporation/reconstitution and LC-MS/MS analysis using multiple reaction
monitoring mode for dried blood spots or dried serum spots. This method enables the
guantitation of the largest panel of mycotoxins to date in blood (27 mycotoxins and their
metabolites) with LOQs ranging from 0.005 — 5.0 ng/mL which makes it suitable for human blood
biomonitoring. However, significant stability and matrix effect issues were observed. For
example, matrix effects ranged from 13 to 842% and from 14 to 939% for dried blood spot matrix
and dried serum spot matrix, respectively, whereas the values of 80-120% indicate the absence
of significant matrix effect. In summary, none of the existing methods adequately meet the needs
for human biomonitoring in terms of sensitivity, coverage, accuracy and matrix effects. Matrix
effect is a complex and analyte-specific phenomenon that can be compensated by the addition
of isotopically-labelled internal standards. These internal standards can compensate not only for
the losses during the procedure, but also any changes in ionization due to presence of matrix
interferences. However, for the mycotoxins of interest in this work there are very few
commercially available isotopically-labelled standards, and using multiple 13C isotopically labelled
mycotoxin standards makes the method prohibitively expensive to implement for population
monitoring studies. Therefore, one of the objectives of this study was to develop a sample
preparation method that results in minimal absolute matrix effect while achieving high analyte
recovery (> 80% was preferable) for this application.

The objective of this study was to develop and validate a sensitive multi-residue
mycotoxin LC-MS method in human plasma suitable for mycotoxin exposure biomonitoring
without need for immunoaffinity enrichment. The mycotoxins selected for method development
are mycotoxins routinely monitored and detected in North American, and specifically Canadian
food supply[33]. The effect of sample preparation (solvent precipitation, SPE and LLE) and LC
separation on simultaneous analysis of all important/prevalent mycotoxin classes using a single
small volume sample of human blood was investigated in detail. Special attention was also paid
to minimizing matrix effects as isotopically-labelled internal standards for many of our
mycotoxins of interest are currently not commercially available. The final method was validated
for the quantitation of 17 mycotoxins of interest. The main novelty of this work is that the
method drastically increases the number of analytes that can be measured in human plasma,
while ensuring good limits of quantitation without the need for immunaoffinity enrichment and
accuracy/precision of the method. In addition, the method reduces ionization matrix effects to
ensure acceptable method accuracy even when isotopically labelled internal standards are not
available. The availability of this optimized and rigorously validated method opens up new
avenues for mycotoxin biomonitoring while minimizing cost per sample and allowing for
retrospective examination of high resolution MS data for other mycotoxins that may become of
particular health interest in future.

2. Materials and methods

2.1 Chemicals



LC-MS grade water, methanol and acetonitrile, and HPLC grade ethyl acetate were
purchased from Fisher Scientific (Ottawa, Ontario, Canada). Acetic acid (AA, meets specifications
of American Chemical Society grade, 99.7%), formic acid (FA, for mass spectrometry, 98%), and
magnesium sulfate (anhydrous, ReagentPlus®, >99.5%) were purchased from Sigma-Aldrich
Canada (Oakville, Ontario, Canada). Pooled human plasma with sodium citrate as anti-coagulant
was purchased from Bioreclamation Inc. (Baltimore, MD, USA).

2.2 Mycotoxin standards

Nivalenol hydrate (NIV), DON, fusarenon X (FUS-X), 3-acetyldeoxynivalenol (3-AcDON),
15-acetyldeoxynivalenol (15-AcDON), AFB1, aflatoxin B2 (AFB2), aflatoxin G2 (AFG2), a-
zearalenol (a-ZOL), B-zearalenol (B-ZOL), OTA and zearalanone (ZAN) were purchased from
Sigma-Aldrich Canada. Aflatoxin G1 (AFG1), T-2, HT-2 toxin (HT-2), a-zeranol (a-ZAL), B-zeranol
(B-ZAL), and ochratoxin A-ds (OTAds) were purchased from Toronto Research Chemicals Inc.
(Toronto, ON, Canada). FB1, fumonisin B2 (FB2) and zearalenone (ZEN) were purchased from
Cayman Chemicals (Ann Arbor, MI, USA). Individual standard stock solutions of all mycotoxins at
1 mg/ml concentration were prepared in 100% MeOH and kept at -80°C. Fumonisin B3 (50 pg/ml
in 50% acetonitrile) and 3C-Zearalenone (*3C-ZEN, 25.5 pg/ml in acetonitrile) were purchased
from Romer Labs (Union, MO, USA). 3-acetyl-ds-deoxynivalenol solution (3-AcDONd3, 100 pg/ml
in acetonitrile) was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). A combined 10
ug/ml working solution of all mycotoxin standards was prepared in methanol every 6 months and
stored in aliquots at -80°C. Isotopically labelled standards were diluted to 10 pug/ml for OTAds in
methanol and FB3 in acetonitrile, 4 pg/ml for 3-AcDONds and 1 pg/ml for 33C-ZEN in acetonitrile.
25 ng/ml concentration of OTAds and FB3 was added immediately prior to LC-MS analysis while
investigating different types of sample preparation techniques. Internal standards, 3-AcDONds
and 3C-ZEN were used during final method validation at 10 ng/ml and 3 ng/ml final
concentration. During method validation, internal standards were used to monitor injection
volume, signal stability and ionization matrix effects. For application of this final method to
exposure studies, it is recommended to add internal standards to plasma prior to the extraction
to also monitor extraction recovery in study samples as positive quality control.

2.3. Method development of sample preparation: comparison of LLE, SPE and protein
precipitation methods

2.3.1 Protein precipitation. 300 pl of acetonitrile was added to 100 pl of plasma and
mixed on vortex (Fisher Scientific Vortex Mixer) for 20 min. Samples were then centrifuged at
25830 x g, (Thermo Fisher Scientific, Sorvall ST 16R centrifuge) for 10 min at 4°C. The 300 pl of
supernatant was aspirated into a new polypropylene extraction tube, evaporated to dryness
using Speedvac (Labconco CentriVap 7812013) and reconstituted into 200 pl of 20% methanol
containing OTAds and FB3 internal standards. This solution was transferred into polypropylene
HPLC inserts for analysis.



2.3.2 Three-step LLE procedure with ethyl acetate. 100 pul of plasma and 150 pl of ethyl
acetate were vortexed for 20 min and centrifuged at 25830 x g, 4°C for 10 min. The organic layer
(100 pl) was transferred into another centrifuge tube. Plasma residues were re-extracted two
more times using fresh portions of 150 ul of ethyl acetate followed by vortexing, centrifugation
and collection of the organic layers into the polypropylene collection tube. Collected organic
phase (300 ul) was evaporated to dryness using Speedvac, reconstituted into 200 pl of 20%
methanol containing internal standards, and transferred into polypropylene HPLC inserts for LC-
MS analysis.

