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1. Bevezetés

A zearalenon (ZEN) Fusarium gombafajok altal termelt, féleg gabonafélékben
eléforduld, xenoOsztogén  hatdsi  mikotoxin.  Oralis  expoziciot  kovetd
biotranszformacidja soran redukalt szarmazékok (a-/B-zearalenol, zearalanon, o-/B-
zearalanol), valamint szulfat és glilkuronid konjugatumok képzddnek. A redukalt
metabolitok az anyavegyiilettel kdzel azonos, vagy akar még erdsebb xenodsztrogén
hatasokkal rendelkeznek (pl. a-zearalenol €s a-zearalanol). A fonalas gombak is képesek
a ZEN szulfat konjugatumainak 1étrehozasara, mig a mikotoxin novényekben lejatszodo
biotranszformacidja soran un. ,,maszkolt mikotoxinok™ (pl. gliikozid szarmazékok)
képzédnek, melyek analitikai detektalasa nehézkes, féleg az analitikai standardok
hianyabol adddoan. A konjugalt metabolitok szintén megjelennek a takarmanyban és
egyes élelmiszerekben, ezaltal allati és human expoziciojuk is jelent6s lehet.

Az albumin a keringésben legnagyobb mennyiségben megtalalhatd plazmafehérje,
mely egyéb funkcioi mellett endogén és exogén molekulak (pl. egyes mikotoxinok)
megkotésére is képes. A kolcsonhatds sordan kialakuld komplexek stabilitasa
befolyasolhatja a k6tédd molekuldk szoveti disztribuciodjat és eliminacidjuk sebességét.

A ciklodextrinek (CD) széleskorben alkalmazott, gliikoz egységekbdl felépiild,
gylrti alaka molekulak. Belso, lipofil iiregiiknek koészonhetéen gazda-vendég tipusu
zarvanykomplexek kialakitasara képesek apolaros molekulakkal, tobbek kozott egyes
mikotoxinokkal is. Mig kiils6, hidrofil résziik kivalo vizoldhatdsagot biztosit szamukra.
A  fluoreszcens tulajdonsagti  mikotoxinokkal —torténé komplexképzodés a
vendégmolekulak fluoreszcens jelének jelentds emelkedésével jar, igy a CD technolodgia
alkalmas lehet a mikotoxinok analitikai detektalasanak érzékenyitésére. Emellett a vizben
nem oldodo feliilethez kapcsolt CD polimerek igéretes mikotoxin kotdnek tlinnek vizes
oldatok toxinmentesitésére.

Ertekezésemben roviden bemutatom a ZEN-t és metabolitjait, a szérum albumint,
a mikotoxin-albumin koélecsonhatasokat, a CD-eket és felhasznalasi terileteiket, valamint
a mikotoxin-CD interakciokat. Emellett részletes targyalasra keriilnek az altalam
megvizsgalt mikotoxin-albumin és mikotoxin-ciklodextrin interakciok és a kapcsolodo 1j

megfigyeléseim, kitérve e kdlcsonhatasok lehetséges gyakorlati hasznosithatosagara is.



2. Irodalmi attekintés

2.1. Zearalenon
2.1.1. Zearalenon eldfordulasa, tulajdonsdgai és detektaldasa

A mikotoxinok fonalas gombak masodlagos anyagcseretermékei, melyek a
taplalékkal az allati és emberi szervezetbe kertilve egészségkarosito hatasokat okozhatnak
[Bennett és Klich, 2003]. A zearalenon (ZEN vagy F2-toxin; 1. abra) Fusarium
penészgombafajok (pl. Fusarium graminearum, Fusarium culmorum) altal, poliketid
utvonalon bioszintetizalt mikotoxin [Bennett és Klich, 2003]. A mérsékelt égévon (pl.
Eurdpa, Eszak-Amerika, Azsia) jellemzd, foként gabonaféléket szennyezé Fusarium
fajok szamos mikotoxin (pl. trichotecének, fumonizinek) termelésére képesek [Yazar és
Omurtag, 2008; Mostrom, 2011]. A ZEN-t az 1960-as évek elején izolaltak a Gibberella
zeae (Fusarium graminearum) gombafaj szekunder anyagcseretermékeként [Stob és
mtsai., 1962]. Kis mennyiségben termel6dik a szantofoldeken, azonban a betakaritott
gabonafélék nem megfeleld, magas nedvességtartalmu (30-40%) helyen torténd tarolasa
tovabbi ZEN képzOdést eredményezhet [Gupta és mitsai., 2018]. Leggyakrabban
kukoricaban, és egyéb gabonafélékben (pl. arpa, buza, zab, cirok), valamint az ezekbol
késziilt takarmanyban, tadpokban, élelmiszerekben és italokban fordul eld [Zinedine és
mtsai., 2007; Rai és mtsai., 2020]. A gabonaalapu €lelmiszerek koziil lisztben, tésztaban,
kenyérben, péksiiteményekben, finomitott kukoricaolajban, kekszekben, miizlikben,
gabonapelyhekben, valamint csecsemdknek és kisgyermekeknek készitett kukorica alapti
ételekben is kimutattdk [Mousavi Khaneghah és mtsai., 2018; Ropejko és Twaruzek,
2021]. Az italok koziil leginkabb sorben fordul eld, jellemzéen nmol/L koncentracioban
[Okoye, 1986; Odhav és Naicker, 2002; Nkwe ¢és mtsai., 2005; Kuzdralinski és mtsai.,
2013]. A ZEN-nal szennyezett takarmanyt fogyaszto tehenek tejében a mikotoxin mellett
metabolitjai is megjelennek, ami a lehetséges human expozicio esélyét tovabb noveli
[Mirocha és mtsai., 1981; Prelusky és mtsai., 1990; Coffey és mtsai., 2009]. A takarmany
alapanyagnak szant gabonafélék és gabonakészitmények (kukorica melléktermékek
kivételével) Europai Unio altal ajanlott maximalis ZEN tartalma 2000 ng/kg, mig a
kukorica melléktermékek esetében 3000 pg/kg értéket hataroztak meg [European
Commission, 2006]. Az élelmiszerekre vonatkoz6 ZEN hatarértéket feldolgozatlan
gabonafélék (kukorica kivételével) esetében 100 pg/kg-ban, feldolgozatlan kukorica

esetében (kivéve nedves orlésre szant) 350 pg/kg-ban maximalizaltak, mig a kdzvetlen
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emberi fogyasztasra szant élelmiszerek ZEN hatarértéke 100 ng/kg vagy az alatti
[European Commission, 2007].

A ZEN B-rezorcilsav lakton szerkezettel rendelkezik: a rezorcin részhez egy keton
és metil szubsztitualt, 14 tagbol allo makrociklusos laktongytirii kapcsolodik, amely egy
transz kettds kotést tartalmaz (1. abra) [Urry és mtsai., 1966]. A zearalenon név elsd
része a kukoricaban (Zea mays) vald gyakori el6fordulésara, a ,,ral” tag a 3-rezorcilsav
lakon szerkezeti részre, az ,,en” a kettés kotés jelenlétére, az ,,on” pedig a ketocsoportra
utal [Ropejko és Twaruzek, 2021]. A ZEN vizben rosszul, azonban lagos kémhatasu
oldatokban ¢és szerves oldoszerekben (pl. etanol, aceton) jol oldodik [Hidy és mtsai.,
1977]. Szerkezetéb6l addddan savas karakterii vegyiilet (pKa = 7,62) a fenolos
hidroxilcsoportjainak kdszonhetéen [Lemke és mtsai., 1998]. A ZEN metanolban mért
UV abszorpciés maximuma 236 nm-en figyelhetd meg, valamint két fluoreszcencia
excitacios csucsot mutat 274 és 316 nm-en. Etanolban 314 nm-es gerjesztést alkalmazva
450 nm-en detektaltak a fluoreszcencia emisszids maximumat [Gajecka és mtsai., 2011].
A ZEN a nagy laktongyiiriije ellenére magas héstabilitassal rendelkezik [Ryu és mtsai.,
2003]. A mikotoxin 100°C-on torténé hokezelés soran nem degradalodott, de a
homérséklet 175°C folé emelése jelentdsebb bomlast eredményezett, mely alkalikus (pH
10,0) koriilmények kozott mar alacsonyabb hémérsékleten is megindult [Ryu €s mtsai.,
2003].
végeztek [Huff és Hagler, 1985]. Tekintve, hogy a ZEN jol oldoédik alkalikus
kornyezetben [Hidy és mitsai., 1977], a ZEN-nal kontaminalt gabonafélék lugos
kémhatasii oldatban torténd mosasa és aztatasa jelentds mikotoxin koncentracid
csokkenést eredményezett [Trenholm €s mtsai., 1992; Rotter és mtsai., 1995; Lefyedi és
Taylor, 2006]. A ZEN-tartalmu gabonafélék orléssel torténd feldolgozasat kovetéen a
mikotoxin a rostban gazdag részekben koncentralodik [Schwake-Anduschus és mtsai.,
2015]. A kukorica nedves Orlése soran a mikotoxin sikérben valo feldasulasat figyelték
meg, mig szaraz Orlést kovetéen a ZEN a csira és korpafrakciokban koncentralodott
[Bennett és mtsai., 1976; Kuiper-Goodman és mtsai., 1987]. A ZEN-tartalmu
kukoricadara extrudalasa soran szintén jelentds mikotoxin csokkenést tapasztaltak [Ryu
¢s mtsai., 1999]. A mikotoxinnal szennyezett gabonaf¢lék €lelmiszeripari feldolgozasa
soran részleges mikotoxin koncentracido csokkenés jellemzd, ami a hdomérséklet
emelésével fokozhato [Bullerman és Bianchini, 2007; Yumbe-Guevara és mtsai., 2003].

Osszeségében azonban elmondhatd, hogy a ZEN széleskorii eléforduldsa és magas
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hostabilitasa miatt nehezen tavolithatd el az élelmiszerekbdl a hagyomdanyos
konyhatechnikai modszerek alkalmazasaval [Yazar és Omurtag, 2008].

Korabbi tanulméanyok szerint a gabonafélék ZEN tartalma, és az étkezési szokasok
alapjan az eurdpai és észak-amerikai felndttek esetében atlagosan 0,8-29 ng/ttkg, mig
gyerekeknél 6-55 ng/ttkg a napi becsiilt ZEN bevitel [Minervini és mtsai., 2005].
Azonban egyes tanulmanyok szerint a vegetarianus étrendet folytatok esetében 50-200
ng/ttkg kozotti a napi becsiilt atlagos ZEN bevitel, sét a vegan/makrobiotikus étrend
szerint taplalkozok esetében akar 570 ng/ttkg/nap értéket is elérheti az expozicid mértéke
[Leblanc és mtsai., 2005]. Az Egyesiilt Nemzetek Szervezetének Elelmezésiigyi és
Mez6gazdasagi Szervezete és az Egészségiigyi Vilagszervezet az ideiglenes toleralhato
napi beviteli értéket 0,5 pg/ttkg-ban hatidrozta meg [FAO/WHO, 2000]. Az Eurdpai
Elelmiszerbiztonsagi Hatosag (EFSA) ZEN és szarmazékainak egyiittes toleralhato napi
beviteli értékét 0,25 pg/ttkg-ban maximalizalta [EFSA, 2014]. Bar jellemzden az Eurdpai
Unidban és Eszak-Amerikaban az atlagos napi becsiilt ZEN bevitel joval alacsonyabb,
mint a toleralhatéd napi beviteli értékek, a fejlodé orszagokban szélsdséges esetekrdl is
beszamoltak: pl. az Elefantcsontparton a napi ZEN bevitel becsiilt értéke akar az 1,56
ug/ttkg-ot is elérheti [Sangare-Tigori és mtsai., 2006].

Az ¢élelmiszerek, takarmanyok ZEN tartalmanak meghatdrozdsa soran
kromatografias (pl. nagyhatékonysagu kromatografia) modszereket, valamint
immunkémiai eljarasokat is alkalmaznak [Alshannaq és Yu, 2017]. Ezek koziil az enzim-
kapcsolt immunszorbens vizsgalatok a leggyakoribbak, azonban gyors, szemi-kvantitativ
ZEN meghatarozasra alkalmas lateralis tesztcsikok, és a Fusarium toxinok szimultan
meghatdrozasat lehetdvé tevé immunkémiai modszerek is elérhetéek [Alshannaq és Yu,
2017]. Tovabba kolorimetrikus ¢és elektrokémiai aptaszenzorokat, kapillaris
elektroforézist, fluoreszcens modszereket (pl. fluoreszcencia polarizacid), bioszenzorokat
¢s polimereket is alkalmaznak a ZEN-szennyezés mértékének meghatarozasara

[Alshannaq és Yu, 2017; Caglayan és mtsai., 2020].



A

a-zearalenol («-ZEL) B-zearalenol (B-ZEL)

OH

a-zearalanol (o-ZAL) A

Zearalenon-14-gliikozid (Z14G) Zearalenon-14-szulfat (Z14S)

1. abra: A zearalenon (ZEN) kémiai szerkezete: a rezorcin részt kékkel, a metil csoportot

s rer

7.

jeloltem. Emellett az dbrdn az a- és f-zearalenol (a- és f-ZEL), a- és f-zearalanol (a- és
p-ZAL), zearalanon (ZAN), zearalenon-14-gliikozid (Z14G) és zeralenon-14-szulfat
(214S) metabolitok kémiai szerkezete lathato.
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2.1.2. A zearalenon toxikokinetikai tulajdonsdgai

A ZEN-nal szennyezett taplalék fogyasztasa Gtjan a szervezetbe keriilé mikotoxin
nagymértéki €és gyors felszivodasat figyelték meg patkanyokban, nyulakban, sertésekben
¢s az emberi szervezetben [Kuiper-Goodman és mtsai., 1987]. Azonban a ZEN alacsony
abszolut oralis biohasznosuldssal rendelkezik a preszisztémés eliminaciojanak
koszonhetéen [EFSA, 2011]. Intravénas adagolast kdvetéen patkanyokban [EFSA,
2011], valamint ex vivo human placenta perfuzidés modellben [Warth és mtsai., 2019] is
atjutott a placentan. A ZEN eliminacios felezési ideje per os (ti2 = 0,34-5,3 h) és i.v.
adagolast (t2 = 0,29-16,8 h) kovetden meglehetdsen tag iddintervallumban mozog a
kiilonboz6 allatfajokban [EFSA, 2017].

A ZEN fazis  metabolizmusa soran jellemz6en 30/B-hidroxi-szteroid-dehidrogenaz
(HSD) altal katalizalt redukcios folyamatok jatszodnak le, emellett citokrom P450 (CYP)
enzimrendszer altal katalizalt oxidacié is zajlik [EFSA, 2011]. A ZEN C7
oxocsoportjanak HSD altal katalizalt redukcidja soran a- és B-zearalenol (a- és p-ZEL,; 1.
abra) képzoédik [EFSA, 2011]. Az anyavegyiilet és a képz6d6 ZEL-ok 11-12-es C-
atomjai kozott 1évo kettds kotés redukcidja kisebb mennyiségben zearalanon (ZAN; 1.
abra), valamint a- és B-zearalanol (a- és B-ZAL; 1. abra) képzodéshez vezet [EFSA,
2011; Frizzell és mtsai., 2011]. A ZEN redukalt forméinak ardnya eltéré a kiilonb6z6
fajokban: az a-szarmazékok sertésben, kutyaban, pulykéaban, és az emberben; mig a f3-
ZEL és B-ZAL a szarvasmarha, kecske, 10, brojlercsirke és tojotyuk esetében gyakoribbak
[Kuiper-Goodman és mtsai., 1987; EFSA, 2017].

In vitro vizsgalatok alapjan a fazis I oxidacios folyamat soran leginkabb CYP1A2
altal katalizalt aromés (C13/15) monohidroxilacié torténik, valamint kisebb mértékben a
CYP3A4 enzim is részt vesz a folyamatban [EFSA, 2011]. Az igy képz6do katekolok
orto- és para-kinonna oxidaloédva szerepet jatszhatnak a ZEN toxikus hatdsainak
kialakulasaban [Pfeiffer és mtsai., 2009; EFSA, 2011]. Emellett a ZEN alifas (C6/8)
hidroxilacigjat is leirtak, melyért nagyrészt a CYP2C8 és CYP3A4/5 izoformak feleldsek
[Bravin és mtsai., 2009]. Ezek a metabolitok a majmokban és a kutyakban lejatszodo
biotranszformacio soran nagyobb, azonban ragcsalokban és a human metabolizmus soran
kisebb mértékben képzddnek [Bravin és mtsai., 2009].

A fazis II metabolizmus soran az anyavegyliletnek és redukalt szarmazékainak
szulfat és glikuronid konjugatumai képzddnek, mely reakciokat szulfotranszferaz,

valamint uridin-difoszfat-gliikuronil-transzferaz enzimek katalizalnak [EFSA, 2011]. A
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crer

beszamoltak patkany modellben [Ieko és mtsai., 2020], valamint kocék intesztinalis
mucosajan [Olsen és mtsai.,, 1987] és human CaCo-2 sejtvonalon végzett in vitro
kisérletek alapjan [Videmann ¢és mtsai., 2008]. A ZEN redukalt (a-ZEL) és szulfatalt
szarmazékainak képzOdését ex vivo human placenta perfuzids modellben is leirtak [ Warth
és mtsai., 2019]. A ZEN egyszeri, 100 mg-0s oralis beadasat kovetden a human
metabolizmusa soran csak gliikkuronid konjugatumok képzédott [Mirocha és mtsai.,
1981]. A mikotoxin gliikuronsav metabolitja részt vesz az enterohepatikus korforgasban,
aminek kovetkeztében jelentésen megnd a ZEN eliminacids felezési ideje [EFSA, 2017].
Az anyavegyiilet és metabolitjainak egyiittes (65Sz-ZEN) eliminacios felezési idejeként
28,6 orat irtak le kecskékben, 86,6 orat sertésekben, valamint 89 6rat brojlercsirkék
esetében [EFSA, 2017]. Sertésekben az enterohepatikus korforgas megzavarasat
kovetéen az 0ssz-ZEN eliminéacios felezési ideje 86,6 oOrar6l minddssze 3,3 orara
csokkent [Biehl és mtsai., 1993]. Sertésekben csak az anyavegyiilet eliminacios felezési
idejének detektdldsa sordn 2,6 o6rar6l 1,1 ordra [Dinicke és mitsai., 2005], mig
patkanyokban 16,8 orarol 7 orara valdo csokkenést tapasztaltak az enterohepatikus
korforgas megzavarasa esetén [Shin és mtsai., 2009]. A ZEN és redukalt metabolitjai
foként epével és vizelettel triilnek [Minervini és Dell’Aquila, 2008; EFSA, 2011].
Nigériai férfiak vizeletében B-gliikkuronidaz kezelést kovetden 19,99 pg/L ZEN, 2,52
ng/L o-ZEL és 2,74 pg/L B-ZEL maximélis koncentraciokat mutattak ki [Sarkanj és
mtsai., 2018]. Tovabba nigériai csecsemdk vizeletét vizsgalva a kizardlag anyatejjel
taplaltak mintai atlagban 148 ng/L ZEN-t tartalmaztak, azonban 784 ng/L ZEN-tartalmu
mintat is talaltak. A nem csak anyatejjel taplaltak kozott hasonld atlagértéket (140 ng/L)
mértek, de a ZEN maximalis detektalt értéke elérte a 678 ng/L-t is [Ezekiel és mtsai.,
2020].

2.1.3. Fonalas gombdk és névények dltal termelt modositott és maszkolt zearalenon

szarmazeékok

A fonalas gombdak anyagcsere utvonalain keresztiil képz6dé mikotoxinokat szabad
mikotoxinnak nevezziik, mig a szerkezetiikben torténd kémiai (pl. hdhatas, UV fény)
vagy biologiai valtoztatas (biotranszformacio) hatasara keletkez6 szarmazékok tartoznak
a modositott mikotoxinok kozé [Rychlik és mtsai., 2014]. A bioldgiailag mddositott

mikotoxinok kozott kiilon csoportot alkotnak a novények védekezOmechanizmusai soran
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képz6dé mikotoxin szarmazékok, az un. maszkolt mikotoxinok [Rychlik és mtsai., 2014].
Ezek a metabolitok 4ltalaban az anyavegyiiletnél hidrofilebb, kevésbé toxikus
szarmazekok, analizisiik nehézkes foként az analitikai standardok hianyabdl adddoan,
ezért detektalasuk nem tartozik a rutin analitikai eljarasok koézé [Berthiller és mtsai.,
2013; Freire és Sant'Ana, 2018].

