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General Introduction

An overview of mycotoxins

Food safety has become an important research topic owing to tlyeretatied

incidents and accidents in the recent past. The various riskgaftfood safety include

natural substances, synthetic substances such as pesticideesedigproducts of

processing of foods, and contaminants consisting of forgifpstances such as insects

and manufactured materials. In particular, because natural substppeas during food

growth and storage, it is difficult to remove them complefEhere are many kinds of

natural substances that act as risk factors. One group of sagthrstes that contaminate

crops and the related productsrigcotoxins

Mycotoxins are toxic secondary metabolites produced by fungesé@h

substances can cause severe health problems in humans and ahilaiaisin B1

(AFB1), which is known to be the strongest cancer-causingtagmong natural

substances, was discovered as a cause of the “turkey X diseas®f 4860 in the United

Kingdom. At the time, more than one hundred thousand tarttieyl from the disease and



as a result, mycotoxins became known widely as a risk factor dsfdtven recently,

some fatal accidents as a result of AFB1 ingestion have been red@fedeople died

after eating corn contaminated with AFBHis corn was stored under conditions of high

humidity in Kenya in 2004. More than three hundred mycotoxiave been discovered

to date. Among them, some of the key mycotoxins that candelorne ilinesses include

aflatoxins, ochratoxin A (OTA), patulin (PAT), trichothecenes, duamins, and

zearalenone (ZEN). Outline of key mycotoxins are shown in TableekeTimycotoxins

pose various health hazards such as carcinogenesis, hepatopetigingestinal

hemorrhage, immunodeficiency, and estrogenic syndrome. Addigipnatcotoxins do

not disintegrate after heat treatment during food processing beafatrssr high heat

stability. Therefore, there is also a risk of their staying inlfe@ducts even after heating.

In order to reduce economic losses and adverse effects on the healthansh

and animals as a result of mycotoxins, the CODEX AlimamgaZiommission (CODEX)

has been working on setting the maximum levels for each tiypgycotoxin in food

products and on establishing guidelines regarding food mame¢n 2]. The regulatory

levels of mycotoxins are set for country-specific among the desglopuntries. In Japan,

the Ministry of Health, Labour and Welfare (MHLW) and the MinistfyAgriculture,

Forestry and Fisheries (MAFF) have been workingdefining regulatory levels and
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establishing guidelines for mycotoxin management [3—7]ré&¢gnt in Japan, regulatory

levels of some mycotoxins are set: total aflatoxins (TAF), whichteresum of AFB1,

aflatoxin B2 (AFB2), aflatoxin G1 (AFG1), and aflatoxin G2 (AFG2), in all foods; PAT

in apple juice; and deoxynivalenol (DON) in wheat. Additionally, because the definition

of regulatory levels for other mycotoxins is under discussiothe basis of international

trends, one can expect that the regulations will be further stesregth Therefore, the

development of accurate methods of determination is necessarylen tor closely

manage such mycotoxins in food. | describe below the various axyestthat occur

globally as well as the relevant analytical methods.

Aflatoxins

Aflatoxins are contaminants found in many typedard products such as

cereals, nuts, and spices. They are produceddpergillus flavugA. flavug andA.

parasiticus The main aflatoxins are AFB1, AFB2, AFG1, AFGadaaflatoxin M1

(AFM1). The structures of aflatoxins are shown in Figure 1. AFd& metabolite of

AFB1 in livestock that consume feed contaminated with AFBdl, iais detectable in

milk. Aflatoxins are carcinogens and are classified as Group laswest¢arcinogenic

to humankby the International Agency for Research on Cancer (IARC) [8]. The XODE



Aflatoxin B1 Aflatoxin B2
(AFBI) (AFB2)

Aflatoxin G1 Aflatoxin G2
(AFG1) (AFG2)

Aflatoxin M1
(AFM1)

Figure 1 Structures of aflatoxins.



has set the maximum level of TAF to d§/kg in nuts [1], and many developed countries

have also set regulatory levels [9, 10]. In Japan, the regulatalyof TAF was set to 10

ug/kg in all food products in 2011 [3]. In addition, the CODERas set the maximum

level of AFM1 in milk to 0.5ug/kg [1]. In Japan, in line with the CODEX’s levels, the

regulatory level was set to Qug/kg in milk in 2015, and this level will be implented

starting in January 2016 [11].

The standard method for analysis of aflatoxins, which was aeeduy the

Association of Official Analytical Chemists (AOAC) and adopteg CODEX, is

performed as follows. Aflatoxins are extracted from samples by snefra multi-

functional cartridge (MFC) or an immunoaffinity column (IAC) foraafixins. Following

this, they are subjected to fluorescence derivatization by ultrain@diation on a post-

column. Subsequently, aflatoxins are measured by liquid chogmnagthy-fluorescence

spectroscopy (LC-FL) [12]. The method adopted in Japan inga@xé&action with an

MFC or IAC followed by fluorescence derivatization with trifloacetic acid and

measurement using LC-FL [13].

An MFC is an extraction cartridge optimized for each mycotoxin bageits

chemical structure and physical property. An MFC contains sekiats of supports that

bind to functional groups such as reverse-phase, normal-phadejon-exchange



supports. Most of MFCs can remove matrices from a food safplesearcher passes

an extraction solvent through them. Therefore, this extraction chetdpmresents easy

sample preparation. On the other hand, IACs are an extraction cattratgs based on

antigen-antibody interactions. IACs are capable of providing sgrariication.

Ochratoxin A (OTA)

OTA (Figure 2) is produced by fungi such As niger A. ochraceusand

Penicillium verrucosun{P. verrucosur)) and is found as a contaminant in such products

as cereals, coffee, cocoa, and wine. OTA is strongly toxic towartvier and kidneys.

The IARC has classified OTA into Group 2B substanqessgibly carcinogenic to

human$ because it is suspected of contributing to kidney cancertamephritis in

humans in the Balkan States (Balkan nephropathy) [14, Halitianally, the CODEX

has set the maximum level of OTA in wheat, barley, and rgewtpkg [1]. The regulatory

levels of OTA in many food products have also been set in tinepE Union (EU),

whereas in Japan, such levels are still under discussion.

The method for analysis of OTA involves extraction with an M&CIAC

followed by measurements by LC-FL. The analytical method ianl&pthe same [12,

13].



Cl

Ochratoxin A
(OTA)

Figure 2 Structure of ochratoxin A.



Patulin (PAT)

PAT (Figure 3) is produced by fungi such Rspatulumand is present as a

contaminant in fruits, especially, apple and its products, (eygple juice). PAT is

suspected of being carcinogenic according to studies on labyoratamals and is

recognized as a contributor to hemorrhage in the digestive syssgntfit CODEX has

set 50ug/kg as the maximum level of PAT in apple juice [1]. Thead@se regulatory

level is the same [4].

The analytical method for PAT, as adopted by the AOAC andpanj involves

extraction with ethyl acetate followed by measurement using ligaidmatography-

ultraviolet spectroscopy (LC-UV) [12, 13].

Trichothecenes

Trichothecenes are mycotoxins producedrogariumfungi such ag-usarium

culmorum F. graminearum andF. sporotrichioides Cereals infected witfrusarium

fungi turn red at the time point of infection, and thgnsis known as Fusariumhead

blight.” The toxicity of trichothecenes is lowerath that of aflatoxins and OTA, but

trichothecenes contaminate cereals including wheat, barley, andaddwide [17-20].

Trichothecenes are known to cause not only acuwerad effects such as vomiting,



O
O

NS

O” OH

Patulin
(PAT)

Figure 3 Structure of patulin.
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diarrhea, bleeding, skin inflammation, and decline in the functgpif marrow and

hematopoietic systems but also chronic adverse effects such asingestinal

dysfunction and immunodeficiency [21-24]. Figure 4 showsthin trichothecenes that

are relevant to food safety. DON, HT-2 toxin (HT-2), and T-2 t¢Xki) levels in cereals

are regulated in the EU and United States (US) [9, 10, 25],hanchaximum levels of

DON were set to 2 mg/kg in cereals (wheat, barley, and corn)ahanig/kg in cereal

products by the CODEX in 2015 [1]. The provisional reguiatevel of DON in wheat

was set to 1.1 mg/kg in Japan [5]. In contrast, nival@i)) levels are not regulated in

the world and are reported to be detected in Asia [26]. Thus, #erceson NIV is under

way in Japan, and the tolerable daily intake (TDI) of NIV weisto 0.4.9/[kg of body

weight (kg-bw)]/day by the Food Safety Commission of J4p&CJ) in 2010 [27]. TDI

is a level that does not appear to have harmful effects suisesses even if a person

consumes the substance in question every day throughdifeipan. Because TDI of

DON has been established at the level pfkg-bw/day by the FSCJ in 2010 [27], this

situation indicates that NIV may pose a higher risk to huheatth than DON does.

The method for analysis of DON consists of purification usifigrisil support,

silanization, and measurement using gas chromatography-eleaptume detection (GC-

ECD) or gas chromatography-mass spectrometry (GC-MS) [12]. Gotitbehand, the

11
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HT-2 toxin T-2 toxin
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Figure 4 Structures of trichothecenes.
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Japanese methods for analysis of DON and NIV consist of gatrdn using an MFC for

trichothecenes, followed by measurements by LC-UV. The metl@dseported by the

National Institute of Health Sciences of Japan (NIHS) [13, 26].

Fumonisins

Fumonisins are produced Byusariumfungi such ag-. proliferatumandF.

verticillioides Although there are several fumonisins, the fumonisin B-s@figsire 5)

is the most clinically important from the standpoint of feadfiety, and these fumonisins

are found as contaminants in corn. They pose a major healthexiakise they may cause

esophageal cancer in humans, equine leukoencephalomalacia in drmaisporcine

pulmonary edema in pig [21-24]. Fumonisin B-series issiflad into Group 2B

substancesppssibly carcinogenic to humanisy the IARC [8], and their levels in corn

are subject to regulation in the EU and US [9, 10]. The COD&Sset the maximum

levels for the sum of fumonisin B1 (FB1) and fumonisin (FB2raw corn grain to 4

mg/kg and in corn flour and corn meal to 2 mg/kg in 2014 ThEre is currently no

regulatory level in Japan. Because the FSCJ has started perforskiagsessments on

fumonisin B-series in 2015, it is expected that regulatoryisefdumonisin B-series will

be set in the near future in Japan.

13
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Fumonisin B1

(FB1)

OH OH
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The method for analysis of fumonisin B-series including FBB2, and
fumonisin B3 (FB3), as recommended by the AOAC, is asvi@! purification by means
of a solid phase extraction (SPE) cartridge of strong anion exchafgg ¢Ean IAC for
fumonisins, followed by measurement using LC-FL after fluores@adglihg with o-
phthalaldehyde [12]. Although there is no official method @flysis in Japan, a method
consisting of purification by SPE or IAC, followed by measuma®eusing liquid
chromatography-tandem mass spectrometry (LC-MS/MS) was introdhyctte NIHS

[28].

Zearalenone (ZEN)

ZEN (Figure 6) is &usariumtoxin produced by fungi such &s culmorumand
F. graminearumand is known to be a contaminant of cereals. It exeressangenic
effect causing pseudopregnancy, swelling of breasts, uterus enlargevaeat) changes,
and infertility in livestock that consume feed caminated with ZEN [21-24, 29].
Regulatory levels have been set for corn and cereals in the Buhjeas no maximum
or regulatory levels have been set for food prosiut the CODEX and in Japan.
Nonetheless, the regulatory level for animal feeakwet to 1 mg/kg in Japan [30].

The AOAC method for analysis of ZEN involves ligtidquid extraction

15
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followed by measurement by LC-FL [12]. The Japanese method forseaf ZEN in

animal feed involves purification by means of an MFC followgdneasurements using

either LC-FL or LC-MS/MS [31].

17



Simultaneous deter mination of mycotoxins and the associated issues

In the future, multiple mycotoxins will need to be monitosedultaneously. The

reasons are as follows. The regulatory levels will be set for mgeetoxins in Japan in

response to international trends (e.g., those related to tBbEKOAddIitionally, various

mycotoxins have different properties as contaminants in foadupts [17—20]. On the

other hand, the official analytical methods adopted by the AGHG Japanese

government are geared toward individual mycotoxins, whereas nsdtiraeimultaneous

determination of multiple mycotoxins have not yet been recommdefiderefore, the

monitoring of multiple mycotoxins by individual methods complicated and time-

consuming, and simultaneous determination is required to onanitltiple mycotoxins.

Under these circumstances, mass spectrometry has become an attraaditieabn

method for food safety studies. Next, | will describe LC-MS/M#&jch has high

sensitivity, and liquid chromatography-Orbitrap mass spewtry (LC-Orbitrap MS),

which has high resolution. These tools have received muchiatievaridwide.

LC-MS/MS

LC-MS/MS is an analytical method where the target compountteisample

18



are separated by liquid chromatography (LC) and measured by M&BABIS/MS is

capable of measuring compounds that are nonvolatile and thermalgblenstithout

derivatization. Therefore, this method is versatile and has a veidge of practical

applications. An MS/MS instrument is composed of an muree, mass spectrometer,

and detector (Figure 7). Additionally, the mass spectrometeaiogrihe first quadrupole,

collision cell, and second quadrupole. First, in the firstdgupole, the target compound,

which is ionized in the ion source, is sorted according torass-to-charge ration(2

specific to the compound. When the sorted compound is cldayembllision with

nitrogen or argon gas in the collision cell, specific produas iare obtained. The product

ions are then sorted in the second quadrupole and detectedi@igbtor. In other words,

it is a highly sensitive instrument capable of detectingetactompounds selectively, with

the selection performed in two steps involving mass filte&MS/MS is useful for

simultaneous analysis of multiple mycotoxins with differemoiperties.

LC-Orbitrap MS

An LC-Orbitrap MS was introduced in 2005 and representstagblution mass

spectrometry. The Orbitrap functions as a mass spectrometer and enahsesement

of exact masses up to four decimal places. Although anr@ubMS instrument also
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Figure 7 Schematic illustration of MS/MS analysis.
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contains an ion source, mass spectrometer, and detector, the cotepaine mass

spectrometer and the detection principles are different from those/M3/A&igure 8).

Each compound is ionized in the ion source (analyte ionsdABam Figure 8) and

introduced into the mass spectrometer (Orbitrap), which is compdseder electrodes

and a central electrode. Static voltage is applied to the centrabdkcind each analyte

ion corresponds to a specific rotary amplitude around the elecBydmeans of an

amplitude campaign movement specific to each ion, the @lwurrents that are

generated at the outer electrodes are detected as complex sigraisplaxcsignal is

decomposed to single signals by Fourier transformation, andnthof each ion is

calculated from the angular frequency of each single signal obtaivesh minute

differences inm/z can be detected by Orbitrap MS via lengthening of recording time.

According to the above principle, Orbitrap MS is useful for only estimation of the

formula of unknown compounds on the basis of exact masseslso for accurate

detection of known compounds with the known exact massab as indices because

exact masses can be measured at high resolution.
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Measurement problems with mass spectrometry

Recently, the development of such technologies as mass speirtrofor

simultaneous analysis of multiple mycotoxins was attem@d32—-36]. Because it is

difficult to devise simultaneous purification processes fortigial mycotoxins with

different properties, the sample preparation often involves oditpaion of multiple

mycotoxins from a sample. As a result of such preparation u&thwatrix removal from

food is insufficient, and therefore some mycotoxins show |@akpintensity and

repeatability. In other words, the methods are not quantitaicelyrate. Because such a

mass spectrometer has higher sensitivity, greater selectivitfiginer versatility than

the previous detectors did, it is useful for analysis of trace amofinbompounds in food.

Nonetheless, there are some specific problems associated wittspeag®metry that

should be addressed.

The first problem is the influence of the matrix in food sampbatrix

components in a sample may change the ionization efficiencyedathet compounds

(ion enhancement or ion suppression) [37, 38] and mapcomate the instruments. As

a result, the quantitative data are strongly affected, and quastiéaturacy is worsened.

Therefore, it is important to remove the matrix during thegamreparation process. On

the other hand, there are many complicated matrices in food, and qualiguantity of
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matrices are different in various foods. Thus, it is necessargwelap simple and

appropriate sample preparation procedures that are capable of renh@vingttix from

each food product and of recovering multiple mycotoxins wifferdint properties

simultaneously.

The second problem that is associated with mass spectromediryyisver. This

is a phenomenon where the target compound remains in arstc@ent and is detected

during the next run. Although it is not a problem widtvisensitivity instruments, it often

is for high-sensitivity instruments such as mass spectesméthis phenomenon greatly

influences the accuracy and results of quantification [39—41]. Therefas important

to reduce carryover when developing highly quantitative analyticélads.

The third problem has to do with the ability of a mass specter to

discriminate compounds that have different formulas. It dadisoriminate compounds

with the same formula such as isomers. In order to quantify edbk obmpounds that

have the same formula, separating them by LC is essential.

Therefore, optimization of sample preparation and LC conditiomsdsssary if

a researcher wants to take full advantage of mass spectrometry anal ¢ouci

development of rapid and highly quantitative methods fositinelltaneous determination

of mycotoxins.
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The purpose of this study

Simultaneous determination of mycotoxins using mass speetinprhas not
been adopted yet as an official method, but this situatioexpected to change: the
methods for individual mycotoxins are expected to give waymals&aneous method for
multiple mycotoxins. In order to develop a new official metHod simultaneous
determination, rapid and highly quantitative analysis of mygosoby LC-MS/MS and
LC-Orbitrap MS is intended. In this study, simple and gasparation procedures and
optimization of LC conditions were examined for proper anslgé mycotoxins (that
have different properties) in various food products.

In this doctoral thesis, Chapter 1 describes the developnianethods for
multiple mycotoxin determination in beers and wines by LC{/Chapter 2 describes
simultaneous determination of mycotoxins in corn grits by LEAMIS with the focus on
minimizing carryover. Chapter 3 describes identification and dieation of some
fumonisins by LC-Orbitrap MS in corn contaminated with mycwtex Chapter 4
describes a method for the simultaneous determinatidgrusdriumtoxins, including

trichothecenes, fumonisins, and zearalenone-group, in cereals-GyHittap MS.
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Chapter 1
Development of deter mination methodsfor multiple mycotoxinsin beers

and winesby LC-MSMS

1.1 Introduction

In this study, beer and wine were selected as analytical samplgs-MS/MS.
This is because beer is prepared from cereals (e.g., corn, barley, whiea), hich are
at risk of contamination with aflatoxins, OTA, trichothecerfesyonisins, and ZEN.
Wine is prepared from grapes, which are at risk of contaminatiorQ¥i&) and a recent
study showed occurrence of fumonisins, in particular FB2, iviee [1]. A. niger, which
is an OTA producer, was found to be capable of producmgmisins [2, 3]. Additionally,
Tabata reported that PAT can be a contaminant not only in dmledso in grapes [4].
These observations indicate that contamination with OTA, fusits, or PAT is a
substantial problem.