2.3.3 Two-step LLE procedure with ethyl acetate. The same procedure as described for
three-step LLE (section 2.3.2) was used but only 2 x 150 pL portions of ethyl acetate were used.

2.3.4 One step LLE procedure. 100 pul of plasma and 300 ul of ethyl acetate were vortexed
for 20 min and centrifuged at 25830 xg, 4°C for 10 min. The collected organic layer (200 ul) was
transferred into polypropylene centrifuge tube, evaporated to dryness using Speedvac,
reconstituted into 20% methanol containing internal standards, and transferred into
polypropylene HPLC inserts for LC-MS analysis.

2.3.5 One-step LLE of acidified plasma with ethyl acetate or methyl tert-butyl ether
(MTBE). 100 pl of plasma was acidified with 1% (FA) to pH 4, and then extracted using ethyl
acetate or methyl tert-butyl ether (MTBE) as described in one-step LLE extraction (section 2.3.4).

2.3.6 Complex four-step LLE with ethyl acetate, and sequential salt addition and
acidification. Two-step LLE was performed as described in two-step LLE (section 2.3.3), then
MgS04 (0.0241 g) was added to plasma residue and extracted with fresh portion of ethyl acetate
(150 ul) followed by vortexing, centrifugation and collection of the organic layer into the
collection tube. After third LLE step, formic acid (50 ul) was added to plasma residue and this was
then extracted using a 150 plL portion of ethyl acetate. Collected organic phase (400 pl) was
evaporated to dryness using Speedvac, reconstituted into 200 pl of 20% methanol containing
internal standards, and transferred into polypropylene HPLC inserts for LC-MS analysis.

2.3.7 HLB SPE procedure. Hydrophilic-lipophilic-balanced sorbent (Oasis HLB) SPE (3 cc,
60 mg, average particle diameter 29.2 um, Waters, Massachusetts, USA) was performed as
follows: (i) conditioning with 3 ml of methanol and 3 ml of H,O, (ii) loading of 1 ml of plasma, (iii)
washing of interferences with 1 ml of 5% methanol, and (iv) eluting mycotoxins with 1 ml of
methanol. Collected eluents (700 pl) were then evaporated to dryness, reconstituted into 200 pl
of 20% methanol with internal standards, and transferred into HPLC inserts for LC-MS analysis.
HLB SPE was chosen after preliminary comparison with C18 and SAX [data not shown] because it
provided the highest overall method recoveries across the analytes of interest

2.3.8 Method comparison and selection of optimum sample preparation method

Recovery experiments were performed for each sample preparation technique in order
to find an appropriate method with the highest recovery across different mycotoxin classes



tested (Supplementary Figure S1). Blank plasma samples were spiked with 100 ng/ml of
mycotoxins, incubated for an hour and extracted according to the procedures described in
sections 2.3.1 to 2.3.7 (n=3 replicates). The amount of analyte in each sample was determined
using calibration curve prepared in reconstitution solvent (20% methanol) according to the
formula RE% = Cm/Cin*100%, where RE% is the recovery, Cmis the measured concentration in the
injection solvent and Ci, is theoretical concentration in injection solvent which includes the
correction for differences in volumes transferred in specific procedures. This determination is
equivalent to overall method recovery as it includes the effects of both extraction recovery and
matrix effects due to ionization suppression/enhancement.

In addition, ionization matrix effect was also evaluated for best method from each sample
preparation approach. Blank plasma samples were extracted according to the procedures
described in sections 2.3.1, 2.3.2 and 2.3.7 (n=3), and then were spiked with 25 ng/ml (n=3) of
mycotoxin mixture during reconstitution step. Matrix effect was determined according to the
formula signal intensity % = Aplasma/Astd. *100%, where Apiasmais the measured peak area of a given
mycotoxin in post-extracted spiked plasma, and Asyq. is the measured peak area of the same
mycotoxin in standard solution prepared at the same concentration in 20% methanol. The values
above 120% indicate significant ionization enhancement, while values below 80% indicate
significant ionization suppression.

2.4 Final optimized three-step LLE procedure with ethyl acetate used for method validation

Final three-step LLE used for validation was modified as follows from the protocol used
during method development. Collected organic volumes after each extraction step were changed
to 70 pl, 100 pl and 200 pl after first, and second and third extraction steps, respectively.
Reconstitution volume after evaporation was changed to 400 pl to prevent early aging of the
column. Finally, the evaporation process was strictly time-controlled (320 min) in order to avoid
losses during re-solubilisation and achieve consistent recovery across different days.

2.5 LC-MS analysis
2.5.1 LC-MS development

Initial method development experiments compared the performance of core-shell Kinetex C18
and PFP columns (2.6 um, 100 A, 50 x 2.1 mm, Phenomenex, Torrance, California, USA) in
combination with various methanol and acetonitrile gradients in order to separate all mycotoxins
of interest. The critical pair for this separation was found to be 3-AcDON and 15-AcDON. PFP
column in combination with methanol provided good separation of all isomers, so was selected
for all further experiments. Next, the effect of mobile phase additives on mycotoxin signal
intensities was investigated using PFP column and methanol gradient containing different
additives (2 mM ammonium acetate, 0.1% FA or 0.1% AA). The effect of these additives on
ionization in ESI(+) and ESI(-) was determined by comparing signal intensities obtained for high
concentration mycotoxin standard in order to find out which additive provided the highest signal
intensity for given mycotoxins. Finally, for ESI (-), the concentration of the best additive (AA) was
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also optimized after testing 0.1%, 0.02% and 0.006% v/v AA. The final optimized conditions for
LC-MS method are given in detail in 2.5.2 below.