A ZEN névényekben torténd metabolizmusa soran redukalt metabolitok, és ezek
vagy az anyavegyiilet glikkozid, malonil-gliikozid, dihexozid és pentozil-hexozid
szarmazékai is képzédhetnek [Berthiller és mtsai., 2013]. A redukalt és konjugalt ZEN
szarmazékok ¢élelmiszerekben torténd el6fordulasat is megfigyelték [EFSA, 2017].
Els6ként, a zearalenon-14-O-B-D-gliikozid (Z14G; régi szamozas szerint zearalenon-4-
gliikozid; 1. abra) képzodését irtak le 1988-ban, azonban csak 2002-ben talalkoztak vele
buzaban, mint természetes szennyezd [Di Mavungu, 2011]. Gareis és mtsai. hasznaltdk
elsdként a maszkolt mikotoxin elnevezést, miutan kimutattdk, hogy a Z14G sertésekben
intesztinalis hidrolizis soran visszaalakul ZEN-né és szerepet jatszhat az anyavegylilet
altal kivaltott toxikus hatdsokban [Gareis és mtsai., 1990]. A Z14G sertésekben
megfigyelt oralis biohasznosulasa nagyon hasonld a ZEN-¢éhoz, ami a maszkolt
mikotoxin teljes hidrolizisére utal per 0s bevitelt kovetéen. Emellett, i.v. adagolas
esetében is megfigyelték a Z14G atalakulasat ZEN-na [Catteuw €s mtsai., 2019]. A Z14G
patkanyokban tapasztalt alacsony, 8,9%-0s abszolit oralis biohasznosuldsa szintén az
anyavegyiiletté¢ valo hidrolizisére utal [Sun és mtsai., 2019]. Oralis adagolasat kovetden
55 perc alatt a Z14G 16-19%-a ZEN-na alakult a vizsgalt patkdnyok gyomraban
[Versilovskis és mtsai., 2012]. Ezzel szemben a Z14G in vitro koriilmények kozott stabil
a huméan nyalban, gyomornedvben és a duodendlis folyadékban; hidrolizise a
bélbaktériumok (colon mikrobidta) altal torténik [Dall'Erta és mtsai.,, 2013]. A
biotranszforméaciodja soran foként a- és B-ZEL-14-gliikkozid, a-ZEL, Z14G-16-gliikuronid
¢s ZEN-14-gliikuronid képzddik, fajonként eltéréen [Binder és mtsai., 2017; Yang €s
mtsai., 2018]. A metabolitok nagyrészt vizelettel és/vagy széklettel liriilnek [Binder és
mtsai., 2017].

A ZEN metabolizmusa mar a fonalas gombakban elkezdédhet. A Fusarium
gombafajokban 12:1-2:1 aranyu ZEN:zearalenon-14-szulfat (Z14S; régi szamozas szerint
zearalenon-4-szulfat; 1. abra) képzddést irtak le a gombafajtol és a kornyezeti
tényezOktdl fliggden [Plasencia és Mirocha, 1991]. A Z14S jelenlétét szamos
¢lelmiszerben (pl. buza, liszt, kenyér, keksz, miizli) is megfigyelték [Vendl és mtsai.,

2010; Berthiller és mtsai., 2013]. A szulfat konjugatum hidrolizis soran kdnnyen
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visszaalakulhat az anyavegyiilett¢ [Plasencia és Mirocha, 1991]. A Z14S hidrolizise a
Z14G-hoz hasonloan in vitro koriilmények kozott a colon mikrobidta altal torténik
[Dall'Erta és mtsai., 2013]. Sertésekben a Z14S per 0s adagolasa utan t6bb mint 4 6raval
detektaltak ZEN-14-gliikuronidot; a metabolit megjelenésének ideje 6sszhangban van a
korabban leirt, Z14S gasztrointesztinalis traktus hats6 szakaszaban torténd hidrolizisével
[Catteuw ¢és mtsai., 2019]. A Z14S ¢és Z14G oralis adagolasat kovetden a konjugalt
metabolitok teljes hidrolizisét figyelték meg sertésekben [Binder és mtsai., 2017].

A mikotoxinok ¢és modositott szdrmazékaik élelmiszerekben, takarmanyban vald
egylittes elofordulasa ndvelheti az anyavegyiilet altal kivaltott egészségkarosité hatdsok
mértékét [De Boevre és mtsai., 2012; Freire és Sant'Ana, 2018], ezért az EFSA iranyelvei
alapjan, a Z148S ¢és Z14G expozicidval kapcsolatos kockdzatokat a ZEN-¢hoz hasonlonak
kell tekinteni [EFSA 2017]. Az EFSA CONTAM panel altal ZEN-ra és annak modositott
szarmazékaira egyiittesen (ZEN-ekvivalensként) felallitott human toleralhatdé napi

beviteli mennyiség 0,25 pg/ttkg [EFSA 2014].

2.1.4. Zearalenon és metabolitjainak toxikus hatdsai

A ZEN alacsony akut toxicitassal rendelkezik, azonban kronikus expozicio esetén
endokrin diszruptorként viselkedik [Rai és mtsai., 2020]. Annak ellenére, hogy a ZEN és
redukalt szdrmazékai nem szterdnvazas vegyliletek, szerkezetiik a 17B-0sztradiolhoz
hasonld, ezért alacsonyabb affinitassal ugyan, de kotédnek az 6sztrogén receptorokhoz
(ER) és képesek aktivalni azokat [Hurd, 1977; Shier és mtsai., 2001; Zinedine ¢és mtsai,
2007]. E mikotoxinok az ER-ok a és B altipusahoz is kotédnek, bar preferenciat mutatnak
az o irant [EFSA, 2017]. A ZEN és metabolitjainak ER iranti affinitdsa allatfajonként
eltérd: pl. sertés > patkany > csirke [Fitzpatrick és mtsai., 1989; Metzler és mtsai., 2010].

Az o-ZEL metabolit rendelkezik a legnagyobb, az anyavegyiiletnél tobb mint 70-
szer magasabb Osztrogénhatassal, mely alig marad el az endogén 17B-0sztradiolétol
[Frizzell és mtsai., 2011]. Az a-ZAL szintén lényegesen nagyobb affinitassal kotddik ER
receptorokhoz, mint a ZEN [Shier és mtsai., 2001], ezért egyes régiokban, orszagokban
(Eszak-Amerika, Chile, Ausztralia, Uj-Zéland, a Dél-afrikai Koztarsasag, Japan) Zeranol
néven alkalmazzak az allattenyésztésben mint anabolikus novekedésfokozo, azonban az
Eurdpai Unioban a hasznalata nem engedélyezett [Mukherjee és mtsai., 2014; EFSA,
2017]. A B-ZAL 3,5-sz6r, mig a ZAN 2,5-sz0r potensebb Osztrogén-aktivitast mutat, mint
a ZEN, ezzel szemben a B-ZEL kb. feleakkora affinitassal kotédik az ER-okhoz, mint az
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anyavegyiilet [Shier és mtsai., 2001; Frizzell és mtsai., 2011]. A ZEN CYP-katalizalt
biotranszformacioja soran képz6dé 6/8-hidroxi-ZEN metabolitok kb. egy nagysagrenddel
alacsonyabb ER aktivalo képességgel rendelkeznek, mint az anyavegylilet [Bravin és
mtsai., 2009]. A névények altal képzett Z14G nagy térkitoltésii gliikozid oldallanca miatt
nem tud kapcsoldédni az ER-okhoz [Poppenberger és mtsai., 2006], mig a fonalas
gombakban és emlésokben is képz6dé Z14S kb. 100-szor alacsonyabb affinitassal
kotédik a receptorokhoz, mint a ZEN [Drzymala ¢és mtsai., 2015]. Azonban az EFSA
ajanlasa alapjan a Z14G és Z14S toxicitdsa az anyavegyiiletével egyenértékiinek
tekinthetd a konjugatumok nagymértékii hidrolizise miatt [EFSA, 2017]. A sertések a
legérzékenyebbek a ZEN-indukélta Osztogénszeri hatdsokra: a mikotoxin expozicio
hatasara gyakran vulvovaginitis alakul ki kocakban, de a folliculus stimulalé hormon
Yazar és Omurtag, 2008; He és mtsai., 2018].

Az ER-hoz val6é kompetitiv kotddésen tul egyes vizsgalatok soran a ZEN és ZEL-
ok jelenléte fokozta a progeszteron affinitdsat sajat receptorai irant [Frizzell és mtsai.,
2011]. Emellett alacsony koncentracioban emelték az Osztradiol, progeszteron,
tesztoszteron és kortizol képzddését in vitro H295R szteroidogenezis esszében [Frizzell
és mtsai., 2011]. Tovabba a szteroidszintézisben szerepet jatszo HSD enzimek kompetitiv
szubsztratjaként is befolyasolni tudjak az endokrin folyamatokat [Fink-Gremmels és
Malekinejad, 2007]. A ZEN és ZEL-ok fertilitds csokkenést, infertilitast, petefészek- és
méhmegnagyobbodast, spermiumszdm ¢és tesztoszteronszint csokkenést, vetélést,
magzati fejlodési zavarokat, csokkent sziiletési sulyt, valamint a mellékveseveld és az
agyalapi mirigy tomegének valtozasat okoztak kiilonb6z6 allatfajokban [Yang és mtsai.,
2007; Zinedine és mtsai., 2007; Minervini €s Dell’ Aquila, 2008; Wang és mtsai., 2013;
Zhao ¢és mtsai., 2014]. A ZEN és szdrmazékainak human reproduktiv toxicitdsa nem
teljesen ismert, de endokrin diszruptorként viselkedhetnek az emberi szervezetben is [Rai
és mtsai., 2020]. Kordbbi vizsgalatok alapjan endometrium adenocarcinoméval,
hyperplasiaval rendelkezd ndk endometriuméban [Tomaszewski és mtsai., 1998],
valamint emlémirigy daganatban szenvedd ndk vérében is kimutattak ZEN-t [Kuciel-
Lisieska ¢és mtsai.,, 2008]. Emellett szamos tanulméany ravilagitott a ZEN ¢és
metabolitjainak potencialis szerepére az idiopatids, korai pubertds, gynecomastia €s
thelarche praecox kialakulasaban [Saenz de Rodriguez, 1984; Saenz de Rodriguez és
mtsai., 1985; Szuets és mtsai., 1997; Massart és mtsai., 2008; Massart és Saggese, 2010;

Mukherjee ¢és mtsai.,, 2014]. Régebben az o-ZAL alkalmazasa felmeriilt
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posztmenopauzalis panaszok kezelésében és oralis fogamzasgatloként [Utian, 1973; Hidy
¢és mtsai., 1977], azonban egyéb toxikus hatasai miatt a human alkalmazast elvetették.

A ZEN endokrin diszruptor tulajdonsagain tal haematotoxikus, hepatotoxikus,
immunotoxikus, genotoxikus és karcinogén hatasokkal is rendelkezik [Zinedine és mtsai.,
2007; Rai ¢és mitsai., 2020]. Egyes allatfajokban egyszeri adagolast kovetéen a
vérlemezkék szdmanak csokkenését, haematocrit, haemoglobin, eritrocyta és a
fehérvérsejt szam emelkedést figyeltek meg [EFSA, 2011], emellett egerekben,
nyulakban ¢és patkdnyokban kronikus ZEN expoziciot kovetden majenzim-szint
eltéréseket és szérum protein szint csokkenést irtak le [Conkova és mtsai., 2001; Sun és
mtsai., 2014; Zhou és mtsai., 2015].

Kordbbi vizsgalatok alapjan a ZEN és/vagy a-ZEL expozicidé befolydsolja az
immunsejtek, citokinek (pl. interleukinek, tumor nekrozis faktor o, interferon ),
immunglobulinok, valamint egyes B- és T-sejt altipusok expresszidjat/mennyiségét
[Marin és mtsai., 1996; Ben Salah-Abbés ¢s mtsai., 2008; Marin és mtsai., 2010; Islam
¢és mtsai., 2017]. Az immunsejteken kifejez6d6 ER-ok célpontként szolgalhatnak a ZEN-
nak és szarmazékainak, és az ezeken keresztiil kifejtett hatdsok szerepet jatszhatnak
immunotoxicitasukban [Lang, 2004; Rai és mtsai., 2020].

A ZEN CYP enzimek altali biotranszformacioja soran keletkezé katekol
szarmazeékok oxidaciot kovetden kinonokka alakulhatnak [Pfeiffer és mtsai., 2009; Fleck
¢s mtsai.,, 2012], a keletkezé vegyiiletek DNS adduktok, valamit reaktiv oxigén
szarmazékok kialakitasara képesek [Pfohl-Leszkowicz és mtsai., 1995; Fleck és mtsai.,
2012]. Tovabba a ZEN lipidperoxidaciot, kromoszoma aberraciokat, testvérkromatida
kicserélodést indukald, citotoxikus, valamint DNS- és fehérjeszintézist gatlo hatasairdl is
beszamol a szakirodalom [Ghédira-Chékir és mtsai., 1998; Abid-Essefi és mtsai., 2004;
Kouadio és mtsai, 2005].

A Nemzetkdzi Rakkutatisi Ugyndkség (IARC) a ZEN-t a 3. karcinogenitési
osztalyba (human karcinogénként nem klasszifikalhato) sorolja [IARC, 1993]. Azonban
egyes tanulmanyok alapjan a ZEN expozicié noveli a hepatokarcindma ¢és az agyalapi
mirigy daganatos megbetegedéseinek incidenciajat egerekben [National Toxicology
Program, 1982]. Tovabba a ZEN indukalja az ER-ral rendelkez6 humédn emldkarcindma
sejtek novekedését [Ahamed és mtsai., 2001]. Yu €és mtsai. szerint a ZEN expozicio
hozzéjarulhat az emlékarcindma incidencidjanak novekedéséhez is [Yu és mtsai, 2005].

Emellett, a ZEN metabolitjaival, valamint kiilonb6zé mikotoxinokkal, mikotoxin

metabolitokkal, egyéb élelmiszer szennyezOkkel és fitodsztogénekkel vald egyiittes
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eléfordulasa kombinativ hatasokat eredményezhet [Lorenz ¢és mtsai., 2019], melyr6l
szamos in vitro tanulmany beszamolt [Ren és mtsai., 2016; Vejdovszky és mtsai., 2017;
Marin és mtsai., 2019; Agahi és mtsai., 2020; Aichinger és mtsai., 2020]. E ko-expoziciok

akar a mikotoxinok egészségiigyi kockazatanak jelent6s emelkedését is eredményezhetik.

2.2. Szérum albumin
2.2.1. Az albumin szerkezete és fobb tulajdonsagai

A 66,5 kDa molekulatomegii human szérum albumin (HSA; 2. abra) a keringésben
legnagyobb mennyiségben megtalalhato fehérje. A plazmakoncentracigja 35-50 g/L
értékek kozott mozog [Peters, 1985; Carter ¢s Ho, 1994; Roche és mitsai., 2008].
Felépitését tekintve, nem glikozilalt fehérje; az albumint fajonként eltéréen 580-585
aminosavbol 4all6 peptidlanc alkotja. Leginkdbb savas ¢és bazikus oldallanct
aminosavakbol (glutaminsav, aszparaginsav, lizin és arginin) all, emellett kiemelkedéen
magas a cisztein tartalma (35%), mig kevés triptofant (Trp; 1-2), glicint és metionint (4-
6) tartalmaz [Rothschild és mtsai., 1988; Carter és Ho, 1994]. Az albumin semleges pH-
n jellemzden negativ toltéssel rendelkezik, példaul a HSA toltése: - 15; marha szérum
albumin (BSA) toltése: -18, mig a patkany szérum albuminé (RSA): -12; ennek
koszonhetéen az albuminok jo vizoldékonysagot mutatnak [Peters, 1985; Carter és Ho,
1994]. Legnagyobb részben az albumin Trp tartalma felelés a fluoreszcens
tulajdonsagaiért (pl. BSA: Trp-134 és Trp-212; HSA: Trp-214; RSA: Trp-214), mely
295-305 nm excitacios hullamhosszon gerjeszthetd, emisszidos maximumat 340 nm koriil
detektalhatjuk [Peters, 1985]. A BSA és a sertés szérum albumin (PSA) 76%-ban azonos
szekvenciaval rendelkezik, mint a HSA, mig RSA és HSA esetében 73%-0s egyezdséget
irtak le [Weinstock és Baldwin, 1988; Carter és Ho, 1994; Stehle és mtsai., 1999]. A
fehérje harom homoldg doménbdl (I, 11, III) all, melyek tovabbi két-két (jellemzden
helikalis szerkezet(i) aldoménre oszthatok (A és B), az albumin masodlagos szerkezetét
diszulfid hidak stabilizaljak [Carter és Ho, 1994].

Az albumin szintézise a maj endoplazmatikus retikulumaban zajlik [Peters, 1977;
Roche és mtsai., 2008]. A feln6tt emberi szervezetben mintegy napi 15-20 g/L HSA
szintetizalodik foként a taplalkozastol fliggéen, de egyéb tényezdk (pl. stressz,
hormonalis valtozas, hdmérsékletvaltozas) is befolydsolhatjdk a képzdédését [Rothschild
¢s mtsai., 1988; Rozga ¢és mtsai., 2013]. Szintézisét kovetden azonnal a vérkeringésbe

kertil, ahol plazma eliminacids-felezési ideje atlagosan 20 nap [Roche és mtsai., 2008].
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Az albumin szamos funkcidval rendelkezik, tobbek kozott az albumin felel a vér
onkotikus nyomadsanak fenntartdsdért, emellett enzimatikus (pl. észterdz, enolaz,
foszfataz), antioxidans ¢és szabadgyokfogd tulajdonsagokkal is rendelkezik.
Pufferkapacitasanak koszonhetden felelés a vér megfeleld pH-janak fenntartasaért
[Peters, 1985; Carter és Ho, 1994; Roche és mtsai., 2008; Kragh-Hansen, 2013], tovabba
képes endogén és exogén molekulak megkotésére és szallitasara, ezaltal fontos szerepet
jatszik e vegyliletek (pl. zsirsavak, hormonok, fémionok, gyogyszerek) farmako- és
toxikokinetikajaban. Mivel a vegyiiletek szabad (plazmafehérjéhez nem kotott) frakeioja
felelds a biologiai hatasok kialakitasaért, az albuminko6tédés gyakran befolyasolja a
kot6do ligandumok szoveti felvételét és eliminacidjuk titemét [Peters, 1985; Rothschild
¢s mtsai., 1988; Carter és Ho, 1994]. Tobb, az albumin irdnt nagy affinitast mutato
vegyiilet egylittes alkalmazasa leszoritasos interakciokat eredményezhet (kompetitiv
vagy akar allosztérikus modon), ami a ligandum szabad frakcidjanak jelentds
emelkedéséhez vezethet. A megnovekedett szabad plazmakoncentracié hatasfokozodast
¢s nemkivant hatdsok megjelenését, de akar gyorsabb kiiiriilést is eredményezhet. Ezért
az albumin-ligandum kolcsonhatasok toxikokinetikai aspektusai jelentdsek lehetnek
[Ascenzi és mtsai., 2006; Ascenzi és Fasano, 2010; Fanali és mtsai., 2012; Yamasaki és
mtsai., 2013].

A HSA kilenc zsirsavkotéhellyel (FA 1-9) rendelkezik; a 1A aldoménen talalhato
FA7 alkotja a Sudlow’s site I kotéhelyet (2. abra), amely a HSA egyik legismertebb
ligandumko6tohelye. Emellett a IIIA aldomén tiregében elhelyezkedd, hat hélixbdl
felépiilo FA3 és FA4 alkotja a Sudlow’s site Il (2. abra) néven ismert masik fontos
kotdhelyet [Sudlow és mtsai, 1975; Sudlow és mtsai., 1976; Fanali és mtsai., 2012]. A
site I kotohelyre jellemzden negativ toltéssel rendelkezd, nagyméretli, heterociklusos
molekulak kotddnek, amelyek els6sorban az apolaris részeket foglaljak el és hidrogén-
hidakat alakitanak ki a tirozin-150 hidroxilcsoportjaval [Otagiri, 2005; Ascenzi és
Fasano, 2010; Fanali és mtsai., 2012]. A FA7 kotohelyet elfoglald ligandumok kozé
tartozik pl. a warfarin, a fenilbutazon, és az azapropazon [ Ascenzi és Fasano, 2010; Fanali
és mtsai., 2012]. A site II kotohely kisebb, kevésbé flexibilis kotohely, ahova foként
aromas karbonsav szerkezettel rendelkezé molekulak kotédnek. Jellemz6 ligandumai pl.
a diazepam és az ibuprofén [Otagiri, 2005; Fanali és mtsai., 2012]. A site I régi6 esetében
nagymértékii sztereoszelektivitast irtak le; a hozza kotddé molekula szerkezetében
bekdvetkezo valtozas (pl. szubsztitucio) jelentdsen befolyasolhatja a ligandum FA3-FA4

régid iranti affinitdsat [Otagiri, 2005]. A HSA harmadik, egyre jelentdsebbnek tiind

18



kotohelye az IB aldoménen talalhaté FA1 kothely, melynek jellemz6 liganduma a hem,
igy ezt Hem kd&t6helynek is nevezik (2. abra) [Fanali és mtsai., 2012; Zsila, 2013].
Emellett a bilirubin, fuzidinsav és lidokain esetében is az FA1 régidt hataroztdk meg
elsédleges kot6helyként, valamint szdmos gyogyszer masodlagos kot6helyeként is
azonositottak [Zunszain és mtsai., 2008; Hein és mtsai., 2010; Yamasaki és mtsai., 2013;
Zsila, 2013]. A Hem kd&tohely allosztérikus kapesolatban all tobbek kozott a site I régidval

is [Fasano és mtsai., 2005; Ascenzi és Fasano, 2010].

Hem kdtéhely

2. abra: A human szérum albumin (HSA) szerkezete és f6 ligandumkdtohelyei.