Preparation of mycotoxins was examined to apply the Quieky,ECheap,

Effective, Rugged, and Safe (QUEChERS) methodology, whiclormgisally developed
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for preparation of multiple pesticide residues [5-8]. QUECBER simple and easy two-

step preparation method and is performed follows: (1) Extractibm acetonitrile

(MeCN) using hydrous MeCNhis task is accomplished by salting out and dehydration

from MeCN using sodium chloride (NaCl) and anhydrous magnesiulfate (MgS®);

(2) purification by dispersive solid phase extraction (dSPE) frenM&CN extractthis

procedure is performed to remove the matrix compounds by adsdiptiomsupports of

the octadecylsilyl silica gel (C18), primary-secondary amine (P&#J,graphite carbon

black (GCB) by mixing these supports and the complex loyngti The first step with

MeCN allows us to extract the target compounds and to renyolveghilic matrices such

as saccharides. At the next step, purification by dSPE by noé&ash support enables

removal of ionic and hydrophobic matrices; therefore, the removal of matrices such as

pigments and proteins in samples was expected. Thus, ifdtf@dology is applicable

to the mycotoxins under study, then the samples can rbpaged simply and

simultaneously, and the procedure’s duration can be shortegymeficsintly.

In this chapter, the following 15 mycotoxins (Figure 1.lgrevselected for

simultaneous determination by LC-MS/MS: AFB1, AFB2, AFBEG2, AFM1, DON,

and PAT, whose regulatory levels for foods have been set in Japan; and NIV, HT-2, T-2,

FB1, FB2, FB3, ZEN, and OTA, which have attracted global abient
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Figure 1.1 Chemical structures of the mycotoxins under study.
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1.2 Experimental section

1.2.1 Samples and reagents

Random samples of 24 beer-based drinks, including regulaidsenalt-beer,

new genre beer, and nonalcoholic beer, 14 red wines, amtifiel8wines were acquired

at local supermarkets in Japan between 2009 and 2010eAlathples were refrigerated

until analysis.

Methanol (MeOH, for LC-MS), MeCN [for LC-MS and for pesticide residnd

polychlorinated biphenyl (PCB)], ammonium acetate (guaranteed regigeiaf), formic

acid (guaranteed reagent grade), and acetic acid (guaranteed reagent grade) were

purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). MeCNL@dvIS) was used

for preparation of working solutions and for LC-MS/MS analysisd MeCN (for

pesticide residue and PCB analysis) was used for sample prepaféter was purified

using a Milli-Q system from Millipore (Molsheim, France). SIEE Citrate Extraction

Tube, dSPE PSA/C18 SPE Clean Up Tube 1, and Supelclean EatWIcartridge (1

g/12 mL) were acquired from Supelco (Bellefonte, PA, USA). An 8eptC18 cartridge

(1 g/6 mL) and InertSep PSA cartridge (1 g/6 mL) were purchased frof8ci@inces
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(Tokyo, Japan). An Oasis HLB cartridge (200 mg/6 mL) was @seth from Waters

(Milford, MA, USA). A MultiSep 229 Ochra cartridge was purabéidrom Romer Labs

Corp. (Bukit Merah, Singapore). Polytetrafluoroethylene (PTHEY$i (0.20pm mesh

pores) were acquired from Advantec Toyo Kaisha (Tokyo, Japar)d&d solutions of

AFM1 (10 ug/mL), OTA (50ug/mL), and Aflatoxin Mix containing AFB1, AFG1 (each

2 ng/mL), AFB2, and AFG2 (each Oig/mL) were purchased from Sigma-Aldrich (St.

Louis, MO, USA). PAT, ZEN (each 10@/mL), FB1, FB2, and FB3 (each p@/mL)

standard solutions were purchased from Romer Labs Corp. NOW,HT-2, and T-2

(each 10Qug/mL) standard solutions were purchased from Wako Pure Chemilcal td.

(Osaka, Japan). Working solutions were prepared as follows: anfsim® solution

containing FB1, FB2, and FB3 (eachd@mL) was diluted with the mixture MeCN/water

(50/50, v/v) and stored in a refrigeratan aflatoxins solution containing AFB1, AFG1,

AFM1 (each lug/mL), AFB2, and AFG2 (each 0.2f%/mL); an OTA solution (lig/mL);

and a solution of other mycotoxins containing PAT, DON/, ldnd ZEN (each 5Qg/mL),

HT-2, and T-2 (each 160g/mL) were diluted with MeCN and stored in a freezer.
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1.22LC-MS/MSanalysis

LC-MS/MS analysis was performed on an ACQUITY UPLC systempled

with a Quattro Premier XE tandem quadrupole mass spectrometeerg)Valhe

MassLynx 4.1 software equipped with QuanLynx software (Wateais)used to control

the instruments and to process the data. An ACQUITY UP}stem consisting of a

binary pump, an autosampler, and a column heater was also usedaibgraphic

separation was carried out on an ACQUITY UPLC BEH C18 in72.1 x 50 mm,;

Waters) for beer analysis and ACQUITY UPLC BEH C18 (7, 2.1 x 100 mm,;

Waters) for wine analysis. Solvent A was water, and solvera®2% acetic acid with

0.1 mM ammonium acetate in MeOH. The two gradient profilesibed set up for beer

analysis were as follows: 5% B (0 min), 80% B (4.5 min§i 8% B (4.51—6.0 min) for

the mycotoxins except FB1BE, FB3, and OTA; and 55% B (0 min), 80% B (2 min),

and 55% B (2.01-3.0 min) for FB1, FB2, FB3, and OT#nitrly, the gradient profiles

for wine analysis were as follows: 5% B (0—1.0 min), 80%.B (8in), and 5% B (8.01—

10 min) for the mycotoxins except FB1, FB2, FB3, and OTA; and 55% B (0 min), 80%

B (5.0 min), and 55% B (5.01-7.0 min) for FB1, FB2, FBBd OTA. The flow rate was

set at 0.5 mL/min for beer analysis and at 0.3 mL/min fimevanalysis. The column
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temperature was 40°C, and the autosampler was used to injeadbf5a sample to be

analyzed.

The Quattro Premier XE tandem quadrupole mass spectrometer wasdperat

both in positive and negative mode with an electrospray atiniz (ESI) source. The

operating parameters were optimized under the following conslitmapillary voltage,

3.0 kV (positive mode) oR2.8 kV (negative mode); ion source temperature, 120°C;

desolvation temperature, 450°C; cone gas flow, 50 L/h; desolvation gas flow, 800 L/h

(both gases were nitgen); and collision gas flow, 0.3 mL/min (argon gas). The multiple

reaction monitoring (MRM) transitions, the applied cone voltaged, taa collision

energies are summarized in Table 1.1.

1.2.3 Preparation of samples

1.2.3.1 Beer

A 10-mL sample of beer was degassed by sonication for 1amiimdded into

a 50-mL polypropylene centrifuge tube. Then, 10 oilMeCN was added, and the

liquids were mixed thoroughly. The contents of a dSPE Citratea&on Tube were
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Table 1.1 MS/MS conditions for selected mycotoxins.

Cone

Precur sor

Quantification ion

Certification ion

Mycotoxin Polarity  voltage ion Coallision Prf)duct Collision Prf)duct
V) () energy ion energy ion
(eVv) (m/2) (eV) (m/2)

AFB1 ESI+ 50 313 38 241 23 285
AFB2 ESI+ 50 315 25 287 30 259
AFG1 ESI+ 50 329 28 243 23 311
AFG2 ESI+ 50 331 23 313 33 245
AFM1 ESI+ 38 329 23 273 43 229
PAT ESI- 18 153 7 135 10 109
NIV ESI- 23 371 15 281 11 311
DON ESI+ 23 297 12 249 13 231
HT-2 ESI+ 15 442 13 263 13 215
T-2 ESI+ 20 484 15 305 23 185
ZEN ESI- 48 317 25 175 20 273
FB1 ESI+ 50 722 40 334 35 352
FB2 ESI+ 48 706 40 318 38 336
FB3 ESI+ 48 706 40 318 38 336
OTA ESI+ 25 404 25 239 15 358
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added, mixed by vortexing for 20 s, and centrifuged at 1,58@x5 min. Five milliliters

of the MeCN phase was cleaned by passing it through an Ine@%8pcartridge

conditioned beforehand with 5 mL of MeCN, followed by pagsinother 5 mL of MeCN

through the cartridge, with collection in a test tube. The eluaseevaporated completely

at 40°C under a nitrogen stream, and the residue was dissol&®f i of 10 mM

ammonium acetate/MeCN (85/15, v/v). Each sample was passed thaoDg@Opm

PTFE filter immediately before the LC-MS/MS analysis.

1.2.3.2Wine

A 5-mL sample of wine and 25 mL of 10 mM ammonium acetate \pkrced

into a 50-mL polypropylene centrifuge tube and were mixed. TReureiwas applied to

an Oasis HLB cartridge conditioned beforehand with 5 mLe€M and 5 mL of 10 mM

ammonium acetate. The cartridge was washed with 5 mL of 1@Gmivionium acetate.

The mycotoxins that were retained in the cartridge were elutéd5mnbL of 10 mM

ammonium acetate/MeCN (1/1, v/v) and then with 5 mL of MeCN @luates were

mixed and evaporated completely at 40°C under a nitrogen streardri€édd sample was

dissolved in 1 mL of water. After that, GQ of acetic acid and 5 mL of MeCN were added

to the sample, and everything was mixed. The mixture wagdpp a MultiSep 229
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Ochra cartridge. Four milliliters of the purified eluate was evaporaisgpletely at 40°C

under a nitrogen stream, and the residue was dissolved 48010 mM ammonium

acetate/MeCN (85/15, v/v). Each sample was passed through and.BJO-FE filter

immediately before LC-MS/MS analysis.

1.2.4 Validation of methods

Because there were no official guidelines concerning the deternmnatio

multiple mycotoxins, | referred to the “Guideline for the in-houesliedation of analytical

methods for agricultural chemicals in food” provided by the MHIn 2007 [9] and

“about the total aflatoxins analysis” provided by the MHLW @12 [10]. Additionally,

prior to the evaluation, the samples were analyzed and confionbd free of any

naturally present mycotoxins.

1.2.4.1 Beer

Performance of the developed method was assessed using beer saikptes

with mycotoxins, and the coefficient of linearity was determiadthe following
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concentrations: 5, 10, 25, 50, and 1QfL for PAT, NIV, DON, ZEN, FB1, FB2, and

FB3; 1, 2, 5, 10, and 20 pg/L for AFB1, AFG1, AFM1, HT-2, T2, and OTA; and 0.25,

0.5, 1.25, 2.5, and pg/L for AFB2 and AFG2. Recovery and repeatability as relative

standard deviation (RSD) involved five replicate measurementsvératcarried out on

the same day using beer samples spiked with each mycotoxihe afollowing

concentrations: 5Qg/L for PAT, NIV, DON, ZEN, FB1, FB2, and FB3; 10 ug/L for AFB1,

AFG1, AFM1, HT-2, T2, and OTA; and 2.5 pg/L for AFB2 and AFG2.

1.2.4.2Wine

Performance of the developed method was evaluated on windesaspiked

with the mycotoxins under study. The coefficient of linearitgswdetermined using

samples spiked with each mycotoxin at the following conceéotisit5, 10, 20, 50, and

100ug/L for PAT, NIV, DON, and ZEN; 0.2, 0.5, 1, 2, and 5 ug/L for AFB1, AFB2, AFG1,

AFG2, AFMI, and OTA; and 1, 2, 4, 10, and 20 pg/L for HT-2, T-2, FB1, FB2, and FB3.

Recovery and repeatability (as RSD) involved five replicate measuterniet were

carried out on the same day using samples spiked with eachaxiycat the following

concentrations: 2Qg/L for PAT, NIV, DON, and ZEN; 1 ug/L for AFB1, AFB2, AFG1,

AFG2, AFM1, and OTA; 4 ug/L for HT-2 and T2; and 5 pg/L for FB1, FB2, and FB3.
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1.3 Results and Discussion

1.3.1 Optimization of LC-MS/M S conditions

First, MS/MS conditions for the 15 mycotoxins were optieai. The mycotoxins

were detectable by ESI. DON, AFB1, AFB2, AFG1, AFG2, AFMT;2, T-2, FB1, FB2,

FB3, and OTA were detected in positive mode, whereas PATANtVZEN were detected

in negative mode. All mycotoxins except NIV, HT-2, and T-2 wereasefM+H]" or

[M—H]~ precursor ions. The acetic acid adduct [M+CBOJ of NIV and the

ammonium adduct [M+Nk* of HT-2 and T-2 were set. Two product ions for a precursor

ion in each mycotoxin were selected and set as quantificatiorcextiication ions,

respectively. The selected parameters for each mycotoxin are shoaiienl.1.

LC separation of each mycotoxin was performed to determine ttimabp

conditions, using a C18 column (ACQUITY UPLC BEH G187 um, 2.1 x 50 mm,;

Waters) as an analytical column and water/MeOH or water/MeCN as thieepbase

under the gradient conditions. Each mycotoxin was eluted aggle peak using

water/MeOH, which yielded higher intensity of peaks than wate@NI did, except for
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OTA. Next, to improve the intensity of peaks, the additive eggnthe mobile phase
were examined under conditions of the gradient of water/MeOlhabiée phase. Acetic
acid (2%), ammonium acetate (10 mM), and formic acid (0.1%) wedeeted as the
additives, and peak detection and intensity of peaks of myostexth each additive
agent were compared. When only acetic acid was used as the nalsiée peaks of the
mycotoxins in question were observed and their intensiyg improved. When only
ammonium acetate served as the mobile phase, the peaks &HABY,,AFB2, AFG1,

AFG2, AFM1, HT-2, T-2, and ZEN were sharper than those vdmiy acetic acid was
used as the mobile phase, whereas the peaks of FB1, FB2, andelr® not detected.
Moreover, when only formic acid served as the mobile phase, tdwsity of peaks of
FB1, FB2, and FB3 was better than that when only acetic acgdused as the mobile
phase although worse intensity was attained for AFB1, ABB&1, AFG2, and AFM1,

whereas the peaks of PAT, NIV, and DON were not detected. Angotal the results,
acetic acid and ammonium acetate were selected as additives inbiteephase in order
to detect all the mycotoxins analyzed and to obtain goodsityesf peaks. According to
the examination of LC conditions, additive concentrations aadignt profile were as
follows: solvent A, water and solvent B, 2% acetic acid withrOM ammonium acetate

in MeOH as the mobile phase, with a gradient of 5-80% leEsbB during a 5-min

46



period.

Carryover of FB1, FB2, FB3, and OTA was observedhi@& LC condition.

Carryover is a phenomenon where a compound remains in an anahgtoament and

is detected during the next run. To eliminate giiienomenon, the chromatographic

conditions were optimized specifically for FB1, FEB#hd FB3, whose carryover was

noticeable. Solvents A and B that served as the mobile phasesidentical to those

used in the LC condition described above. The gradient stginds that | tested were

5%, 30%, 55%, and 80% of solvent B, increasing duringngarfinish at 80% of solvent

B. Injections of the standard solutions were fokkavoy 10 injections of the blank

solution. Figure 1.2 shows chromatograms of FB2 and B®lards, followed by three

blank injections. Carryover was observed when starting 5%élor 30% of solvent B as

shown in Figures 1.2 (A) and 1.2 (B). Carryover of FBarticular, was observed until

the seventh blank injection when the gradient began atf586lwent B. No carryover

was observed even for the first blank injection when thadignt began at 55% or 80%

of solvent B as shown in Figures 1.2(C) and 1.2(D). FB2, land FB3 were not retained

in the analytical column when 80% of solvent B was used {Eigu2(D)].Judging by

the results, two gradient conditions for beer sample analgsis selected: 5% B (0 min),

80% B (4.5 min), and 5% B (4.51-5.5 min) for all mycatsxexcept FB1, FB2, FB3,
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Figure 1.2 Chromatograms showing carryover of FB2 and FB3. The mqihikese

consisted of solvent A: water and solvent B: 2% acetic acid withrtM ammonium

acetate in MeOH. Four linear gradients of changing propor{idas of solvent B were

applied at the flow rate of 0.5 mL/min, with these time-vesuscentration gradients
expressed as (min), % B]: (A) (0, 5), (4.5, 80), (B) (0, 30), (4.5, 80), (©) 55), (4.5,

80), and (D) (0, 80), (4.5, 80). Each chromatogram shows (a}ahdards for FB2 and
FB3 (each fug/mL), (b) the first blank injection, (c) the second blank ingactand (d)

the third blank injection for all 15 mycotoxins.
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and OTA; and 55% B (0 min), 80% B (2.0 min), and 55% B (2.01-3.0 min) for FB1, FB2,

FB3, and OTA. The total analysis duration was 8.5 min.

The LC conditions for wine sample analysis were different fraradtior the beer

samples because it was necessary to eliminate the influence of mdtriaes LC

separation as much as possible: the matrices in wine were assupeetidre varied and

numerous than those in beer. The length of the analyticahooluas changed from 50

to 100 mm, and the flow rate was changed from 0.5 to 0/8nml-taking into account

pressure in the instrument. The two gradient profiles were lasvi|5% B (0—1.0 min),

80% B (8.0 min), and 5% B (8.01-10.0 min) for all thecotgpxins except FB1, FB2,

FB3, and OTAand 55% B (0 min), 80% B (5.0 min), and 55% B (5.01-A7i19) for FB1,

FB2, FB3, and OTA. The total analysis duration was 1Y fon all 15 mycotoxins.

1.3.2 Optimization of sample preparation

1.3.2.1 Beer

Recovery was confirmed using preparation by the QUEChERS dhéthe beer

sample that was spiked with mycotoxins in question @tfellowing concentrations)
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was extracted with MeCN using a dSPE Citrate Extraction Tubaioamd NaCl, MgS@,

and citrate buffer: 5Qg/L for PAT, NIV, DON, ZEN, FB1, FB2, and FB3; 10 pg/L for

AFB1, AFG1, AFM1, HT-2, T2, and OTA; and 2.5 pg/L for AFB2 and AFG2. During

the extraction, pigments in beer samples were found to ifiedsko the water phase.

Next, the MeCN phase was purified by means of a kit for puridicahvolving MgSQ

and supports of PSA and C18 (dSPE PSA/C18 SPE Clean lpIluEach mycotoxin

was analyzed by optimized LC-MS/MS, and the recovery values vedcalated from

the intensity of peaks of each mycotoxin. The results are showabie 1.2 (A). More

than 70% recovery was attained for most of the mycotoxiderustudy except FB1,

FB2, FB3, and OTA, which could not be recoveredwdis assumed that they were

adsorbed to the PSA or C18 support. Thus, the mgowas confirmed using SPE

cartridges: C18 (InertSep C18), PSA (InertSep PSA), and GCB (SupdiNaarCarb).