2.5.2 Final validated LC-MS method

Chromatographic separation was performed using HPLC 1100 (Agilent Technologies,
Santa Clara, CA, USA) with Phenomenex Kinetex Pentafluorophenyl (PFP) column (2.6 um, 100 A,
50 x 2.1 mm, Torrance, California, USA) and guard column (security guard ultra-cartridge for 2.1
mm ID columns) of the same type. The flow rate of 0.3 ml/min and the column temperature of
30°C (CERA Column Temperature controller for liquid chromatography heater 250, Cera Inc,
Baldwin Park, California, USA) were used for all analyses. For positive electrospray ionization
(ESI(+)), the mobile phases A and B were water and methanol containing 0.1% AA (v/v). The
following step gradient was used: 5% B for the first 1.0 min, increase to 50% B from 1.0 min to
3.0 min, keep isocratic at 50% B for 7 min, from 10 to 10.1 min increase to 70% B, from 10.1 to
17.5 min keep isocratic at 70% B, from 17.5 to 17.6 min increase to 98%, from 17.6 to 26.0 min
keep isocratic at 98% B, and finally re-equilibrate the column at 5% B for 7 min. For negative
electrospray ionization (ESI(-)), the mobile phases A and B were water and methanol, both
containing 0.02% AA (v/v). The step gradient conditions were 5% B for the first 1.0 min, increase
to 50% B from 1.0 min to 3.0 min, keep isocratic conditions at 50% B for 7 min, from 10.0 to 10.1
min increase to 70% B, from 10.1 to 17.5 min keep isocratic at 70% B, from 17.5 to 17.6 min,
increase to 98% B, from 17.6 up to 30.0 min keep isocratic at 98% B, and finally re-equilibrate
the column at 5% B for 7 min. The washing step is longer in ESI(-) method because the reduction
in the amount of acetic acid in mobile phase increases retention of many analytes by several
minutes, so longer wash step ensures any lipids are completely washed away before next
injection. Injection volume for all analyses was 10 pL.

High-resolution MS analysis was performed using LTQ Velos Orbitrap equipped with HESI
electrospray ionization source (Thermo Scientific, San Jose, CA, USA). The following ESI(+)
parameters were used: source voltage 4 kV, capillary temperature 275°C, source heater
temperature 300°C, sheath gas flow 20, S-lens RF 62% and auxiliary gas flow 5. For ESI(-): source
voltage 3.5 kV, capillary temperature 350°C, source heater temperature 300°C, sheath gas flow
20, S-lens RF 63% and auxiliary gas flow 10 were used. For both ESI(+), mass range from 280 m/z
up to 500 m/z, automatic gain control target 1 x 10° ions, and resolution of 60,000 were used.

All analytical batches included analysis of appropriate extraction and solvent blanks,
plasma calibration curves at the beginning and end of the analytical batch, one solvent calibration
curve and injection of quality control samples every 6-10 sample injections to ensure LC-MS
stability throughout the run.

For data acquisition and processing, Xcalibur software 2.7 SP1 was used. Mycotoxins
were quantitated using the most intense ions which were extracted with +5 ppm window.
Mycotoxins that ionized efficiently in ESI(+) are aflatoxins and fumonisins with abundant
protonated ions [M+H]*, HT-2 with abundant ammonium adduct [M+NHa4]*, T-2 and 15-AcDON



with abundant sodium adduct [M+Na]*. Mycotoxins that exhibit better limits of detection in ESI(-
) are type B trichothecenes including NIV, DON, FUS-X, and 3-AcDON producing abundant adducts
with AA, [M+CH3COO-H]™ and ZEN, ZAN, B-ZAL, B-ZOL, a-ZAL, a-ZOL demonstrating highly intense
deprotonated molecular ion [M-H]~. OTA is the only mycotoxin that gave similar intensities in
both ionization modes with the (de)protonated molecular ion. Supplementary Table S1
summarizes the monoisotopic masses of the most intense ions and retention times of all
mycotoxins.

2.6 Method validation

The final fully optimized method was validated according to the procedures described in
FDA guidance for bioanalytical method validation[34]. The main parameters for validation were
selectivity, linearity, absolute recovery, accuracy, precision, stability and LOQ. Matrix-matched
calibration curves were prepared each day for the quantification of mycotoxins in plasma in the
range from 0.039 ng/ml to 10 ng/ml, except NIV for which range was 3x higher, 0.117 ng/ml to
30 ng/ml. Blank plasma was spiked with combined mycotoxin standard to yield 10 ng/ml
concentration of each mycotoxin, except NIV at 30 ng/mL. Then, two fold serial dilution with
blank plasma was used to prepare eight more standard concentration levels, followed by mixing
and incubation for 1 hour at 4°C. The calibration curve samples were then treated with three-
step LLE (section 2.4) in the same way as validation samples and analyzed using LC-MS. 1/x
weighted linear regression was used for all mycotoxins to build calibration curves from lower
limit of quantification (LLOQ) to upper limit of quantification (ULOQ) for each analyte. 3-AcDONds
was used as internal standard in ESI(+) for all mycotoxins, while 3-AcDONd3 and '3C-ZEN were
used for early- and late-eluting mycotoxins respectively in ESI(-). Absolute recovery was
examined using three concentration levels: 0.5, 3 and 8 ng/ml (n=3) for 16 mycotoxins, except
for NIV where 9 and 24 ng/ml were used. For NIV, only two concentration levels were used
because of higher LLOQ for this mycotoxin (3 ng/mL) and the expectation that NIV levels in real
samples will not exceed 30 ng/mL. Therefore, two selected concentrations are sufficient to
characterize method performance over narrow range of 3-30 ng/mL. For absolute recovery, blank
plasma samples were spiked before extraction and analysed against standard curve prepared
using post-extracted spiked plasma. LOQ, intra-day accuracy and precision were measured using
validation samples (n=6 replicates per concentration level) prepared by spiking blank plasma at
seven concentration levels, 0.1, 0.2, 0.3, 0.5, 1, 3 and 10 ng/ml for all mycotoxins, except NIV
where 3x concentration levels were used (3 ng/ml, 9 ng/ml and 30 ng/ml), for the same reasons
as described for recovery. Inter-day precision and accuracy were evaluated at the same
concentration levels with one replicate per day (n=5 days) measured against fresh plasma
calibration curve prepared on that day. Inter- and intra-day precision was calculated using
relative standard (RSD) formula for the concentrations determined from the calibration curves.
Inter- and intra-day accuracy was calculated according to formula: accuracy= Cm/C2*100%, where
Cmis measured concentration in validation sample and C, is the actual value[34]. LOQ was defined
as the lowest concentration that meets minimum signal-to-noise ratio of 5 and the requirements
for precision of £ 20% RSD and accuracy in the range of 80 — 120% based on inter- and intra-day
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runs. The selectivity of the method was investigated using human plasma samples from 10
different biological sources to ensure no interferences. The stability of plasma samples spiked at
0.5 ng/ml and 3 ng/ml for all mycotoxins except for 9 ng/mL NIV was evaluated under following
conditions (n=3 replicates per condition): autosampler at 4°C, freeze/thaw (3 cycles), 3hand 6 h
bench stability at room temperature.