2.2.2. Mikotoxin-albumin interakciok

Korabbi tanulméanyok alapjan szdmos mikotoxin és mikotoxin metabolit (pl.
aflatoxinok, citrinin, dihidrocitrinon, ZEN) 1ép kolcsonhatasba HSA-nal [Poor és mtsai.,
2015a; 2017a; 2017b; Faisal és mtsai., 2019a]. Az Aspergillus fajok altal termelt aflatoxin
B1, B2, G1, G2, és az aflatoxin B1 metabolizmusa soran képz6dd aflatoxin M1 a site |
kotohely elfoglalasaval kozepesen stabil komplexeket (logK = 4,3-4,7) képeznek HSA-
nal [Poor és mtsai., 2017b]. Emellett az aflatoxin B1 reaktiv metabolitja (aflatoxin B1-
8,9-epoxid) kovalens adduktokat is képez albuminnal és DNS-sel (aflatoxin B1-N’-
guanin addukt). Ezek az adduktok az aflatoxin expozicid biomarkereinek is tekintheték

[Vidyasagar és mtsai., 1997].
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Az Aspergillus és Penicillium fajok altal termelt, nefrotoxikus tulajdonsagokkal
rendelkezd citrinin szintén a site 1 régidhoz kotddve 1ép kolesonhatasba HSA-nal.
Albumin iranti affinitasa (logK = 5,3) egy nagysagrenddel nagyobb az aflatoxinokéhoz
képest [Poor és mtsai., 2015a]. A citrinin metabolitja, a dihidrocitrinon, az
anyavegyiilethez hasonlé stabilitasu komplexet képez (logk ~ 5) HSA-nal, azonban a
Hem kotéhelyhez kapcesolodik [Faisal és mtsai., 2019a]. A citrinin és dihidrocitrinon a
human, marha, sertés és patkany albuminok koéziil PSA-nal képezték a legalacsonyabb
(logK ~ 4,7-5,0), mig RSA-nal a legmagasabb (logK ~ 5,3-5,7) stabilitast komplexeket
[Poor és mtsai., 2015a; Faisal és mtsai., 2019a].

Az Aspergillus és Penicillium fajok altal termelt ochratoxinok ko6zé tartozo,
nefrotoxikus tulajdonsaga ochratoxin A a site I régiohoz kotédve rendkiviil stabil
komplexet alakit ki HSA-nal (logK = 7,3-7,6) [K&szegi és Poor, 2016]. Az ochratoxin A
szinte teljes mértékben albuminko6tott formaban van jelen a keringésben [Hagelberg és
mtsai., 1989; Kdszegi és Poor, 2016], ami jelent6sen befolyasolja eliminaciojanak
sebességét: albuminhianyos patkanyokban az ochratoxin A 20-70-szer gyorsabb renalis
affinitasanak koszonhetéen plazma eliminacios-felezési ideje kb. 1 honap [Studer-Rohr
és mtsai, 2000]. Azonban egyéb fajokban jellemzdéen révidebb plazma eliminacios-
felezési idoket (pl. patkanyban i.v. ty> =170 h, p.o. t2= 120 h) figyeltek meg [Hagelberg
¢és mtsai., 1989]. Ezt az ochratoxin A albuminkotédésében tapasztalt jelent6s faji eltérések
magyarazhatjak: BSA-hoz (logK = 6,5) és RSA-hoz (logK = 6,2) kb. 15- és 30-szor
alacsonyabb affinitassal kotédik, mint HSA-hoz; azonban ezekkel az albuminokkal is
meglehetdsen stabil komplexeket képez [KdOszegi és Poor, 2016]. Az ochratoxinok
csaladjaba tartozo ochratoxin B és ochratoxin C szintén a Sudlow’ site I régiohoz
kotddnek, azonban az ochratoxin B valamivel alacsonyabb (K ~ 10° L/mol) stabilitasu
komplexet képez HSA-nal [Perry €s mtsai., 2003a; Faisal €s mtsai., 2020a], mig az
ochratoxin C HSA iranti affinitasa (K ~ 10" L/mol) az ochratoxin A-hoz hasonlé [Faisal
€s mtsai., 2020a]. Az ochratoxin A-val szennyezett kavé porkolése soran képzodo
termalis degradacios termék (2°R-ochratoxin A) szintén kolcsonhatasba 1ép szérum
albuminnal [Sueck és mtsai., 2018]. Bar a képz6d6 komplexek stabilitasa valamivel
alacsonyabb (logK = 6,6-7,3) mint ochratoxin A esetében, kotdhelye megegyezik az
anyavegyiiletével [Sueck és mtsai., 2018; Faisal és mtsai., 2018a]. A 2’R-ochratoxin A

kiilonboz6 fajok albuminjai iranti affinitasa eltéré tendenciat mutat az anyavegyiilethez
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képest: HSA (logK = 6,6) < PSA (logK = 6,8) < RSA (logK = 7,2) < BSA (logK =7,3)
[Faisal és mtsai., 2018a].

Az Alternaria gombafajok altal termelt alternariol HSA-k6tédése soran a
citrininéhez hasonld [Poodr és mtsai., 2015a], kb. 10° L/mol stabilitasti komplexeket
képez. Primer kotdhelyeként a site I régiot azonositottak [Fliszar-Nyul és mtsai., 2019a].
A HSA és PSA irant (logK = 5,6) hasonlo affinitast mutatott, mig BSA-nal (logK = 5,9)
és RSA-nal (logK = 6,5) stabilabb komplexeket alakitott ki [Fliszar-Nytl és mtsai.,
2019a].

A ZEN-albumin kolcsonhatas kapcsan szintén stabil komplexek képzodését irtak le
[Poor €s mtsai., 2017a; Ma ¢s mtsai., 2018]. Korabbi vizsgalatok alapjan a ZEN-HSA
komplex kotési allanddja (logK = 5,1) kb. hatszor magasabb a ZEN-BSA (logK = 4,3)
komplexhez viszonyitva [Poor és mtsai., 2017a; Ma és mtsai., 2018]. Fluoreszcencia
spektroszkopiai vizsgalatok és molekulamodellezés segitségével a ZEN HSA-on elfoglalt
kotohelyét egy nem-konvencionalis, a IIA és IIIA aldomén kozotti, kotOhelyként
hataroztak meg; valamint az elfoglalt kotShely allosztérikus kapcsolatat is leirtak a site I

kotdhellyel [Poor és mtsai., 2017a].

2.3. Ciklodextrinek
2.3.1. Ciklodextrinek szerkezete és jellemzdi

A ciklodextrinek (CD) keményit6 eredetii, a-1,4 glikozidos kotésekkel kapcsolodo
D-gliikopiran6z egységekbdl felépiild, gytirli alaku oligoszacharidok [Crini, 2014]. A
természetben eléforduld, hat, hét és nyolc glikozegységbdl allo nativ a-, B-, és y-
ciklodextrinek (ACD, BCD és GCD; 3. abra) a Bacillus macerans baktérium glikozil-
tanszferaz enzime altal képzddnek [Welliver és McDonough, 2007]. A nativ ACD, BCD
¢s GCD természetes megjelenése mellett, egyes enzim- és hdkezelt keményitot
tartalmazo élelmiszerekben glikozilalt és maltozilalt CD-eket mutattak ki [Szente és
mtsai., 2006; Fenyvesi és mtsai., 2016]. Tovabba enzim modositott CD-¢ek jelenlétét irtak
le sérmintakban, kukorica szirupban és kenyérben [Fenyvesi és mtsai., 2016]. A CD-ek
lipofil belsd iireggel rendelkeznek, mely apolaros molekulak befogadasara képes, ez
lehetévé teszi a gazda-vendég tipust zarvanykomplexek kialakulaséat [Crini, 2014]. Az
1:1 sztochiometriaji komplexképzés a leggyakoribb, azonban 2:1, 1:2, 2:2 aranyt, esetleg
még bonyolultabb asszociaciok is kialakulhatnak [Szejtli, 1998]. A CD-ek belsd iiregének

mérete a felépitd glikozegységek szamatol fliggden valtozik: az ACD (belsd tireg: kb.
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0,5 nm), BCD (belsd iireg: kb. 0,6 nm) és GCD (belsé liteg: kb. 0,8 nm) konikus cilinder
alakzatot vesznek fel, mig a kilenc vagy tobb gliikkozegységbdl felépiilé tovabbi CD-ek
szerkezete Osszenyomodik, ami egy ,,0sszeesett” cilinderformat eredményez. Ennek
koszonhetden ezek a CD-ek kisebb belso iireggel rendelkeznek, mint a GCD [Szejtli,
1998; Sharma és Sharma, 2001; Welliver és McDonough, 2007]. Emellett, a
felépitdegységek szamanak novelésével a komplexképzddés hajtdereje (nagy entalpidji
vizmolekuldk kiszoritdsa a belsd iiregbol) gyengiil, ezért e CD-ek kedvezdtlenebb
inklazids sajatsagokkal birnak [Szejtli, 1998]. Ez a jelenség magyarazza az ACD, BCD
és GCD preferencialis elterjedését a kiillonbozo alkalmazasi teriileteken a tobbi CD-nel
szemben [Szejtli, 1998].

A CD-ek kiilsé része hidrofil tulajdonsagokkal bir: az Osszes els6rendl
hidroxilcsoport a gyliri egyik oldalan, mig a mésodrendii hidroxilcsoportok a masik
oldalan helyezkednek el [Szejtli, 1998]. A primer és szekunder hidroxilcsoportok
lokalizécioja kivald vizoldhatégot biztosit a CD-ek szdmara [Szente és Szeman, 2013;
Crini, 2014]. A nativ CD-ek elsérendii vagy masodrendii hidroxilcsoportjainak
kiilonb6zé kémiai modositasa (pl. amindlds, észterifikalas) soran Un. kémiailag
modositott CD-ek jonnek 1étre. A szubsztituens tipusatol és a szubsztitiicio foktol fiiggden
ezek a CD-ek eclényosebb oldhatosagi, stabilitasi és/vagy komplexképzési
tulajdonsagokkal rendelkezhetnek [Croft és Bartsch, 1983; Del Valle, 2004].
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3. abra: Az a-, -, és y-ciklodextrinek kémiai szerkezete.

22



2.3.2. A ciklodextrinek felhasznalasi teriiletei

A CD-eket széleskorben alkalmazzak (pl. kozmetikai- és textilipar) a gazda-vendég
tipusu komplexképzési tulajdonsagaik miatt [Crini, 2014]. Annak ellenére, hogy, az els6
generacios CD-ek koziil a BCD rendelkezik a legalacsonyabb oldhatosaggal, egyéb
kedvez6 tulajdonsagainak (pl. konny(i beszerezhetdség és alacsony ar) kdszonhetéen
mégis a BCD és egyes modositott szarmazékainak alkalmazasa terjedt el leginkabb [Del
Valle, 2004].

A nativ CD-ek ¢s hidrofil szdrmazékaik alacsony oralis biohasznosulassal
rendelkeznek, ezért per os alkalmazésuk soran jellemzden nem véltanak ki toxikus
hatasokat, ami lehetévé teszi az élelmiszer- és gyogyszeripari felhasznalasukat [Irie és
Uekama, 1997; Crini, 2014; Jansook ¢és mtsai., 2018]. A CD-ek gytirlis szerkezete és a
szubsztituensek jelenléte megdvja 6ket a human testnedvekben magtalalhatd a-amilaz
altal katalizalt hidrolizistdl, ez aldol a nativ GCD az egyetlen kivétel. A CD-ek
degradacioja a colon mikrobiota altal torténik [Jansook és mtsai., 2018]. Egyes CD-ek
(pl. 2-hidroxipropil-p-CD, szulfobutiléter-p-CD, szulfatalt-B-CD ¢és maltozil-B-CD)
parenteralis alkalmazasuk soran jol toleralhatok, mig a BCD i.v. alkalmazas esetén
nefrotoxikus hatasokat valtott ki patkdnyokban [Irie és Uekama, 1997; Gould és Scott,
2005; Stella és He, 2008; Jansook és mtsai., 2018]. Az oralis és parenteralis alkalmazasuk
mellett topikalis gyogyszerkészitmények segédanyagaiként is alkalmazzak a CD-eket
[Laza-Knoerr és mtsai.,, 2010]. A CD-ek zarvanykomplexeket képeznek a lipofil
hatéanyagokkal, mely reakci6 asszociicios és disszociacios sebességi konstansa 108-107
M s kozott mozog. A komplexalt hatbanyag felszabaduldsa az adminisztracié sordn
bekdvetkezd higulasnak koszonhetden torténik meg, azonban erdsen kotott (K = 10%
L/mol vagy afolotti) gyogyszerek esetében az endogén molekulak kiszoritd hatdsa, a
szabad hatdanyag plazmafehérje/szoveti kotddése, valamint szoveti felvétele okozhatja a
vendégmolekula felszabadulasat [Stella és mtsai., 1999]. Ebbdl kifolyolag gyakran
alkalmaznak CD-eket lipofil hatéanyagok szolubilizaloszereként, mely az oralis
biohasznosulés javulasdhoz, jobb oldhatdsagi tulajdonsagokhoz és a helyileg alkalmazott
hatéanyagok jobb felszivodasahoz, valamint a hatéanyagok fizikokémiai stabilitasanak
novekedéséhez vezet [Laza-Knoerr és mitsai.,, 2010; Jansook és mtsai.,, 2018]. A
topikalisan alkalmazand6 készitmények kozott jellemzden szemcseppek (pl.

indometacin, diklofenak, kloramfenikol hatéanyagu) és kendcsok (pl. dexametazon
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tartalma) érheték el, de nazalis adagoldsu készitmények segédanyagai kozott is
el6fordulnak CD-ek [Loftsson és Brewster, 2010].

Emellett a sugammadex (kémiailag médositott y-CD szarmazék) forgalomban van
a nem-depolarizdld izomrelaxans rocuronium ¢€s vecuronium altal kivaltott
neuromuscularis blokad felfiiggesztésére [Keating, 2016]. A rocuronium 10 L/mol
stabilitdsi komplexet képez sugammadexszel. A kialakul6 komplex hatisara az
aminoszteroid izomrelaxansok (rocuronium > vecuronium >> pancuronium) szabad
plazmakoncentracié csokkenése gradienst hoz Iétre a plazma és a szovetek kozott, aminek
kdszonhetden a neuromuszkularis junkcioban talalhaté nikotinos acetilkolin receptorrol
ledisszocialva a plazméba aramlanak a periférias izomrelaxansok [Nag ¢s mtsai., 2013].
Emellett allatkisérletes eredmények alapjan a (2-hidroxipropil)-p-ciklodextrin (HPBCD)
alkalmas a genetikai eredetii, lizoszomalis tarolasi rendellenességet okozd Niemann-Pick
C betegség (NPC) kezelésére. A betegség soran a késéi endoszomakban/lizoszémakban
koleszterin ¢és lipidfelhalmozodas torténik, ami foként neurodegenerativ tiineteket
eredményez [Vance és Karten, 2014]. A HPBCD stabil zarvanykomplexet képez
koleszterinnel, aminek koszonhetden jelentdsen lecsokken a koleszterinraktarozas
NPC17" egerekben és meghosszabbitja élettartamukat [Ramirez és mtsai., 2010; Vance
és Karten, 2014]. Az Amerikai Egyesiilt Allamokban jelenleg is folyik a HPBCD klinikai
vizsgalata Niemann-Pick C betegség kezelésére [ClinicalTrials.gov, 2016]. Napjainkban
tobb mint 60 human, és 10 allatgyogyaszati készitmény van forgalomban, amelyek CD-t
tartalmaznak [Szente, 2017].

A CD-ek ¢élelmiszeripari felhasznaldsa az 1970-es években kezdddott, amikor
Japanban kimondtak, hogy a BCD enzimatikusan moédositott keményitdnek tekinthetd,
ezért engedélyezték az élelmiszeripari alkalmazasat [Fenyvesi és mtsai., 2016]. Szamos
toxikologiai és élelmiszerbiztonsagi vizsgalatot kdvetden, a BCD mellett az ACD és GCD
¢lelmiszeripari felhasznalasat is jovahagytak [Fenyvesi és mtsai., 2016]. Az iztelen,
szintelen, szagtalan CD-ek alkalmazhatdk szolubilizal6-, stabilizald- €s tartdsitoszerként,
emellett felhasznaldsukkal az élelmiszerek kellemetlen ize (pl. keseriliség) és szaga (pl.
szojatej) is elfedhetd vagy csokkenthetd [Astray és mtsai., 2009; Fenyvesi és mtsai.,
2016].

A CD technologia alkalmas a kiilonboz6 kornyezetszennyezé agensek megkotésére

IS, igy a talaj- és viztisztitas terliletén is alkalmazhatok, tovabba egyes szerves szennyezok

crer
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[Landy és mtsai., 2012; Morin-Crini és Crini, 2013; Wang és mtsai., 2017; Wang ¢és
mtsai., 2019; Morillo és mtsai., 2020].

Emellett a CD-eket az analitikaban is széleskorben hasznaljak, tobbek kozott
sztereoszelektiv komplexképz6 sajatsaguk miatt [Szente és Szeman, 2013]. Az 1980-as
években kifejlesztett, CD-alapt enantioszelektiv kromatografias oszlopokat napjainkban
rendszeresen alkalmazzak az enantio-szeparacio teriiletén [Armstrong, 1984; Szente és
Szeman, 2013]. Valamint gazkromatografias, nagyhatékonysagu folyadékkromatografias
(HPLC) elvalasztas és kapillaris elektroforézis soran is hasznalhatok a szeparaciod
szelektivitasanak és a modszerek hatékonysaganak javitasara [Szente és Szeman, 2013].
A CD-ek lumineszcens spektroszkopiai modszerek érzé¢kenységének és szelektivitasanak
novelésére is alkalmasak [Szente ¢és Szeman, 2013], mivel a lumineszcens
tulajdonsagokkal rendelkez6 vegyiiletek intenzitas emelkedése figyelheté meg a CD-ek
apolaros tiregében vald elhelyezkedésiik soran, hasonléan a fluorofér szerves
olddszerekben is tapasztalhato intenzitds emelkedéséhez. A lumineszcenciat kiolto
vizmolekuldk CD iiregbdl torténd részleges kiszoritdsdnak kdszonhetden a vizmolekulak
altal okozott részleges kiolt6 hatds csokken, ami a fluorofér emisszids intenzitasanak

jelentés emelkedését eredményezi [Wagner, 2006; Szente ¢s Szeman, 2013].

2.3.3. Mikotoxin-ciklodextrin kélcsonhatasok és alkalmazhatosaguk

A CD-ek képesek zarvanykomplexek kialakitasara szamos mikotoxinnal és egyes (az
anyavegyiiletnél hidrofilebb tulajdonsagokkal rendelkez6) mikotoxin metabolitokkal is
[Galaverna és mtsai., 2008; Maragos és mtsai., 2008; Dall’Asta és mtsai., 2009]. A
fluoreszcens mikotoxinok emisszids intenzitasat a CD-ekkel torténd komplexképzés
jelentés mértékben képes novelni [Verrone és mtsai., 2007; Dall’Asta és mtsai., 2009;
Zhou és mtsai., 2012]. Ennek koszonhetden a mikotoxin-CD komplexképzédés alkalmas
a fluoreszcens tulajdonsagokkal rendelkezd mikotoxinok analitikai detektalhatosaganak
¢s az analitikai szeparacio javitasara (pl. kromatografia, kapillaris elektroforézis)
[Galaverna és mtsai., 2008; Maragos és mtsai., 2008], valamint, sikeresen hasznaltak
kiilonb6zé CD-alapi mikotoxinkotdket egyes italok (pl. almalé, bor) toxintartalmanak
csokkentésére [Fenyvesi és mtsai., 2016].

Korabbi vizsgalatok alapjan az aflatoxinok koélcsonhatasba 1épnek B-CD-ekkel, a
képz6dd komplexek stabilitdsa jellemzden 102 L/mol nagysagrendii [Dall’Asta és mtsai.,

2003; Aghamohammadi és Alizadeh, 2007; Wu és mtsai., 2018]. Az inklizid sorén az
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aflatoxin B1, G1 és M1 fluoreszcencidjanak jelentdés emelkedését figyelték meg, a
legjelentdsebb fluoreszcencia erdsitést a szukcinil-B-CD eredményezte [Dall'Asta és
mtsai., 2003]. Ennek koszonhetden, a kordbban az aflatoxinok HPLC-FLD analizise
soran alkalmazott derivatizalas helyett a CD technoldgia felhasznalasaval is javithatd a
detektalasuk érzékenysége [Holcomb és mtsai., 1992; Maragos és mtsai., 2008].

A citrinin és metabolitja a dihidrocitrinon BCD-nel kialakitott kdlcsonhatdsa soran
jelentdsebb fluoreszcencia intenzitas emelkedés tapasztalhaté, mint GCD jelenlétében,
mig az ACD nem befolyasolta e mikotoxinok fluoreszcenciajat [Zhou és mtsai., 2012;
Pooér és mtsai., 2016; Faisal és mtsai., 2019b]. A CD-ek kémiai modositasa eldnydsen
befolyasolta a mikotoxinokra kifejtett fluoreszcencia erdsité hatasukat [Poor és mtsai.,
2016; Faisal és mtsai., 2019b]. Erdekes modon a dihidrocitrinon stabilabb komplexeket
képzett GCD-nel és modositott szarmazékaival (logK = 2,7-3,4), mint a nativ és a
kémiailag modositott -CD-ekkel (logK = 2,2-3,2) [Faisal és mtsai., 2019b]. Ezzel
szemben, a citrinin affinitdsa a metilalt B-CD szarmazékok irant volt magasabb (logK =
2,6-2,9) [Poor és mtsai., 2016].