After extraction with the dSPE Citrate Extraction Tube, the extraete subjected to

purification by passing them through each SPE cartridge. Thesresalshown in Table

1.2 (B). Good recovery values (>70%) were obtained for the 15toRine with the C18

cartridge, but poor recovery was observed for FB1, FB2, F&8,QTA with the PSA

cartridge. It was assumed that FB1, FB2, FB3, and OTA werelats by PSA because

of the ionic affinity between the amines in the PSA supporttla@aarboxyl groups in

50



Table1.2 Recovery for sample preparation by the QUEChERS method and SPEjeatrtrid
(A) QUEChERS (B) SPE cartridge (%)

Mycotoxin
method (%) C18 PSA GCB
AFB1 85 119 96 0
AFB2 87 97 95 0
AFG1 86 108 98 0
AFG2 83 99 89 0
AFM1 84 106 88 0
PAT 91 110 83 73
NIV 70 79 77 68
DON 79 88 85 79
HT-2 87 102 94 85
T-2 87 97 95 81
ZEN 84 103 91 0
FB1 0 97 0 5
FB2 0 92 0 0
FB3 1 93 0 0
OTA 36 92 0 0
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FB1, FB2, FB3, and OTA. Additionally, poor recovery vatained for AFB1, AFB2,
AFG1, AFG2, AFM1, ZEN, FB1, FB2, FB3, and OTA witlhe GCB cartridge, due to

n interactions between theZspybrid orbitals in the GCB six-membered rings and the
planar aromatic rings in these mycotoxins. According to thdtse$SA and GCB were
not suitable for preparation of the mycotoxins, and this proeedas performed with
purification by passing through a C18 SPE cartridge, an Ine@$8pafter extraction of
mycotoxins from beer samples using the dSPE Citrate Extrattibe as a kit for
QUECHhERS extraction. Consequently, the proposed prepapatioedure made possible
the recovery of the 15 mycotoxins and removal of the matrices (suanaants in beer).
Figure 1.3 shows LC-MS/MS chromatograms of a prepared beeresamigked with

mycotoxins.

1.3.2.2Wine

The process of sample preparation for beer, whials extracted using a
QUECHhERS extraction kit followed by purification with a C18 idge, was examined
to be applied to a red wine sample, whose pigments were renmaudticiently. The
pigments seemed to worsen quantitative accuracy and polludd3/®1S. Accordingly,

MultiSep 229 Ochra cartridge, which is an MFC fofA) was tested for adequate
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Figure 1.3 Chromatograms of a beer sample spiked with the mycotoxins studigr (A)
Chromatograms of 11 mycotoxins except FB1, FB2, FB3, ;@BAchromatograms of
FB1, FB2, FB3, and OTA.
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removal of the pigments in place of the C18 cartridge. This M&@ridge, which is

packed with supports of reverse phase, normal phase, and ion exduoerfgrming to

the OTA property, enabling adsorption of the matrices and exiraofi OTA from a

sample after simple passage through the cartridge withouitiomiy steps. In the

evaluation of beer sample preparation in subsection 1.3.2asibbvious that some of

the mycotoxins under study (including OTA) that have iofuinctional groups or

aromatic rings in their chemical structures were adsorbed to supp&&A and GCB.

Because MultiSep 229 Ochra cartridge is designed to not a@3@pwhich has ionic

functional groups and an aromatic rings, purification for othecatoxins in question

without adsorption in the MFC can be expected.

When a sample of red wine spiked with the mycotoxins undey stas prepared

by extraction wiht the QUEChERS extraction kit followed byiffration with passage

through MultiSep 229 Ochra cartridge, the pigmemése removed from red wine.

Nonetheless, in the chromatograms [Figure 1.4 (B)], the matrixspeatie observed near

PAT, and the PAT peaks were not as sharp as those iratitas chromatograms [Figure

1.4 (A)]. Additionally, no peaks were identified for NIVs. éither case, PAT and NIV

were affected by the presence of matrix compounds other than pig@enssdering the

retention time, these matrices might have high polarity likeaharganic and amino
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Figure 1.4 Chromatograms of PAT, NIV, and DON after different pretreatment
procedures. Each chromatogram was obtained for (A) the standard3,alIRAand
DON (each 2Qug/L); (B) red wine samples spiked with mycotoxins (each 20 ug/L) that
were purified with a MultiSep 229 Ochra cartridge a@Q@EChERS extraction; (C) red
wine samples spiked with mycotoxins (eachu@glL) that were purified with MultiSep
229 Ochra cartridge after being extracted and purified by Oasis HLigIgart
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acids, which are abundant in wine. It was assumed that they welt®pedt into the

MeCN phase at the QUEChERS extraction step, and that thegdpsough MultiSep

229 Ochra cartridge without being adsorbed. It seemed diffwwemove highly polar

matrices by this preparation procedure. Therefore, to remove sudhesiathe sample

was extracted and purified using Oasis HLB cartridge instead ofQuUieChERS

extraction.

Oasis HLB cartridge, which contains the divinylbenzdrenylpyrrolidine co-

polymer, is for SPE. It holds weakly to moderately poléssances and separates highly

polar substances. Eventually, nearly all the pigments were renfow@dthe wine

samples that were purified by means of MultiSep 229 Ochra carteftge being

extracted and purified by means of Oasis HLB cartridge. No peaksgbly polar

matrices were observed, and the peak shapes for PAT and NIV imprayect 1.4(C)].

Thus, with this preparation procedure, pigments and highér paatrices were removed

from the wine samples, and good chromatograms were obtained.
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1.3.3 Validation of methods

Matrix effects are common problems during mass spectrometry aacdtesrse

effects on the analytical results. In this phenomenon, a respbiise target substance in

a sample is either reduced or enhanced, compared to that in a salkidatobserving

the matrix effects for a beer sample, | found FB1, FB2, and FB@ t@ffected by ion

enhancement, and the other mycotoxins were affected by ion supprédsis finding

showed that the data from the 15 mycotoxins analyzed by thethedas were influenced

by matrices; therefore, to adjust the procedure for the influence of matrix eff@atsto

guantify accurately, | used the standard addition method.

The standard addition method, which is a quantitative mesiadild be applied

when the influence of matrices in samples is not negligible. dimples for analysis and

the samples for calibration curves that were spiked with verifiegppoonds at different

concentrations were prepared and analyzed by the same method.skidepto adjust

the data for the influence of matrix effects because the matrices inesafophnalysis

and in samples for calibration curves were identical. Thereforestémelard addition

method was used to conduct further quantitative analyshgidissertation project.

The results obtained by this validation test for beer sangskegpresented in
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Table 1.3. Linearity of the calibration curves for the beer san(pfeked with each
mycotoxin) was >0.992. Recovery ranged from 70% to 111%, witkatability ranging
from 4.6% to 14.6 %. The limits of quantification (LOQs) wesdirtkd as the lowest
concentration values of the mycotoxins in the calibration cufv@g/L for PAT, NIV,
DON, ZEN, FBl, FB2, and FB3; 1 ug/L for AFB1, AFG1, AFM1, HT-2, T2, and OTA;
and 0.25ug/L for AFB2 and AFG2, as shown on the calibration curves. Thus, |
successfully developed a rapid method for accurate determination & thgcbtoxins
in beer samples, involving simple and easy preparation by gi@bQuUEChERS method.
The results of the evaluation of wine samples spiked with egcbtoxin are
summarized in Table 1.4. Linearity of the caliboaticurves was >0.990. Recovery
ranged from 76% to 105%, with repeatability ranging from 3.4%1t8 %, except for
NIV. Recovery of NIV was 43%, which affected the quantificatpmrformance. It is
assumed that the highly polar NIV was hardly retained by GHdiscartridge and that
some percentage of NIV was eluted with the matrices. LOQs éomiftotoxins were
defined as the lowest concentration values visible on theratidib curves: Jug/L for
PAT, DON, and ZEN; 0.2 pg/L for AFBI1, AFB2, AFG1, AFG2, AFM1, and OTA; and 1
ug/L for HT-2, T-2, FB1, FB2, and FB3. Overall, | succesgfdiveloped a rapid method

for accurate determination of 14 mycotoxins (with the exception\df Miwine samples.
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Table 1.3 Performance of the method used for determination of mycotoxinsan

Linearity Recovery Repeatability LOQ Retentiontime

Mycotoxin

(n? (%)) (%)) (nolL) (min)
AFB1 0.995 93 6.9 1 2.89
AFB2 0.992 96 9.9 0.25 2.75
AFG1 0.997 88 7.3 1 2.61
AFG2 0.992 97 9.7 0.25 2.46
AFM1 0.993 102 5.6 1 2.50
PAT 0.994 86 10.7 5 0.81
NIV 0.993 70 4.6 5 0.93
DON >0.999 94 55 5 1.27
HT-2 0.997 102 9.6 1 3.52
T-2 0.996 104 5.3 1 3.83
ZEN 0.993 92 4.8 1 4.03
FB1 0.996 105 14.6 5 0.78
FB2 0.995 111 13.0 5 1.36
FB3 0.997 108 12.3 5 1.09
OTA 0.997 110 8.1 1 1.28

3 The coefficient of linearity was determined using beer $esmgpiked with each mycotoxin at the
following concentrations: 5, 10, 25, 50, and 1@ for PAT, NIV, DON, ZEN, FB1, FB2, and FB3;

1, 2,5, 10, and 20g/L for AFB1, AFG1, AFM1, HT-2, 2, and OTA; and 0.25, 0.5, 1.25, 2.5, and 5
ug/L for AFB2 and AFG2.

b) Recovery and repeatability involved five replicate measuresibat were carried out on the same
day using beer samples spiked with each mycotoxin at tlog/flog concentrations: 5Qg/L for PAT,
NIV, DON, ZEN, FB1, FB2, and FB3; 10 pg/L for AFB1, AFG1, AFM1, HT-2, T2, and OTA; and 2.5
ug/L for AFB2 and AFG2.
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Table 1.4 Performance of the method used for determination of mycotaxwae.

Linearity Recovery Repeatability LOQ Retentiontime

Mycotoxin

(n? (%)) (%)) (nolL) (min)

AFB1 0.995 96 4.4 0.2 6.00
AFB2 0.994 90 9.4 0.2 5.78
AFG1 0.996 91 11.8 0.2 5.58
AFG2 0.994 82 7.4 0.2 5.36
AFM1 0.994 94 5.7 0.2 5.40
PAT 0.996 76 3.9 5 2.61
NIV 0.994 43 8.1 5 2.97
DON 0.999 96 7.6 5 3.63
HT-2 0.999 99 5.2 1 6.88
T-2 0.999 93 3.4 1 7.27
ZEN >0.999 78 4.2 5 7.58
FB1 0.999 76 4.1 1 2.42
FB2 >0.999 82 6.0 1 3.96
FB3 >0.999 94 5.1 1 3.25
OTA 0.990 105 8.6 0.2 3.43

3 The coefficient of linearity was determined using red wimepdas spiked with each mycotoxin at
the following concentrations: 5, 10, 20, 50, and 18Q. for PAT, NIV, DON, and ZEN; 0.2, 0.5, 1, 2,
and 5ug/L for AFB1, AFB2, AFG1, AFG2, AFM1, and OTA; and 1, 2, 4, 10, and 20 pg/L for HT-2,
T-2, FB1, FB2, and FB3.

b) Recovery and repeatability involved five replicate measuresibat were carried out on the same
day using red wine samples spiked with each mycotoxin dollo&ving concentrations: 20@g/L for
PAT, NIV, DON, and ZEN; 1 pg/L for AFB1, AFB2, AFG1, AFG2, AFM1, and OTA; 4 pg/L for HT-

2 and T2; and 5 ug/L for FB1, FB2, and FB3.
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1.3.4 Analysis of commer cially available samples

The newly developed method was applied to 24 commerciallyablaibeer-

based drinks. The results of the analysis are summarized inITabRAT, AFB1, AFB2,

AFG1, AFG2, AFM1, HT-2, T-2, ZEN, and OTA were not degecin any of the beer-

based drink samples. A half of the samples (an incidence of 1&&+4)found to be

contaminated with DON at concentrations less than the LO@/(5, while a few (an

incidence of 2/24 to 5/24) were found to be contaminated with RBY, FB2, and FB3

at concentrations less than their respective LOQs (eaatylj. The amounts of a

mycotoxin detected in all samples were less thag/b, which corresponds to less than

1.75ug per 350 mL (volume of a beer bottle). The provisional maxirtalerable daily

intake (PMTDI) levels for mycotoxins established by the JBAO/WHO Export

Committee on Food Additives (JECFA) isid/kg-bw/day for DON, and gg/kg-bw/day

for FB1, FB2, and FB3, alone or in combination [11]. Samyl, the TDI levels for DON

and NIV defined by the FSCJ are 1 and jig&kg-bw/day, respectively [12]. The intake

of DON, FB1, FB2, FB3, and NIV from these samples wdngddho more than 7% of the

PMTDI or TDI, even if an individual weighing 60 kg drank afehese beer-based drinks

every day. Therefore, these results suggest that the healtb cisksumers that is posed
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Table 1.5 Mycotoxins detected in the analyzed beer samples.

Concentration of mycotoxin (ng/L)
NIV DON FB1 FB2 FB3

Type of beer-based drink

Beer 2 <5 <5 <5 <5
(7 samples) e/ @) (@27 ()
Low-malt-beer <5 <5 <5 <5 <5
(8 samples) (2/18) (4/8) (3/8) (1/8) (1/8)
New genre <5 <5 <5
(7 samples) @  @n @
Nonalcoholic <5 <5
(2 samples) a2) (1/2)
Total <5 <5 <5 <5 <5
(Incidence) (5/24) (12/24) (5/24) (3/24) (2/24)

3 No mycotoxins were detecte®). This corresponds to the number of samples in which each

mycotoxin was detected.
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by ingestion of beer-based drinks is relatively low.

Twenty-seven domestic and imported wines available in Japananaehgzed

using this newly developed method, and the results arenavzed in Table 1.6. No

mycotoxins except FB1, FB2, FB3 and OTA were detected iroattye wine samples.

FB1, FB2, FB3, and/or OTA were detected in six skwpf the red wines. The

concentrations of FB1, FB2, and FB3 detected in samples werhdessOQ (1ug/L).

The maximal OTA concentration detected was @@@Q, which is less than its regulatory

level for wine set in the EU (2g/L). This result indicates that the health risk posed to

consumers by red wine is relatively low. Nonethg)das will be necessary to keep

monitoring wines in the future regarding other migoans because | observed co-

occurrence of different fumonisins in one sample and co-occurrériaeonisins and

OTA in three samples. Moreover, FB1 and OTA were detectedbiama one samples of

white wines, respectively; however, co-occurrence of fumonisins and/or OTA was not

observed in any of the white-wine samples. This result cleatlgates that white-wine

samples are less prone to mycotoxin contaminatioooimparison with red wines.

The newly developed methods revealed that beer and wine are at dsk o

contamination with mycotoxins, in particular with NIV, FB'B2, FB3, and OTA, whose

regulatory levels have still not been set in Japan. Therefosenacessary to control the
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Table 1.6 Mycotoxins detected in the analyzed wine samples.

Concentration of Concentration of
Sample mycotoxin (ng/L) Sample mycotoxin (ng/L)
FB1 FB2 FB3 OTA FB1 FB2 FB3 OTA
Red-1 <1.0 <1.0 <1.0 <0.20 White-1 0.42
Red-2 <1.0 @ <0.20 White-2 <1.0
Red-3 <1.0 White-3  <1.0
Red-4 0.20 White-4
Red-5 <1.0 <0.20  White-5
Red-6 <1.0 White-6
Red-7 White-7
Red-8 White-8
Red-9 White-9
Red-10 White-10
Red-11 White-11
Red-12 White-12
Red-13 White-13

Red-14

3 No mycotoxins were detected.

64



risk of contamination with mycotoxins and to estimate thal iotake ofmycotoxins in

food available in Japan, while monitoring the domestic areldo regulatory trends.
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1.4 Summary

In this chapter, | developed LC-MS/MS methods for determinatiomugdfi-
mycotoxin (those that have gained international attention)egrsband wines. The
highlights are as follows:

Remarkable carryover of FB1, FB2, FB3, and OTA was observauadine LC
experiments. Two types of LC conditions were used to prelrenatryover and
made analysis of multiple mycotoxins possible.
The QUEChERS methodology, which was originally developedmfalysis of
multiple pesticide residues, was applied here to preparatiomufiple
mycotoxins in beer samples. The sample preparation procedure, wdsalsed
for extraction in MeCN by means of the QUEChERS extraction kit fand
purification in a C18 cartridge, made it possible to removeicest such as
pigments from beer and to ensure good results of validatitinge®r beer
samples. Thus, | successfully designed a rapid method foedeciatermination
of the 15 mycotoxins in beer samples.

The method for preparation of beer samples was applied to recowtrpgments

were removed from red wine insufficiently. Thus, for preparationioé samples,
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extraction and purification using Oasis HLB cartridge were perforfodwed

by purification using MultiSep 229 Ochra cartridge whichndwFC for OTA.

The preparation procedure allowed me to remove highly polarcestand

pigments and to obtain sharp peaks in chromatograms. Aegdalthe results

of method validation, | successfully developed a rapid methodadourate

determination of 14 mycotoxins (with the exception of NIVjime samples.

Commercially available beers and wines were analyzed using tlegiseds. NIV,

DON, FB1, FB2, and FB3 were detected in beer samples, wherdad-BB,

FB3, and OTA were detected in wine samples. The newly develop#tbds

revealed that the detected mycotoxins were present in trace amournig, g0si

low risk to human healtthhowever, beer and wine are at risk of co-contamination

with various mycotoxins.

67



1.5 References

1. Logrieco, A.; Ferracane, R.; Visconti, A.; Ritieni, A. Natural occurrence of fumonisin
B2 in red wine from ItalyFood Addit. Contam. Part 2010, 27, 1136-1141.

2. Frisvad, J.C.; Smedsgaard, J.; Samson, R.A.; Larsen, T.O.; Thrane, U. Fumonisin B2
production byAspergillus nigerJ. Agric. Food Chen2007, 55, 9727-9732.

3. Nielsen, K.F.; Mogensen, J.M.; Johansen, M.; Larsen, T.O.; Frisvad, J.C. Review of
secondary metabolites and mycotoxins from #spergillus nigergroup. Anal.
Bioanal. Chem2009, 395 1225-1242.

4. Tabata, S. Natural occurrence of mycotoxins in Japan —focused atin.pat
Mycotoxins2008, 58, 129-135.

5. Anastassiades, M.; Lehotay, S.J.; gtajnbaher, D.; Schenck, F.J. Fast and easy
multiresidue method employing acetonitrile extraction/partitigrand “dispersive
solid-phase extraction” for the determination of pesticide residu@souce.J.
AOAC Int.2003, 86, 412—-431.

6. Bolafios, P.P.; Moreno, J.L.; Shtereva, D.D.; Frenich, A.G.; Vidal, J.L. Development
and validation of a multiresidue method for the analysis affggsticide residues in

strawberry by gas chromatography coupled to a triple quadrupamde amalyzer.

68



10.

11.

Rapid Commun. Mass Spectrad207, 21, 2282—-2294.

Takatori, S.; Okihashi, M., Okamoto, Y.; Kitagawa, Y.; Kakimoto, S.; Murata, H.;

Sumimoto, T.; Tanaka, Y. A rapid and easy multiresidue method for the determination

of pesticide residues in vegetables, fruits, and cereals usingid lig

chromatography/tandem mass spectrométrtOAC Int2008, 91, 871-883.

Koesukwiwat, U.; Sanguankaew, K.; Leepipatpiboon, N. Rapid determination of

phenoxy acid residues in rice by modified QUEChERS extractiah ligmid

chromatography-tandem mass spectroméingl. Chim. Act&008, 626, 10—20.