3. Results and discussion
3.1 Development of a sensitive LC-MS method

The main objective of this study was to develop a sensitive and reliable LC-MS multi-
mycotoxin assay to allow simultaneous detection and quantification of common toxicologically
important mycotoxins and their metabolites frequently found in Canadian food supply and thus
of possible interest for biomonitoring. In order to develop LC-MS assay of suitable sensitivity for
this application, method optimization included development of LC separation (Section 3.1.1), MS
optimization (Section 3.1.2.) and detailed comparison of sample preparation techniques (Section
3.2) for a total of 20 mycotoxins. The final optimized method was fully validated according to
procedures described in FDA Bioanalytical Method Validation guidelines[34] for seventeen
mycotoxins: AFB1, AFB2, AFG1, AFG2, ZEN, a-ZOL, B-ZOL, ZAN, a-ZAL, B-ZAL, T-2, HT-2, DON,
NIV, 15-AcDON, 3-AcDON and FUS-X in human plasma. The proposed method is not suitable (i)
for OTA, FB1 and FB2 due to poor extraction recovery by LLE and (ii) irreproducible retention time
of FB1 and FB2 on PFP LC.

3.1.1 Development of LC separation. The LC-MS method development focused on the
isomer separation and achieving low limits of detection by optimization of mobile phase
additives. For LC separation of all mycotoxins and particularly isomers, different columns (C18
and PFP), different solvents (methanol and acetonitrile), mobile phase modifiers (FA and AA), and
gradients were manipulated to provide suitable separation. It was found that pentafluorophenyl
column and methanol mobile phases provided the best separation of all mycotoxins and isomers,
especially the separation of two isomeric compounds 15-AcDON and 3-AcDON which co-eluted
when using acetonitrile-based mobile phases. The chromatographic separation of all mycotoxins
is shown in Supplementary Figures S2 and S3. Isomers, including a-ZAL and B-ZOL, and a-ZOL, B-
ZOL and ZAN are baseline separated except 3-AcDON and 15-AcDON where resolution of 0.7 is
routinely obtained. In addition, 3-AcDON and 15-AcDON also show different ionization behaviour
allowing their accurate quantitation. 3-AcDON ionized better in ESI(-) whereas 15-AcDON
preferentially formed sodium adduct in ESI(+), permitting accurate quantitation. Our results of
better chromatographic separation of these isomers on PFP versus C18 column are similar to
Breidbach [35] and Baker et al. [36] findings. In addition, Qi et al. [37] also applied PFP column
for the separation of four aflatoxins and OTA.

During subsequent sample preparation method development and validation, the
performance of both PFP and F5 columns was tested. The manufacturer describes the columns
as having the same chemistry, but the surface coverage of 2.4 umol/m?for F5 versus 3.3 pmol/m?
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for PFP column. In our experiment, the selectivity of the two columns was considerably different,
and F5 showed poor isomer separation even after gradient re-optimization. In addition, F5
showed build-up of triglycerides during long analytical batches which caused significant shifts in
retention time of three mycotoxins (a-ZOL, ZAN, and ZEN) and loss of chromatographic resolution
between critical pair of a-ZOL and ZAN when running long analytical batches (Supplementary
Figure S4). Based on these results, F5 column is not recommended for this application, and PFP
columns from other manufacturers should be carefully examined for similar issues if opting for
PFP columns other than the recommended Kinetex PFP. These results are in agreement with
Tamura et al. [33] who also found differences in isomer separation of selected mycotoxins when
using PFP columns from different manufacturers.

3.1.2 Effect of mobile phase additives on ionization efficiency. The effect of additives (FA
and AA) on ESI ionization efficiency was evaluated. The results showed that the intensity of 13
out of 15 tested mycotoxins increased from 1.4x up to 26x (for 3-AcDON) when using AA instead
of FA [Supplementary Figure S5]. No significant improvement was observed for NIV and T-2.
Taking into account only mycotoxins for which ESI(-) gives better limits of detection, the average
improvement obtained by using AA as additive was 4.5x (not including 3-AcDON) showing it is
important to use different mobile phases for positive and negative ESI analysis for this
application. For the same mycotoxins, an additional improvement of signal intensity (ranging
from 33% up to 89%) was achieved by decreasing AA concentration from 0.1% to 0.02% (v/v) in
ESI(-) mode [Supplementary Figure S6]. Further decrease of AA concentration (0.02% versus
0.006%, v/v) showed an additional improvement of signal intensities ranging from 38% to 112%.
However, 0.006% AA resulted in poor precision for all mycotoxins that form AA adduct (NIV, DON,
FUS-X, and 3-AcDON). Area RSD% of NIV, DON, FUS-X, and 3-AcDON (n=6) were 28%, 51%, 46%,
and 48%, respectively for 0.006% of AA versus 9%, 4%, 5%, and 4% for 0.02% of AA. In addition,
the other mycotoxins detected in ESI(-) showed the same trend of poorer but still acceptable
precision (range of RSD% was from 5-12% for 0.006% of AA versus 1-4% for 0.02% AA). Therefore,
it is not recommended to decrease concentration of AA in mobile phase for mycotoxin analysis
below 0.02% (v/v).

The influence of mobile phase additives on mycotoxin ionization efficiency has not been
investigated in detail to the best of our knowledge. Variety of mobile phase additives are used
for mycotoxin analysis, including FA, AA, ammonium formate, and ammonium acetate, but often
only the final choice of additives is mentioned [38],[29],[39],[40],[41]. Among these studies,
Huybrechts et al.[ 21] used 0.1% AA in ESI(-), and stated that both AA and acetate buffer mobile
phases gave similar S/N ratios (similar sensitivity). Devreese et al. [28] used 0.1% AA and 0.01%
AA for their multi-mycotoxin and zearalenone class-specific methods, respectively and state that
these modifiers provided the best sensitivity[27], but the extent of improvement was not
reported. Osteresch et al. [30] proposed the use of AA gradient and showed it provided better
separation and S/N ratios than FA, but different gradients were tested for the two modifiers
precluding direct side-by-side comparison. However, the potential of AA to increase signal
intensity in ESI(-) was previously shown for other types of compounds. For example, Wu et al.
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[38] examined the effect of four mobile phase additives: formic, acetic, propionic, and n-butyric
acids and their concentrations on the signal intensities of four androgen modulators without
acidic functional groups in ESI(-). The maximum improvement of ionization efficiency (about 30%-
50%) of four chosen compounds was obtained with 1 mM AA (equivalent to 0.006% v/v)[42].
Zhang et al. [39] examined FA, AA ammonium acetate, and ammonium fluoride and their
concentrations on the ESI(-) ionization efficiency of 26 different standards and untargeted
metabolomics of urine. 1 mM AA provided the highest ionization efficiency for 23 out of 26
standards and the highest metabolite coverage/intensity for untargeted metabolomics method.
Although more fundamental research on this topic is needed, it is proposed that the observed
good performance of AA for ESI(-) is due to a combination of factors including optimal pH of
droplet environment (different than bulk pH), facilitating electrochemical reduction which in turn
may improve droplet charging, high gas phase proton affinity of weak acid anions and sufficiently
small molecular volume so that the additive itself does not suppress analyte ionization[42],[43].