Az ochratoxin A nativ BCD-nel kialakitott kolcsonhatasa soran a mikotoxin L-
fenilalanin szerkezeti részének fenolos gytirtje il be a BCD lipofil iiregébe, mig a kilogo
részek H-hidak Iétesitésével stabilizaljdk a komplexet, azonban jelent6sebb
fluoreszcencia intenzitds emelkedés nem tapasztalhat6 a kdlcsonhatés soran. [Amadasi és
mtsai., 2007; Galaverna és mtsai., 2008]. Korabbi vizsgalatok alapjan az ochratoxin A
nemionos, monoanion (a karboxil csoport deprotonalddik, pKa = 4,2-4,4) és dianion (a
fenolos hidroxil csoport is deprotonalodik, pKa = 7,0-7,3) formai is er6sebben kotédnek
a kémiailag modositott szarmazékokhoz, mint a nativ BCD-hez (logK = 1,6-2,2) [Perry
¢és mtsai., 2003b; Hashemi és Alizadeh, 2009; Poor és mtsai., 2015b]. Lagos kozegben az
ochratoxin A dianion formaja kb. 200-szor stabilabb komplexet alakitott ki kvaterner-
ammonium-B-CD-nel (QABCD; logK = 4,5), mint BCD-nel (logk = 2,2), ami
valoszintileg a kationos oldallanc és a mikotoxin dianion k6zott kialakulo elektrosztatikus
kolcsonhatassal magyarazhat6 [Poor és mtsai., 2015b].

Az Alternaria gombafajok altal termelt mikotoxin, az alternariol elénydsebb
tulajdonsaga komplexeket alakitott ki nativ GCD-nel ¢és kémiailag modositott
szarmazékaival, mint B-CD-ekkel [Fliszar-Nyal és mtsai., 2019b]. A legnagyobb
fluoreszcencia intenzitas emelkedést nativ GCD jelenlétében figyelték meg, fiziologias
koriilmények kozott, mig a legstabilabb komplexeket a kvaterner-ammonium-y-CD-nel

képezte (logK = 3,6), lugos koriilmények kozott [Fliszar-Nyul és mtsai., 2019b].
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A CD technologia alkalmazhatésaganak vizsgalata soran vizes oldatok és italok
mikotoxin mentesitését irtak le vizben nem oldodo feliilethez kotott CD-ek segitségével
[Appell és Jackson, 2010; 2012; Shirasawa és mtsai., 2013; Fliszar-Nyul és mtsai., 2020].
Ilyen technikak felhasznalasaval sikeresen csokkentették vorosbor ochratoxin A tartalmat
poliuretan BCD polimerrel [Appell és Jackson, 2012]. Tovabba mintadusitas céljabol is
sikerrel alkalmaztak poliuretan CD polimert sz6161¢ és bor ochratoxin A [Appell és mtsal,
2018], valamint almalé patulin tartalmanak meghatarozasa kapcsan [Shirasawa és mtsai.,
2013]. Korabbi vizsgalatok alapjan a CD-ek polimerizacidja jelentés mértékben
befolyasolhatja a ligandumok iranti affinitasukat [Harada és mtsai., 1976; Saenger, 1980].
Az alternariol kb. 10-szer, illetve kb. 19-szer stabilabb komplexeket képez szolubilis
BCD polimerrel (logK = 3,4) és B-ciklodextrin gyongypolimerrel (BBP; logK = 3,7), mint
BCD monomerrel (logK = 2,4) [Fliszar-Nyul és mtsai., 2019b]. Ennek kdszonhetden,
BBP segitségével sikeresen csokkentették vizes oldatok, valamint paradicsomlé ¢és
vorosbor alternariol tartalmat [Fliszar-Nyual és mitsai., 2019b; Fliszar-Nyul és mtsai.,

2020].

2.3.3.1. Zearalenon és redukalt szarmazékainak kolcsonhatdsai ciklodextrinekkel

Korabbi vizsgalatok soran a ZEN ¢és fluoreszcens tulajdonsagokkal rendelkezd
redukalt metabolitjainak CD-ekkel kialakitott kolcsonhatasat szamos modszer (pl. NMR,
molekulamodellezés, fluoreszcencia spektroszkopia) segitségével tanulmanyoztak: az
inkluzié szignifikans fluoreszcencia jelerdsit6 hatast okozott [Dall’ Asta és mtsai., 2008;
2009; Poor és mtsai., 2015¢; 2017¢c]. A ZEN GCD-nel és hidroxi-propil szarmazékaval
kialakitott kolcsonhatasa soran is stabil, bar a BCD-nél (logKk = 4,0) alacsonyabb
stabilitasu komplexek képzddtek (logK = 3,8), azonban a fluoreszcencia intenzitas emeld
hatasuk joval alacsonyabbnak bizonyul, mint a BCD esetében (kb. 7-szeres vs. 18-5zoros)
tapasztalt [Poor és mtsai., 2015¢].

A B-CD-ekkel kialakitott interakciok soran 1:1 sztochiometridju komplexek
képzddnek, melyek 10* L/mol nagysagrendii kotési allandoval rendelkeznek [Dall’ Asta
és mtsai., 2009; Podr és mtsai., 2015¢c]. A ZEN és ZEL-ok a dimetilalt szarmazékhoz
kotodtek a legnagyobb affinitassal, €s a legmagasabb fluoreszcencia jelerdsitést is a 2,6-
di-O-metil--CD (DIMEB) okozta [Dall’Asta és mtsai., 2009; Poor és mtsai., 2015c;
2017c]. Az o-ZEL hasonld sabilitasi komplexeket képez CD-ekkel, mint az
anyavegyiilet, azonban a B-ZEL-CD komplexek stabilitdsa kb. egy nagysagrenddel
alacsonyabb [Poor és mtsai., 2015¢; 2017c].
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A ZEN fluoreszcencidjanak CD altal indukalt emelkedése az analitikai
gyakorlatban is felhasznalhatd. Kapillaris elektroforézissel kapcsolt 1ézer indukalta
fluoreszcencia detektalas soran kiilonb6zd CD-eket alkalmaztak érzékenyités céljabol
kukoricamintak ZEN tartalmanak meghatarozashoz: a vizsgalat soran a DIMEB
bizonyult a legjobb fluoreszcencia jelerdsitdnek [Maragos €s Appell, 2007]. Valamint
alkalmaztak HPBCD-t [Dall’ Asta és mtsai., 2008].

A stabil ZEN-CD komplexek kialakulasa miatt feltételezhetd, hogy a CD-ek
képesek a mikotoxin cellularis felvételét limitdlni és ezaltal védo hatast fejthetnek ki a
toxinnal szemben [Poor és mtsai., 2015¢; Faisal és mtsai., 2020b]. Ezért a CD-ek
protektiv hatasat megvizsgaltak a ZEN-indukalta toxicitasra in vitro sejtkisérletekben és
zebrahal modellben [Poor és mtsai., 2015c¢; Faisal és mtsai., 2020b]. A nativ BCD jelent6s
mértékben csokkentette a ZEN toxikus hatasait HepG2 sejteken [Poor és mtsai., 2015c].
Tovabba a BCD kismértékii védohatast mutatott, mig a random metilalt f-CD (RAMEB),
a szulfobutil-B-CD (SBCD) ¢és a szukcinil-metil-B-CD koncentracioéfiiggé modon
csokkentették és szinte teljesen meg is sziintették a ZEN-indukalt életképesség
csokkenést HelLa sejteken és a mortalitast, valamint a sulyos deformitasokat zebrahal
embriokban. Ez alapjan egyes modositott CD-ek alkalmasak lehetnek in vivo
toxinkOtéként mikotoxinok kedvezodtlen hatasainak csokkentésére [Faisal és mtsai.,
2020Db].
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3. Célkituzések

Bér korabbi tanulményok beszamoltak a ZEN albumink6tddésérdl, metabolitjainak

szérum albuminnal kialakitott kolcsonhatasarol kevés informacio all rendelkezésre,

azonban e mikotoxinok plazmafehérjekotédése is befolyasolhatja toxikokinetikajukat.

Tovabba, a ZEN és egyes metabolitjainak CD-ekkel kialakitott kolcsonhatasairdl szolo

eddigi szakirodalmi adatok alapjan, a ZEN mellett élelmiszerekben és takarmanyban

szintén el6forduld modositott €s maszkolt szarmazékainak nehézkes detektalasa kapcsan,

valamint lehetséges dekontaminalasi modszerek fejlesztése szempontjabol is érdekesnek

tlinik a CD technologia. Ezért munkdm soran a kovetkezd aspektusok vizsgalatat tliztem

ki célul:

ZEN, o-ZEL, B-ZEL, ZAN, ao-ZAL, B-ZAL, Z14G és Z14S szérum albuminnal
kialakitott koOlcsonhatasainak —vizsgalata, a mikotoxinok toxikokinetikai
tulajdonsagainak mélyebb szintli megismerése és megértése céljabol. Elsésorban
a képz6dd komplexek stabilitdsdnak meghatarozasat terveztem, kiilonos
tekintettel a kiilonb6z6 fajokbol szarmazd (human, marha, sertés és patkany)
albuminokkal kialakitott interakcidjukra, az esetleges faji eltérések feltarasara

érdekében.

A HSA-on nem konvencionalis kotohellyel rendelkez6 ZEN, valamint a
metabolitok (a-ZEL, B-ZEL, ZAN, a-ZAL, B-ZAL, Z14G és Z14S) hatasainak

vizsgalata a Site | marker warfarin albuminko6tddésére.

Maszkolt (Z14G) és modositott (Z14S) mikotoxinok kdlcsonhatdsainak vizsgélata
nativ és kémiailag modositott CD-ekkel, melynek soran a képz6dé komplexek

stabilitasara és a CD-ek altal indukalt fluoreszcencia erdsitésre voltam kivancsi.

A B-CD gyongypolimer extrakcidos hatékonysdganak vizsgalata ZEN és
metabolitjai esetében, melynek analitikai mintadusitas, valamint egyes Vvizes

oldatok (pl. szennyezett italok) mikotoxinmentesitése kapcsan lehet jelentdsége.
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4. Anyagok és modszerek

4.1. Reagensek

A mérések soran felhasznalt reagensek és oldoszerek spektroszkopiai vagy analitikai
mindségliek voltak. A zearalenon (ZEN), a-zearalenol (a-ZEL), B-zearalenol (B-ZEL),
zearalanon (ZAN), a-zearalanol (a-ZAL), B-zearalanol (B-ZAL), human szérum albumin
(HSA), marha szérum albumin (BSA), sertés szérum albumin (PSA), patkany szérum
albumin (RSA) és warfarin beszerzése a Sigma-Aldrich Kft-t61 (Saint Louis, MO,
Amerikai Egyesiilt Allamok) tortént. A zearalenon-14-O-B-D-gliikozidot (Z14G) a
Fluka-Honeywell (Charlotte, NC, Amerikai Egyesiilt Allamok), mig a zearalenon-14-
szulfatot (Z14S) az ASCA GmbH (Berlin, Németorszag) cégektdl vasaroltuk. A
mikotoxinokat etanolban (96 v/v%, spektroszkopiai mindség; VWR; Debrecen,
Magyarorszag) oldottuk, majd az 5000 uM-o0s torzsoldatokat -20 °C-on taroltuk. A
fluoreszcencia spektroszkopiai kisérletek soran a mintak etanol tartalma nem haladta meg
a 0,2%-ot.

A nativ B-CD-t (BCD), nativ y-CD-t (GCD), heptakisz-2,6-di-O-metil-p-CD-t
(dimetil-B-CD vagy DIMEB), (2-hidroxipropil)-B-CD-t (HPBCD), (2-hidroxipropil)-y-
CD-t (HPGCD), 6-monodeoxi-6-monoamino-B-CD-t (monoamino-B-ciklodextrin vagy
MABCD), random metilalt p-CD-t (RAMEB), random metilalt y-CD-t (RAMEG), (2-
hidroxi-3-N,N,N-trimetilamino)propil-p-CD-t (kvaterner-ammonium--ciklodextrin
vagy QABCD), szulfobutil-B-CD-t (szulfobutiléter-B-CD vagy SBCD), szolubilis B-CD
polimert (epiklorhidrin keresztkotésekkel kialakitott, 70 m/m% BCD-tartalmua polimer),
szolubilis QABCD polimert (epiklorhidrin keresztkotésekkel kialakitott, 60 m/m%
QABCD-tartalmu polimer) és vizben nem oldddé B-ciklodextrin gyongypolimert (BBP;
epiklorhidrin keresztkotésekkel kialakitott, S0 m/m% BCD-tartalmu gyongypolimer) a
CycloLab Cyclodextrin Research & Development Laboratory, Ltd. (Budapest,
Magyarorszag) biztositotta szamunkra.

Fluoreszcencia spektroszkdpiai és mikotoxin extrakcios vizsgalataink soran 0,05 M
natrium-foszfat (pH 3,0 és pH 7,4), 0,05 M natrium-acetat (pH 5,0), 0,05 M nétrium-borat
(pH 10,0) és phosphate-buffered saline (PBS: pH 7,4; 8,00 g/L NacCl, 0,20 g/L KCl, 1,81
g/L Na2HPO4 x 2H>0, 0,24 g/L KH2PO4) puffereket hasznaltunk. A nagyhatékonysagt
affinitdskromatografias (HPAC) vizsgalataink soran 0,01 M ammonium-acetat puffert

alkalmaztunk (pH 7,0). A nagyhatékonysagt folyadékkromatografias (HPLC) ¢s HPAC
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méréseink soran HPLC mindségli acetonitrilt, metanolt, és izopropanolt hasznaltunk,

melyeket a VWR-t6l szereztiink be.

4.2. Zearalenon és metabolitjainak interakcioi szérum albuminnal
4.2.1. Spektroszkopiai mérések

Fluoreszcencia spektroszkopiai méréseink soran Hitachi F-4500 fluorimétert
(Tokid, Japan) alkalmaztunk. Spektroszkopiai méréseinket levegé jelenlétében, 25°C-on
végeztik. A mikotoxin-albumin kolcsonhatasok fluoreszcencia  spektroszkopiai
vizsgalata soran PBS puffert hasznaltunk (pH 7,4). A fluoreszcencia kioltds tipusu
méréseinknél standard mennyiségii (2,0 pM) albuminhoz emelkedé mikotoxin
koncentraciokat (0,0; 1,0; 2,0; 3,0; 5,0 uM) adva a mintakat 295 nm-en gerjesztettiik,
majd az albumin emisszidos maximuman (340 nm) értékeltiik az eredményeket. A
mikotoxin-albumin koélcsonhatasokat a Stern-Volmer egyenlet grafikus abrazolasaval
értékeltiik [Ma és mtsai., 2018, Sueck és mtsai., 2018]:

170= 1+ Ky x [Q] (1)

ahol az lo és az | az albumin fluoreszcencia intenzitasat jelenti 340 nm-en mikotoxin
nélkiil és annak jelenlétében, a Ksy a Stern-Volmer kioltési konstanst (L/mol) jel6li, mig
a [Q] a mikotoxin molaris koncentracioja (mol/L).

Emellett a kotési allandokat (K; mértékegység: L/mol) a Hyperquad2006 szoftver
alkalmazasaval, nem-linearis illesztéssel hataroztuk meg [Gans és mtsai., 1996; Sueck és
mtsai., 2018].

A ZEN ¢és ZEN metabolitok warfarin-HSA interakciora gyakorolt hatasanak
tanulmanyozasa soran a warfarin (1,0 uM) fluoreszcens jelét vizsgaltuk standard
mennyiségli HSA (3,5 uM) és emelkedd mikotoxin koncentracidk (0,0; 1,0; 2,0; 4,0; 6,0
¢és 10,0 uM) jelenlétében (hex= 317 nm, Aem = 379 NM) [Podr és mtsai., 2017a; Faisal és
mtsai., 2018b]. Mivel az albumin-kotott warfarin fluoreszcenciaja kb. 15-sz6r magasabb
a szabad warfarinéhoz képest [Poor és mtsai., 2013], az emisszios intenzitas 379 nm-en
mért valtozasai alapjan a mikotoxinok hatasat vizsgalhatjuk a warfarin
albuminkotédésére.

A tesztvegyiiletek belsd sziird effektusdbol adodoé hibdk elkertilése érdekében a
vegyliletek UV-Vis spektrumait Specord Plus 210 (Analytic Jena AG, Jéna,
Németorszag) vagy Jasco-V730 (Tokio, Japan) spektrofotométerekkel vettiik fol. Majd a
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fluoreszcencia spektroszkopiai méréseinkbdl szarmazo adatokat a kovetkezd egyenlet

alapjan korrigaltuk [Hu és Liu, 2015; Sueck és mtsai., 2018]:
Tkorr = [m X @ (Aex+Aem)/2 (2)

ahol lxorr a korrigalt és Im a megfigyelt fluoreszcencia emisszids intenzitasokat jelolik,
mig Aex és Aem @ mikotoxinok abszorbancigjat jelentik az alkalmazott gerjesztési és
emisszids hulliamhosszakon.

A mikotoxin-albumin koélcsonhatasok fluoreszcencia spektroszkopiai vizsgalatai
soran alkalmazott koriilmények kozott a ZEN, a ZEL-ok, a Z14G és a Z14S fluoreszcens
jele nem interferalt az albumin és a warfarin-albumin komplex emisszi6s maximumaval.
Tovabba, az alkalmazott koncentracidtartomanyban a ZAN és a ZAL-0k egyaltalan nem

mutattak fluoreszcenciat.

4.2.2. Nagyhatékonysagu affinitiskromatografia (HPAC)

A mikotoxin-HSA kolcsonhatas megerdsitése érdekében immobilizalt HSA-nal
modositott oszlop segitségével HPAC méréseket is végeztiink szobahdmeérsékleten
[Faisal ¢és mtsai., 2020c]. A HPLC rendszer (Jasco, Tokid, Japan) egy automata
injektorbol (AS-4050), pumpabol (PU-4180), valamint egy diddasoros detektorbol (MD
4017) &llt. Az analizis soran a mintdk (5 pL) egy el6tét sziiron (Waters, Milford, MA,
Amerikai Egyesiilt Allamok), majd a Chiralpak® HSA oszlopon (50 x 3.0 mm, 5 pm;
Daicel, Tokio, Japan) haladtak at. Az izokratikus elucidhoz izopropanolbdl és 0,01 M pH
7,0-es ammonium-acetat pufferbdl (15:85 v/v%) allo eluenst hasznaltunk 0,5 ml/min
aramlasi sebességgel, majd a mikotoxinokat 235 nm-en detektaltuk. A kapott
eredményeket ChromNAV (V2) szoftver segitségével értékeltiik.

4.3. Zearalenon és metabolitjainak kolesonhatasai ciklodextrinekkel
4.3.1. Fluoreszcencia spektroszkopiai modszerek

A konjugalt ZEN szarmazékok CD-ekkel kialakitott kolcsonhatdsa sordn a
modositott mikotoxinok (1,0 uM; Z14G: Aex= 315 nm, Aem = 455 nm; Z14S: hex = 320
nm, Aem = 460 nm) fluoreszcens jelének valtozasat vizsgaltuk emelkedd6 CD

koncentraciok (0,0-2,0 mM) jelenlétében, 25°C-on, kiilonb6zd pufferekben (pH 3,0-
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10,0). A mikotoxin-CD komplexek kotési allandoit (K) a Benesi-Hildebrand egyenlet
grafikus alkalmazésaval hataroztuk meg [Zhou és mtsai., 2012; Faisal és mtsai., 2019b]:

I 1 1
0—1) AT AXKx[H]" (3)

ahol o és | a mikotoxin fluoreszcencia emisszios intenzitasat jeloli CD nélkiil és annak
jelenlétében, A egy konstans, K a kotési allandé (L/mol), mig [H] a CD molekula

koncentracioja (mol/L), és n a kotéhelyek szama.

4.3.2. Mikotoxin extrakcio vizes oldatokbol és dsszetett matrixbol vizben nem oldodo f-

ciklodextrin gyongypolimerrel

A B-ciklodextrin gyongypolimer (BBP) ZEN, a- és B-ZEL, Z14G és Z14S
kotoképességének vizsgalata soran 1,5 mL térfogati mintakat készitettiink, mely standard
mennyiségli mikotoxint és 0,0; 1,0; 2,5; 5,0; 10,0; vagy 20,0 mg (végkoncentrécio: 0,0;
0,67; 1,67; 3,33; 6,67; vagy 13,33 mg/mL) BBP-t tartalmazott, majd termomixerben
(1000 rpm) inkubaltuk a mintakat. Az inkubaciot kovetéen pulzus centrifugalast (4000 g,
6 s, szobahémérséklet) alkalmaztunk, és a feliiliszo mikotoxin tartalmat HPLC-FLD
modszerrel hatdroztuk meg. A ZEN és ZEL-ok (10 uM) BBP altali extrakciojanak
1dofliggését vizsgalva 0, 5, 10, 30 és 60 min inkubacids idoket alkalmaztunk, mig a pH-
fliggés tesztelése soran kiilonbozo pufferekben (0,05 M natrium-acetat, pH 5,0; PBS, pH
7,4; 0,05 M natrium-borat, pH 10,0) végeztiikk az inkubaciot (40 min, 1000 rpm, 25°C).
A homérsékletfliiggés vizsgalata érdekében 15°C, 25°C és 35°C-on inkubaltuk (40 min,
1000 rpm) a mintakat.