MHLW. Director Notice of Department of Food Safety, Syoku-An NH5001, 15

November2007. Available online: https://kouseikyoku.mhlw.go.jp/kastinetsu/g

yomu/bu_ka/shokuhin/documents/validationh191115.pdf (aedesa 13 October

2015)

MHLW. Director Notice of Department of Food Safety, Syoku-An BNig16-2, 16

August, 2011. Available online: http://www.maff.go.jp/j/seisan/boekitmeku_anze

n/kabikabidokukensa_surveillance/pdf/110816-3af.pdf (accessed on cldbe®

2015)

The Joint FAO/WHO Export Committee on Food AdditivesGBRB). Evaluation of

certain mycotoxins in food: Fifty-sixth report of the Joint G/WHO Export

69



Committee on Food Additives; WHO Technical Report Series, Geneva, Switzerland,
2002, No. 906. Available online: http://apps.who.int/irisghieam/10665/42448/1/W
HO_TRS_906.pdf (accessed on 13 October 2015)

12. FSCJ. Risk assessment report. Deoxynivalenol and nival@@d0. Available
online: http://www.fsc.go.jp/fsciis/attachedFile/download?retriekddya20101118

002&fileld=021 (accessed on 13 October 2015)

70



Chapter 2
Simultaneous deter mination of mycotoxinsin corn gritsby LC-MSIMS

with minimization of carryover

2.1 Introduction

In the previous chapter, two types of LC conditions were @mednalyses of
studied mycotoxins in beers and wines. Under these LC toomgli | was unable to
determine multiple mycotoxins in a single run on accountet#iryovers of FB1, FB2,
FB3, and OTA, whereas the studied mycotoxins in a sample (hedrsvines) were
prepared for analysis simultaneously. In the present chapter, tieerie@ condition for
minimization of carryover was investigated in order to determinépfeimycotoxins in
a single run. Additionally, | examined the method for anslgscorn samples, which are

frequently contaminated with mycotoxins at high concentrations.
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2.2 Experimental section

2.2.1 Samples and reagents

Twelve corn grit samples (CG-1-12) were purchased at local sapests in

Japan in 2013. All the samples were stored at room temperatulethensample

preparation procedure.

MeOH (LC-MS grade), MeCN (LC-MS grade), formic acid (guaranteed reagent

grade), ammonium acetate (analytical grade), and isopropanol (IBAtieal grade)

were purchased from Kanto Chemical Inc. Water was purified usinglipdvie Milli-Q

system. Trisodium citrate (guaranteed reagent grade) and acetic@dutlSlgrade) were

purchased from Wako Pure Chemicals Ind., Ltd. A stainles$ (8&)S) powder (60-80

nm, 99.9%), iron (Fe) powder (60—80 nm, 99.9%), nickel (Ni)gew60-80 nm, 99.8%),

and platinum (Pt) powder (100 nm, 99.9%) were purchased from langigids

Technologies (Denzlingen, Germany). A Q-sep Q110 QuEChEREaction kit

containing NaCl, MgS@) and citrate buffer was acquired from RESTEK (Bellefonte, PA,

USA). AMultiSep 229 Ochra cartridge was acquired from Romer Caips. PTFE filters
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(0.20um mesh pores) were purchased from Advantec Toyo Kaisha.

The following standard solutions were used for each mycotalapanese

aflatoxin mixture (AFB1, AFB2, AFG1, and AFG2; each at 25 pg/mL in MeCN) from

Supelco; PAT (100 ug/mL in MeCN), ZEN (10Qug/mL in MeCN), FB1 [50ug/mL in

water/MeCN (1:1, v/v)], FB2 [5@g/mL in water/MeCN (1:1, v/v)], and FB3 [5@)/mL

in water/MeCN (1:1, v/v)lfrom Romer Labs Corp.; and NIV (100 ug/mL in MeCN),

DON (100ug/mL in MeCN), HT-2 (10Qug/mL in MeCN), and T-2 (10Qg/mL in MeCN)

from Wako Pure Chemical Ind., Ltd.

2.2.2LC-MS/MSanalysis

LC-MS/MS analysis was conducted on a Nexera ultra high perfaeriauid

chromatography (UHPLC) system coupled to an LCMS-8040 tamlexdrupole mass

spectrometer (Shimadzu, Kyoto, Japan). LabSolutions LCM®%aadt(Shimadzu) was

used to control the instruments and to process the data. &ted\NUHPLC system that

| used in the analysis consisted of a system controller (CBM;20 pumps (LC-

30AD), an autosampler (SIL-30AC), a column heater (CTO-20AC), addgasser
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(DGU-20As).

Optimized LC conditions were as follows: Solvent A w@smM ammonium

acetate in water, and solvent B was 2% acetic acid in MeOH.radesgt profile was as

follows: 2% B (0—2.0 min), 55% B (3.0-4.0 min), 70% B1(#nin), 80% B (7.0 min),

95% B (7.01-8.0 min), and 2% B (8.01-11.0 min). Therftate was set to 0.4 mL/min,

and the column temperature was 40°C. The chromatographic sepavas carried out

on a stainless-free Mastro C18 (2.1 x 100 mpm3from Shimadzu GLC (Tokyo, Japan).

The injection volume was fL. The autosampler (SIL 30AC) that | used in this

experiment rinsed both the inner and outer surfaces of the amjewtiedle with solvents

differing from the mobile phases, and four lines of rinse sadvRD, R1, R2, and R3)

were used. The inner surface of the injection needle was rinsethvathsolvents (RO,

R1, and R2), whereas the outer surface was rinsed with two so(®$hand one of RO,

R1, or R2). The following solvents were selected to ringénjection needle: RO, 10 mM

ammonium aetate; R1, 10 mM trisodium citrate; R2 and R3, 1% formic

acid/MeOH/MeCN/IPA (1:1:1:1, viviviv). The profile was desigriedrinse the inner

surface with R1, RO, R2, and RO, and the outer surface witmB®&O0, in that order.

An LCMS-8040 tandem quadrupole mass spectrometer was operabethin

positive and negative mode with an ESI source. Optimized opgadrameters were as
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follows: Nebulizer gas flow, 3 L/min; drying gas flow, 15 L/min; desolvation line

temperature, 300°C; heat block temperature, 500°C. The other parameters were tuned

automatically. The MRM transitions are summarized in Table 2.1.

2.2.3 Adsor ption of fumonisins onto metals

Each metal powder (4 mg; SUS, Fe, Ni, and Pt) was placed into a 1.5-mL

centrifuge tube, and 1 mL of a 5,000/ fumonisin standard solution in 10 mM

ammonium acetate/MeCN (85:15, v/v; solvent A) was added. Each mixture was vortexed

for 1 min and then centrifuged at 10,000 rpm for 1 min. Tipeswatant of each mixture

was filtered and analyzed by LC-MS/MS. This procedure istiitesd in Figure 2.1.

2.2.4 Solvents used to desorb fumonisins from metals

Each metal powder (4 mg; SUS, Fe, Ni, and Pt) was placed into a 1.5-mL

centrifuge tube, and 1 mL of a 5,0Q@/L fumonisin standard solution in 10 mM
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Table 2.1 MRM transitions of 14 mycotoxins.

i _ Precursor ion Product ion Collision energy
Mycotoxin Polarity
(m/2) (m/2) (eVv)d
AFB1 Positive 313.1 285.1 -25
[M+H]* 241.1 -38
AFB2 Positive 315.2 287.1 -26
[M+H]* 259.0 -30
AFG1 Positive 329.0 243.1 -29
[M+H]* 311.1 -23
AFG2 Positive 331.0 313.1 -26
[M+H]* 245.0 -30
OTA Positive 404.2 239.1 -25
[M+H]* 358.2 -17
PAT Negative 153.1 109.2 10
[M—H]~ 81.2 11
NIV Negative 371.2 281.2 14
[M+CH3COQOT 311.1 11
DON Negative 355.2 295.1 10
[M+CH3COQOT 59.2 20
HT-2 Positive 442.2 263.2 -15
[M+NH4]* 105.1 -30
T-2 Positive 484.2 305.2 -16
[M+NH4]* 215.2 -19
FB1 Positive 722.4 334.4 -43
[M+H]* 352.3 -35
FB3 Positive 706.4 336.4 -39
[M+H]* 318.3 -45
FB2 Positive 706.4 336.4 -39
[M+H]* 318.3 -45
ZEN Negative 317.2 131.1 29
[M—H]~ 175.1 25

3 The unit input in LCMS operating software.
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Analysis of

Metal powder 5,000-pg/L fumonisins the supernatant
(SUS, Fe, Ni, Pt) in solvent A?
4 mg
-

ﬁ ﬁ

Vonex Centrifugation

1 min 10,000 rpm

1 min
Centrifuge 2 10 mM ammonium acetate/MeCN (85:15, v/v)

tube

Figure 2.1 Theprocedure for verification of fumonisin adsorption onto mdtalpowder
form).
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ammonium acetate/MeCN (85:15, v/v; solvent A) was added. Each mixture was vortexed

for 1 min and then centrifuged at 10,000 rpm for 1 min. Tipeswatant of each mixture

was removed from the tube, and the following rinse solveats wdded: Water/MeCN

(1:1, v/v; rinse solvent B), 1% formic acid/MeOH/MeCN/IPA (1:1:1:1, v/v/v/v; rinse

solvent C), and 10 mM trisodium citrate (rinse solvent DhEmixture was further

vortexed for 1 min and then centrifuged at 10,000 rpm for 1 Thi@.supernatant of each

mixture was filtered and analyzed by LC-MS/MS. The procedureugridited in Figure

2.2.

2.2.5 Comparison of carryover among different analytical columns

The carryover of fumonisins was compared among the followintytarza

columns: Mastro C18 (2.1 x 100 mmuB), YMC-Triart C18 (2.0 x 100 mm, 3m;

YMC, Kyoto, Japan), Inertsil ODS-4 (2.1 x 100 mnum3; GL Sciences) Zorbax Eclipse

XDB-C18 (2.1 x 100 mm, 3.pm; Agilent Technologies, Geneva, Switzerland), Cadenza

CD-C18 (2 x 100 mm, 8m; Imtakt, Kyoto, Japan), Xbridge(2.1 x 100 mm, 3.hm;

Waters), and L-column 2 ODS (2.1 x 100 mmn3 Chemicals Evaluation and Research
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Removal of

Metal powder 5,000-pg/L fumonisins the supernatant
(SUS Fe, Ni, Pt) in solvent A
4 mg I mL
ﬁ ﬁ
Vortex Centnfugatlon
; ; ' 1 min 10,000 rpm
1 min
Centrifuge
tube Analysis of
Addition of rinse the supernatant

solvent BY, C9, and DY

# ﬁ
Vortex Centnfugatlon
1 min 10, OOO rpm

0 10 mM ammonium acetate/MeCN (85:15, v/v)

b Water/MeCN (1:1, v/v)

9 1% formic acid/MeOH/MeCN/IPA (1:1:1:1, v/v/v/v)
9 10 mM trisodium citrate

Figure 2.2 Theevaluatiorprocedure for the ability of solvents to desorb fumonisins from
a metal (in powder form).
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Institute, Tokyo, Japan). The other LC-MS/MS conditiora thrused in this experiment

are described in the previous section.

2.2.6 Sample preparation

A 2.5-g sample of corn grits crushed in a mill (Labo Milser BMJS; Iwatani,

Tokyo, Japan) was placed into a 50-mL polypropylene centrifulge Then, 20 mL of

2% acetic acid/MeCN (1:1, v/v) was added to the sample, whashmixed at 250 rpm

on a shaker (SR-DS; Taitec, Saitama, Japan) for 1 h. Next, the contents of Q-sep Q110

were added to the tube, and the mixture was vortexed fead centrifuged at 1,580 x

g for 5 min. The supernatant (MeCN phase) was frozen at —30°CHand was again

centrifuged at 1,580 g for 5 min. Then, 5 mL of the supernatant, 1 mL of water,Ghd

uL of acetic acid were mixed and loaded onto a MultiSep 229 Oclniadga. Four

milliliters of the eluate was evaporated completely at 40°C ruadérogen stream, and

the dry residue was dissolved with 4@0of 10 mM ammonium acetate/MeCN (85:15,

v/v). Each sample was filtered with a 0.@20 PTFE filter immediately before LC-

MS/MS analysis.
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2.2.7 Method validation

The method was validated by evaluating the linearity, recoaedyepeatability.

The coefficient of linearity was determined by means of calibratiovesyprepared by

the standard addition method and constructed by plottingdahk areas of the prepared

samples spiked with mycotoxins versus the concentratiohg @irtalytes. The following

concentrations of mycotoxins were added to the samples: 6,21,02, 5, 10, and 20

ng/kg for AFB1, AFB2, AFG1, AFG2, and OTA; 2, 5, 10, 20, 50, 100, and 200 pg/kg for

PAT; 2, 10, 20, 100, 200, 1,000, and 2,000 ng/kg for NIV, DON, ad ZEN; 0.5, 2, 5, 20,

50, 200, and 500g/kg for HT-2 and T2; and 5, 10, 50, 100, 500, 1,000, and 5,000 ug/kg

for FB1, FB2, and FB3. The recovery was assessed using sapifpéeb\sith mycotoxins.

The measurements were repeated five times on the same day. €éhtabépy was

assessed by calculating the RSD of five assays on a singleThayfollowing

concentrations of mycotoxins were added to the samplegkd for AFB1, AFB2, AFG1,

AFG2, and OTA; 5 pg/kg for PAT; 20 ug/kg for NIV, DON, and ZEN; 5 ug/kg for HT-2

and T2; and 50 ug/kg for FB1, FB2, and FB3.
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2.3 Results and Discussion

2.3.1 Optimization of LC-MS/M S conditions

First, the MRM transitions were optimized for the 14 mycotexiFor AFB1,

AFB2, AFG1, AFG2, FB1, FB2, FB3, OTA, PAT, and ZENJ+H]* or [M—-H]~ was

selected as the precursor ion. Acetate adduct ions ([MEOB]) were selected as the

precursor ions for NIV and DON, and ammonium adduct ions ([MANHs precursor

ions for HT-2 and T-2.

The mobile phase was then optimized using a YMC Triart C18 ¢olBAT was

detected as [M—H]with good intensity and shape of the peaks under neutraltworsdi

The sodium adduct ions ([M+NaJof AFB1, AFB2, AFG1, and AFG2 were inhibited by

addition of ammonium acetate to the mobile phase. In contB&t,AB2, FB3, and OTA

were detected at lower intensity of peaks under neutral conditisis assumed that

[M+H]* became less abundant because these mycotoxins have carboxgl griogh

are in dissociated state under neutral conditions. Therefore, acdtwashdded to the

mobile phase to acidify it, and as a result, the intensityeak dramatically improved.
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These findings indicate that good separation and simultadetestion may be achieved

by gradient elution with 10 mM ammonium acetate (A) ande2&iic acid in MeOH (B)

as the mobile phases.

2.3.2 The assay of carryover of fumonisins

Significant carryover of fumonisins was observed when a bialokien (10 mM

ammonium acetate/MeCN; 85:15, v/v) was injected after injection of a standard solution

of mycotoxins under the LC condition examined. The carryover obrat®ns were

estimated as follows: 3Q&g/L for FB1, 376ug/L for FB2, and 389g/L for FB3 (Figure

2.3). These concentrations were calculated from the ratio of the meatoatained from

the 5,000ug/L standard solution of fumonisins) to that obtained froenblank solution.

In general, ionic compounds and hydrophobic compsutend to cause carryover

because they can be adsorbed to materials via known interactiongnteraction with

a metal and hydrophobic interaction with plastic, in the $arft@ny path [1]. The cause

of fumonisin carryover were hypothesized as follows. Because thdenpitzise that |

initially used in the LC gradient program was nearly neutral,ctirboxyl groups in the
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Figure 2.3 A chromatogram showing carryover.
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fumonisins were presumably in a dissociated state when injddted, the dissociated

carboxyl groups in the fumonisins chelated with trace metal®isample flow path and

remained inside the LC-MS/MS system, causing carryover into theequent analysis

(Figure 2.4). Therefore, a standard solution of fumonisins vgasl 1o test whether

fumonisins adsorb onto metals.

2.3.3 Testing whether fumonisins adsor b onto metals

Carryover occurs most often in the injection needle and in thgteahlcolumn

[1-3], both of which are made of SUS. A standard solutidnrmonisins was mixed with

powdered SUS, and powdered Fe and Ni were also analyzed becauaeettiey main

ingredients of SUS. The amount of each fumonisin in the safeet of the mixture was

measured. The same measurement was performed for powdered Ptisvahiemically

inert. Abundance of each fumonisin in the supernatant is shoRigure 2.5 (A). Almost

no fumonisins were detected in the supernatants of powdered=8l&, Ni, suggesting

that the carboxyl groups in the fumonisins under the newralitton are in dissociated

states and adsorb onto the metals by chelation. In contré&stpBthe fumonisins were
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Figure 2.4 Possible coordination interaction of metal ions with FB1.

86



100% OFB1
B FB2
80% | mFB3
60% I
40% I
20%
O% | 1 ] Il ] ||-ﬂ| 1 1 1 o ]
SUS| Fe | Ni | Pt SUSI Fe | Ni| Pt SUS| Fe | Ni| Pt [SUS| Fe | Ni | Pt
(A) (B) © (D)

Figure 2.5 Abundance of fumonisins in supernatants. (A) Supernatantsaalitigion of
each metal powder, (B) water/MeCN (1:1, v/v), (C) 1% formic acid/M&GHCN/IPA
(1:1:1:1, viviviv), and (D) 10 mM trisodium citrate.
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detected in the supernatant of powdered Pt, indicating that fameseldom adsorb onto

Pt.

2.3.4 Solvents used to desor b fumonisins from metals

The rinse solvents used to detach fumonisins from metals wemesthdied.

Fumonisins have four carboxyl groups and a long hydrocautain. | therefore assumed

that fumonisins would desorb when the carboxyl groups rhecondissociated form

under acidic conditions and would dissolve in the organiestdv Therefore, 1% formic

acid/MeOH/MeCN/IPA (1:1:1:1, v/v/v/v; rinse solvent C) was selected to elute the

fumonisins from the metals. A chelating agent was also insbé rinse solvent. It binds

readily to metals and was expected to compete with the femenpromoting desorption

of the fumonisins from the metals. Therefore, 10 mM trisodiuratei (rinse solvent D)

was selected as a chelating agent for the rinse solvent. To cothparese effects,

water/MeCN (1:1, v/v; rinse solvent B) was used as the other solvent. The rinse solvents

were mixed with each metal powder onto which the fumonisins wesorbed, and the

amount of each fumonisin in the supernatant was measurecevidi®t each fumonisin

in the rinse solvents is shown in Figure 2.5.
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Very low levels of fumonisins were detected in water/MeCN (1\), and thus

did not detach from the metals in this rinse solvent. In contifastfumonisins were

effectively desorbed from the metals by 1% formic acid/MeOH/MeCN(PA:1:1,

viviviv) or by 10 mM trisodium citrate [Figure 2.5 (C) and (Dyjth the latter being

particularly effective. It was assumed that the fumonisins desdrbealse the citrate

ions in the solvents chelate with the metals (Figure 2.6).

2.3.5Application of the rinse solventsto injection needles

The inner surface of the injection needle is a possible carryoteerAs

mentioned in the previous section, 1% formic acid/MeOH/MeRA(1:1:1:1, viviviv)

and 10 mM trisodium citrate efficiently detached the fumonisiastiad adsorbed onto

the metals in the flow path. These solvents were therefore selectedsing of the

injection needle.