In summary, final optimized LC-MS method uses pentafluorophenyl column and the
mobile phase containing water/methanol with 0.1% AA and water/methanol with 0.02% AA for
ESI(+) and ESI(-), respectively to achieve the best possible limits of detection for all mycotoxins
of interest.

3.2 Development of sample preparation method for multi-mycotoxin analysis

Sample preparation is a crucial step for the development of this multi-class mycotoxin
method. The mycotoxins of interest in this work are chemically diverse compounds with acidic,
neutral and/or basic properties, and cover wide polarity scale (logP from -1.9 to
4.74[44],[45],[46],[47]). High recovery was important for this application since mycotoxins are
expected to be present in low concentrations (~ pg/mL). In order to obtain high analyte recovery,
good selectivity, and to minimize matrix effects in complex matrix such as plasma, several types
of sample preparation techniques were initially investigated as summarized in Supplementary
Figure 1. Among these, solvent precipitation with acetonitrile, Oasis HLB SPE, and LLE (ethyl
acetate versus methyl tert-butyl ether with or without acidification and salting out) were selected
for further detailed evaluation as described in section 2.3.

The simplest procedure, protein precipitation with acetonitrile similar to the method
proposed by Devreese et al. [29] for pig plasma, resulted in low method recoveries of all
aflatoxins (less than 45%). Aflatoxins do not show significant matrix effects confirming that this
is due to low extraction recovery (Figure 1). Recovery below 80% was observed for NIV, 15-
AcDON, a-ZOL and ZAN, but matrix effect evaluation for these mycotoxins indicates that this is
due to ionization suppression rather than poor extraction recovery (Figure 1). Overall, our results
for extraction recovery using protein precipitation matched well Devreese et al. [29], after taking
into account matrix effects except for AFB1. The difference in recovery observed for this
mycotoxin may be due to different anticoagulant used (heparinized plasma versus citrated
plasma), different species of plasma or the differences in chromatographic separation.
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SPE methods, and especially Oasis HLB SPE were successfully applied for the mycotoxin
analysis in various matrices, such as aqueous environmental samples[48], food[49] and urine
samples[50],[20]. The wide-spread application of Oasis HLB sorbent is explained by its capability
to retain different classes of mycotoxins, covering wide range of polarity. However, this wide
selectivity can also result in insufficient sample clean-up and/or requirement to extract highly
hydrophobic compounds prior to SPE in order to increase the extraction efficiency of mycotoxins.
For example, food supplement samples treated using combination of LLE with ethyl acetate and
Oasis HLB SPE required removal of nonpolar compounds with hexane prior to SPE[49]. Solfrizzo
et al.[46] developed multi-analyte LC-MS/MS method for 7 mycotoxins in urine, which required
two sequential SPEs, multi-toxin immunoaffinity column and Oasis HLB SPE in order to get proper
clean up, high recovery, and repeatability for all stated mycotoxins. Oasis HLB SPE method (Figure
1a) developed in this work did not provide high overall recovery of ZEN (21%) and its metabolites
(a-ZOL (8%) and B-ZOL (45%)), ZAN (10%), NIV (57%) and 15-AcDON (55%), OTA (16%), and AFB1
(69%) [Figure 1a]. Matrix effect experiment [Figure 1b] showed significant suppression for: ZEN
(57%) and a-ZOL (17%), B-ZOL (46%), ZAN (32%), NIV (54%), 15-AcDON (29%), 3-AcDON (58%),
FUS-X (76%), B-ZAL (78%), a-ZAL (71%). For majority of mycotoxins ionization suppression
resulted in poor overall recovery, except for AFB1 and OTA where low extraction efficiency also
played a role. It should be noted that SPE method presented here incorporates an enrichment
step versus what was used for LLE, which significantly contributes to the observed ionization
suppression. We also evaluated overall recovery for HLB SPE after 5x-dilution (without inclusion
of evaporation/reconstitution step) to match LLE, and we still observed low overall recovery for
AFG2, AFG1, OTA, a-ZOL, ZAN and ZEN. Further optimization of SPE wash and elution solvents
may further improve selectivity of SPE, but was not further explored in this study as LLE provided
acceptable performance and lower cost per sample as discussed below.

To examine the recovery of mycotoxins using LLE, selectivity of ethyl acetate versus
methyl tert-butyl ether (MTBE) was first investigated. The results obtained showed that ethyl
acetate provided higher recovery for all mycotoxins of interest [Supplementary Figure S7b]. The
number of extraction steps required for complete recovery was investigated next
[Supplementary Figure S8]. Two-step LLE showed significant increase in recovery as expected
theoretically, while third step provided noticeable gains in recovery for NIV, DON, FUS-X, 15-
AcDON, HT-2 and T-2. Based on these results, three-step LLE was selected. Considering the
recovery of acidic mycotoxins was very low, the effect of plasma acidification prior to LLE was
also investigated. Considering pKa values of FB1 (pKa 3.16[44]), FB2 (pKa 3.16[44]) and OTA (pKa
4.2-4.4[51]), pre-spiked plasma samples were acidified with 1% of FA to pH of 4 before one-step
LLE to increase extraction efficiency. As expected, this enhanced the recovery of OTA (19.9%),
FB1 (4.9%) and FB2 (8.9%), but unfortunately also significantly reduced the recovery of FUS-X,
AFG1, AFB1, B-ZOL, T-2, HT-2, a-ZOL, ZAN and ZEN [Supplementary Figure S7a]. Supplementary
Figure S9 shows that doing acidification of plasma before or after two-step LLE results in
improved extraction recovery of acidic mycotoxins (OTA, FB1 and FB2) but lowers the recovery
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of all other mycotoxins so lower pH values were not further explored. Finally, it was decided not
to include pH adjustment step in the final method.

Salting out effect was also investigated to improve the recovery for polar compounds,
such as NIV. Addition of salts at high concentration can induce extraction of polar compounds
from aqueous phase to organic one. MgS04 was selected for this purpose based on the study by
Song et al. [39]. They investigated the influence of different salts on extraction efficiency of 12
mycotoxins using a salting-out assisted LLE that included addition of salt to urine samples before
the extraction with ethyl acetate followed by addition of acetonitrile to the remaining sample.
The highest recovery was achieved with MgS0O4 and it helped to improve recoveries of all
mycotoxins, especially polar mycotoxins such as NIV, DON, and FB1 recovery of which increased
from a few percent to almost 100% [39]. The use of MgSQsin our LLE method improved the
recovery of the most polar mycotoxin NIV from 24% up to 34% [Supplementary Figure S9], but
reduced overall recovery of all other mycotoxins. Sequential acidification followed by salt
addition [Supplementary Figure S9] also did not result in acceptable recovery of both acidic and
neutral/basic mycotoxins. Based on all of these results, three step LLE using ethyl acetate without
pH or salt adjustment was selected as the best LLE method for this application.