A BBP mikotoxinkoté képességének kvantitativ meghatarozasa soran standard
mennyiségli BBP-hez emelkedd mikotoxin koncentraciokat adva inkubaltuk (1000 rpm,
25°C) a mintdkat, és pulzus centrifugalast (4000 g, 6 s) kovetden analizaltuk a

feliiluszokat. A ZEN esetében a 1,5 mL térfogati mintak 1,67 mg/mL BBP-t és 0,0; 0,5;

crer

crer

(pH 5,0). Az 1,5 mL térfogata Z14S mintak 0,05 M natrium-acetat pufferben (pH 5,0)
késziiltek és 1,33 mg/mL BBP-t, valamint 0,0; 0,2; 2,5; 5,0; 7,5 és 10,0 uM

crer
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szorpcids izotermak segitségével értékeltiik [Appell és Jackson, 2012]. A Langmuir
egyenlet:

_ Qo x Ky xC,
Qe =711k xC, (4)

ahol ge az 1 g BBP altal megkdtott, mg-ban kifejezett mikotoxin mennyiséget jeldli; Qo
az 1 g BBP altal maximalisan megkotheté mikotoxin mennyiséget (mg) mutatja; K. a
Langmuir ekvilibrium allandoét (L/mg) jelenti, mig Ce a szabad mikotoxin egyensulyi
koncentraciojat jeloli. A Freundlich egyenlet:

1/n

qde = Kp X C, (5)

ahol Kr a Freundlich konstanst, mig n a heterogenitasi indexet jeloli.

4.3.3. BBP regenerdlhatosdaganak és tobbszori felhasznadldasanak vizsgalata

A BBP regeneralhatosdganak és tobbszori felhasznaladsanak tesztelése érdekében
1,5 mL térfogati mintakat készitettiink, amelyek 6,67 mg/mL BBP-t és 10,0 uM ZEN-t
tartalmaztak 0,05 M natrium-acetat pufferben (pH 5,0). A mintakat 20 perces
termomixerben torténd inkubalast (1000 rpm, 25°C) kdvetden centrifugaltuk (4000 g, 6
s), és a feliiluszot eltavolitottuk. Majd mosasi 1épésként a BBP-t 1,5 mL 50 v/v% etanol-
viz eleggyel inkubaltuk (20 min, 1000 rpm, 25°C) ¢€s centrifugalést kdvetden (4000 g, 6
s) eltavolitottuk az etanol-viz elegyet, majd megismételtiik a mosasi 1€pést. Ezutan 15 s-
ig kondicionaltuk a polimert 1,5 mL natrium-acetat pufterrel (0,05 M; pH 5,0), majd
centrifugalast (4000 g, 6 s) kdvetden leszivtuk a feliiliszot. A mikotoxin extrakciobol és
a mosasi 1épésekbdl szarmazé feliiliszok mikotoxin tartalmat HPLC-FLD modszerrel
analizaltuk.

Ezutan 0jabb mikotoxin extrakciot végeztiink a gyongypolimerrel ¢&s
megismételtik a mosasi folyamatot, majd harmadszorra is megvizsgéaltuk a BBP

mikotoxinkdtd képességét.

4.3.4. Zearalenon extrakcio kukoricasorbdl BBP-rel

A BBP mikotoxinkotd képességét Osszetett matrixban is teszteltilk, ZEN-nal
spikeolt (adalékolt) Corona® kukoricasérbél. A mintaeldkészités soran ultrahangos
vizflirddben gdzmentesitettiik a mintdkat, majd 1,5 mL mintdhoz ismert mennyiségben

adalékoltunk ZEN-t (500 nM), illetve 0,0; 5,0; 20,0; vagy 40,0 mg BBP-t (BBP
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végkoncentracio: 0,0; 3,33; 13,33 és 26,67 mg/mL). A mintakat 15, 25, és 35°C-on
termomixerben inkubaltuk (40 min, 1000 rpm), majd pulzus centrifugalast kovetéen
(4000 g, 6 s) a feliilusz6 ZEN tartalmat kétlépéses diklormetanos extrakciot kovetden
hataroztuk meg. Az oldoszeres extrakcié soran 2 mL diklormetant adtunk a feliiliszohoz
(1000 nL), majd 10 perces razatast (250 rpm, 25°C) kovetden az alsé fazist gyiijtottiik és
a fels6 vizes fazissal megismételtiik a folyamatot. Az olddszeres extrakcid masodik
1épését kovetden egyesitettik a szerves fazisokat, majd a maradék viztartalom
eltavolitasara vizmentes natrium-szulfatot alkalmaztunk. Ulepitést kdvetéen 2000 pL
szerves fazist leszivtunk, és bepdaroltuk 40°C-on rotacids vakuumbeparld (Biichi
Rotavapor R-3, Vacuum Pump, Biichi V-850 Vacuum Controller; Flawil, Svajc)
segitségével. Az extrahalt ZEN-t 500 uL metanol-viz (50 v/v%) elegyben oldottuk és a
mikotoxin tartalmat HPLC-FLD moédszerrel hataroztuk meg. A ZEN s6rbél torténé BBP-
es extrakcidjat alacsonyabb ¢és magasabb mikotoxin koncentraciok (100-600 nM)
adalékolasaval is elvégeztikk, ezek alapjan a mikotoxin koncentraciotol fliggetlen

visszanyerési aranyt (recovery értéket) kaptunk.

4.3.5. A BBP hatdsdnak vizsgalata a kukoricasor szinére és sszpolifenol tartalmdra

Mivel a BBP nem mikotoxin szelektiv kotovegyiilet, a sorben megtalalhatd egyéb
komponensekkel is interakcioba Iéphet. Ezért egy kordbbi tanulméanyban leirt szin és
polifenol meghatarozast végeztiink a sormintdkon a BBP-rel torténd extrakciod utan [Jurié
és mtsai.,, 2015]. Egy HALO DB-20 (Dynamica, Livingston, Egyesiilt Kiralysag)
spektrofotométer segitségével felvettiikk a gazmentesitett mintak UV-Vis spektrumait. A

sOr szinmeghatarozasa az aldbbi egyenlet alapjan tortént:

C= A430Xf><25 (6)

crer

ahol C a szint, A430 @ minta 430 nm-en mért abszorbanciajat jeloli, f a higitasi faktor.

A sor 0sszpolifenol tartalménak vizsgélata soran a BBP extrakcidé utdn 1 mL
gazmentesitett sort adtunk 0,8 mL CMC/EDTA reagenshez (2% natrium-karboxi-metil-
celluloz és 0,4% dinatrium-etilén-diamin-tetraecetsav vizes oldata), majd vortexeltiik a
mintat. Ezutan 50 pL ferric-reagenst (3,5% ammonium-vas(l11)-citrat vizes oldata) és 50
uL ammonia reagenst (cc NHs kétszeres vizmennyiséggel higitva) adtunk hozza, majd
kiegészitettiik a térfogatot 2,5 mL-re és ismét vortexeltiik. A mintdk optikai denzitasat
vizsgaltuk 600 nm-en 10 perces szobahdmeérsékleten torténd inkubalast kdvetden. Az

0sszpolifenol meghatarozas a kdvetkezd egyenlet segitségével tortént:
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P = A600 X 820 (7)

ahol P az 6sszpolifenol mennyiség (mg/L), az Asoo pedig a mintak 600 nm-en mért

abszorbanciaja.

4.4. HPLC analizis

A korabban Visconti és Pascale altal k6zolt modszer [Visconti és Pascale, 1998]
alapjan végeztik a ZEN és ZEL-ok kvantitativ meghatarozasat a modszer kisebb
modositasaval. A mikotoxinok analizise a kovetkezé HPLC rendszerrel tortént: Waters
510 pumpa (Milford, MA, Amerikai Egyesiilt Allamok), 20 uL térfogati loop-pal
felszerelt Rheodyne 7125 manudlis injektor (Middleboro, MA, Amerikai Egyesiilt
Allamok) és Jasco FP-920 fluoreszcens detektor (Tokid, Japan; Aex= 274 nm, Aem = 440
nm). Az kromatogramok kiértékelése Millennium Chormatography Manager szoftverrel
(Milford, MA, Amerikai Egyesiilt Allamok) tortént. A ZEN, a- és p-ZEL mintak (20 pL)
analiziséhez egy SecurityGuard (C18; 4,0 x 3,0 mm; Phenomenex, Torrance, CA,
Amerikai Egyesiilt Allamok) elététoszlopot és egy Kinetex XB-C18 (250 x 4,6 mm, 5
um; Phenomenex, Torrance, CA, Amerikai Egyesiilt Allamok) analitikai oszlopot
hasznaltunk. Az izokratikus eluciét szobahdmérsékleten 1 mL/min aramlasi sebességgel
végeztiik acetonitril, viz és metanol (46:46:8 v/v%) Gsszetételli eluens felhasznalasaval.

A modositott mikotoxinok analiziséhez egy integralt HPLC (Jasco, Tokio, Japan)
rendszert alkalmaztunk, amely egy automata injektorbol (AS-4050), pumpabol (PU-
4180), és egy fluoreszcens detektorbol (FP-920) allt. Az adatok kiértékelése ChromNAV
(V2) szoftverrel tortént. A Z14G mintak (injektalt térfogat: 20 uL) mikotoxin tartalmanak
mennyiségi meghatarozasa egy Security Guard™ (C8; 4,0 x 3,0 mm; Phenomenex,
Torrance, CA, Amerikai Egyesiilt Allamok) elététoszloppal és egy Mediterranea Sea 8
(C8; 150 x 4,6 mm, 5 um; Teknokroma, Barcelona, Spanyolorszag) analitikai oszloppal
tortént. A mozgd fazis acetonitrilt és 175 mM-0s ecetsav oldatot (35:65 v/v%)
tartalmazott. Az izokratikus eluciot 1 mL/min &aramlasi sebességgel végeztiik
szobahdmérsékleten. A Z14G-ot 465 nm-en detektaltuk (Aex = 315 nm).

A Z14S-tartalmu feliiliszo (injektalt térfogat: 20 pl) analizise soran egy Security
Guard™ (C18; 4,0 x 3,0 mm; Phenomenex, Torrance, CA, Amerikai Egyesiilt Allamok)
elététoszlopot, valamint egy Kinetex XB-C18 (250 x 4,6 mm, 5 pm; Phenomenex,
Torrance, CA, Amerikai Egyesiilt Allamok) analitikai oszlopot hasznaltunk. Az eluens

metanolbol, acetonitrilbdl és vizbol (6:35:59 vivdp) allt. Az izokratikus eluciot 1 mL/min
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aramlési sebességgel, szobahdmérsékleten végeztiik. A Z14S-ot 465 nm detektaltuk (Aex
=330 nm).

4.5, Statisztika

Az abrak ¢és tablazatok minimum harom péarhuzamos mérésbdl szarmazd
eredmény atlagat és a hozzajuk tartozé standard hibat (SEM) mutatjak be. A statisztikai
értékelés soran one-way ANOVA (és Tukey’s post-hoc) tesztet végeztiink (IBM SPSS
Statistics, 26. verzid; New York, NY, Amerikai Egyesiilt Allamok; p <0,01).
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5. Eredmények

5.1. Zearalenon és metabolitjainak kolcsonhatasai szérum albuminnal
5.1.1. Fluoreszcencia kioltas alapu vizsgalatok

A ZEN ¢s metabolitjainak human, marha, sertés és patkany albuminnal kialakitott
kolcsonhatasait fluoreszcencia kioltas modszerrel vizsgaltuk. A belsé szlird effektus
korrekcidja (2. egyenlet) utan a ZEN, ZEL-0k, ZAN, ZAL-ok és Z14S koncentraciofiiggd
modon csokkentették az albuminok emisszids jelét 340 nm-en. A 4./A abra a HSA
fluoreszcenciajanak Z14S altal okozott intenzitascsokkenést abrazolja, valamint kb. 460
nm-en egy masodik csucs is megjelenik. Ezzel szemben a ZAN és ZAL-ok az esetében
ez a masodik csucs nem tapasztalhatdo (nincs bemutatva). A Z14G volt az egyetlen
metabolit, ami nem befolyasolta az albuminok emisszios jelét 340 nm-en. A mikotoxin-

indukalt kiolto hatasokat a 4./B abra demonstralja.
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4. abra: (A) A HSA fluoreszcencia emisszios spektruma emelkedd Z14S koncentrdciok
(0,0-5,0 uM) jelenlétében PBS-ben (pH 7,4, Jex = 295 nm, Jem = 340 nm). (B) A HSA (2,0
uM) fluoreszcencia intenzitasa 340 nm-en emelkedd mikotoxin koncentraciok (0,0-5,0

uM) jelenlétében PBS-ben (pH 7,4, Aex = 295 nm).

5.1.2. Mikotoxin-albumin komplexek kotési dallandojanak meghatarozaisa

A ZEN ¢és metabolitjainak albumin komplexeit a Stern-Volmer egyenlet (1.
egyenlet) grafikus alkalmazasaval vizsgaltuk. A Stern-Volmer fliggvények (5. abra) jo
illeszkedést (R2 = 0,97-0,99) mutattak az 1:1 sztdochiometriaji modellel, hasonléan a

Hyperquad mdédszerrel végzett kotési allandé meghatarozashoz. A Stern-Volmer kioltasi
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konstansok (Ksv; 1. tablazat) és kotési allandok (K; 2. tablazat) j6 egyezést mutattak. A
fluoreszcencia kioltds modszer alapjan 10%-10° L/mol koétési allandojti mikotoxin-

albumin komplexek képzodtek.
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5. abra: A human (A; HSA; 2,0 uM), marha (B; BSA; 2,0 uM), sertés (C; PSA; 2,0 uM),
és patkany (D; RSA; 2,0 uM) szérum albuminnal képzett mikotoxin (0,0-5,0 uM)
komplexek Stern-Volmer fiiggvényei PBS-ben (pH 7,4; Jex = 295 nm, Jem = 340 nm).

T T T T T
1,010 2,0x10°  3,0x10°  4,0x10°  50x10°
Mikotoxin koncentracié (M)

T
0,0

logKsv (= SEM)
HSA BSA PSA RSA
ZEN 509+001 481+001 456+0,02 550+0,0l
a-ZEL 470+0,02 4,54+0,02 447+0,07 5,32+ 0,04
B-ZEL 428+0,04 427+0,04 4,18+0,07 5,29 £0,02
ZAN 452+0,04 441+0,04 397+0,06 5,00+0,03
a-ZAL 450+0,02 420+0,05 4,30+0,05 5,21 +0,00
B-ZAL 434+0,04 3,88+0,06 4,13+0,09 543 +0,01
Z14S 4,64 +0,03 5,32+0,02 5,04+0,02 5,70 £ 0,02

1. tablazat: Mikotoxin-albumin komplexek Ksv (mértékegység: L/mol) értékeinek tizes

alapu logaritmusai (HSA: humdn szérum albumin; BSA: marha szérum albumin; PSA:

sertés szérum albumin,; RSA: patkany szérum albumin).

39



logK (= SEM)

HSA BSA PSA RSA
ZEN 5,09+0,01 4,78+0,01 4,57+0,01 5,42 +0,00
o-ZEL 4,72+ 0,00 4,46+0,02 449+0,01 543+0,00
B-ZEL 433+0,00 437+0,01 4,05+0,05 5,43+0,00
ZAN 4,58+0,00 4,51+0,00 3,97+0,01 5,12+0,00
o-ZAL  4,55+0,00 434+0,00 438+0,00 5,31+0,01
B-ZAL  437+0,01 4,12+0,01 4,15+0,01 5,61 +0,01
Z14S 4,71+0,03 543+0,02 5,12+0,02 5,93+0,02

2. tablazat: Mikotoxin-albumin komplexek kotési allandoinak (K, mértékegység: L/mol)
tizes alapu logaritmusai (HSA: humdn szérum albumin; BSA: marha szérum albumin,

PSA: sertés szérum albumin,; RSA: patkany szérum albumin).

Jellemzéen a Z14S alakitotta ki a legstabilabb kolcsonhatast a kiilonbozd
albuminokkal, azonban a Z14S HSA iranti affinitdsa alacsonyabbnak bizonyult a ZEN-
hoz ¢és a-ZEL-hoz képest (2. tablazat). A redukalt metabolitok hasonlo, vagy
alacsonyabb affinitdst mutattak az albuminok irant, mint az anyavegyiilet. A ZEN ¢&s
redukalt szarmazékai a legalacsonyabb stabilitasi komplexek BSA-nal vagy PSA-nal
képezték, ezzel szemben a Z14S HSA iranti affinitasa volt a legalacsonyabb (2. tablazat).
Az 6sszes vizsgalt mikotoxin RSA-nal alakitotta ki a legstabilabb komplexeket. A B-ZEL
¢és B-ZAL jellemzden alacsonyabb affinitast mutattak az albuminok irant, mint az a-ZEL
¢s az a-ZAL, azonban RSA-hoz a B-ZAL ko6todott a legnagyobb affinitassal a redukalt
szarmazékok kozil (2. tablazat).

A mikotoxin-albumin kolcsonhatasok esetében jelentds faji eltéréseket figyeltiink
meg. Az anyavegyiilet kapcsan tapasztaltuk a legkisebb eltérést, amely RSA-nal kb. 7-
szer stabilabb komplexet képez, mint PSA-nal (2. tablazat). A B-ZEL és -ZAL esetében
tapasztaltuk a legjelentdsebb eltéréseket. A B-ZEL kb. 24-szer nagyobb affinitassal
kotodott RSA-hoz, mint PSA-hoz, mig a B-ZAL RSA iranti affinitasa tobb mint 30-szor
magasabbnak bizonyult, mint BSA esetében (2. tablazat).

5.1.3. Nagyhatékonysagu affinitaskromatografias mérések

A fluoreszcencia spektroszkodpiai vizsgalatok sordn kapott eredményeink
alatdmasztasa érdekében HSA-nal modositott oszlop segitségével HPAC méréseket

végeztiink. A mikotoxinok HSA iranti affinitdsuknak megfelelden, kiilonb6zd retencios
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iddvel elualodnak az oszloprdl: a nagyobb affinitassal kotédo vegytiletek retencios ideje
hosszabb. Az oldészercstcsot kdvetve 1,65 min retencids idovel elualodott a Z14G, majd
ezt a B-ZAL (3,05 min), B-ZEL (4,01 min), a-ZAL (5,31 min), a-ZEL (6,61 min), ZAN
(8,02 min), ZEN (12,27 min) és a Z14S (23,29 min) kovette (6. abra).

24000 | 1,650

20000

10000

Intenzitas

7148
23,293

:N/\

0,0 5,0 10,0 15,0 20,0 25,0 30,0

Retencios id6 (min)

6. abra: ZEN, a-ZEL, p-ZEL, ZAN, o-ZAL, p-ZAL, Z14G, és ZI14S HPAC

kromatogramjai.

5.1.4. Zearalenon és metabolitjainak hatdsai a warfarin-HSA kolcsonhatasra

Tovabbi vizsgalataink soran a ZEN metabolitok hatasat teszteltiik a warfarin-HSA
komplex fluoreszcencidjara (Aex =317 nm, hem = 379 nm). A Z14S és B-ZAL jelenlétében
enyhe intenzitds emelkedést tapasztaltunk, mig az o-ZEL, o-ZAL, ZEN és ZAN
nagymértékii emelkedést okozott (7. abra). A vizsgalt mikotoxinok koziil a ZAN fokozta
a legnagyobb mértékben a komplex intenzitasat, mig a B-ZEL jelenléte kismérteki
intenzitascsokkenést eredményezett. A Z14G gyakorlatilag nem befolyasolta a warfarin-

HSA komplex fluoreszcenciajat.
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7. abra: A warfarin (1,0 uM) - HSA (3,5 uM) komplex fluoreszcencia intenzitasinak
valtozasa névekvé mikotoxin koncentraciok (0,0-10,0 uM) jelenlétében (PBS, pH 7,4, Zex
=317 nm, lem= 379 nM).

5.2. Konjugalt zearalenon szarmazékok ciklodextrinekkel kialakitott kolcsonhatasai

5.2.1. Zearalenon-14-gliikozid kélcsonhatasa nativ  és  kémiailag modositott

ciklodextrinekkel

Annak érdekében, hogy meghatirozzuk a kornyezeti pH hatdsat a maszkolt
mikotoxinként ismert Z14G fluoreszcens tulajdonsagaira, a mikotoxin gerjesztési €s
emisszids spektrumat vizsgaltuk kiilonboz6 pufferekben (pH 3,0-10,0). Az alkalmazott
koriilmények kozott a Z14G két excitacios csucsot mutatott 275 és 315 nm-en (hem = 455
nm; 8./A abra). A Z14G gerjesztési spektrumai nagyon hasonlonak bizonyultak pH 3,0-
7,4 kozott, azonban pH 10,0-en a maszkolt mikotoxin excitacios intenzitasa jelentGsen
lecsokkent (8./A abra). A Z14G emisszids spektrumait meghataroztuk a 275 nm-es (8./B
abra) és a 315 nm-es (8./C abra) gerjesztési hullamhosszak alkalmazasaval is. Mindkét
esetben hasonld spektrumokat figyeltiink meg pH 3,0-7,4 kotott, azonban a gerjesztési
spektrumokhoz hasonléan, 10,0-es pH-n a Z14G fluoreszcencidjanak jelentds
csokkenését tapasztaltuk és az emisszios maximumok kékeltolodasat figyeltiik meg (8./B
abra: Aem = 465 nm — 460 nm; 8./C abra: Aem = 465 nm — 450 nm).
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8. abra: A Z14G (20,0 uM) fluoreszcencia gerjesztési (A; Aem = 455 nm) és emisszios
spektrumai (B, Aex = 275 nm; C; Aex = 315 nm) kiilonbozé pufferekben (0,05 M natrium-
foszfat, pH 3,0, 0,05 M natrium-acetat, pH 5,0; 0,05 M natrium-foszfat, pH 7,4; és 0,05
M natrium-borat, pH 10,0).