The autosampler (SIL-30AC) that | used in this experiment ialdaf rinsing

both the inner and outer surfaces of the injectierdle with solvents other than the

mobile phases. The following solvents were used as rinseos®uR0, R1, R2, and R3,
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Figure 2.6 Possible coordination interaction between metal ions and citrae io
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where RO was 10 mM ammonium acetate, R1 was 10 mM trisodtrete, and R2 and
R3 were 1% formic acid/MeOH/MeCN/IPA (1:1:1:1, viviviv). Timmér surface of the
injection needle was sequentially rinsed with R1, RO, R&,R0, and the outer surface
was rinsed with R3 and RO, in that order. | compareduhmnisin carryover between
the two rinseconditions, with one condition involving rinsing ofetlouter surface only
and the other condition involving rinsing of both theanmand outer surfaces. Five
microliters of a 5,00Qtg/L fumonisin standard solution was injected, followedbhy
of a single blank solution (10 mM ammonium acetate/MeCN; 85:15, v/v). The
concentration of each fumonisin carryover was calculated from thefa#ch peak area.
The concentrations of carryover in the first condition (rinsingthaf outer
surface) were 255, 308, and 294¢/L for FB1, FB2, and FB3, respectively. The
concentrations in the second condition (rinsing of bothrtheriand outer surfaces) were
119, 142, and 13Qg/L for FB1, FB2, and FB3, respectively. This result reve#hed
some carryover occurs when fumonisins adsorb onto the inner sufftde® injection
needle. In addition, the carryover is reduced efficiently when ther ismrface of the
injection needle is rinsed with 1% formic acid/MeOH/MeCN/IPAL(1:1, v/vivIv) and

10 mM trisodium citrate.
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2.3.6 Comparison of carryover among different analytical columns

Although carryover was reduced by rinsing of the inner and sutéaces of the

injection needle, ~10Qg/L carryover was still present. Therefore, carryover was also

compared among several analytical columns, which represent otherg@assitces of

carryover.

In many cases, columns for LC analysis are made of SUS to neakelthmns

pressure resistant. Thus, | hypothesized that SUS columns sanmge carryover of

fumonisins. A Mastro C18, in which SUS is inactivated beeaafspolymer frits and

polymer lining of the column body, and six C18 columns Haate SUS frits and body

were selected to test whether carryover occurs. The results are spethiafable 2.2.

Negligible carryover was observed when the Mastro C18 was Tisisdfinding

indicates that the use of columns with polymer frits and palymmg of the column

body helps to reduce carryover. In contrast, soareyover was observed when the

analysis was performed on the six C18 columns, with ceeryconcentrations ranging

from 10 to 10Qug/L. This result suggests that carryover of fumonisins occurs titegn

adsorb onto the surface of SUS frits or body. Thigs@ings indicate that the LC

conditions least conducive to carryover of fumamssinvolve a Mastro C18 for the
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Table 2.2 Concentrations of fumonisin carryover for various columns.

Concentration of carryover (ng/L)

Column

FB1 FB2 FB3
Mastro C18 <5 <5 <5
YMC-Triart C18 119 142 130
Inertsil ODS-4 65 74 82
L-column 2 ODS 37 49 51
Xbridge Gs 38 42 45
Cadenza CD-C18 17 13 20
Zorbax Eclipse XDB-C18 14 17 20
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analysis and 1% formic acid/MeOH/MeCN/IPA (1:1:1:1, vivhdmd 10 mM trisodium

citrate for rinsing of the inner surface of the injection needlehrdroatogram of the

standard solutions obtained under these LC condition®vgrsim Figure 2.7.

2.3.7 Sample preparation

The preparation of corn grit samples involved extraction by meéarthe

QUECHhERS extraction kit followed by purification with Muki® 229 Ochra cartridge.

This cartridge is effective at recovering the mycotoxins under saglyglescribed in

Chapter 1; therefore, the corn grit samples were also purified by means of9épl229

Ochra cartridge. As a result, the pigments and lipids wenewed from the samples

effectively. Good recovery, ranging from 70% to 120%, was &tthivith this preparation

procedug; thus, the method was evaluated further.

94



Abundance

125,000 -
DON

100,000 -

75,000 - NIV AFB1

T-2 FB2

] AFG1
50,000 G AFB> || FB1

PAT
AFG2_
25,000 1

0 -
rfrrrryrrrrjyrrrr[rrrr[rrr o[ rrr Tttt ot LI B

3.5 4.0 4.5 5.0 5.5 6.0 6.5
Time (min)

Figure 2.7 A chromatogram of the 14 mycotoxins for a Mastro C18.
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2.3.8 Method validation

Performance of the method was evaluated using corn grit sar(ifable 2.3).

The coefficient of linearity was >0.991, recovery was 73-117%gand repeatability

(4.0-12.4%) was observed. LOQs for the mycotoxins were defasethe lowest

concentration values visible on the calibration curvasy/Rg for PAT, NIV, DON, and

ZEN; 0.2 ug/kg for AFB1, AFB2, AFG1, AB2, and OTA; 0.5 ng/kg for HT-2 and T2,

and 5ug/kg for FB1, FB2, and FB3. Validation of the standard @mldimethod yielded

good results for the purposes of this project, and it veagddd that internal standards

need not be used. As a result, simultaneous analysis asvais inge of concentrations

was now possible because of minimization of the carryover that®during the analysis

of highly concentrated samples.

2.3.9 Deter mination of 14 mycotoxinsin corn grits purchased in local markets

The method was applied to the analysis of corn grit sanppiehased locally

(Table 2.4). The simultaneous determination rewkatat the corn samples are co-
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Table 2.3 Performance of the method used for determining mycotoxins.

Linearity Recovery Repeatability LOQ Retentiontime

Mycotoxin

(n? (%) (%) (ng/kg) (min)
AFB1 0.993 117 8.6 0.2 5.05
AFB2 0.999 82 4.0 0.2 4.85
AFG1 0.991 92 7.1 0.2 4.63
AFG2 0.998 89 6.6 0.2 4.45
OTA 0.995 78 6.0 0.2 6.21
PAT 0.996 108 12.4 2.0 3.64
NIV >0.999 73 4.4 2.0 3.71
DON 0.999 75 6.7 2.0 3.92
HT-2 >0.999 90 6.5 0.5 5.45
T-2 >0.999 90 5.1 0.5 5.81
FB1 0.998 89 8.4 5.0 5.30
FB3 0.996 89 4.0 5.0 5.64
FB2 0.994 88 8.1 5.0 6.10
ZEN 0.991 95 9.9 2.0 6.45

3 The coefficient of linearity was determined using corn gritgas spiked with each mycotoxin at
the following concentrations: 0.2, 0.5, 1, 2, 5, 10, angddRg for AFB1, AFB2, AFG1, AFG2, and
OTA; 2, 5, 10, 20, 50, 100, and 200 pg/kg for PAT; 2, 10, 20, 100, 200, 1,000, and 2,008/kg for
NIV, DON, and ZEN; 0.5, 2, 5, 20, 50, 200, and 500 pg/kg for HT-2 and T2; and 5, 10, 50, 100, 500,
1,000, and 5,000g9/kg for FB1, FB2, and FB3.

b) Recovery and repeatability assays involved five replicatesarements that were carried out on the
same day using corn grit samples spiked with each mycaoitire following concentrations:i/kg

for AFB1, AFB2, AFG1, AFG2, and OTA; 5 pg/kg for PAT; 20 pg/kg for NIV, DON, and ZEN; 5
ug/kg for HT-2 and T2; and 50 ug/kg for FB1, FB2, and FB3.
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Table 2.4 Mycotoxins detected in the analyzed samples.

Mycotoxin (ng/kg)

Sample
NIV DON HT-2 T-2 FB1 FB2 FB3 ZEN

CG-1 3) 107 0.79 091 595 110 67.1 8.47
CG-2 113 <05 344 59.5 23.6 7.10
CG-3 62.5 103 16.9 5.54 2.06
CG4 <2 149 20.7 67.2 624 <5 214
CG-5 629 44.4 7.35 <5 12.3
CG-6 <2 221 26.4 <5 7.85 5.44
CG-7 251 167 458 65.4 56.6 2.55
CG-8 231 0.70  0.90 1,100 237 125 15.3
CG-9 <2 1,260 26.2 <5 6.63 74.1
CG-10 8.09 5.47 39.0 10.3 7.50 4.86
CG-11 <0.5 298 41.0 34.8

CG-12 15.1 1.01 269 142 5.28 5.57

Incidence”  5/12 11/12 4/12  6/12 12/12 12/12 11/12 10/12

) Blank, no mycotoxins were detect@This corresponds to the number of samples in which each
mycotoxin was detected.
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contaminated with Fusarium toxins,” which include trichothecenes, fumonisins, and

ZEN. To be precise, NIV, DON, ZEN, FB1, FB2, FB3, HTaad T-2 were detected in

the samples. DON, ZEN, FB1, FB2, and FB3 were detected mongefridg than the

other mycotoxins. Compared to the other mycotoxins tested, &@N-B1 showed the

highest levels, with the maxima of 1.26 and 1.10 mg/kgees/ely. The levels of these

mycotoxins are strictly regulated in the EU, with the regulatorgileV"DON in corn grits

being 75Qug/kg and that of fumonisins 1,00@/kg for the total amount of FB1 and FB2

[4]. Thus, the amounts of DON and FB1 detected in this expatiexceed the regulatory

levels of the EU. Similarly, the CODEX set the maximum l@fdDON at 1 mg/kg and

that of fumonisins (FB1 + FB2) at 2 mg/kg for corn gis Thus, one of samples showed

a DON concentration above this maximum level. These resultalezl/that the samples

are contaminated with several mycotoxins and suggest that léneds need to be

controlled constantly, and the international standards need totttoned.
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2.4 Summary

In this chapter, identification of the sources of carryover and naation of

carryover were studied, and simultaneous determination of mycoteasaccomplished

by minimizing the carryover. The highlights are as follows:

The verification assays revealed that fumonisins adsorb ontoa8d&s raw

materials (Fe and Ni) and that they can be desorbed with 1% formic

acid/MeOH/MeCN/IPA (1:1:1:1, viviviv) and 10 mM trisodiuntrate. The

carryover was minimized by rinsing of the inner surface of the injectezdle

with these solvents and by the use of a stainless-free Mastrd i} a method

for simultaneous analysis of 14 mycotoxins was successfellgloped.

The protocol for preparation of corn grit samples was examamebithe matrices

were removed from the samples when the analytes were extracted by freans o

QUECHhERS kit and purified on a MultiSep 229 Ochra cartridge. résults of

method validation showed that simultaneous determination acrkeske aange

of concentrations was made possible by minimization afdlheyover that occurs

during analysis of highly concentrated samples.
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The proposed method was then applied to analysis of 12 grdrisamples

purchased in the market. The results revealed that NIV, DON, EB1, FB2,

FB3, HT-2, and T-2 were present in the samples. DON, ZEN, FB2, and FB3

were detected more frequently than the other mycotoxins.

The simultaneous determination indicated that the corn samplesoare

contaminated withFusariumtoxins,” which include trichothecenes, fumonisins,

and ZEN.
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Chapter 3
|dentification and quantification of fumonisin A1, fumonisin A2, and

fumonisin A3 in corn by LC-Orbitrap MS

3.1 Introduction

In addition to fumonisin B-series, which have been detectedrinsamples at
high concentrations and at frequencies describe@hiapter 2, several derivatives of
these fumonisins (Figure 3.1), including the fumonisisekies N-acetyl derivatives),
fumonisin C-series (demethyl derivatives), and fumorigsseriesN-3-hydroxypiridinium
derivatives), have been detected in the culture medium of the esasum These
compounds are produced Bysarium moniliformgF. verticillioides F. proliferatum F.
nygamj and F. oxysporum1-6]. Toxicity reports have suggested that, similar to the
fumonisin B-series, the fumonisin A-series can atgabit sphingosindN-acyltransferase
[7]. In addition, the fumonisin C-series and P-series are knowa bwth phytotoxic and
cytotoxic [8]. Because there are few reports of detection of variongrigins in foods

and feeds that are directly ingested by humans and animals, thetexignch these
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compounds in cereals pose the risks of toxicity and contanin@imains unclear.

Therefore, | attempted to detect fumonisins in commercially available regeren

corn sample (MTC-9999E) that is naturally contaminated witbatoxins including FB1,

FB2, and FB3. The sample was analyzed using Q-Exactivehwian Orbitrap MS

equipped with a quadrupole mass filter and a collision celictires of the compounds

detected were estimated by fragment analysis using mass spectraeoptbduct ions.

Additionally, a method for determining the amount of snbnisins [fumonisin Al

(FA1), fumonisin A2 (FA2), fumonisin A3 (FA3), FB1, FBand FB3] was developed

and applied to corn samples. The chemical structures of FA1,FA&?,FB1, FB2, and

FB3 are shown in Figure 3.2.
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3.2 Experimental section

3.2.1 Samples and reagents

Mycotoxin reference materials (MTC-9999E, MTC-9990, and FC-448) the

Trilogy Analytical Laboratory (Washington, DC, USA) were usedcam samples

naturally contaminated with mycotoxins including FB1, FB2d FB3. The acceptance

limits of FB1, FB2, and FB3 in the reference materials, withrimm@ted uncertainties,

are shown in Table 3.1. Seven corn samples were also purchased stiprmarkets in

Japan in 2013.

FB1, FB2, and FB3 standards were acquired from Cayman Chemical i©o. (A

Arbor, MI, USA), LKT Laboratories, Inc. (St. Paul, MN, UgAand Medical Research

Council (Swindon, Wiltshire, UK), respectively. Standard sohs containing 5@g/mL

FB1, FB2, and FB3 in MeCN/water (1/1, v/v) were purchased fromdR Labs Corp.

MeOH (LC/MS grade), MeCN (analytical grade), acetic acid (guaranteed tepgda),

ammonium acetate (analytical grade), dipotassiutirdgen phosphate (guaranteed

reagent grade,N-dimethylformamide (guaranteed reagent grade), and acetic anhydride
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Table 3.1 Acceptance limits of FB1, FB2, and FB3 in mycotoxin referenceimadg.

Acceptance limit (mg/kg)

Sample
FB1 FB2 FB3
MTC-9999E 20.7-32.9 5.2-9.0 1.2-2
MTC-9990 1.0-1.6 0.1-0.3 -
FC-443 2.2-5.0 0.5-1.1 0.2-0.4
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(guaranteed reagent grade) were purchased from Kanto Chemical Co.elQél-d

(NMR grade) and Supelpak 2 were acquired from Merck KGaA (Darms&adtnany)

and Sigma-Aldrich, respectively. Water was purified using a pdite Milli-Q system.

The Q-sep Q 110 QUEChERS extraction kit was purchased fromiREZ\ MultiSep

229 Ochra cartridge was purchased from Romer Labs Corp. A Riié¢tEmesh pore

size 0.20um) was acquired from Advantec Toyo Kaisha, Ltd. A Pierce LTQ Vefis E

Positive lon Calibration Solution for positive mode calitlmatof the Orbitrap MS was

acquired from Thermo Fisher Scientific (Bremen, Germany).

3.2.2 Sample preparation

Sample preparation was carried out as described in Chapter 2. bulparta

2.5-g sample was placed in a 50-mL polypropylene centrifuge &ugk20 mL of 2%

acetic acid/MeCN (1:1, v/v) was added. The samples were mi@&dDapm for 1 h on a

shaker (SR DS; Taitec). The contents of Q-sep Q110 were then added to the centrifuge

tube. The mixture was vortexed for 20 s and centrifuged 801x5 for 5 min. The

supernatant (MeCN phase) was frozen at —30°C for 1 h and was thefugedtat 1,580
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x g for 5 min. Next, 5 mL of the supernatant, 1 mL of water, @l of acetic acid were

mixed, and the mixture was loaded onto MultiSep 229 Ochradgetri he eluate (4 mL)

was dried at 40°C under a nitrogen stream, and the dry eesids dissolved in 4060L

of 10 mM ammonium acetate/MeCN (85:15, v/v). Each sample wese@ahrough a

0.20um PTFE filter immediately prior to LC-Orbitrap MS analysis.

3.2.3LC-Orbitrap MSanalysis

LC-Orbitrap MS analysis was performed on an Ultimate 300&sysoupled

to a Q-Exactive mass spectrometer (Thermo Fisher Scientific). TdldoMc2.2 software

(Thermo Fisher Scientific) was used to control the instrumeamdsto process the data.

LC was conducted using 10 mM ammonium acetate as solverd 2% acetic acid in

MeOH as solvent B. The gradient profile was 2% B (0—-2.0 mbf) B (3.0—-4.0 min),

70% B (4.1 min), 80% B (7.0 min), 95% B (7.01-8.0 )nand 2% B (8.01-11.0 min).

The flow rate was set to 0.4 mL/min, and the column tempenaasenaintained at 40°C.

Chromatographic separation was carried out on a Mastro C18 (20D xnm, 3um;

Shimadzu GLC) with the injection volume ofib.
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The Q-Exactive mass spectrometer was operated in positive mibda neated
ESI source (HESI-II) and the spray voltage of 3.00 kV. The capiléarg heater
temperatures were 350°C and 300°C, respectively. The sheathdgasxa@iary gas flow
rates were 40 and 10 arbitrary units, respectively. Mass calibratioanalysis was
performed as follows: (1) instrument calibration was perforipefdre each sequence
using acalibration solution; (2) lock massesnf/z values of 188.98461 and 537.87906)
were typically detected during the entire chromatographic run and wedefor mass
correction during the sequence. Precursor ion scanning was aartied-ull MS mode
at the resolution of 70,000 for tihe'zvalue of 200 (3 scans/s), with an auto gain control
(AGC) target of 3e6, maximum injection time (IT) of 100 as¢ the scan range of 100—
1,000m/z Product ion scanning was conducted in data-dependehtrid@e (dd-M$%)
at the resolution of 17,500 for tin@/zvalue of 200, AGC target of 2e5, maximum IT of
200 ms, normalized collision energy (NCE) of 30 eV, stepp€l Nf 50%, and the scan

range of 50-80@n/z
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3.2.4 Synthesisof FA1, FA2, and FA3 and identification of their structuresby nuclear

magnetic resonance spectroscopy analysis

FA1 was synthesized from FB1 as follows [9, 10]. FB1 (46 was placed in
a 50-mL recovery flask and was dissolved in 0.2 mN®-dimethylformamide. Next,
1.5 mL of a 3 M aqueous solution of dipotassium hydrogessphate and 1.5 mL of
acetic anhydride were added to the FB1 solution and stirtedavmagnetic stirrer for 10
min. After that, 3 mL of water was added to the reaction mix@md,the solution was
stirred for 30 min. To this solution, 50 mL of water wasled, and the whole reaction
mixture was loaded onto Supelpak 2, which had been packedaimopen column
beforehand. The column loaded with the reaction solutionv@abed five times with 15
mL of water and once with 10 mL of a 50% MeCN solutiome Tompounds were then
extracted with 60 mL of a fresh 50% MeCN solution, and the extrastevaporated to
obtain 2.69 mg of FALl. A portion of the FA1 was dissolvagain in MeOH-dand
analyzed by nuclear magnetic resonance spectroscopy (NMRai$iml.29 mg of FA2
and 0.46 mg of FA3 were obtained from 2 mg of FB2 and F&ectively.