Tolosa et al. [31] and Escrivd et al.[52] also showed that ethyl acetate provided better
extraction recovery than chloroform for various mycotoxins in plasma and urine samples,
respectively using dispersive liquid-liquid microextraction format. Qi et al. [37] compared the
extraction efficiency of ethyl acetate and toluene for four aflatoxins and OTA from snus and
smokeless tobacco products, whereas Belhassen et al. [53] used ethyl acetate for extraction of
six zeranols from human urine samples with high recovery. Three type of sample preparation
techniques, reversed phase SPE, LLE with chloroform and LLE with mixture of acidified
acetonitrile and ethyl acetate, were also compared for the extraction of five aflatoxins and OTA
from milk[54]. Both LLE methods resulted in better recovery than SPE, with the highest recovery
provided by mixture of acidified acetonitrile and ethyl acetate [54].

Comparing the results of all sample preparation techniques tested showed that there was
no single method that could provide the recovery of all mycotoxins above 80% [Figure 1a]. Figure
1 summarizes only the results of the three best methods from each technique; protein
precipitation with ACN, three-step LLE with ethyl acetate, and Oasis HLB SPE. Based on the fact
that three-step LLE showed no significant matrix effect for any of the mycotoxins and achieved
recoveries above 80% for FUS-X, 15-AcDON, 3-AcDON, AFG2, AFG1, AB2, AFB1, a-ZOL, ZAN, and
ZEN mycotoxins, it was selected as the best method for this application. The presence of plasma
co-eluting compounds with mycotoxins can enhance/supress their signal intensities resulting in
an inaccurate quantification, and effecting reproducibility and accuracy of the method. In
addition, plasma samples without proper sample clean-up can cause early LC column aging.
Therefore, the advantages of using more selective sample preparation methods such as LLE for
this application are multi-fold. However, the chosen method provides unacceptably low recovery
for OTA (0.6%), FB1 (0.7%), and FB2 (0.6%). Therefore, it is not recommended to monitor these
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analytes using the current method and OTA, FB1 and FB2 were excluded from method validation.
A separate method that can provide high recovery and reduce matrix effect has to be developed
for these analytes.

3.3 Results of method validation

The primary goal of method validation is to assess the method performance for intended
application. There is no specific validation guidance established for exposure monitoring studies,
so to the method performance in this study was evaluated using the procedures set by FDA for
the evaluation of drugs and their metabolites in biological matrices using LC-MS, but slightly
wider acceptance criteria of 80-120% accuracy and <20% RSD was applied for this biomonitoring
method due to measurement of very low concentrations of interest, close to instrumental LLOQ.
The method validation was performed for 17 out of 20 mycotoxins, OTA and fumonisins were
excluded based on their unacceptable recovery during method development. The main
parameters evaluated during method validation included: linearity, recovery, accuracy, precision,
LOQ, selectivity and stability.

Matrix-matched calibration curves were linear for all mycotoxins in the range of LOQ to
10 ng/ml and LOQ to 30 ng/ml for NIV with the average correlation coefficients in the range from
0.995 to 1.000. Mean absolute recoveries of 16 mycotoxins using the finalized method ranged
from 74% to 113%, except NIV (17%) [Supplementary Figure S10]. The low absolute recovery of
NIV led to higher LOQ (3 ng/ml) than for other mycotoxins and also necessitated higher spiking
concentration levels for validation samples for NIV.

LOQ was determined based on the results of precision and accuracy obtained during intra-
and inter-day experiments to meet the following requirements < 20% RSD and the range of 80-
120%, respectively (Supplementary Figure 2). Two compounds that did not meet the FDA
requirements for LOQ are a-ZOL and ZEN. Their intra-day accuracy were 146% for a-ZOL with
31% RSD% and 124% for ZEN with 6.5% RSD. The results obtained are summarized in Table 1.

The mean intra-day accuracy ranged from 85.8% to 116.4%, and intra-day precision
ranged from 1.6% to 12.5% RSD for all the concentration levels higher than LOQ except for a-ZOL
[Supplementary Figure S11]. This meets requirements of 80-120% accuracy and %RSD < 20% for
16 out of 17 mycotoxins. a-ZOL showed poorer accuracy for 1 ng/ml (72.9% with 16.8% RSD).
Inter-day accuracy and precision results are shown in Figure 2 and Supplementary Table 2. Mean
accuracy ranged from 85.5% to 111.5%, while precision ranged from 2.7 to 15.6% RSD. The only
exception was a-ZOL at 1 ng/ml with acceptable accuracy of 93.3% but poor % RSD of 17.7%. In
summary, intra- and inter-day accuracy and precision results show that this method performed
well for the analysis of trace concentrations of mycotoxins, and that accuracy of 80-120% and
precision of <20% RSD can be achieved for all mycotoxins except a-ZOL.

The selectivity and detailed matrix effect experiments show that the poorer (and variable)
precision and accuracy observed for a-ZOL were primarily due to matrix effects and could not
fully be compensated by '2C-ZEN standard which elutes at different retention time
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(Supplementary Figure S12). The selectivity experiment showed that there was a co-eluting highly
intense peak at m/z 277.1447 that can interfere with a-ZOL and impact its accuracy/precision
during filling of the Orbitrap. The detailed investigation of absolute matrix effects in the same 10
individual plasma samples that were spiked at low mycotoxin concentrations (close to LOQ),
show the influence of matrix on signal intensity [Figure 3]. The experiment revealed that the
zeranols could be prone to suppression in individual samples. All zeranols were suppressed more
in female than male plasma samples, possibly due to suppression by female sex hormones which
are structurally similar and expected to elute in similar retention time window. Among all
zeranols, a-ZOL was the most affected by the plasma components, with signal intensity dropping
up to 29% (mean for female samples). The best solution to compensate and to monitor matrix
effect for zeranols, and to have accurate quantification, especially for a-ZOL is to use a labelled
internal standard for this analyte. Another option, in the absence of labelled standard, is to re-
analyze a-ZOL positive samples using a single-point standard addition to obtain more accurate
concentrations of this mycotoxin, if required. A detailed study by Fabregat-Cabello et al.[55]
compared different calibration approaches for mycotoxins in food and feed, and found single-
point standard addition is the most efficient option of accurate quantitation when an isotopically
labelled internal standard is not available[55]. Finally, the observed matrix effects in some of the
individual plasma samples will slightly impact the LOD of the method in individual samples for
zeranol class of mycotoxins. The highest impact will be for a-ZOL, where 2-3x higher LODs as well
as LOQs may be observed for the samples with severe matrix interference and suppression, while
for other zeranols the effect on LOD or LOQ will be slight to negligible. For other mycotoxin
classes, Figure 3 shows that there were no significant absolute matrix effects detected across
various individual samples. This confirms that the method will be able to provide highly accurate
and precise results for these mycotoxins even if individual internal standards for each mycotoxin
are not available.