A Z14G CD-ekkel kialakitott kdlcsonhatasainak vizsgalata soran els6ként nativ
BCD-nel és GCD-nel valdé komplexképzddését tanulmanyoztuk. Standard mikotoxin
koncentraciohoz (1,0 uM) emelked6 mennyiségi (0,0; 0,2; 0,3; 0,5; 0,7; 1,0; 1,5; és 2,0
mM) CD-t adtunk natrium-acetat pufferben (0,05 M; pH 5,0) és a mikotoxin
fluoreszcencia emisszios spektrumat detektaltuk (Aex = 315 nm; 9. abra). A nativ BCD és
GCD jelenléte jelentds mértékben emelte a Z14G sajat fluoreszcencidjat, azonban BCD
nagyobb fluoreszcencia erdsité hatast eredményezett (9. abra). Tovabba a mikotoxin
emisszidés maximumanak enyhe kékeltolddasat (Aem = 465 nm — 455 nm) figyeltiik meg

a CD-¢k jelenlétében (9. abra).
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9. abra: A Z14G (1,0 uM) fluoreszcencia emisszios spektrumai emelkedé BCD (A) és
GCD (B) koncentraciok (0,0-2,0 mM) jelenlétében 0,05 M natrium-acetat pufferben (pH
5, 0,' j.ex =315 nm).
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Tovéabbi vizsgalataink sordan a Z14G fluoreszcencia spektrumat teszteltiik nativ
BCD ¢és GCD, valamint random metilalt (RAMEB ¢s RAMEG) és hidroxi-propil
szarmazékaik (HPBCD és HPGCD) jelenlétében kiilonboz6 pH-kon (pH 3,0-10,0). A
CD-ek kisebb mértékii fluoreszcencia intenzitas emelkedést okoztak 10,0-es pH-n, mint
az alacsonyabb pH-kon, tovabba az emisszios maximum voroseltolodasat (Aem = 450 nm

— 455 nm) figyeltiink meg CD-¢k jelenlétében (10. abra).
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10. abra: A Z14G (1,0 uM) fluoreszcencia emisszios spektrumai emelkedé RAMEG
koncentrdciok (0,0-2,0 mM) jelenlétében 0,05 M natrium-acetat (A; pH 5,0) és 0,05 M
natrium-borat pufferben (B, pH 10,0; Aex = 315 nm).

A vizsgalt CD-ek altal indukalt fluoreszcencia erdsités pH 3,0-7,4 k6z6tt hasonld
tendenciakat mutatott (11. abra). A BCD kémiai modositasa nem eredményezett jobb
fluoreszcencia erdsitd hatast pH 3,0-7,4 kozott, azonban pH 10,0-en a RAMEB-indukalta
fluoreszcencia erdsités volt a legmagasabb a f-CD-ek kozott. A kémhatastol fiiggetleniil,
a HPBCD bizonyult a leggyengébb fluoreszcencia jelerdsitonek a vizsgalt CD-ek koziil.
Azonban a GCD kémiai modositasa jelentdsen emelte a CD-ek fluoreszcencia jelerdsitd
hatasat: HPGCD jelenlétében enyhe, mig RAMEG esetében jelentds javulast
tapasztaltunk a nativ GCD-hez viszonyitva. Jellemzéen a RAMEG bizonyult a legjobb
fluoreszcencia erdsitdnek, azonban savas korilmények kozott (pH 3,0-5,0) a BCD

jelenléte hasonlo intenzitas emelkedést eredményezett (11. abra).

44



RAMEG A RAMEG B
5 2504 w gep PH 3,0 ) = BCD PH 5,0
2 < RAMEB 7 28004 <
=~ v HPGCD = = v
£ 20000 o @D - o .
5 A HPBCD 2000 a
c c
£ 1500 2
E ] £ 15004
K] K-
g 2
1000 -|
8 & 1000 4
N N
& @
5 500+ & 5004
=2 =
'8 W
0 T T T T T 0 T T T T T
0,0 05 1,0 1,5 2,0 0,0 0,5 1,0 1,5 2,0
CD koncentracio (mM) CD koncentracié (mM)

RAMEG o

5 3000+ '3‘~ < RAMEB pH 10,0
2 Z ' « BcD
% 2500 - v HPGCD
el @ 1000 e GCD
= =
N N A HPBCD
C 2000 i=4
,.E ..E 800
© 1500 - s
o S 600
c c
3 1000 8
% m 400
g L
g 500 g 200 +
o s
01— T T T T ; T ; T 01— T T . T : T : .
0,0 0,5 1,0 1,5 2,0 0,0 05 1,0 1,5 2,0
CD koncentracié (mM) CD koncentracié (mM)

11. abra: A Z14G (1,0 uM) fluoreszcencia emisszios intenzitisanak emelkedése CD-ek
(0,0-2,0 mM) jelenlétében 0,05 M natrium-foszfat (A; pH 3,0), 0,05 M natrium-acetdt (B;
pH 5,0), 0,05 M natrium-foszfat (C; pH 7,4) és 0,05 M natrium-borat (D; pH 10,0)
pufferekben (lex = 315 nm, Jem = 455 nm).

A Z14G-CD komplexek kotési allandoit a Benesi-Hildebrand egyenlet (3.
egyenlet) grafikus alkalmazasaval hataroztuk meg. A fliggvények jo egyezést mutattak
(R? = 0,96-0,99) az 1:1 sztdchiometriaja modellel minden vizsgalt pH-n (12. abra). A
maszkolt mikotoxin stabil komplexeket (logK = 2,0-3,3) alakitott ki a tesztelt - és y-CD-
ekkel (3. tablazat). A Z14G pH 3,0-7,4 kozott nagyobb affinitassal kotédott y-CD-ekhez
(logKk = 3,0-3,3), mint a B-CD-ekhez (logK = 2,6-2,9). Azonban 10,0-es pH-n
alacsonyabb komplexstabilitasokat tapasztaltunk (logKk = 2,0-2,4). A Z14G-RAMEG
komplex (pH 5,0 és 7,4) bizonyult a legstabilabbnak (3. tablazat).

45



BCD pH 3,0

GCD }
1,54

[ ]
*
A
v
P

1,0 4

L] 1 OIEIEI 20‘00 30‘00 40‘00 SDIIID 0 10‘00 znbo 30‘00 40‘00 50‘00
1/[CD] (M) 1/[CD] (M)

c pH 7,4 +01D

BCD BCD pH 10,0

3,5

3,0 4

n
Adpom

2,54

1/0-1,]

2,04
1,51

0,5 1,0 4

0,5+

00 T T T T T 0,0 T T T T T T T
] 1000 2000 3000 4000 5000 500 1000 1500 2000 2500 3000 3500

1/[CD] (M)

1[CD] (M)
12. abra: A Z14G-CD komplexek stabilitisanak meghatdrozasa a Benesi-Hildebrand
egyenlet grafikus abrazolasaval 0,05 M natrium-foszfat (pH 3,0, A), 0,05 M natrium-
acetat (pH 5,0; B), 0,05 M ndatrium-foszfat (pH 7,4, C), és 0,05 M ndatrium-bordt
pufferben (pH 10,0; D; Jdex = 315 nm, Jem = 455 nm).

logK (+ SEM)
pH 3,0 pH 5,0 pH 7,4 pH 10,0
Z14G-BCD 2,74 +£ 0,05 2,81 +0,02 2,93+ 0,01 2,10 £ 0,07
Z14G-RAMEB 2,64+£0,07 2,81 £0,05 2,85+ 0,05 2,21 £0,05
Z14G-HPBCD 2,55+£0,06 2,71 £0,06 2,82 +0,03 1,95+ 0,05
Z14G-GCD 2,99+0,06 3,03+£0,05  3,14+0,02 2,30+0,05
Z14G-RAMEG 3,18+ 0,03 3,27 +0,02 3,25+ 0,01 2,38 £0,07
Z14G-HPGCD 3,03 +0,02 3,13+0,01 3,13+0,03 2,41 +£0,02

3. tablazat: A Z14G-CD komplexek kotesi allandoinak (K, mértékegység: L/mol) tizes
alapu logaritmus értékei (BCD: [-CD; RAMEB: random metildlt f-CD; HPBCD: (2-
hidroxi-propil)-p-CD; GCD: y-CD; RAMEG: random metilalt y-CD; HPGCD: (2-
hidroxi-propil)-y-CD; pufferek: 0,05 M natrium-foszfat, pH 3,0, 0,05 M natrium-acetat,
pH 5,0; 0,05 M natrium-foszfat, pH 7,4, 0,05 M natrium-borat, pH 10,0).
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5.2.2. Zearalenon-14-szulfat interakcioja ciklodextrinekkel

A fonalas gombak altal is eldallitott Z14S fluoreszcencia spektrumait enyhén savas
(pH 5,0), fiziologias (pH 7,4) és lagos (pH 10,0) koriilmények kozott vizsgaltuk. A Z14S
gerjesztési spektrumanak maximumat 330 nm koriil detektaltuk enyhén savas, és
fiziologias koriilmények kozott, azonban magasabb pH-n (pH 10,0) a Z14S fluoreszcens
jelének jelentds csokkenését és gerjesztési maximumanak voroseltolddasat (Aex = 330 nm
— 334 nm) figyeltiik meg (13./A abra). Az emisszids spektrumok hasonldak voltak 5,0-
0s és 7,4-es pH-n, ahol a Z14S 465 nm-en adott maximumot, mig 10,0-es pH-n
alacsonyabb fluoreszcens jelet és az emissziés maximum kékeltolodasat (Aem = 465 nm

— 458 nm) tapasztaltuk (13./B abra).
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13. abra: A Z14S (25,0 uM) fluoreszcencia gerjesztési (A; pH 5,0 és pH 7,4: lem = 465
nm; pH 10,0: lem = 458 nm) és emisszios (B, pH 5,0 és pH 7,4: Jex= 330 nm; pH 10,0:
Aex = 334 nm) spektrumai kiilonbozo pufferekben (0,05 M natrium-acetat, pH 5,0; 0,05 M
natrium-foszfat, pH 7,4, 0,05 M natrium-borat, pH 10,0).

A Z14S CD-ekkel kialakitott zarvanykomplexeinek vizsgalata soran els6ként a
mikotoxin fluoreszcencia emisszids spektrumait vizsgaltuk. Mivel a CD-ek jelenlétében
a Z14S excitaciés maximumanak kékeltolodasat (Aex = 330 nm — 320 nm; nincs
bemutatva) figyeltik meg, ezért a mikotoxin fluoreszcencia emisszios spektrumait
emelkedé BCD (0,0; 0,1; 0,2; 0,5; 1,0; és 2,0 mM; 14./A abra) és GCD koncentraciok
(0,0; 0,2; 0,5; 1,0; és 2,0 mM; 14./C abra) jelenlétében 320 nm gerjesztési hullamhosszt
alkalmazva vettiik fel natrium-acetat pufferben (0,05 M; pH 5,0). A CD-ek jelenlétében
jelentds emisszids intenzitds emelkedést figyeltiink meg, valamint a Z14S emisszios

maximumanak enyhe kékeltolodasat (Aem = 465 nm — 460 nm; 14. abra). A nativ BCD
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jelentésebb fluoreszcencia erdsitdé hatast mutatott, mint a GCD (14./B abra), ezért
tovabbi vizsgalataink sordan Z14S nativ és kémiailag modositott B-CD-ekkel kialakitott

kolcsonhatasait vizsgaltuk kiilonb6z6 pufferekben (pH 5,0-10,0).
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14. abra: A Z14S (1,0 uM) fluoreszcencia emisszios spektrumai emelkedé BCD (A) és
GCD (C) koncentraciok (0,0-2,0 mM) jelenlétében 0,05 M natrium-acetat pufferben (pH
5,0; Zex = 320 nm). (B) BCD- és GCD-indukdlta intenzitis emelkedés a Z14S
Sfluoreszcencidajaban (ex = 320 nm, Jem = 460 nm).

A Z14S fluoreszcencidjanak legjelentdsebb emelkedését pH 5,0-6n és 7,4-en
tapasztaltuk (15./A és 15./B abra). A kémiailag mddositott f-CD szarmazékok koziil a
DIMEB ¢és a MABCD bizonyultak a legjobb jelerésitének enyhén savas és fiziologias
koriilmények kozott, mig a HPBCD, QABCD, RAMEB ¢és SBCD kevésbé voltak
hatékonyak a BCD-hez viszonyitva (15./A és 15./B abra). Lugos kérnyezetben (pH 10,0)
a DIMEB okozta a legnagyobb, mig a QABCD egyértelmiien a legkisebb intenzitas
emelkedést (15./C abra). Emellett pH 10,0-en, egyediill a QABCD esetében a Z14S
emisszios maximumanak kékeltolodasat (460 nm — 447 nm) tapasztaltuk (nincs

bemutatva).
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15. abra: A Z14S (1,0 uM) fluoreszcencia emisszios intenzitasanak emelkedése novekvd
CD koncentraciok (0,0-2,0 mM) mellett 0,05 M natrium-acetat (A; pH 5,0), 0,05 M
natrium-foszfat (B; pH 7,4) és 0,05 M natrium-borat (C; pH 10,0) pufferekben (Zex = 320
nm, Aem = 460 nm).

A Z14S-CD komplexek kotési allandoit a Benesi-Hildebrand egyenlet (3.
egyenlet) alapjan hataroztuk meg. A Benesi-Hildebrand fiiggvények kivalo illeszkedést
(R?=0,99) mutattak az 1:1 sztochiometriaji modellel, és az eredmények stabil Z14S-CD
komplexek (logKk = 3,0-4,7) kialakulasara utalnak (4. tablazat). Enyhén savas
koriilmények kozott (pH 5,0) a BCD hidroxipropil- és szulfobutil-szubsztiticioi nem
eredményeztek jobb komplexképzési sajatsagokat (4. tablazat), ezért a tovabbi
kisérleteink soran nem vizsgaltuk e kolcsonhatasokat.

Savas ¢és fiziologias koriilmények kozott (pH 5,0 és 7,4) a metilalt B-CD-ek Z14S
iranti affinitasa volt a legmagasabb, tovabba a MABCD és a QABCD is erésebben
kotédtek a mikotoxinhoz, mint a nativ BCD (4. tablazat). Azonban alacsonyabb
stabilitasa Z14S-CD komplexek képzddését tapasztaltuk 10,0-es pH-n, kivéve a
QABCD-t, ami e koriilmények kozott képezte a legstabilabb komplexeket a
mikotoxinnal.
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logK (= SEM)

pH 5,0 pH 7,4 pH 10,0
Z14S-BCD 3,60+£0,02 3,55+002 3,05+0,02
Z14S-RAMEB 4294004 427+005 3,67+0,04
Z14S-DIMEB 4,66 +0,05 4,63+0,03 4,20+ 0,08
Z14S-MABCD 3,90 +0,03 3,99+0,05 3,04 +0,03
Z14S-QABCD  3,98+0,03 3,74+001 421+0,01
Z14S-HPBCD 3,61 +0,02
Z14S-SBCD 3,59 40,01
Z14S-GCD 3,14 0,01

4, tablazat: A Z14S-CD komplexek kétési allandoinak (K; mértékegység: L/mol) tizes
alapu logaritmus értékei (BCD: f-CD; RAMEB: random metilalt -CD; DIMEB: dimetil-
p-CD; MABCD: monoamino -CD; QABCD: kvaterner-ammonium-f-CD; HPBCD: (2-
hidroxi-propil)-$-CD; SBCD: szulfobutil-5-CD,; GCD: y-CD; pufferek: 0,05 M ndtrium-
acetat, pH 5,0; 0,05 M natrium-foszfat, pH 7,4, 0,05 M natrium-borat, pH 10,0).

Annak érdekében, hogy dsszehasonlitsuk a Z14S kdlcsonhatasat BCD és QABCD

monomerekkel ¢és szolubilis polimerekkel, a korabban hasznalt fluoreszcencia
spektroszkopiai modellt alkalmaztuk. Standard mennyiségli mikotoxinhoz (1,0 uM) a
monomerekre normalizalt szolubilis BCD és QABCD polimer koncentraciokat (0,0; 0,05;
0,1; 0,2; 0,5; 1,0 és 2,0 mM) adva vizsgaltuk meg a Z14S fluoreszcencia emisszios
spektrumait (Aex = 320 nm, Aem = 460 nm). Tekintettel arra, hogy a Z14S-CD komplex
képzddése soran enyhén savas (pH 5,0) és fiziologias (pH 7,4) koriilmények kozott
hasonl6 eredményeket tapasztaltunk, viszont pH 10,0-en jelent6s eltéréseket figyeltiink
meg (4. tablazat), a monomer vs. szolubilis polimer 6sszehasonlitast pH 5,0-6n és pH
10,0-en végeztiik. A Benesi-Hildebrand egyenlet (3. egyenlet) grafikus alkalmazasaval
3,65 + 0,04 logK értéket hataroztunk meg 5,0-6s pH-n a szolubilis BCD polimerre, mig
lagos koriilmények kozott a kotési allandod ennél alacsonyabb (logK = 2,74 + 0,06) volt.
A szolubilis QABCD polimer azonban kb. 3-szor magasabb stabilitas komplexeket
alakitott ki a mikotoxinnal savas (logK = 4,48 + 0,01), mint lugos koriilmények kozott

(logK = 3,96 + 0,03).
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5.3. Zearalenon és metabolitjainak extrakcioja vizes oldatokbol és osszetett

matrixbol p-ciklodextrin gyongypolimerrel

5.3.1. Zearalenon és zearalenolok extrakciéja vizes oldatokbol [-ciklodextrin

gyongypolimerrel

A ZEN, a- és B-ZEL BBP-rel torténd eltavolithatosaganak vizsgalata soran elsdként
az extrakcid idofiiggését vizsgaltuk. A kisérletek sordn a mikotoxinok vizes oldatahoz
(10,0 uM) 6,67 mg/mL BBP-t adva 5, 10, 30 és 60 percig inkubaltuk a mintakat
termomixerben (25°C, 1000 rpm). Az inkubaciot kovetden a feliiluszd6 mikotoxin
tartalmanak HPLC-FLD meghatarozasa soran a ZEN ¢és szarmazékainak latvanyos
csOkkenését tapasztaltuk (16. abra). Mar 5 perces inkubaciot kovetden a mikotoxin
koncentraciok meredek, kb. 70-80%-o0s csokkenését figyeltiik meg. Majd 30 perc utan kb.
85-90%-0s redukciot tapasztaltunk a kezdeti mikotoxin koncentraciokhoz képest, ami az

inkubacids id6 tovabbi novelésével mar nem valtozott jelentésen (16. abra).
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16. abra: A ZEN és ZEL-0k (10,0 uM) p-ciklodextrin gyéngypolimer (6,67 mg/mlL) daltali
extrakcidjanak iddfiiggése vizben (inkubacio: 0-60 min, 25°C, 1000 rpm; * p <0,01).

Ezt kovetéen a BBP mikotoxin extrakcidjanak koncentraciofiiggését teszteltik.
Vizsgalataink soran alacsony (500 nM) és magas (10,0 uM) mikotoxin koncentraciokhoz
adtunk emelked6 mennyiségi BBP-t (0,0-13,33 mg/mL), majd termomixerben torténd
inkubacio (40 min, 25°C, 1000 rpm) utan vizsgaltuk a feliiliszok mikotoxin tartalmat. A
BBP koncentraciofliggé modon csokkentette a mintak ZEN és ZEL tartalmat (17. abra).
A 10,0 uM-os (17./A abra) és 500 nM-os (17./B abra) mintakbol hasonld
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hatékonysaggal tavolitotta el a mikotoxinokat a polimer. Mindkét esetben legalabb 85-
90%-o0s ZEN, a- ¢és B-ZEL csokkenést tapasztaltunk a legmagasabb BBP koncentracid
jelenlétében. Jellemz6en a 6,67 mg/mL-es BBP koncentracidé mar kozel azonos extrakciot

eredményezett, mint a legmagasabb tesztelt BBP koncentracio (17. abra).
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17. abra: A ZEN és ZEL-ok (A: 10,0 uM; B: 500 nm) extrakcioja vizbél emelkedd
mennyiségii f-ciklodextrin gyongypolimer (0,0-13,33 mg/mL) jelenlétében (inkubdcio. 40
min; 25°C, 1000 rpm,; * p <0,01).

Tovabbi vizsgalataink soran a ZEN és ZEL-ok BBP altali extrakciojanak pH-
fliggését vizsgaltuk natrium-acetat (0,05 M; pH 5,0), PBS (pH 7,4) és natrium-borat (0,05
M; pH 10,0) pufferekben. Enyhén savas (pH 5,0) és fiziologias (pH 7,4) koriilmények
kozott a BBP vizben tapasztalt extrakcios képességéhez hasonlo eredményeket figyeltiink
meg (18./A és B abra). Azonban a pH tovabbi emelése jelentés mértékben csokkentette
a BBP ZEN- és ZEL-koto képességét: még a legmagasabb vizsgalt BBP koncentracio
(13,33 mg/mL) jelenlétében is csak kb. 60-70%-0s mikotoxin extrakciot figyeltiink meg
(18./C abra).
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18. abra: A ZEN és ZEL-ok (10,0 uM) extrakcioja 0,05 M natrium-acetat (A; pH 5,0),
PBS (B, pH 7,4) és 0,05 M natrium-borat pufferbél (C; pH 10,0) S-ciklodextrin
gyongypolimerrel (0,0-13,33 mg/ mL; inkubdcio: 40 min, 25°C, 1000 rpm; * p <0,01).