Each portion of FALl, FA2, and FA3 dissolved in MeOHwhs analyzed by

NMR. *H NMR (600 MHz) and heteronuclear single-quantum coherence (HSQQjsspect
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were recorded on a Bruker AV 600 instrument (Bruker, Karlsrubem@ny). Chemical

shifts were expressed i (ppm) relative to the solvent signal (MeOH-a" 3.31,5¢

49.0).

3.25 Method validation

The method was validated by evaluating the linearity, recoaedyrepeatability

using a corn grit sample containing @@kg FB1 (FB2, FB3, FA1, FA2, and FA3 were

not detected). The coefficient of linearity was calculated from thére#ibn curves,

which were constructed by plotting the peak areas of the preparptesaspiked with

FAL, FA2, FA3, FB1, FB2, and FB3 standards) against theesurations of the analyte.

The concentrations of FAL1, FA2, FA3, FB1, FB2, and FB3eddo the samples were 5,

10, 50, 100, 500, 1,000, and 5,04§/kg. To the sample, FAl, FA2, FA3, FB1, FB2, and

FB3 were added (50g/kg final concentration) for recovery and repeatability evaloatio

Repeatability was calculated from five measurements on the same day. (R&

definitions of the limit of detection and LOQ are not applieabl high-resolution mass

spectrometric methods because the high mass accuracy yields mitext hoise [11].
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On the other hand, for reliability of quantification, a certain degreconfidence is

required. Therefore, the LOQ in this method was defined as thetloaldwation level

(i.e., 5pg/kg).
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3.3 Reaults and Discussion

3.3.1 Detection of fumonisinsby L C-Orbitrap MS

Figure 3.3 shows chromatograms of the prepared MTC-9999Eebthy full

mass scanning. The retention time of the FB1, FB2, and EBKspdetected in the corn

samples was quite similar to that of the standard solufidrespeaks of FB1, FB2, FB3,

and of three unknown compounds (referred to as compounds I, ll]likndere

simultaneously detected, and the measured mass, theoretical naassgemor, and

calculated formulae are shown in Table 3.2. The only difference bethveaalculated

formulae of i) compounds |, II, and Ill and ii) FB1, FB2, and3FRBas that set “i)”

contained an additional-820 group. This result suggests that compounds |, 1I, and Il

were likely to be FA1, FA2, and FA3, which ddeacetyl derivatives of FB1, FB2, and

FB3, respectively. Therefore, the product ion spectra for each chroagattagpeak were

recorded, and the fragment ions were structurally characterized as descrilwed belo
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Figure 3.3 Chromatograms of compounds in MTC-9999E and standardawdudi FB1,
FB2, and FB3: (A) FB1 in the sample, (B) FB2 and FBhasample, (C) compound I,
(D) compounds Il and 1ll, (E) FB1 standard, and (F) FB2 an8 $iBndards.
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Table 3.2 Characteristic peaks of FB1, FB2, FB3, and of unknown comsoumndTC-

9999E.

. Mass
Compound M easured Theoretical Calculated orror

P mass (m/z) mass (m/z2) formula [M+H]*
(ppm)
FB1 722.3973 722.3958 34H60NO15s 1.59
FB2 706.4020 706.4008 360N O14 1.21
FB3 706.4015 706.4008 34EH60NO14 0.66
Compound | 764.4059 764.4063 36362NO16 -0.48
Compound II 748.4123 748.4114 362N O1s 1.20
Compound Il 748.4118 748.4114 3d862NO1s 0.54

118



3.3.2 Characterization of fragment ions of FB1, FB2, and FB3

Figure 3.4 shows mass spectra of the product ions from sthadktions of

FB1, FB2, and FB3. The signals in the spectra are labelediaetitification (ID)

numbers corresponding to the numbers in Table 3.3, which suresdhe measured

mass, calculated formula, and mass error for each signal. The peass of product

ions of FB1, FB2, and FB3 in the corn sample were similahdégse of the standard

solutions.

Fragment ions wittm/zvalues of 200-800 are likely to be formed by cleavage

of the tricarballylic acids (TCAs) and the hydroxyl groups from the precursor ions; these

characteristic fragmentation patterns were common for FB1, FB2,B#wdircontrast,

at m/zvalues of 50-200, different fragment ions seenweébtm depending on the

positions of the hydroxyl groups in the compound. In the cédragment ions of FB1,

ID 4 of the 10-carbon chain was formed by C—C cleavage at CHil@, W 1 of 2-amino-

1-propanol (APA) was formed by cleavage at C-5. In the case of BBR of APA was

formed by cleavage at C-5, as in the fragment ions of FBéreals an ion of a 10-carbon

chain, such as thatin ID 3 and ID 4, could not be farbecause of the lack of a hydroxyl

group at C-10. In contrast, in the case of FB3, ID 1 wapresent because of the lack
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Figure 3.4 Mass spectra of product ions from standard solutions of FB2, and FB3.

(A) The FB1 standard, (B) FB2 standard, and (C) FB3 standard.
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Table 3.3 Characteristic signal assignment of product ions from massapéctandard
solutions of FB1, FB2, and FB3.

FB1 FB2 FB3
ID  Measured  Calculated Mass Measured  Calculated Mass Measured Calculated  Mass
mass formula error mass formula error mass formula error
(m/2) [M+H]" (ppm) (m/2) [M+H]" (ppm) (m/2) [M+H]" (ppm)
1 74.0601 GHsNO 117 74.0601 &sNO 117
2 159.0290 CeH70s 1.40 159.0290 CeH705 0.92 159.0290 CeH70s 1.21
3 170.1540  CioH20NO 0.39
4 186.1492 C10H20NO2 1.77
5 220.2059 CisH26N -0.35 220.2058 CisH26N -1.03
6  236.2013 CisH2eNO 1.77
7 238.2168  CisH2sNO 0.96 238.2167  CisH2sNO 0.56
8 254.2118 C1sH2sNO2 1.44
9 256.2276  CisHzoNO2 1.93 256.2272  CisH3zoNO2 0.26
10 272.2226 Ci1sH30NOs 0.88
11  316.3001 CozH3sN 0.83
12 318.3157 Cz2HaoN 0.65 318.3158 C22Ha0N 0.85
13 334.3106 C22H4oNO 0.59
14 336.3263  CzHaaNO 0.51 336.3262  Cz2H42NO 0.42
15 352.3213 C22H42NO2 0.72
16 354.3369 C22HaaNO2 0.56 354.3369  C22HaaNO2 0.56
17 370.3318  Cz2H44NO3 0.58
18 492.3330  CasHasNOs 2.18
19 494.3478 C28HasNOs 0.27 494.3480  C2sH4sNOg 0.76
20 510.3431 CasHasNO7 1.14
21 512.3592 CasHs0NO7 1.98 512.3593  CagHsoNO7 2.10
22 528.3538  CosHsoNOs 1.38
23 530.3693  CzgHs2NOs 0.98 530.3691  CagHs2NOg 0.63
24 546.3630 C28H52NO9 -1.13
25 668.3648  C34HsaNO12 1.04
26 670.3806  CzaHseNO12 1.27 670.3789  CasHseNO12 -1.27
27 686.3731  Csz4HseNOas -2.29
28 688.3909  CzaHssNOis 0.87 688.3903 CasHssNO13  —0.01
29 704.3867  CaaHssNOus 2.18
30 706.4016  CsaHeoNO14 1.02 706.4016  CzaHeoNO14 1.10
31 722.3966  Cs4HsoNO1s 1.11
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of a hydroxyl group at C-5, whereas ID 3 of the 10-carbon chasfermed by cleavage

at C-10. ID 2 was present in all three product ion spectrathenchlculated formula was

CeH7Os, which may represent TCA.

These results indicate that the fragmentation of FB1, FB2,F&#l follows

characteristic patterns, such as formation of fragment ions via gkeavia TCAS

(depending on the position of the hydroxyl group) and faonaif TCA present in each

compound.

3.3.3 Analysis of fragment ions of compoundsl, I1, and 11

Figure 3.5 shows the product ion spectra of compoundsadnd Ill, whereas

Table 3.4 summarizes the measured mass, calculated formula, anérmadsr the

fragment ions of these compounds. Compounds I, I, anddied signals with the same

calculated formulae as those of product ions of FB1, FB2F&3dand hydroxyl groups

from the precursor iqf also observed formation of different fragment ions in addition

to product ions which differed by-8,0 from the product ions of FB1, FB2, and FB3.

Notably, ions with the same calculated formulae are labeled vetbattime ID numbers as
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Figure 3.5 Mass spectra of product ions of compounds I, Il, and Ill. (@n@ound I, (B)
compound I, and (C) compound IlI.
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Table 3.4 Characteristic signal assignment in the mass spectra of prodwctofo

compounds |, I, and 1.
Compound | Compound I1 Compound 111
ID Measured Calculated Mass Calculated Mass Calculated Mass
mass formula error Measurt/ad formula error Measur:]/ed formula error
mz e em) ™MD e epmy ™M iy (ppm)
0 60.0444 @HsNO 0.21 60.0445 £HeNO 1.42 60.0444 £1eNO 0.72
1 74.0601 GHsNO 0.25 74.0601 &1sNO 0.97
1 116.0706  CsH1oNO2 -0.35 116.0707 GH10NO2 0.70
2 159.0288 CsH70s -0.04  159.0289 @H70s 0.53 159.0289 64705 0.44
3 170.1541 {GH20NO 0.75
3 212.1646 £GH22NO2 0.21
4 228.1594 Ci2H22NOs  -0.13
5 220.2060 ©H26N 0.29 220.2061 GH26N 0.42
5' 262.2168 GH2sNO 0.99
6 236.2003  CisH26NO -2.38
6' 278.2114 Ci7H2sNO2  -0.20
7 238.2167 GH2sNO 0.84 238.2164 {eH2sNO -0.78
7 280.2264 GH30NO2 -2.70  280.2274 @7H3oNO2 0.89
8 296.2205 CiHzoNOs  -2.07
11 316.2997  CazaHssN -0.61
11' 358.3106  Ca4H4oNO 0.39
12 318.3156 £HaoN 0.08 318.3155 £2HaoN -0.02
12' 360.3261 €1H42NO -0.12  360.3260 @H42NO -0.37
13 334.3102  Cz2H4oNO -0.78
13" 376.3208 C24Hs2NO2  -0.46
14 336.3261 ©H42NO 0.15 336.3260 £2H42NO -0.21
14 378.3367 €iH44aNO2 0.12 378.3367 £2H44aNO2 0.12
15 352.3202 C22H42NO2  -2.40
15' 394.3315 C24HaNOsz  -0.07
16 354.3371 £HANO2 1.34
16' 396.3475 €4H46NOs 0.64 396.3473 £2H46NO3 0.25
17" 412.3418 Co4HaeNOs  -0.75
18" 534.3431 CzoHasNO7 1.14
19' 536.3582 €oHsoNO7 0.08 536.3591 §Hs0NO7 1.66
20° 552.3516 CgoHsoNOs  —-2.67
21 554.3691 @oHs2NOs 0.72 554.3691 §Hs2NOs 0.61
22" 570.3637 CsoHs2NOs  —0.02
23' 572.3793 6H54NOg -0.06  572.3794 GoHsaNOg 0.15
24’ 588.3752  CsoHs4NO1o 1.63
25' 710.3760 CseHseNO13  2.00
26' 712.3914 G5Hs5sNO13 1.53 712.3902 §H58NO13 -0.10
27" 728.3850 CgeHssNO1a  —0.32
28' 730.4010 GsHsoNO14 0.23 730.4014 §HeoNO14 0.82
29" 746.3956 CszeHeoNO1s -0.24
30’ 748.4123 @sH62NO1s 1.20 748.4118 §He62NOa1s 0.54
31" 764.4059 CszeHe2NO1s —0.48
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in Table 3.4, and the calculated formulae for ID numbers that are maikednv

apostrophe in Table 3.4 contain an addition#dO moiety.

For m/z values of 700-800, IDs 2831 were observed at equal intervals.

Because the difference between the calculated formulae pointed to Hesqareof

hydroxyl groups, | concluded that compound | contained thydeoRyl groups and that

compounds 1l and IIl contained two hydroxyl groups each. The samésregere

obtained fom/zvalues of 500-600 (IDs 184).

At m/zvalues of 300—450, the same signals (IDs 11-16) for thaupt ions of

FB1, FB2, and FB3 were observed in addition to signalesponding to FB1, FB2, and

FB3 with an additional &40 moiety (IDs 1}17). It was assumed that cleavage of

C2H20 in compounds I, I, and Ill produced the same fragment iomsFeB1, FB2, and

FB3. This assumption was also madenfdzvalues of 50-300, where IDs 1-7 as well as

IDs I'-7 (that were generated by the cleavage #1:0) were observed. In addition, ID

2, which was a product ion common to FB1, FB2, an8,kBas observed in the case of

compounds |, 1l, and Ill. Because ID 2 represented TCA in théugtdon mass spectra

of FB1, FB2, and FB3, it was presumed that TCA wasalsart of compounds I, Il, and

[ll. Furthermore, different fragment ions depending on the positdrie hydroxyl

groups were observed in the spectra of compounds I, I, and lll. g&iern
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ischaracteristic of the fragmentation of FB1, FB2, and FB&c®® of compound |

revealed that IDs'land 4 were formed, presumably via cleavage at C-10 and C-5,

respectively.

Compound Il contained ID’ but not spectra such as IDs&hd 4, whereas

compound IIl contained ID'3out not ID 1. According to these observations, it was

assumed that the hydroxyl groups were bound to compoundCtatand C-10, to

compound Il at C-10, and to compound Il at C-5.

| hypothesized that compounds I, 1, and Ill contained TCA nesetiydroxyl

groups, and €H-0 moiety and that the fragmentation of compounds I, II, and Il would

be similar to that of FB1, FB2, and FB3, respectively. Becausgaonds I, II, and IlI

may have structure similar to that of the fumonisin B-sedestaining an additional

C2H20 moiety, these compounds may have been FA1, FA2, and#A&) areN-acetyl

derivatives of FB1, FB2, and FB3, respectively. In order tdicorthis hypothesis, |

synthesized FA1, FA2, and FA3 from the standards of FB1, &B&® FB3, respectively,

and compared the product ions of compounds I, Il, and Il wibkelof the synthesized

FAL, FA2, and FAS3, respectively.
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3.3.4 Characterization of compounds I, I, and Ill using FAl, FA2, and FA3

standards

The acetylated derivative of FB1 (acetyl-FB1), which was synthefiaedthe
FB1 standard, was analyzed by LC-Orbitrap MS. The measured tmagsetical mass,
calculated formulae, and mass error were 764.4087, 764.4068,K06, and 3.11 ppm,
respectively. NMR analysis of the synthesized product indicate8.& ppm chemical
shift of the proton at C-2. Because the chemical shift of thempmalt C-2 was found to
be ~3.1 ppm for FB1, this result confirmed that the ssited compound was &k
acetyl derivative of FB1. The chemical shif§ for other protons in théH NMR
(MeOH-dy) data were 1.002 (f = 0.012 Hz, 3H), 1.025-1.100 (m, 6H), 1.235J¢
0.012 Hz, 3H), 1.323-1.632 (m, 18H), 1.690-1.852 (m), 2H017 (brs, 1H), 2.052 (s,
3H), 2.573-2.944 (m, 8H), 3.254-3.335 (m, 2H), 3.18,(1H), 3.852-3.909 (m, 2H),
3.957-4.020 (m, 1H), 5.069 (d#s= 0.005, 0.014 Hz, 1H), and 5.259 @d; 0.005, 0.018
Hz, 1H). These results were in agreement with the values obsenvE81 and those
determined in previous studies [2, 12]. On the basis oétledings, the acetyl-FB1 was
identified as FAL. Purity of the synthesized FA1 was faionoe 87.0%.

The acetyl-FB2 was analyzed by [(@bitrap MS; a measured mass of 748.4120
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was obtained, and the calculated formula wagH16£NOss, with theoretical mass of
748.4114 and the mass error 0.77 ppm. FB2 and aéBfylvere analyzed by NMR; a
peak corresponding to the C-2 proton of FB2 was obsen&@ afpm, while a peak for
the C-2 proton of acetyl-FB2 was observed at 3.9 ppm.ch@mical shift was similar to
that reported for FB1 and FA1L, which is the acetylated form df. FBe NMR results
suggested that aN-acetyl group was bound to C-2 of acetyl-FB2. Additionaltheo
chemical shiftsiH NMR (MeOH-d;)] were observed at 0.790-1.010 (m, 9H), 1.139 (d,
J =0.012 Hz, 3H), 1.160-1.490 (m, 20H), 1.452—-1.608H), 1.671 (brs, 1H), 1.959
(s, 3H), 2.473-2.819 (m, 8H), 3.120-3.220 (m, 2H), B-B4820 (m, 2H), 3.850-3.925
(m, 1H), 5.181 (dJ = 0.021 Hz, 1H), and 5.349 &= 0.008 Hz, 1H). Thus, acetyl-FB2
was identified as FA2. The purity of FA2 was 60.4%.

Similarly, the acetyl-FB3 was analyzed by Orbitrap MS and theviig data
were obtained: measured mass of 748.4122, theoretical mas$.41.174, calculated
formula GeHe2NOs5, and the mass error 1.03 ppmthNMR data, a chemical shift of
the C-2 proton appeared at 3.1 ppm for FB3 and at 3.9fppacetyl-FB3. Additional
chemical shiftsiH NMR (MeOH-d;)] were observed at 0.875-0.980 (m, 9H), 1.127 (d,
J =0.011 Hz, 3H), 1.160-1.520 (m, 20H), 1.650-1.7502), 1.834 (brs, 1H), 1.954

(s, 3H), 2.430-2.830 (m, 8H), 3.130-3.215 (m, 2H), B-83720 (m, 2H), 3.875-3.950
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(m, 1H), 5.151 (td,) = 0.005, 0.018 Hz, 1H), and 5.349 Jt= 0.008 Hz, 1H). Thus,

acetyl-FB3 was identified as FA3. Its purity was 66.5%.

The chromatograms and product ion spectra for compounds I, Il antMTC-

9999E as well as the standards of FA1, FA2, and FA3, respgctdlhined by LC-

Orbitrap MS are shown in Figures 3.6—3.9. Significant sggmathe spectra are labeled

with ID numbers corresponding to the numbers in Tables3375 which show the

measured mass, theoretical mass, calculated formula, and magerezemh key signal

in those spectra. The retention time and product ion spectra fgrocmh | and FAL,

compound Il and FA2, and compound Il and FA3 were in gaogréementtherefore,

compounds I, Il, and IIl were identified Bisacetyl derivatives of FB1, FB2, and FB3, to

be precise, as FAL, FA2, and FA3, respectively.