The investigation of stability, namely, prepared extract stability on autosampler at 4°C for
96 h and stability during 3 freeze/thaw cycles showed that all analytes are stable at these
conditions except DON where significant increase in recovery was observed for 96 h 0.5 ng/mL
sample (Supplementary Figures S13 and S14). 96 h stability shows that very long analytical
batches, suitable for exposure monitoring studies, can be accommodated using current method.
However, tests of 3 h and 6 h bench stability of plasma samples at room temperature revealed
that two compounds out of 17, AFG2 and AFG1 were not stable at these conditions
[Supplementary Figure S13]. This result is in agreement with the study by Diaz et al.[56]. They
found that AFG2 and AFG1 stability depends on temperature and composition of the solvent[56].
Huge losses of AFG2 and AFG1 were observed when they were dissolved in organic solvent with
any amount of water and kept for 24 hours at 20°C. However, no significant decrease was noticed
for AFG2 and AFG1 dissolved in organic solvents containing more than 20% of organic solvent
and kept at 5°C. Since, it is important to have 20% organic solvent evaluation of autosampler
stability in this paper was done using 20% organic solvent and showed similar stability of these

16



compounds. For the purposes of this method, unacceptable benchtop stability of AFG1 and AFG2
in plasma means that plasma should be thawed on ice and processed immediately after thawing.

The method developed and validated in this work provides better sensitivity than the
multi-class mycotoxin method proposed for pig plasma (2-10 ng/mL)[29] and analyte-specific
methods proposed in the same work (0.5 -5 ng/mL). In comparison to multi-mycotoxin method
for dried serum spots, our assay provides better LOQs for T-2, ZAN, ZEN and HT-2, similar LOQ
for AFG2 and slightly poorer LOQs for other aflatoxins, but it should be noted that S/N of 10
criteria was used for the determination of LOQ without stringent accuracy/precision
requirements applied in current study[32].

The LLOQs for aflatoxins in our work were 0.1 ng/ml for AFB1 and 0.2 ng/mL for the remaining
aflatoxins. These results are better or similar to the class-specific methods used for the direct
measurement of aflatoxins in plasma or serum. For instance, reported LLOQs for aflatoxins using LC-
MS/MS analysis ranged from 1 ng/mL for ethyl acetate LLE [57], 0.21-0.43 ng/mL for dilute-and-shoot
method by Cao et al. [58], and 0.13-0.42 ng/mL for HLB SPE [59]. It should be noted that all three of these
studies used S/N ratio for LLOQ determination, while our study used the more stringent accuracy and
precision requirements. Corcuera et al. obtained LLOQ of 2 ng/mL for AFB1 in combination with UHPLC
with Postcolumn Fluorescence Derivatization (UHPLC-FLD) analysis using similar LLOQ criteria to our study
[60]. For type A trichothecenes, HT-2 and T-2, we established LLOQs of 0.2 ng/mL. This is significantly
better than reported LLOQs in literature for animal plasma matrices which ranged from 1 ng/mL for pig
plasma [61], 2.5 ng/mL for chicken plasma [61] and 1-2 ng/mL for pig plasma [62]. Our results are
comparable to analyte-specific method for AFB1 and T-2 where LOQ of 0.05 ng/mL was obtained
in rat plasma after protein precipitation and SPE and using S/N criterion of 10 [16].Type B
trichothecenes had LLOQs of 0.2 ng/mL (3AcDON and 15AcDON) and 0.3 ng/mL (DON) in our study. In
contrast, Broakert et al. reported LLOQs for 1-2 ng/mL for chicken plasma and 0.1-1 ng/mL for pig plasma
for the same three analytes when using acetonitrile protein precipitation [63], de Baere et al. reported 1
ng/mL for pig plasma (DON), 1.25 ng/mL for chicken plasma for DON when using a combination of protein
precipitation and HLB SPE[61], and Brezina et al. reported 0.45 ng/mL using HLB SPE for DON [41]. For
other members of this family, NIV and FUS-X we did not find any relevant literature for comparison. For
zearalenone class, our LLOQs ranged from 0.1 — 0.5 ng/mL. Songsermsakul et al. reported 0.5-0.6 ng/mL
for determination of this class in horse plasma [64], whereas Brezina et al. reported LLOQs between 0.08
to 2.37 ng/mL using HLB SPE in pig serum [41]. In addition, LOQs obtained for ZEN and its metabolites
are better in current study than for analyte-specific method that relied on protein precipitation
(0.2-5 ng/mL) in chicken and pig plasma [27].Overall, the LLOQs for our multi-mycotoxin method
compare well with class-specific methods previously reported in literature and provide similar or
significantly better LLOQs while expanding the number of mycotoxins that can be evaluated. In addition,
for many of the mycotoxins under study, this is first method developed for their measurement in human
plasma.

For the mycotoxins included in current method, there is very limited data available on
their concentrations and occurrence in plasma or serum. In a study of serum from 213 children,
De Santis et al. [29] reported range from <LOD to 27.9 ng/mL for DON (19.5% positive), ZEN <LOD
to 3.9 ng/mL (5.4% positive) and <LOD to 0.73 ng/mL for AFB1 (22.9% positive). Based on these
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reported concentrations, our method should be suitable for human biomonitoring studies and
provides better LOQs for two out of these three mycotoxins, while providing capability to
simultaneously monitor additional 14 mycotoxins.