A BBP mikotoxinkotd képességének homérsékletfiiggését 0,05 M natrium-acetat
pufferben (pH 5,0) vizsgaltuk. A 10 uM ZEN-t és 0,67, 2,0 vagy 6,67 mg/mL BBP-t
tartalmazé mintdkat 15, 25 ¢és 35°C-on inkubdltuk (1000 rpm, 40 min), majd
centrifugdlast ~ kdovetéen a  leszivott  feliiliszokat szobahOmérséklettire
melegitettiik/hiitottiik és HPLC-FLD modszerrel meghataroztuk mikotoxin tartalmukat.
A hémérséklet valtoztataisa nem okozott szignifikans eltéréseket a mikotoxin
extrakcioban (nincs bemutatva).

A ZEN ¢és ZEL-ok BBP-rel kialakitott kolcsonhatasanak kvantitativ jellemzése
érdekében emelkedd mennyiségli mikotoxin koncentracidkat (0,5; 1,0; 2,5; 5,0 és 10,0
uM) adtunk BBP-hez (végkoncentracio: 1,67 mg/mL), majd inkubaciét (40 min, 25°C,
1000 rpm) ¢és centrifugalast (4000 g, 6 s) kovetden meghataroztuk a feliiliszo mikotoxin
tartalmat. A Langmuir (4. egyenlet) és Freundlich (5. egyenlet) izotermak jol illeszkedtek
a mérési eredményekre (19. abra; Langmuir: R?=0,98-0,99; Freundlich: R?>=0,97-0,99).

Az illesztések alapjan meghatarozott értékeket az 5. tablazat szemlélteti.
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19. abra: ZEN és ZEL-0k p-ciklodextrin gyongypolimerrel torténé megkitésének

Langmuir (egyenes vonal) és Freundlich (Szaggatott vonal) izotermdi vizben.

Langmuir Freundlich
Qo Ki R? Ke 1/n R?
(mg/g) (L/mg) (mg/g)(L/mg)*"

ZEN 3,11+086 060+025 098 | 1,16+007  0,79+0,10 0,97
o-ZEL 528+141  0,75+025 099 | 2,72+0,16  087+0,05 0,99
B-ZEL 331+0,75 047+0,15 099 | 104+001  0,76+0,02 0,99
Z14G  3,77+0,49 0,0197+0,006 0,96 | 0,18+0,01  0,64+0,03 0,92

Z14S  953+4,49 0,096+0,051 0,99 | 0,827+0,019 0,895+ 0,045 0,99

5. tablazat: A mikotoxin-BBP kolcsonhatdisok Langmuir és Freundlich izotermdinak

paraméterel (£ SEM).

5.3.2. p-ciklodextrin gyongypolimer regeneralhatosaganak vizsgalata

Kisérleteink sordan a ZEN BBP-rel torténd extrakcidjat kovetéen kétlépéses 50
vIv%-0s etanol-viz eleggyel torténd mosas segitségével vizsgaltuk a mikotoxin
kiszorithatosagat a CD iiregb6l, majd a BBP tobbszori felhasznalhatosagat (lasd 2.3.3.
szekcid). Eredményeink alapjan a mosasi Iépéseket kovetéen a kezdeti ZEN
koncentracioval kozel azonos mikotoxin mennyiséget detektaltunk a feliiliszokban (6.
tablazat), ez alapjan a szerves olddszeres mosas utan a BBP altal megkdotott teljes ZEN-
mennyiség visszanyerhetd. Emellett a BBP ZEN exktrakcios képessége a mosasi
1épeseket kovetden torténd madasodik €és harmadik felhasznédlds soran ugyanolyan

eredményesnek bizonyult, mint az els6 alkalmazasa esetében (6. tablazat).
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ZEN-mennyiség (%) a > ZEN-

felh?sliiélés Mosasi 1épés pufferben (A) és a mennyiség (%)
mosofolyadékban (B, C) a feliiliszokban
A BBP-es extrakcid utan 8,0+0,3
1. B: 1. mosasi 1épés utan 85,8+ 1,6 99,8
C: 2. mosasi lépés utan 6,0+0,7
A: BBP-es extrakcid utan 7,1+0,2
2. B: 1. mosasi [épés utan 84,8 +1,5 98,3
C: 2. mosasi 1épés utan 6,4+0,8
3. A: BBP-es extrakcio utan 7,4+0,4 -

6. tablazat: 4 S-ciklodextrin gyongypolimer tobbszori felhasznalasanak vizsgalata: ZEN
(10,0 uM) extrakciéja BBP-rel (6,67 mg/mL) 0,05 M natrium acetdt pufferbél (A; pH
5,0), majd ZEN mosasa BBP-bdl két lépésben 50 vIv% etanol-viz eleggyel (B és C).

5.3.3. Zearalenon extrakcioja kukoricasorbdl f-ciklodextrin gyongypolimerrel

A kovetkezd kisérleteinkben a BBP ZEN-koto képességét vizsgaltuk Osszetett
matrixban. A mintak el6készitését kovetden a mikotoxinnal (500 nM) adalékolt
kukoricasort BBP jelenlétében inkubaltuk (40 min, 1000 rpm) kiilonb6z6
hémérsékleteken (15-35°C), majd a feliilisz6 oldoszeres extrakcigjat és
vakuumbeparlasat kovetden a meg nem kotott ZEN mennyiséget HPLC-FLD moédszerrel
hataroztuk meg. A kukoricasor mintak nem tartalmaztak kimutathatdo mennyiségii ZEN-t
az adalékolas (spike-olas) el6tt. Mivel a BBP nem szelektiven koti meg a ZEN-t,
feltételeztiik, hogy a kukoricasdr egyéb komponenseinek részleges extrakcidja is
megtorténik. Ezért a sikeres mikotoxin extrakcio érdekében magasabb BBP
koncentraciokat is alkalmaztunk (0,0; 3,33; 13,33 és 26,67 mg/mL). A 3,33 mg/mL-es
BBP a kiindulasi ZEN mennyiségének hozzavetdlegesen 65%-at tavolitotta el a sorbol,
mig 13,33 és 26,67 mg/mL BBP jelenlétében a ZEN kb. 90 és 95%-os extrakciojat
figyeltik meg (20. abra). A natrium-acetat pufferben (pH 5,0) végzett korabbi
kisérletiinkh6z hasonloan, a BBP mikotoxinkotd képességében csak kismértéki

hémérsékletfiiggést figyeltiink meg a kukoricasorben is.
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20. abra: A ZEN (500 nM) mennyiségének csokkenése kukoricasorben eltéré
homeérsékleteken (15-35°C) emelkedo mennyiségii [f-CD gyongypolimer jelenléteben
(0,0-26,67 mg/mL; inkubacié: 40 min, 1000 rpm; *p <0,01).

A mikotoxin tartalom mellett a BBP valosziniileg mas vegyiileteket is képes
eltavolitani a sorbol. Ezért a kukoricasérmintdk szinének és Osszpolifenol tartalmanak
valtozasat vizsgaltuk a BBP-rel (0,0-26,67 mg/mL) torténd inkubaciot (1000 rpm, 40 min,
25°C) kovetden. A kontrollként alkalmazott mintdkban a szinérték (C) 4,85 £ 0,15, mig
polifenol koncentracio (P) 77,1 + 0,8 mg/L volt. A BBP mennyiségének novelésével a
sor szinének és polifenol tartalmanak fokozatos csokkenését figyeltilk meg (21. abra). A
mintak szinének ¢€s polifenol tartalmanak relativ csokkenése sokkal alacsonyabbnak
mutatkozott a ZEN mennyiségének relativ csokkenéséhez képest, azonban a 13,33
mg/mL BBP jelenléte 16%-o0s szinintenzitds és 43%-0s Osszpolifenol koncentracio

csokkenést okozott.
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21. abra: Kukoricasor szinének, valamint polifenol- és ZEN-tartalmanak relativ
valtozasa emelkedd mennyiségii f-CD gyongypolimer jelenlétében (0,0-26,6 mg/mL;
inkubdcio: 40 min, 25°C, 1000 rpm; *p <0,01).

5.3.4.  Zearalenon-14-gliikozid  extrakcioja  vizes  oldatbol  p-ciklodextrin

gvongypolimerrel

Tovabbi vizsgalataink sordn a ZEN konjugalt szarmazékainak extrakcidjat
teszteltiik vizes oldatokbdl BBP-rel. A BBP koncentraciofiiggd modon csokkentette a
kiindulasi Z14G (2,0 uM) mennyiséget natrium-acetat pufferben (0,05 M; pH 5,0; 22./A
abra). Mar a legalacsonyabb BBP koncentréacio (0,67 mg/mL) is kb. 10%-o0s cskkenést
okozott, mig 6,67 és 13,33 mg/mL BBP jelenlétében kb. 60 €és 75%-0s Z14G extrakciot
figyeltiink meg (22./A abra).

A BBP Z14G-kot6 képességének mennyiségi meghatarozasahoz standard
mennyiségii BBP-hez (végkoncentracio: 1,67 mg/mL) emelkedd Z14G koncentraciokat
(0,2; 0,5; 1,0; 2,5; 5,0; 7,5; 10,0 és 12,5 uM) adtunk majd az inkubaciot (termomixer: 30
min, 25°C, 1000 rpm), és centrifugalast (4000 g, 6 s) kdvetden a feliiliszo mikotoxin
tartalmat HPLC-FLD mddszerrel hataroztuk meg. A Langmuir és Freundlich szorpcios
izotermakat a 22./B abran tiintettem fel, a szorpcidés modellek paraméterei az 5.

tablazatban szerepelnek.
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22. abra: (A) A Z14G (2,0 uM) extrakcioja 0,05 M ndtrium-acetdt pufferbol (pH 5,0)

emelkedo mennyiségii f-ciklodextrin gyongypolimer (0,0-13,33 mg/mL) jelenléteben
(inkubdcio: 30 min, 25°C, 1000 rpm; * p <0,01). (B) A Z14G-BBP kélcsonhatas

Langmuir (egyenes vonal) és Freundlich (szaggatott vonal) izotermdi.

5.3.5. Zearalenon-14-szulfat extrakcidja vizes oldatbol p-ciklodextrin gyongypolimerrel

Az el6z6 kisérlethez hasonloan, a Z14S BBP altal torténd eltavolitasat teszteltitk
0,05 M nétrium acetat pufferbdl (pH 5,0). Mér az alacsony BBP koncentracio (0,67
mg/mL) is kozel 40%-o0s csokkenést okozott a mintak mikotoxin tartalmaban (23./A
abra). A BBP koncentracié novelésével tovabb emelkedett a Z14S extrakcié mértéke,
13,3 mg/mL polimer eltavolitotta a mikotoxin kb. 95%-at.

A Z14S-BBP kolcsonhatas kvantitativ vizsgalata soran 1,33 mg/mL BBP-hez
Z14S-ot (0,2; 2,5; 5,0; 7,5 és 10,0 uM) adtunk 0,05 M natrium-acetat pufferben (pH 5,0)
majd az inkubaciot (termomixer: 40 min, 25°C, 1000 rpm) és centrifugalast (4000 g, 6 S)
kovetéen meghataroztuk a felilluszok Z14S-tartalmat. Mind a Langmuir, mind a
Freundlich izotermak esetén jo illeszkedést (R? = 0,99) tapasztaltunk (23./B abra). A
Langmuir és Freundlich modellek alapjan szamolt paramétercket az 5. tablazat

tartalmazza.
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23. abra: (A) A Z14S (1,0 uM) extrakcioja 0,05 M natrium-acetat pufferbél (pH 5,0)
novekvo mennyiségii f-ciklodextrin gyongypolimer (0,0-13,33 mg/mL) jelenlétében
(inkubacio: 40 min, 25°C, 1000 rpm; * p <0,01). (B) A Z14S-BBP kélcsonhatas Langmuir

(egyenes vonal) és Freundlich (szaggatott vonal) izotermdi.
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6. Megbeszélés, kovetkeztetések

6.1. Zearalenon és metabolitjainak kélcsonhatasai szérum albuminnal

Tekintettel a korabban tapasztalt jelentGs faji eltérésekre egyes mikotoxinok
albumink6tédése kapesan (pl. ochratoxin A, 2°R-ochratoxin A ¢és alternariol esetében)
[K6szegi és Poor, 2016; Faisal és mtsai., 2018a; Fliszar-Nyul és mtsai., 2019a], a ZEN ¢és
metabolitjainak human, marha, sertés és patkany albuminnal kialakitott kdlcsonhatasait
fluoreszcencia kioltds moddszerrel vizsgaltuk. A belsé sziird effektus korrekciojat
kovetéen (2. egyenlet) a HSA (4. abra), BSA, PSA és RSA fluoreszcencia emisszios
intenzitasainak jelent6s csokkenését tapasztaltuk emelkedé ZEN, o/B-ZEL, ZAN, o/B-

rrrrr

cre

adodik. Ez a jelenség a mikotoxin-albumin komplexek kialakulasara utal [Fanali és
mtsai., 2012; Podr és mtsai., 2015a; 2017a; Ma és mtsai., 2018; Tan és mtsai., 2019]. A
Z14G jelenléte nem befolyasolta az albuminok fluoreszcencia intenzitasat 340 nm-en,
ami alapjan a Z14G nem kotédik, vagy csak nagyon gyenge kolcsonhatast alakit ki
szérum albuminnal.

Korabbi vizsgalatokhoz hasonléan [Poor és mtsai., 2017a; Ma ¢és mtsai., 2018],
ZEN ¢és egyes fluoreszcens sajatsagokkal rendelkezd metabolitjainak (pl. Z14S, 4./A
abra) szérum albuminokkal kialakitott interakcioja soran kb. 455-460 nm koriil egy
masodik csics megjelenése tapasztalhatd. Ez a jelenség a mikotoxinok intrinszik
fluoreszcencidjabol adodik, ezért a fluoreszcens tulajdonsaggal nem rendelkezd
metabolitok (ZAN ¢és ZAL-ok) esetében nem figyelhetd meg. Emellett a jelenség
kialakulasaban részben szerepet jatszhat a Forster-féle rezonancia energiatranszfer is,
mely soran a gerjesztett allapotd donor molekula és a megfeleld tavolsagban 1€vd,
jellemzden fluoreszcens sajatsdgokkal rendelkezd akceptor molekula kozott kialakulod
dipol-dipdl kolcsonhatas kovetkeztében energiatranszfer jatszodik le (amennyiben a
donor fluoreszcens emisszids spektruma jelentds atfedést mutat az akceptor abszorpcios
spektrumaval) [Berney és Danuser, 2003; Periasamy és mtsai., 2015].

A képzodd mikotoxin-aloumin komplexek Ksv és K értékei alapjan stabil
kolcsonhatasok alakulnak ki (1. és 2. tablazat). A ZEN-HSA és ZEN-BSA komplexek
kotési allandoira hasonlé értékeket kaptunk, mint a korabban kézolt vizsgalatokban [Poor

¢és mtsai., 2017a; Ma és mtsai., 2018]. A tesztelt mikotoxinok koziil jellemzéen a Z14S
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képezte a legstabilabb komplexeket az albuminokkal (1. és 2. tablazat), a RSA iranti
affinitasa (logK= 5,93) megkozeliti az alternariol-albumin komplexek stabilitasat (logK
= 5,61-6,53) [Fliszar-Nyul és mtsai., 2019a]. A ZEN ¢s redukalt metabolitjainak
albuminok iranti affinitasa (1. és 2. tablazat) az aflatoxinok (aflatoxinok-HSA: logK =
4,34-4,65), citrinin (logK = 4,96-5,50) ¢és dihidrocitrinon (logk = 4,93-5,65)
mikotoxinokéhoz hasonld [Podr és mtsai., 2015a; 2017b; Faisal és mtsai., 2019a]. A B-
ZEL alacsonyabb stabilitasi komplexeket alakitott ki a vizsgalt albuminokkal, mint a
ZEN ¢és az a-ZEL, valamint hasonlé tendenciat figyeltiink meg a legtobb esetben B-ZAL
vs. ZAN és a-ZAL esetében is (1. és 2. tablazat). Erdekes modon B-ZAL és B-ZEL RSA
iranti affinitdsa az anyavegyiiletéhez hasonlonak bizonyult (1. és 2. tablazat). Korabbi
vizsgalatok alapjan a ZEN nem konvencionalis koétohelyet foglal el HSA TIA és IIIA
aldoménjei k6zott [Poor és mtsai., 2017a], ami a molekulamodellezés szerint az a-ZEL
kotéhelyéhez nagyon hasonlo (1. melléklet/A és B). Azonban B-ZEL esetében a kotési
pozicié (1. melléklet/C) vagy akar a kotdhely (1. melléklet/D; kb. 15 A tavolsagra
azonositottak a ZEN ¢és a-ZEL kotohelyétdl) is eltérhet [Faisal és mtsai., 2018b]. A ZEN
és a-ZEL vs. B-ZEL kotédésében megfigyelt eltérések lehetnek feleldsek a B-ZEL-HSA
komplexek alacsonyabb stabilitasaért [Faisal és mtsai., 2018b].

A ZEN ¢és szarmazékainak affinitasa jelentds, akar tobb tizszeres kiilonbséget
mutatott HSA, BSA, PSA ¢és RSA irant, melyek koziil RSA-nal képezték a legstabilabb
komplexeket (1. és 2. tablazat). Hasonloan jelentds faji eltérések figyelhetok meg
ochratoxin A albuminkotédésében is [Kdszegi és Poodr, 2016]. A BSA (76,34%), PSA
(75,86%) és RSA (73,23%) aminosavsorrendje nagy hasonldsagot mutat HSA-nal
[Weinstock és Baldwin, 1988; Carter és Ho, 1994; Stehle és mtsai., 1999; Faisal és mtsai.,
RSA (arginin, szerin), valamint a HSA, BSA és PSA (lizin, treonin) esetében eltéréek. E
szerkezeti eltérések érintettek lehetnek a ZEN és metabolitjainak RSA iranti 1ényegesen
magasabb affinitasaban [Faisal és mtsai., 2018b].

A ZEN és metabolitjainak kiilonb6z6 allatfajokon végzett in vivo toxikokinetikai
vizsgalatai soran jelentOs kiilonbségeket figyeltek meg [Mukherjee és mitsai., 2014,
Catteuw ¢s mtsai.,, 2019; Fruhauf és mtsai.,, 2019], melyek kialakulasaért részben
feleldsek lehetnek az albuminkdtédésiikben tapasztalt eltérések [Fruhauf és mtsai., 2019].
Catteuw és mtsai. sertéseken végzett kisérletei alapjan a ZEN és szarmazékainak
keringésbdl torténd eliminacidja a PSA iranti affinitasuk szerint zajlott (Z14G < B-ZEL
< a-ZEL < ZEN; 1. és 2. tablazat) [Catteuw és mtsai., 2019], ami arra utal, hogy az
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albuminkotédés nagymértékben Dbefolyasolhatia a ZEN és  szarmazékainak
toxikokinetik4jat. Tovabba ZEN és a-ZAL esetében hosszabb plazma eliminécios
felezési 1dot figyeltek meg patkanyokban, mint emberben [Mukherjee €s mtsai., 2014],
ami szintén 6sszhangban van a mikotoxinok RSA iranti magasabb affinitasaval (1. és 2.
tablazat).

A HSA-nal médositott HPAC oszloppal végzett kisérleteink eredményei (6. abra)
megerdsitették a fluoreszcencia kioltas tipusu vizsgalataink soran megfigyelt mikotoxin-
HSA komplexek képz6édését, ami a statikus kioltast igazolja. A ZEN és redukalt
szarmazékainak HSA-oszloprol torténd elucidja (6. abra) jellemz6en hasonlo tendenciat
mutatott, mint a spektroszkopiai modszerekkel meghatarozott HSA iranti affinitasuk (1.
és 2. tablazat), azonban kismértéki eltéréseket tapasztaltunk. A Z14G elualddott a
leghamarabb a HSA-oszloprol, ami jol Osszeegyeztetheté spektroszkopiai
megfigyeléseinkkel. A maszkolt mikotoxin az olddszercsucstol elkiiloniilten jelent meg
(6. abra), ami gyenge Z14G-HSA kolcsonhatas kialakulasara utal. Dellafiora és mtsai.
korabbi tanulmanya alapjan a HSA képes a Z14G nagyon lassu hidrolizisére, ami szintén
a Z14G és HS A kozotti alacsony affinitasu komplexképzédésre utal [Dellafiora és mtsai.,
2017]. A fluoreszcencia kioltas modszerrel meghatarozott kotési allandok alapjan a ZEN
kotodik legnagyobb affinitassal a HSA-hoz (1. és 2. tablazat). Ezzel szemben, a HPAC
vizsgélataink sordn a Z14S még az anyavegyiiletnél is hosszabb retencids iddvel
elualodott (6. abra). Spektroszkopiai méréseinket az extracellularis fiziologias
kortilményekhez hasonl6 kornyezetben (PBS, pH 7,4) végeztiik, mig HPAC kisérleteink
soran a gyarto leirasanak megfeleld eluenst alkalmaztunk, amely izopropanolbol és 0,01
M pH 7,0-es ammonium-acetat pufferbél (15:85 v/iv%) allt. Az eltéré kisérleti
koriilmények, iigymint az alkalmazott eluens szerves olddszer tartalma, valamint a vizes
fazis eltérd ionerdssége és pH-ja magyarazhatjak a komplexek stabilitdsaban tapasztalt
eltéréseket [Kaspchak és mtsai., 2018].