3.3.5Method validation

Extraction with a QUEChERS kit followed by purification wgsanMultiSep 229

Ochra cartridge was performed for sample preparation. This metigreviously used

for the determination of FB1, FB2, and FB3 (in Chapter 2) hod was considered a
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Figure 3.6 Chromatograms of compounds |, Il, and Ill, and standards of IFAZ, and

FA3. (A) Compound I, (B) FA1 standard, (C) compounds Il kinénd (D) standards of
FA2 and FA3.
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Table 3.5 Characteristic assignment of signals of the product ion specfrBAilo
Calculated

D M easured mass Theoretical mass tormula Masserror
(m'2) (m'2) M +H]- (ppm)

1 159.0289 159.0288 68705 0.05

2 334.3103 334.3104 26H40NO -0.17

3 394.3318 394.3316 244N O3 0.25

4 570.3637 570.3637 352N Og 0.05

5 746.3961 746.3966 36H60NO1s 0.31
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Figure 3.8 Product ion spectra of compound Il and FA2, and characteristic\assng of

signals forFA2. (A) Product ion spectrum of compound II; (B) product ion spectrum of
FA2.

Table 3.6 Characteristic assignment of signals of the product ion specfrBARo

Calculated

D M easured mass Theoretical mass tormula Masserror
(m'2) (m'2) M +H]- (ppm)

1 159.0285 159.0288 68705 -1.77

2 336.3266 336.3261 28H42NO 1.60

3 378.3369 378.3367 24H44NO2 0.68

4 554.3693 554.3687 352N Og 1.05

5 730.4014 730.4008 36H60NO14 -0.32
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Figure 3.9 Product ion spectra of compound Il and FA3 and characteristic assignme
of signals for FA3. (A) A product ion spectrum of compouhdand (B) product ion
spectrum of FAS3.

Table 3.7 Characteristic assignment of signals of the product ion specfrBABo

Calculated

D M easured mass Theoretical mass tormula Masserror
(m'2) (m'2) M H]- (ppm)

1 159.0290 159.0288 68705 1.21

2 336.3259 336.3261 26H4oNO -0.67

3 378.3366 378.3367 24H44NO2 -0.12

4 554.3700 554.3687 352N Og 2.26

5 730.4009 730.4008 36H60NO14 0.06
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valid method for determination of FA1l, FA2, and FA3. Accuracythef method for

guantification of FALl, FA2, FA3, FB1, FB2, and FB3 waslaated using the prepared

corn sample. The results are shown in Table 3.8. The lingagtyery, and repeatability

were acceptable: >0.994, 83-105%, and 3.7-9.5%, respectivelyL®Qs of target

fumonisins with this method were defined as the lowest caliloré&ivels (i.e., mg/kg).

These results suggested that | successfully developed an acceptthiad nfor

simultaneous quantification of FA1l, FA2, FA3, FB1, FB2d &B3 in corn.

3.3.6 Quantification of FA1, FA2, FA3, FB1, FB2, and FB3in corn

Concentrations of FA1l, FA2, FA3, FB1, FB2, and FB3 imcsamples were

determined by a simultaneous analysis. MTC-9999E, MTC-99¢9(k-@n43, which are

contaminated with mycotoxins (including FB1, FB2, and FB®&re selected as the

analytical samples. Because the individual concentrations &f &8l FB2 in MTC-

9999E exceeded the range of the calibration curves, they wietedd10-fold.

Additionally, seven samples of commercially available cornarairtated with FB1, FB2,

and FB3 (C-1 to C-7) were evaluated as reported in Chapter 2. Titts sge shown in
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Table 3.8 Performance of the method.
Linearity Recovery Repeatability LOQ Retentiontime

Myeoroin o T g)m 6)D  (ugkg)  (min)
FA1 0.9996 83 2.7 5 6.44
FA2 0.9999 86 95 5 7.39
FA3 0.9993 95 6.3 5 7.07
FB1 0.9960 102 53 5 591
FB2 0.9946 105 3.7 5 6.68
FB3 0.9962 104 7.1 5 6.26

3 The concentration range of linearity, 5-5,008/kg. ® n = 5 the samples were spiked with
mycotoxins at 5@g/kg.
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Table 3.9. The analysis revealed that the 10 corn samplesd¢haintaminated with FB1,

FB2, and FB3 are also contaminated with FA1, FA2, and FA3

In MTC-9999E, which contained the largest amounts of FB1, BB FB3, the

contaminants belonging to the fumonisin A-series were alsenadxs at relatively high

concentrations, particularly 4.18 mg/kg for FA1, 4.03 mg/kg-#2, and 269ug/kg for

FA3. Additionally, 7.99-62.ng/kg FA1, (<5) to 84.21g/kg FA2, and (<5) to 30.pg/kg

FA3 were detected in commercially available corn. This result cordirtme&t samples

contaminated with fumonisin B-series were also contaminatdd tht fumonisin A-

series. Because fumonisin A-series are producedFbgarium moniliforme F

verticillioides F. proliferatum andF. nygami[1-5], the analyzed corn samples were

likely contaminated with these fungi. Although some researclases temonstrated the

presence of the fumonisin A-seriesHasariumcultures, this thesis is the first report to

describe identification and quantification of FAL1, FA2, and FAGdrn samples. Because

the link between the toxicity and mechanism of action of fuisios is unknown, further

studies on fumonisins and their derivatives are needed.
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Table 3.9 Concentrations of fumonisins in corn samples.

Concentration of fumonisins (ng/kg)

Sample
FA1l FA2 FA3 FB1 FB2 FB3
MTC-9999E  4.18% 4.03% 269 28.6Y 8.87% 2.03%
MTC-9990 256 222 30.2 1.28 320 189
FC-443 501 489 85.2 2.66 715 358
C-1 62.5 45.0 30.6 661 115 534
C-2 10.6 6.64 <5 309 37.2 19.8
C-3 <5b) <5 <5 90.4 21.3 11.5
C-4 42.4 234 8.73 462 86.4 52.1
C-5 59.7 84.2 234 1.58 276 182
C-6 17.9 11.9 5.27 385 43.3 32.9
C-7 7.99 5.90 <5 151 16.4 12.2

@ Concentration unit, mg/k§. “<5” means a peak detected under the LOQ (i.eg/kQg).

137



3.4 Summary

Identification of three compounds detected in a corn sample contamvnistted

mycotoxins (MTC-9999E) was performed by high-resolution LCH&ap MS. The

highlights are as follows:

Because the compounds were hypothesized to be FAL1, FA2, @gvRich are

N-acetyl derivatives of the fumonisin B-series), FAl, FA2, and k8e

synthesized by acetylating FB1, FB2, and FB3, respecti@ynparative

analysis of the retention time and product ion spectra ofdteztd compounds

and of the synthesized FAL, FA2, and FA3 confirmed the ocomgs to be\N-

acetyl derivatives of FB1, FB2, and FB3, to be precise: FA2, and FA3.

A method for simultaneous quantification of the six fumomisifrAl, FA2, FAS3,

FB1, FB2, and FB3—was examined. Corn samples were prepaimg ais

QUECHhERS kit for extraction and MultiSep 229 Ochra cartridgpddfication.

The linearity, recovery, and repeatability were found to be >08841,05%, and

3.7-9.5%, respectively. Thus, | successfully developed a vadithad for

simultaneous quantification of FA1l, FA2, FA3, FB1, FB2d &B3 in corn.

The simultaneous quantification of the six fumonisins reve&latithe 10 corn
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samples that are contaminated with FB1, FB2, and FB3 areafsaminated

with FAL, FA2, and FA3. Although some researchers have detiegtexhisin A-

series inFusariumcultures, this is the first report to describe identificatioth an

quantification of FA1, FA2, and FA3 in corn samples.

According to the results of this study, corn marketed for qopson may be

contaminated not only with fumonisin B-series but also with fumonisin A-

series. Because the relation between the toxicity and mechanism of aictio

fumonisins is unknown, further studies on fumonisind their derivatives are

needed.
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Chapter 4
The method for smultaneous deter mination of 20 Fusarium toxins in

cerealsby L C-Orbitrap M Swith a pentafluorophenyl (PFP) column

4.1 Introduction

In Chapters 2 and 3, vario&sisariumtoxins (trichothecenes, fumonisins, and
zearalenone) were detected in corn samples. It is known that there isegivaer of
Fusarium toxins with equal or higher toxicity and similar structurmong
trichothecenes, derivatives of DON, i.e., 3-acetyldeoxynival¢##ADON) and 15-
acetyldeoxynivalenol (15-ADON), are converted to DON (by deacety)atiorivo and
exert toxic effects comparable to those of DON. Therefore, PMTDIlseta® 1ug/kg-
bw/day for DON and its acetylated derivatives (3-ADON and DEA) by the JECFA
in 2011 [1]. In the zearalenone-groupzearalenol ¢-ZEL), B-zearalenol §-ZEL), a-
zearalanol ¢-ZAL), and B-zearalanol [{-ZAL) are known to be reduced metabolites of
ZEN [2, 3]. Their affinity for estrogenic receptors is rankedhia following order:a-

ZAL >oa-ZEL >B-ZAL >ZEN>B-ZEL, implying that the metabolism of ZEN éeZEL
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anda-ZAL results in a stronger estrogenic effect. A fungus oRhizopuspecies, which

was found in cereals during storage [4], is able to transii# to a-ZEL [5]. Thus,

there is a risk that derivatives of ZEN may be present in cereals

Co-eluting isomers are hardly distinguished by MS/MS berdhbsy share

similar structures and the same molecular weight. As descinbtiils doctoral thesis,

Fusarium toxins include three pairs of regioisomers, namely 3-ADIBANXDON,

FB2/FB3, and FA2/FA3, and two pairs of stereocisomersprZEL/B-ZEL anda-ZAL/B-

ZAL. For accurate determination, it is necessary to separate tleserssby LC. The

existing analytical methods féfusariumtoxin isomers are based on determination of

only a limited number of isomeric pairs {e.g., 3-ADON/15-ADQ@Nd FB2/FB3 [6],

FB2/FB3 and FA2/FA3 (Chapter 3§-ZEL/B-ZEL and o-ZAL/B-ZAL [7], and 3-

ADON/15-ADON, FB2/FB3, andi-ZEL/B-ZEL [8]}. To date, there is no method for

simultaneous determination of the three groupd-w$arium toxins (trichothecenes,

fumonisins, and the zearalenone-group) including five pairs of ispmarsely, 3-

ADON/15-ADON, FB2/FB3, FA2/FA3,a-ZEL/B-ZEL, and a-ZAL/B-ZAL. Such a

simultaneous determination method is highly desirable becauskeofisk of co-

contamination of cereals witfusariumtoxins of different groups.

Hence, in this chapter, a method for simultaneous determiratRFusarium
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toxins, including the isomers, is examined by using LGHap MS. The mycotoxins

tested are NIV, fusarenon-X (FUX), DON, 3-ADON, 15-ADON, HTf2, neosolaniol

(NEO), diacetoxyscirpenol (DAS), FB1, FB2, FB3, FA1, FA23FAEN,a-ZEL, B-ZEL,

a-ZAL, and B-ZAL (Figure 4.1). In addition, the newly developed metha wsed to

determine the 2Busariumtoxins in cereal samples purchased in the market.
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Figure 4.1 Structures ofFusariumtoxins. (A) KeyFusariumtoxins and (B) derivatives
of the keyFusariumtoxins.
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4.2 Experimental section

4.2.1 Samples and reagents

Thirty-four cereal samples, including 13 corn samples (grits and flour; C-1 to C-

13), 12 wheat samples (polished grains and flour; W-1 to W-12), and nine barley samples

(polished grains and flour, B-1 to B-9), were purchased at sagadrmarkets in Japan in

2015. Reference corn samples (DC-617, FC-443, ZC-327, MTC-8880TC-9999E),

which are naturally contaminated with mycotoxins, were acquirech fiigilogy

Analytical Laboratory. The acceptance limits of FB1, FB2, and FBthe reference

materials, with the incorporated uncertainties, are shown in #ahle

MeOH (LC/MS grade), MeCN (analytical grade), acediid (guaranteed

reagent grade), and ammonium acetate (analytical grade) were purchased fitom Ka

Chemical Co., Inc. Water was purified using a Millipore Millisg@stem. The Q-sep Q

110 QUEChERS extraction kit was purchased from RESTA MultiSep 229 Ochra

cartridge was acquired from Romer Labs Corp. A PTFE filter (meshgipe 0.2Gm)

was purchased from Advantec Toyo Kaisha, Ltd. A Pierce LTQ \EERisPositive lon
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Table 4.1 Acceptance limits oFusariumtoxins in mycotoxin reference materials.

Acceptance limit (mg/kg)

Sample
DON HT-2 T-2 FB1 FB2 FB3 ZEN
DC-617 4.2-6.4
FC-443 3) 2.3-49 0.5-0.1 0.2-0.4
ZC-327 1.1-1.9
MTC-9990 1.6-2.2 1.0-1.6 0.1-0.3
MTC-9999E 2.2-3.0 0.3-0.7 0.2-0.4 20.7-35.9 5.2-9.0 1.2-2.3 0.3-0.5

¥ The blank cells indicate that no mycotoxin was certified.
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Calibration Solution for positive mode calibration of the QdmtMS was acquired from

Thermo Fisher Scientific.

The chromatographic separations of thé=B8ariumtoxins using the following

analytical columns were compared: Mastro C18 (2.1 x 150 mm; $himadzu GLC,

Ltd.), Mastro PFP (2.1 x 150 mmya; Shimadzu GLC, Ltd.), ACQUITY UPLC CSH

Fluoro-Phenyl (2.1 x 150 mm, 1jifn; Waters), and Discovery HS F5 (2.1 x 150 mm, 3

um; Supelco).

The standard solutions of NIV (1Q®/mL in MeCN), FUX (100ug/mL in

MeCN), DON (100ug/mL in MeCN), 3-ADON (10Qug/mL in MeCN), 15-ADON (100

pg/mL in MeCN), HT-2 (10Qug/mL in MeCN), T-2 (10Qug/mL in MeCN), NEO (100

pug/mL in MeCN), and DAS (10@g/mL in MeCN) were purchased from Wako Pure

Chemical Ind., Ltd., whereas those of FB1 (g@mL in MeCN/water, 1:1 v/v), FB2 (50

pug/mL in MeCN/water, 1:1 v/v), FB3 (50g/mL in MeCN/water, 1:1 v/v), ZEN (100

pug/mL in MeCN),a-ZEL (10ug/mL in MeCN),B-ZEL (10ug/mL in MeCN),a-ZAL (10

pug/mL in MeCN), and3-ZAL (10 ug/mL in MeCN) were acquired from Romer Labs

Corp. FALl, FA2, and FA3 were prepared by acetylation of the FB2, and FB3

standards, respectively, as described in Chapter 3.
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4.2.2 Sample preparation

Sample preparation was carried out as previously described (in Chapteds

3). In particular, corn grits and polished grains were grdagfdrehand in a Labo Milser

LM-PLUS (Iwatani). A 2.5-g sample was placed in a 50-mL polgplene centrifuge

tube, and 20 mL of 2% acetic acid/MeCN (1:1, v/v) was adtled samples were mixed

at 250 rpm on a shaker (SRBS; Taitec) for 1 h. The contents of Q-sep Q110 were then

added to the centrifuge tube. The mixture was vortexed for 20 semtrifuged at 1,580

x g for 5 min. The supernatant (MeCN phase) was frozen at —30r°C i and then

centrifuged at 1,580 g for 5 min. Next, 5 mL of the supernatant, 1 mL of waded 60

uL of acetic acid were mixed, and the mixture was applied to tHeSép 229 Ochra

cartridge. The eluate (4 mL) was dried at 40°C under a nitrogen samculissolved in

400 pL of 10 mM ammonium acetate/MeCN (85:15, v/v). Each sample wasep

through a 0.2Qun PTFE filter immediately prior to LC-Orbitrap MS analysis.
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4.2.3LC-Orbitrap MSanalysis

LC-Orbitrap MS analysis was performed on an Ultimate 300&sysoupled

to a Q-Exactive mass spectrometer (Thermo Fisher Scientific). GaléoXr 2.2 software

(Thermo Fisher Scientific) was used to control the instrumentsogmcess the data.

LC was performed using 10 mM ammonium acetate as solverd A% racetic

acid in MeOH as solvent B. The gradient profile was 20% B (),m0% B (1-2 min),

60% B (2 min), 70% B (9 min), 95% B (9-12 min), and 20%B-15 min). The flow

rate was set to 0.3 mL/min, and the column temperature wagamad at 40°C. The

chromatographic separation was conducted on a Mastro PFPX30QLmm, 3um) with

the injection volume of [L.

The Q-Exactive mass spectrometer was operated in positive mibda neated

ESI source (HESI-II) and the spray voltage of 3.00 kV. Capifiayheater temperatures

were fixed at 350°C and 300°C, respectively. The sheath gas@maixiliary gas flow

rates were set to 40 and 10 arbitrary units, respectively. The cafibsation was

performed as described in Chapter 3, namely, (1) calibratioheoinistrument was

performed before each sequence using a calibration solution; (2) the lock masses (m/z

values of 188.98461 and 537.87906) were usually detected gduhn@ whole
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chromatographic run and were used for mass correction during thenseqgurhe
precursor ion scan was carried out in full MS mode at the resolat 140,000 for the
m/zvalue of 200 (3 scans/s), with an AGC target of 3e6, maxitiuofi 100 ms, and a
scan range of 100-1,00@z For quantification, ammonium adduct ions [M+Hwvere
selected for HT-2, T-2, NEO, and DAS, whereas proton adductNorid][* were selected
for the other mycotoxins under study because of the high ségsitipositive mode. To
evaluate the presence of the mycotoxins in question, a progustan was conducted in
targeted M&mode at the resolution of 140,000 for th&zvalue of 200, AGC target of
2e5, maximum IT of 200 ms, NCE of 30 eV, stepped NCEQ8%, and a scan range of
50-800m/z Table 4.2 shows the parameters used for quantification and cedificét

the 20Fusariumtoxins by LC-Orbitrap MS.

4.2.4 Method validation

The method was validated by evaluating the linearity, recoaedyepeatability.
The coefficient of linearity was calculated from the calibration cuofethe standard

addition methodthey were constructed by plotting the areas of the prepared samples
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Table 4.2 Parameters for LC-Orbitrap MS analysis of thé=B8ariumtoxins.