The simultaneous analysis is critical aspect of this work. During biomonitoring studies, it
is not known a priori which mycotoxins may be present. The availability of a method that can
accurately measure large number of mycotoxins that commonly occur in the food supply reduces
the cost of analysis per sample over methods that would focus only on a single mycotoxin. It
allows monitoring of large number of samples (hundreds or thousands) to identify sub-
populations that may exceed recommended exposure guidelines. The use of high-resolution
Orbitrap mass spectrometry and the extraction/separation methods which can accommodate
mycotoxins of various polarity, also permits the use of this method for screening of additional
mycotoxin metabolites for later inclusion in the panel. These mycotoxin metabolites can be
missed by targeted strategies relying on multiple reaction monitoring, and thus an
underestimation of mycotoxin prevalence and concentrations can be reported. This has been
illustrated well in recent studies on urine, where direct monitoring of urine samples for parent
compounds resulted in low detection of positive study samples (0-8%) for ZEN and its
metabolites, whereas inclusion of enzymatic hydrolysis and immunoaffinity cleanup step showed
much higher prevalence across all studies ranging from 17-100% depending on geographic
location and analyte[65]. In addition, high-resolution MS data can also be retrospectively
examined for other mycotoxins that may become of particular health interest. The main
disadvantages of high-resolution MS for this application are large file size, high cost of
instrumentation and data analysis time required for retrospective analysis.

4. Conclusions

The goal of this study was to develop a sensitive and reliable LC-MS based multi-
mycotoxin assay allowing simultaneous detection and quantification of common toxicologically
important mycotoxins and their metabolites. The method was successfully developed and
validated for 17 out of 20 initially stated mycotoxins, with 15 of these mycotoxins meeting
accuracy and precision of 80-120% and <20% RSD at all concentrations tested including LLOQ.
High sensitivity of the method was achieved through careful optimization of sample preparation
technique, chromatographic separation and mobile phase additive selection. With newer models
of Orbitrap, additional shortening of analysis time and improved limits of detection can be
anticipated. The cost per sample of the method was kept low by employing LLE and minimizing
absolute matrix effects which permits the use of limited number of isotopically labelled internal
standards for quality control purposes. This makes the proposed method cost-effective for
implementation in large-scale population monitoring efforts. The main disadvantage of our
method is that additional IS for a-ZOL is highly desirable and should be incorporated in future
studies whenever possible (or alternately, standard addition method should be used for a-ZOL
positive samples). Due to the use of high-resolution MS, the method can also be used for
screening of the presence of additional mycotoxins and their metabolites for future inclusion in
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the panel and to study mycotoxin metabolism in humans in more detail. It will also allow to study
temporal and inter-individual differences of mycotoxin concentrations as insufficient data exists
for the mycotoxins in our panel. To the best of our knowledge, this is the first LC-MS method for
highly sensitive analysis and quantification of 17 mycotoxins in human plasma samples. The
availability of this method opens up new and exciting opportunities for direct exposure
monitoring of these common contaminants.
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List of Figure Captions

Figure 1. Comparison of (a) overall method recoveries (RE% = Cm/Cin*100%, where RE% is the
recovery, Cm is the measured concentration in the injection solvent and Cu, is theoretical
concentration in injection solvent) and (b) absolute matrix effects observed for mycotoxins in
human plasma using protein precipitation with acetonitrile, 3-step LLE with ethyl acetate, and
Oasis HLB SPE. For (a) plasma (n=3) was spiked pre-extraction with 20 ng/mL of mycotoxins for
LLE and SPE and 100 ng/mL for protein precipitation and analyzed against standard curve
prepared in reconstitution solvent (20% methanol). 8-ZAL and a-ZAL standards were not available
at the time experiment (a) was performed. For (b) extracted plasma (n=3) was spiked post-
extraction with 25 ng/mL of mycotoxins; peak areas of mycotoxins in plasma were compared to
the peak areas in solvent (20% MeOH) to estimate matrix effect. The results show mean values
while error bars show standard deviation of three replicate determinations.
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Figure 2. Inter-day accuracy and precision for mycotoxins detected in ESI(+) (a) and ESI(-) (b). y-
axis shows mean accuracy, and standard deviation (n=5) is shown as an error bar. Inter-day
precision and accuracy determination was performed using 0.2, 0.3, 0.5, 1, 3, and 10 ng/ml
validation plasma samples (n=5 days), except for NIV where 3x the stated concentrations were
used (denoted with*). Standard curve in plasma was prepared on each day to analyze validation
samples. For each mycotoxin, all concentrations above its LOQ are shown.
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Figure 3. Investigation of absolute ionization matrix effect in 10 individual plasma samples using
ESI(+) (a) and ESI(-) (b). Plasma samples were spiked with mycotoxin mixture to have
concentration 0.3 ng/ml for 15-AcDON, AFB1, AFB2, AFG1, AFG2, HT-2, T-2, 3-ACDON, FUS-X, 6-
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ACCEPTED MANUSCRIPT

ZAN, B8-ZOL, a-ZAN, 1.5 ng/ml for DON, a-ZOL, ZEN, ZAN and 9 ng/ml for NIV. The area of post-
extraction spiked individual plasma was compared to the area of the standard solution prepared
in 20 % MeOH in order to determine absolute matrix effect.
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Table 1. LOD and LOQs of all mycotoxins and inter- and intra-day accuracy and precision
obtained at LOQ level. *Analyte does not meet FDA requirements.

Mycotoxin LOD L0Q (nLgO;:1 ESI(-), intra-day ESI(-), inter-day
~ | Accuracy Accuracy

(ng/ml) | (ng/mL) column) (%) RSD% (%) RSD%

B-ZAL 0.04 0.1 0.001 105.6 7.4 105.4 10.4
FUS-X 0.08 0.2 0.001 99.4 5.2 97.3 15.7
3-AcDON 0.07 0.2 0.001 88.4 8.3 97.1 16.7
B-ZOL 0.08 0.2 0.002 104.1 7.6 88.3 16.9
a-ZAL 0.08 0.2 0.002 100.7 6.7 84.2 11.7
DON 0.08 0.3 0.003 109.0 5.6 87.9 20.6
a-ZOL 0.3 0.5 0.005 146.0* 31.0%* 91.4 15.4
ZEN 0.2 0.5 0.005 124.0* 6.5 86.5 11.8
ZAN 0.2 0.5 0.005 117.3 5.7 86.4 16.9

NIV 1.5 3.0 0.03 98.9 16.5 99.6 9.8
Mvcotoxin LOD L0Q (nL:St‘ ESI(+), intra-day ESI(+), inter-day

“ | Accuracy Accuracy

(ng/ml) | (ng/ml) | olumn) %) RSD% (%) RSD%

15-AcDON 0.07 0.2 0.001 100.3 6.4 100.5 17.3
AFG2 0.07 0.2 0.002 102.9 6.1 89.6 11.4
AFG1 0.07 0.2 0.002 100.8 10.5 87.1 19.7
AB1 0.04 0.1 0.001 87.2 13.2 84.1 13.1
AFB2 0.08 0.2 0.001 96.2 9.1 86.0 14.7
HT-2 0.08 0.2 0.002 93.6 8.9 84.8 12.6
T-2 0.08 0.2 0.002 105.2 4.0 91.7 11.2
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