Precursor ion for

Product ion for

Fusarium Analyzed o o Retention
toxin on quantification certification time (min)
(m/2) (m/2)
NIV [M+H] * 313.12818 137.05971/295.11761 2.99
FUX [M+H]* 355.13874 137.05971/247.09649 4.55
DON [M+H]* 297.13326 203.10666/249.11214 3.85
3-ADON [M+H]* 339.14383 203.10666 /231.10157 5.50
15-ADON  [M+H]* 339.14383 137.05971 /321.13326 5.35
HT-2 [M+NH4]* 442.24354 215.10666/263.12779 7.88
T-2 [M+NH4]* 484.25411 185.09609/215.10666 9.88
NEO [M+NH4]* 400.19659 215.10666/305.13835 4.64
DAS [M+NH4]* 384.20168 247.13287/307.15400 6.49
FB1 [M+H]* 722.39575 334.31044/352.32101 8.73
FB2 [M+H]* 706.40083 318.31553/336.32609 11.57
FB3 [M+H]* 706.40083 318.31553/336.32609 10.67
FA1l [M+H]* 764.40631 728.38518/746.39575 8.21
FA2 [M+H]* 748.41140 318.31553/730.40083 11.11
FA3 [M+H]* 748.41140 336.32609/378.33666 10.42
ZEN [M+H]* 319.15400 187.07536/283.13287 11.95
a-ZEL [M+H]* 321.16965 189.09101/303.15909 11.78
B-ZEL [M+H]* 321.16965 285.14852/303.15909 10.77
a-ZAL [M+H] * 323.18530 123.04406/305.17474 11.44
B-ZAL [M+H] * 323.18530 189.09101/305.17474 9.61
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(spiked with the 20Fusarium toxins) versus the analyte concentrations. The

concentrations oFusariumtoxins added to the test samples were 5, 10, 50, 100, 500

1,000, and 5,000ag/kg. Recovery was assessed using samples spiked with ehel26f t

Fusarium toxins. Repeatability was assessed by calculating the REDive

measurements on a single d&pr recovery and repeatability studies, the test samples

were spiked with eachrusarium toxin (final concentration 10@ug/kg) before the

extraction process. As described in Chapter 3, the limit of deteatid LOQ are not

applicable to high-resolution mass spectrometric methods behalsenass accuracy

yields only limited noise [9], which is sometimes not detlelet. Nevertheless, to ensure

proper quantification, a certain degree of confidence is required, irhthis method, the

LOQ was defined as the lowest calibration level (i.eg&g).
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4.3 Results and Discussion

4.3.1 Separation of 20 Fusarium toxins on the PFP column

Initially, LC separation was examined using a Cb8umn, Mastro C18, as

described in Chapter 2. Separation of thé&@8ariumtoxins was attempted by means of

10 mM ammonium acetate and 2% acetic acid in Me@Hnabile phases. The

chromatograms of 200g/L standards in a neat solvent on the C18 column are simown

Figure 4.2. In the LC condition, 3-ADON and 15-ADON wer¢ campletely separated.

Thus, the PFP column (Mastro PFP) was tested. The PFP cehabies separation of

regio- and stereoisomers by electrostatic inteoastiwith the fluorine atoms in the

functional groups on the support [10, 11]. The chromatogrd8@ug/L standards in

a neat solvent for the PFP column are shown in Figure 4.20AUsariumtoxins were

completely separated with good peak shapes. Separation of 3-ADOKS5-ADON on

the PFP column can be attributed to the different positioheaf hydroxyl groups: 3-

ADON, in which the hydroxyl groups are closer tccleather, showed a stronger

electrostatic interaction with the PFP functional group, as compargs-ADON [12].

155



100
% 1;?57 ‘ miz: 31312818
l(lg -
% FUX ‘ miz: 35513874
y 4.12
3 23? ‘ miz: 297.13326
100 : _ 3
% F ADON 4+8125 ADON miz: 339.14383
108
3 P;T'z ‘ mfz: 442.24354
lng A7 T2
% g ;5 A m/z: 484.25411
€ b NEO
g 4.29 m/z: 400.19659
8 100 DAS
z % m/z: 384.20168
2 5.86
L 3 FB1 l
2 /22 722.39575
§ o 7.14 miz
% gg; 1F0B4522 m/z: 706.40083
108
FA1
% 0.03 1 m/z: 764.40631
108
FA2
% 1F1A238 L 11.45 m/z: 748.41140
108
% IZOE; ‘ m/z: 319.15400
108
-ZEL -ZEL
% B8 44, ‘alo 04 m/z: 321.16965
\ . .
10 % ﬁ-ZAL‘ a-ZAL
m/z: 323.18530
E . 7.88 A 9.43 . )
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 2.0 10.0 1.0 12.0 13.0 14.0 15.0
Time (min)

Figure 4.2 Chromatograms of the Zusariumtoxins for the Mastro C18. The analytical
sample consisted of a 2Q@/L standard in a neat solvent. The extraction mass window
was 5 ppm.
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Figure 4.3 Chromatograms of the Z&usariumtoxins for the Mastro PFP. The analytical
sample consisted of 2Q@y/L standards in a neat solvent. The extraction mass window
was 5 ppm.
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In addition, the separation of the isomers was comparedtwathobtained by

means of an ACQUITY UPLC CSH Fluoro-Phenyl and a Discove®yH3, under the

same gradient conditions. The characteristic chromatograms @CBNAL5-ADON,

FB2/FB3, and FA2/FA3 are shown in Figure 4.4. Separaifon-ZEL/B-ZEL anda-

ZAL/B-ZAL on both PFP columns was relatively good. Nonetheleiis,the ACQUITY

UPLC CSH Fluoro-phenyl, the separation of 3-ADON/15-ADON BA@/FA3 was not

satisfactory, and minor peak tailing was observed. Moreovemwriisin peaks showed

severe tailing with the Discovery HS F5. Although a multialeaipethod does not

provide ideal conditions for all compounds, according to theséseslastro PFP, which

allowed for separation of the Eusariumtoxins with good peak shapes, was selected as

the optimal column.

4.3.2 Detection of the 20 Fusarium toxins by L C-Orbitrap M S

Next, the detection of known compounds in cereal matrices was cedfwia

accurate mass measurement by Orbitrap MS. The extracted accurate nraasogieons

and nominal mass chromatograms were compared using a corn saikgdersth 100-
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Figure 4.4 Chromatograms of 3-ADON/15-ADON, FB2/FB3, and FA2/FAB (a) a
Mastro PFP, (B) an ACQUITY UPLC CSH Fluoro-Phenyl, and (Djszovery HS F5.
The analytical sample consisted of 20§L standards in a neat solvent. The extraction
mass window was +5 ppm.
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ug/kg Fusarium toxin standards (Figure 4.5). In the total ion chromatogral@)(T
contaminating compounds from all matrix components were detedted the retention
time of eachFusariumtoxin. The corn sample was prepared by the method desanibed
subsection 4.2.2. In the extracted nominal mass chromatogd¥vh8-ADON, and 15-
ADON could not be distinguished from the matrix componenigupie 4.5 (A)]. In
contrast, the extracted accurate mass chromatography showed clear peak®@or
Fusarium toxins in the corn sample. These results suggested that theatacouass
measurements were suitable for detectioRusfariumtoxins in food [Figure 4.5 (B)].

The mass error is the difference between measured and theoretical sraad. A
value of the mass error indicates that the measured mass istoltse theoretical mass
and that known compounds can be detected with aagluracy. The mass error was
determined for 20@g/L Fusariumtoxin standards in a neat solvent, for a corn sample
spiked with 1001g/kg standards ofusariumtoxins, and for a reference corn sample
(MTC-9999E) naturally contaminated with mycotoxifi3ON, HT-2, T-2, FB1, FB2,
FB3, and ZEN). Table 4.3 summarizes the measured masses andsthemors. The
mass errors were within £0.30 ppm for the standard and withifi7 ppm for the corn
samples. In accordance with the guidelines estaalivy the EC [13], a mass error

within £5 ppm is used as a criterion for compound identificafidrus, high-resolution
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Figure 4.5 Extracted ion chromatograms of the BOsariumtoxins by means of (A)
nominal mass (extraction mass window +0.5 units) and (B) accurade (extraction
mass window =5 ppm). The analytical sample consisted of gokedswith 100ng/kg
standards.
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Orbitrap MS analysis proved to be suitable for accurate detectibe @Fusarium

toxins in cereal matrices.

4.3.3 Method validation

Extraction with a QUEChERS kit followed by purification wgiNultiSep

229 Ochra cartridge was used for sample preparation. As shouwime imbove

experiments (Chapters 1, 2, and 3), this procedure is alsd @sekimultaneous

purification ofFusariumtoxins, including NIV, DON, HT-2, T-2, FB1, FB2, FB3EN,

FA1, FA2, and FA3. Thus, this is a viable method for amalgkthe otheFusarium

toxins in this study, namely, FUX, 3-ADON, 15-ADONER), DAS,a-ZEL, B-ZEL,

a-ZAL, and B-ZAL. The method for determination of the Fisariumtoxins was

evaluated using prepared corn, wheat, and barley samples sjpiéadigariumtoxin

standards. | selected the samples in wiiskariumtoxins were not detected or were

detected at very low concentrations as confirmed by the preparagitvodnand the

LC-Orbitrap MS analysis (subsections 4.2.2 and 4.2.3)rd$éts are shown in Table

4.4. The linearity, repeatability, and recovery were acceptabl@96071-106%, and
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0.8-14.7%, respectively. The LOQs were identical to the logadttration levels (i.e., 5

ug/kg). Moreover, the analytical levels of DON, HT-2, T-2,1FBB2, FB3, and ZEN in

the reference corn samples (DC-617, FC-443, ZC-327, MTC-9990Mai9999E)

were within the acceptance limits. Because the individual corat®ns of FB1 and FB2

in the MTC-9999E sample exceeded the range of the calibration cueverdpared

sample was diluted 10-fold with 10 mM ammonium acetate/MEENLS5, v/v) prior to

the analysis.

The “dilute-and-shoot” approach to multi-mycotoxin analyass,reported by

Sulyoket al.[8], is easily implemented because it requires only extractittharxsolvent

(e.g., water/MeCN); however, large amounts of matrix componentsyatsextracted

simultaneously. Although target peaks can be distinguished rftatrix components by

Orbitrap MS, sample preparation, especially the purification pspéggmportant for

stable and consecutive quantification. In addition, althoughréported method is

suitable for quantification of 87 analytes, including 3-ADONADON, FB2/FB3, and

a-ZEL/B-ZEL, it does not yield sufficient separation of 3-ADON/1B®N in terms of

retention time. Moreover, in this method, because 3-ADQi¢iscted in negative mode

and 15-ADON in positive mode, two chromatographic runs pepka(n positive and

negative mode) are needed. Hence, 3-ADON and 15-ADON coulgersatnultaneously
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analyzed. In comparison with the method reported by Sulyeknthod proposed here

has the following advantages: (1) the possibility of siemdbus analysis in positive

mode because 3-ADON and AON are completely separated; (2) wide calibration

ranges for the toxins under studwith similar recovery and repeatability; (3)

contamination of the instrument by matrix components idikedy because of the sample

preparation step. Thus, | successfully developed a methodrfoit@neous determination

of 20 Fusariumtoxins in corn, wheat, and barley samples.

4.3.4 Determination of the 20 Fusarium toxinsin cereal samples

Concentrations of the 2@usarium toxins in commercial cereal samples,

including 13 corn samples, 12 wheat samples, and 9 baeplas, were analyzed by

the simultaneous determination method. The reference corn samplesli) FC-443,

ZC-327, MTC-9990, and MTC-9999E), which are contaminated witlowaFRusarium

toxins, were selected for the analysis. The concentrations were caldydbedstandard

addition method, in order to compensate for the losses dsaimgle preparation and for

adjustment of matrix effects. Therefore, it was not necessary &wately correct the
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values for recovery. The results are shown in Tables 4.5 and 4.6

In the commercial corn samples (C-1 to C-13 in Table 4.5), FUX\N,D&®

ADON, 15-ADON, T-2, DAS, FB1, FB2, FB3, FA1, FA2, FA8nd ZEN were detected.

DON, 15-ADON, FB1, FB2, FB3, FA1, FA2, FA3 and ZENre detected in more than

a half of the samples, whereas FB1, FB2, and FB3 in all eonplss. FB1 showed the

highest concentrations, with a maximum of 1.30 mg/kghHigncentrations of DON,

15-ADON, and ZEN were detected more frequently in corn samipdesih wheat and

barley samples, with maximal concentrations of 1.11 md#&gug/kg, and 148.g/kg,

respectively. NIV, HT-2, NEQy-ZEL, B-ZEL, a-ZAL, andB-ZAL were not detected. The

reference corn samples showed the same trend as the commercial omEMlid 5-

ADON, FB1, FB2, FB3, FAL, FA2, FA3, and ZEN were detedteall samples, whereas

a-ZEL, B-ZEL, a-ZAL, and B-ZAL were not detected. These results revealed that corn

samples are at a high risk of co-contamination with variougpgrotFusariumtoxins.

In wheat samples (W-1 to W-12 in Table 4.6), trichothecenes vwe¢eetdd, and

NIV, FUX, DON, HT-2, and T-2 were detected in more than a halhefsamples. The

concentration of DON was particularly high, with a maximum%f gg/kg. FB1, FB2,

and ZEN were detected in some samples, but their concentrattvaselatively low.

FB3, FAL, FA2, FA3p-ZEL, B-ZEL, a-ZAL, andp-ZAL were not detected in any wheat
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sample. These results confirmed that wheat samples are co-aguattohiwith
trichothecenes.

Co-contamination with trichothecenes was also detected in barlg@jesa(B-1
to B-9 in Table 4.6), but the rates of detection and the condensatere relatively low.
The maximal concentration was observed for DON (id/&g). a-ZEL, B-ZEL, a-ZAL,
and B-ZAL were not detected in any cereal samples. Because these comprend
derivatives (reduced metabolites) of ZEN, this finding indictitasthe risk of ZEN being
metabolized and reduced by microorganisms during cereal storage is |

These results confirmed that cereals are susceptible to co-contamiwétti
Fusariumtoxins. Corn is at a particularly high risk of co-contamuoratwith various

Fusariumtoxins, namely, trichothecenes, fumonisins, and ZENight concentrations.
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4.4 Summary

| successfully developed a method for simultaneous determinatio?0 of

Fusariumtoxins (including five pairs of isomers) in cereal products 6yQrbitrap MS

with a PFP column. The highlights are as follows:

Complete separation of Zeusariumtoxins was achieved using a Mastro PFP.

Additionally, theFusariumtoxins in cereal matrices could be accurately detected

by Orbitrap MS with a mass error within £0.77 ppm.

Corn, wheat, and barley samples were prepared using a QUEChERS ki

extraction and MultiSep 229 Ochra cartridge for purificationiddion of the

newly developed method was successful. Additionally, aicalyievels of

Fusariumtoxins in the reference corn samples were within the acceptance limits

Thus, the development of the method for simultaneous detationnof 20

Fusariumtoxins was successful.

Commercially available corn, wheat, and barley samples were analyingtthe

method, and the results revealed thasariumtoxins, namely trichothecenes,

fumonisins, and ZEN, were detected at high concentrations ahdawhigh

frequency in the corn samples. Fumonisin B-series, in partioudae detected
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at high concentrations. Trichothecenes were detected in the whebtdeyl

samples. In particular, DON was detected at a high frequendieCather hand,

a-ZEL, B-ZEL, a-ZAL, and B-ZAL, which are derivatives of ZEN, were not

detected in all the samples.
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Conclusions

In this thesis, simultaneous determination methods for raycw in food by

LC-MS/MS and LC-Orbitrap MS are proposed as new official methidus development

of simple and easy protocols for sample preparations and optiomiz#tLC conditions

were performed for mycotoxins with different properties in variéasd products.

Commercially available samples of beer, wine, corn, wheatarely were analyzed by

these methods. As a resiitjsariumtoxins were detected frequently, i.e., were found to

be frequent contaminants of food. In particular, corn samples wenmsd fto be

contaminated not only with the k€ysariumtoxins but also with their derivatives.

1. Methods for the multiple determinations of 15 key mycotogmisich have gained

international attention) in beers and wines by LC-MS/MS wlergloped here.

Carryover of FB1, FB2, FB3, and OTA was observed during@experiments.

To prevent the carryover, two types of LC conditions were used.

The beer samples were prepared for extraction with MeCN by the QUESChE

method, followed by purification by means of a C18 cartriddpe. freparation
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procedure was able to recover the mycotoxins in question agichtve matrices

such as beer pigments.

The wine samples were prepared for the second purification withSdpl229

Ochra cartridge after extraction and the first purification by meanasit®ILB

cartridge. The sample preparation procedure allowed me to remove trenagm

and highly polar matrices from wines, and chromatograms witd gmeak

shapes were obtained.

Commercially available beers and wines were analyzed by these mdthivd

DON, FB1, FB2, and FB3 were detected in the beer sampleseasdFB1, FB2,

FB3, and OTA were detected in the wine samples. The newgtajeed methods

revealed that beer and wine are at risk of co-contamination with myesto

whereas the identified mycotoxins were detected under the LOQpadlsig) a

low risk to human health.

2. A method was developed for the simultaneous determinaticeyahlycotoxins with

minimization of carryover in a single run.

Because the carryover of FB1, FB2, and FB3 was confirmed to bedchys
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adsorption to metals, minimization of carryover was achieved bggusi

appropriate solvents for washing in an injection needle andibyg an analytical

column with low activity of metals.

Corn samples were prepared for extraction with MeCN by the QUEShE

method followed by purification by means of MultiSep 22%hfccartridge.

Matrix components such as pigments and lipids (presetiteircorn samples)

were adequately removed.

Method validation yielded good results. Simultaneous deteripmaicross a

wide range of concentrations was accomplished by minimizincgttngover that

occurs with highly concentrated samples.

Analysis of commercially available corn samples by these metievdsled the

presence of trichothecenes (NIV, DON, HT-2, and T-2), fumon{§iB4, FB2,

and FB3), and ZEN. In particular, DON, FB1, FB2, FB3, 2Bt were detected

at high concentrations and with a high frequency. These resels that the

samples are co-contaminated wkihsarium toxins, which were found to be

trichothecenes, fumonisins, and ZEN.
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3. Fumonisin A-series, which represent derivatives of the fumonisserigs, were

identified by LC-Orbitrap MS, and a simultaneous quantifccatifor these

fumonisins in corn samples was developed successfully.

Three unknown compounds were detected by LC-Orbitrap MS in a @onples

contaminated with fumonisins B-series. Those compounds wpmhesized to

be FAl, FA2, and FA3, which ai-acetylated derivatives of the fumonisin B-

series. Comparison with synthesized fumonisin A-series revemédhie three

unknown compounds are FAL, FA2, and FA3.

A method for simultaneous quantification of six fumonisiisl(FFA2, FA3, FB1,

FB2, and FB3) in corn samples was examined. The sampglesprepared for

extraction with MeCN by the QUEChERS method followed byfjmation by

means of MultiSep 229 Ochra cartrid@en corn samples that are contaminated

with mycotoxins (including FB1, FB2, and FB3) were analyzethgushe

method FAL, FA2, and FA3 were detected in all the samples.

This result represents the first identification and quantificadfdFAl, FA2, and

FA3 in corn samples.
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4. A method for simultaneous determination off2&ariumtoxins by LC-Orbitrap MS

with a PFP column was developed.

TwentyFusariumtoxins including isomers were separated completely onfkRe P

column. Additionally, thé-usariumtoxins in cereal matrices could be accurately

detected by Orbitrap MS with a mass error within £0.77 ppm.

The samples of corn, wheat, and barley were prepared for extradgtoM@CN

by the QUEChERS method followed by purification using Map 229 Ochra

cartridge. The method was validated for each sample, and good nestdts

obtained.

Analysis of 34 commercially available cereals revealed that they aré high

susceptible to co-contamination wigusariumtoxins. Corn is at a particularly

high risk of co-contamination with varioususarium toxins at high

concentrations. Thus, in the future, continuous control and torong of

Fusariumtoxins will be necessary to ensure food safety and to prezenbmic

losses. The method reported herein proved to be suitable fouthisse.

The simultaneous determination of mycotoxins should strengtmguriations

related to mycotoxins in Japan in the near future and enablestitiegent management.
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| believe that this thesis will help to reduce the risks aatetiwith food contamination

and can publicize the importance of simultaneous determinatiosn spastrometry and

thereby may pave the way for its adoption as a new officialadeth
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