Korabbi tanulmanyok allosztérikus kapcsolatot irtak le a HSA-on megtalalhatd
kiilonb6z6 kotdhelyek kozott (pl. Hem kotdhely és Sudlow’s site I régio) [Fasano és
mtsai., 2005; Ascenzi ¢és Fasano, 2010; Fanali és mtsai., 2012]. Tovabba, a ZEN
kotohelyeként azonositott IIA és IIIA aldomén kozotti régio és a site 1 kotOhely
allosztérikus kapcsolatara utalé mérési eredményekrdl is beszamoltak [Poor €s mtsai.,
2017a]. A redukalt és konjugalt ZEN szarmazékok koziil a ZAN, o-ZAL és a-ZEL
jelenléte az anyavegyiiletéhez hasonld vagy erdsebb fluoreszcencia intenzitast emeld

hatast eredményezett a site I markerként ismert warfarin HSA-nal kialakitott
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komplexének fluoreszcencidjaban (7. dbra). Megfigyeléseink alapjan arra
kovetkeztethetlink, hogy a ZEN, ZAN, a-ZAL és a-ZEL kotédése noveli a HSA warfarin
iranti affinitdsat, ami a mikotoxinok €s warfarin kétohelyeinek allosztérikus kapcsolatara
utal. A Z14G nem befolyasolta a warfarin-HSA komplexek fluoreszcens jelét, ez a
megfigyelés korrelal a fluoreszcencia kioltas ¢és HPAC kisérleteink alapjan meghatdrozott
gyenge Z14G-HSA Kkolcsonhatassal. A Z14S és B-ZAL jelenléte nem befolyasolta
jelentds mértékben, mig a P-ZEL csokkentette a warfarin-HSA komplexek
fluoreszcenciajat (7. abra). A B-ZEL ZEN-tdl eltér6 viselkedése valosziniileg a primer
kotohelyiik kozotti kiillonbségekkel magyarazhato (1. melléklet) [Poor és mtsai., 2017a ;
Faisal és mtsai., 2018b]. A Z14S és B-ZAL esetében tapasztalt eltérések szintén
utalhatnak az eltér6 kotOhelyre vagy kotési poziciora [Faisal és mtsai., 2020c].

E megfigyeléseink hangsulyozzak a ZEN és ZEN metabolitok szérum albuminnal
kialakitott komplexeinek lehetséges toxikokinetikai jelentGségét. A ZEN és redukalt
metabolitjainak albuminkdtddésében tapasztalt jelentds faji eltéréseket szem elott kell
tartani a kiilonboz6 allatfajokon végzett kisérletek tervezése és az eredmények
extrapolalasa soran. Tovabba, a stabil mikotoxin-aloumin komplexek kialakulasanak
koszonhetden lehetdség nyilik az albumin affinitasfehérjeként torténd alkalmazéasara a
ZEN ¢és metabolitjainak extrakcioja soran, ahogy ezt leirtak az ochratoxin A borbol
torténd szilard fazisu extrakcidjanal immobilizalt BSA-nal [Leal és mtsai., 2019] vagy
alternariol esetében paradicsomlébél BSA-nal [Fliszar-Nyil és mtsai., 2020]. igy a ZEN

¢és metabolitjainak albuminkotddése analitikai jelentdséggel is birhat.

6.2. Zearalenon és metabolitjainak kolcsonhatasai ciklodextrinekkel

A maszkolt mikotoxin, Z14G fluoreszcens spektruma a ZEN-hoz és ZEL-okhoz
hasonloan [Gajecka és mtsai., 2011; Podr és mtsai., 2015¢; 2017¢] két gerjesztési csucsot
mutat 275 és 315 nm koriil (8. abra). A Z14G tag pH tartomanyban (pH 3,0-10,0)
rendelkezik fluoreszcens tulajdonsagokkal, azonban lugos koriilmények kozott (pH 10,0)
fluoreszcens spektruma jelentésen megvaltozik (8. abra). A Z14G szerkezetét tekintve
rezorcilsav lakton (1. abra), azonban a ZEN két szabad fenolos hidroxilcsoportjaval (C14
és C16; 1. abra) cllentétben, a Z14G C14-es hidroxilcsoportjanak gliikkoz konjugacioja
miatt, csak a C16-0s hidroxilcsoportja képes deprotonalédni a pH emelkedésével, igy
lagos koriilmények kozott részben anion formaban jelenik meg. Mivel a fluorofor

ionizaltsagi allapota befolyasolhatja a molekula fluoreszcens tulajdonsagait [Enoch és
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mtsai., 2010; 2013; Yousuf és mtsai., 2015], a Z14G ionizacidja a gerjesztési €s emisszios
spektrumainak valtozasat eredményezheti.

Az alkalmazott koriilmények kozott a vizsgalt CD-ek nem rendelkeznek
fluoreszcens tulajdonsagokkal, igy a Z14G fluoreszcencia emisszids intenzitasanak CD-
indukalta emelkedése és emisszids maximumanak enyhe kékeltolodasa (9. abra) a Z14G-
CD komplexek kialakulasara utalnak. A CD-ek jelenlétében a Z14G fluoreszcencidjanak
jelentds emelkedése valoszinlileg a vizmolekuldk kiolté hatasanak csokkenésével
[Aghamohammadi és Alizadeh, 2007; Amadasi és mtsai., 2007; Maragos és mtsai., 2008;
Dall’Asta és mtsai., 2009], valamint a CD fireg apolaros sajatsagaval magyarazhato.
Emellett a szerves fluorofor molekulak BCD tireggel torténé interakcidja tipikusan a
ligandumok emisszids maximumanak kékeltolédasat eredményezik [Enoch és mtsai.,
2010; 2013]. Az anyavegylilethez hasonloan [Poor és mtsai., 2015c¢], 5,0-6s pH-n a Z14G
fluoreszcencidjanak nagyobb mértékli emelkedését tapasztaltuk BCD jelenlétében, mint
GCD esetében (9. abra), amit esetleg magyarazhat az, hogy a nagyobb bels6 atmérdvel
rendelkezé GCD {iregébe tobb vizmolekula fér be, ezért a vizmolekuldk kiolt6é hatasnak
csokkenése nem annyira kifejezett.

A kiilonb6z6 pufferekben (pH 3,0-10,0) végzett Z14G-CD kolcsonhatasok
vizsgalata soran a pH 10,0-en tapasztalt gyengébb CD-indukalta fluoreszcencia
intenzitasfokozo hatas (10. és 11. abra) valosziniileg a mikotoxin lagos kdzegben torténd
deprotonalasabol adodik, melyet ZEN és ZEL-ok esetében is megfigyeltek [Poor és
mtsai., 2015c; 2017c]. A CD-ek a kdlcsonhatas soran a mikotoxin nem-ionizalt formajat
részesitik eldnyben. Tovabba, a kémhatastol fiiggetleniil, magas CD koncnetraciok
jelenlétében tapasztalt azonos emisszioés maximum (Aem = 455 nm; 10. abra) szintén azzal
magyarazhato, hogy a komplexképzddés soran a CD-ek a Z14G nem-ionizalt formajat
preferaljak, mellyel stabilabb kdlcsonhatast alakitanak ki, mint az ionizalt mikotoxinnal.
Lugos kornyezetben (pH 10,0) azonban a Z14G tulnyomo részt anionos formaban van
jelen a mintédkban, ezért magasabb CD koncentraci6 sziikséges. Ezt az elméletet szintén
alatamasztja a Z14G emissziés maximumanak voroseltolodasa 10,0-es pH-n a CD-ek
jelenlétében (10. abra), valamint a képz6dd komplexek alacsonyabb stabilitasa a 455 nm-
en mért emisszios intenzitasok alapjan (3. tablazat).

A maszkolt mikotoxin, Z14G alacsonyabb stabilitasu (pH 5,0: logK = 2,7-3,3)
komplexeket képez CD-kkel, mint a ZEN (pH 5,0: logK = 3,8-4,8) [Podr és mtsai.,
2015c]. Emellett a Z14G (az anyavegyiilettel ellentétben) stabilabb komplexeket alakit ki
v-CD-kel, mint B-CD-kel (3. tablazat) [Poor és mtsai., 2015¢c]. A GCD metil- és

64



hidroxipropil szubsztitucidja kismértékii affinitasemelkedést eredményezett a Z14G-dal
kialakitott kolcsonhatas soran, azonban a [B-CD-k kémiai modositasa a képz6do
komplexek kotési allandoit nem befolyasolta elénydsen (3. tablazat). Ezzel szemben
korabbi vizsgalatokban a B-CD metil szubsztitucidja szignifikansan novelte a ZEN-nal
kialakitott komplexek stabilitasat [Dall’ Asta és mtsai., 2009; Podr és mtsai., 2015¢].

Eredményeink alapjan, savas és fiziologiai koriillmények kozott (pH 3,0-7,4) a
kémhatas valtozasa alig befolyasolja a Z14G-CD komplexek stabilitdsat. Azonban a
kotési allandok kb. 3-6-szoros csokkenését figyeltilk meg ligos koriilmények kozott (pH
10,0) a tesztelt CD-ek esetében (3. tablazat). Ez alatamasztja azt, hogy a Z14G lugos
kozegben torténd deprotonalddasa kedvezotlen a CD-ekkel torténd komplexképzddés
szempontjabol.

Molekulamodellezés alapjan a Z14G polaros, gliikozid részével il be a BCD
hidrofob tiregében, mig a GCD esetében a Z14G aromas gytiriije az iiregben és a glikozid
szerkezeti egység az iiregen kiviil helyezkedik el (2. melléklet) [Faisal és mtsai., 2019c].
Ez magyarazatot adhat a képz6d6 Z14G-BCD komplexek alacsonyabb stabilitasara a
Z14G-GCD komplexekéhez képest. Ezzel szemben az anyavegyiilet aromas gytriijével
il be a BCD belso tiregébe (2. melléklet) és a komplexképzodést hidrofob-hidrofob
kolcsonhatasok stabilizaljak [Faisal és mtsai., 2019¢], ami 6sszhangban van a ZEN-BCD
komplex korabbi, NMR-alapu vizsgélati eredményeivel [Dall’ Asta és mtsai., 2008]. Mig
a ZEN-GCD kolcsonhatas soran a mikotoxin alifas része helyezkedik el a CD iiregben,
¢és a fluoreszcenciaért felelds aromas rész az iiregen kiviil marad (2. melléklet). Ez
alacsonyabb fluoreszcencia intenzitas emel6 hatast eredményez [Faisal és mtsai., 2019c¢].

A modositott mikotoxinok koz¢ tartoz6 Z14S, a Z14G-hoz hasonloan, széles pH
tartomanyban (pH 5,0-10,0) rendelkezik fluoreszcens tulajdonsagokkal (8. és 13. abra).
Azonban a ZEN, ZEL-ok, és Z14G (8. abra) spektrumaitdl eltéréen [Podr és mtsai.,
2015c¢; 2017c], fluoreszcens spektruma egy gerjesztési csticsot mutatott, 330 nm koriil
(13. abra). A Z14S fluoreszcens jele 10,0-es pH-n jelentds mértékben lecsokken, emellett
gerjesztési maximumanak vordseltolodasat, mig emisszids maximumdanak kékeltolodéasat
figyelhetjiik meg (13. abra). A Z14S spektrumaban tortént valtozasok valdsziniileg
szintén a szabad fenolos hidroxilcsoport deprotonaldodasaval magyarazhatok [Enoch és
mtsai., 2010; 2013; Yousuf és mtsai., 2015], hasonléan a ZEN, ZEL-ok és Z14G esetében
tapasztaltakhoz (8. abra) [Poor és mtsai., 2015¢; 2017c].

A Z14S-CD kolcsonhatas vizsgalata soran megfigyelt jelentds intenzitas

emelkedés, és a Z14S emissziés maximumanak enyhe kékeltolodasa (14. abra)
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zarvanykomplexek kialakulasara utal [Aghamohammadi és Alizadeh, 2007; Ramirez-
Galicia és mtsai., 2007; Enoch és mtsai., 2010; 2013], mivel a CD-ek 6nmagukban nem
mutattak fluoreszcenciat az alkalmazott koriilmények k6zott (pH 5,0; Aex = 320 nm). Az
anyavegyiiletnél és a Z14G-nal (9. abra) tapasztaltakhoz hasonléan [Poor és mtsai.,
2015c], a BCD magasabb emelkedést eredményezett a Z14S fluoreszcenciajaban, mint a
GCD (14. abra).

A Z14S-CD komplexképzodés soran megfigyelt fluoreszcencia intenzitas emeld
hatas pH 5,0 és 7,4 kozott hasonlo (15./A és 15./B abra). Ezzel szemben lagos kézegben
alacsonyabb intenzitas értékeket tapasztaltunk a CD-¢k jelenlétében (15./C abra), amit a
mikotoxin deprotonalédasa okozhat. CD-ek jelenlétében (kivéve: QABCD, nincs
bemutatva), a Z14S emisszios hullamhossz maximuma kémhatastol fliggetleniil
jellemzbéen azonos, 460 nm koriili. Ez, és a lugos kozegben tapasztalt alacsonyabb
intenzitasok arra utalnak, hogy a Z14S-CD komplexek képzddése soran is jellemzéen a
mikotoxin nem-ionizalt formaja preferalt. Ezzel szemben 10,0-es pH-n a QABCD
jelenlétében tapasztalt alacsony fluoreszcencia erdsités (15./C abra) és a Z14S emisszios
maximumanak kékeltolodasa arra utal, hogy QABCD a mikotoxin deprotonalt (ionizalt)
formajaval 1€p kolcsonhatéasba.

A ZEN-hoz hasonléan [Podr és mtsai., 2015c], a Z14S stabilabb komplexeket
alakitott ki BCD-nel, mint nativ GCD-nel (4. tablazat). Az enyhén savas koriilmények
kozott (pH 5,0) képz6d6é Z14S-BCD komplex (4. tablazat) hasonld stabilitasu az
anyavegyiilet BCD-nel kialakitott komplexéhez [Poor és mtsai., 2015c], de kb. 6-szor
stabilabb a Z14G-BCD komplexnél (3. tablazat). A Z14S az anyavegyiilethez hasonloan,
a metilalt B-CD szarmazékokkal (DIMEB, RAMEB) alakitotta ki a legstabilabb
komplexeket (4. tablazat) [Poor és mtsai., 2015¢]. A Z14S affinitasa SBCD irant
alacsonyabb, mig QABCD irant magasabb, mint az anyavegyiileté (4. tablazat) [Poor és
mtsai., 2015c]. A lagos kornyezetben megfigyelt alacsonyabb kotési allandok (4.
tablazat) alatamasztjak, hogy a vizsgalt CD-ek jellemz6en nem a lugos kornyezetben
dominans anion formaval, hanem a protonalt Z14S-tal 1épnek kolcsonhatasba. Ezzel
szemben a Z14S-QABCD komplexek stabilitasa ligos kozegben a legmagasabb (4.
tablazat), ez alapjan a kvaterner-ammonium szarmazék az ionizalt Z14S-tal alakit ki
stabilabb komplexet. A QABCD jelenlétében a 10,0-es pH-n tapasztalt eltérések a
fluoreszcencia jelerdsitd hatasban és a kotési allandokban (15./C abra, 4. tablazat)
valésziniileg a kvaterner-ammoénium szarmazeék tetraalkil-ammoénium oldallancai és a

mikotoxin anion kozott kialakulo elektrosztatikus kélcsonhatassal magyarazhatok.
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Molekulamodellezés alapjan a Z14S az alifas szerkezeti részével helyezkedik el
mind a BCD, mind a GCD lipofil iiregében, és a komplexképzddést a mikotoxin szulfat-
és ketocsoportjainak polaros kolcsonhatasai stabilizaljak (3. melléklet) [Faisal és mtsai.,
2020d]. A Z14S-BCD vs. Z14S-GCD komplexek eltérd tulajdonsagait magyarazhatja,
hogy a mikotoxin mélyebbre siillyed a GCD nagyobb atméréji iiregében (3. melléklet),
ami a fentebb leirt stabilizalo interakciok kialakulasa szempontjabol kevésbé elényds
[Faisal és mtsai.,, 2020d]. Emellett a DIMEB 2,6-di-O-metil szubsztitacidjanak
koszonhetden tovabbi hidrofob kolcsonhatasok kialakitasara képes a mikotoxin aromas
gytrtjével (4. tablazat, 3. melléklet) ), ami magasabb stabilitasi komplexeket
eredményez [Faisal és mtsai., 2020d].

A CD polimerek esetében olykor a gyiiriik kooperativ/szinergista hatasai
figyelhetok meg [Harada és mtsai., 1976; Ma és mtsai., 2019]. Példaul az alternariol
mikotoxin BCD monomerrel (logK = 2,4) és szolubilis BCD polimerrel (logK = 3,4)
képzett komplexeinek stabilitdsa sordn jelentds eltéréseket tapasztaltak [Fliszar-Nyul és
mtsai., 2019b]. Ezzel szemben a Z14S CD monomerekkel és szolubilis polimerekkel
kialakitott kdolcsOnhatasainak Osszehasonlitasa alapjan a Z14S-BCD monomer és
szolubilis polimer komplexek stabilitasa hasonlonak bizonyult. A QABCD szolubilis
polimer (kb. haromszor) stabilabb komplexeket képzett Z14S-tal pH 5,0-6n, mint 10,0-
es pH-n; mig érdekes mddon a monomer esetében ennek ellenkezdjét tapasztaltuk (4.
tablazat).

Tekintettel arra, hogy a CD indukalt fluoreszcencia intenzitas emelkedést korabban
sikeresen alkalmaztdk ZEN-nal szennyezett kukoricamintdk mikotoxin tartalmanak
analitikai meghatarozasara [Maragos és Appell, 2007; Dall’ Asta és mtsai., 2008], a CD
technologia igéretesnek tiinik a ZEN és a rutin analitikai eljarasokkal nehezen
azonosithatd modositott/maszkolt szarmazékainak nagyobb érzékenységli fluoreszcens
detektalasanak gyakorlatdban is.

A ZEN és ZEL-0k BBP-nel torténd inkubacioja soran mar rovid id6 utan jelentds
csokkenést figyeltiink meg a mikotoxin tartalomban (16. abra). A BBP hasonlo
tartalmat (17. abra), ami alapjan a BBP er6sen szennyezett mintak toxinmentesitésére is
felhasznalhato. Korabbi vizsgalatok alapjan a ZEN jellemzéen nmol/L-es koncentracio
tartomanyban mutathato ki a mikotoxinnal kontaminalt sormintakban [Okoye, 1986;
Odhav és Naicker, 2002; Nkwe és mtsai., 2005; Kuzdralinski és mtsai., 2013]. Azonban

sz¢€ls6séges esetekben akar umol/L-es koncentraciokat is elérhet a szennyezés mértéke:
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egy zambiai hazi készitésli sor ZEN tartalma meghaladta a 14 uM-t [Lovelace és Nyathi,
1977].

Az extrakcio pH-fiiggése alapjan a BBP a mikotoxinok alacsonyabb pH-n
dominans, nem-ionizalt formaja irant mutatott nagyobb affinitast (18. abra), hasonléan a
korabban leirt ZEN/ZEL-CD kolcsonhatasokhoz [Poor és mtsai., 2015¢; 2017c]. A lugos
kozegben Z14G és Z14S kapcsan tapasztalt fenolos hidroxilcsoportok deprotonalodasa a
ZEN és ZEL-0k esetében is végbemegy [Poor és mtsai., 2015¢; 2017¢], az igy képz6do
anionokkal gyengébb kolcsonhatast alakit ki a BBP.

Korabbi megfigyelések alapjan a szerves olddszerek befolyasolhatjak a ligandum-
CD komplexképzdodést a vendégmolekulak CD iiregbdl torténd kiszoritasaval [Pitha és
Hoshino, 1992; Al-Rawashdeh, 2004]. Ennek kdszonhetéen egyes szerves oldoszerek
(mint az etanol) alkalmasak lehetnek a BBP regeneralasara a toxinkotést kovetden.
Eredményeink alapjan, az 50 v/v%-0s etanol-viz elegy kétlépéses mosas utan
gyakorlatilag az 6sszes BBP altal kotott ZEN-t kiszoritotta a CD tiregekbdl (6. tablazat).
A mosassal torténd regeneralast kovetden a BBP ugyanolyan mértékben kotott ZEN-t a
masodik — majd ujabb kétlépéses mosast kdvetéen — a harmadik felhasznalasa soran is.
Ez alapjan, a BBP egyszerli regeneralhatésaganak koszonhetden alkalmasnak tiinik a
ZEN-nal szennyezett vizes oldatok dekontaminalasara. Tovabba lehetdséget nyujt a BBP
analitikai mintadusitas teriiletén valo felhasznalasara.

A BBP toxinkoté hatékonysagat Osszetett matrixban is teszteltik. Mivel a ZEN
kukoricaban fordul elé leggyakrabban, és korabbi vizsgalatok sormintak ZEN
szennyezettségérol is beszamoltak [Okoye, 1986; Odhav és Naicker, 2002; Nkwe és
mtsai., 2005; Zinedine és mtsai., 2007; Kuzdralinski és mtsai., 2013; Rai és mtsai., 2020],
kisérleteink soran ZEN-nal adalékolt (500 nM) kukoricasort alkalmaztunk. A CD-ek
szamos ¢lelmiszer komponenssel is kolcsonhatasba 1épnek [Astray és mtsai., 2009;
Fenyvesi és mtsai., 2016], ezért a sor bizonyos mindségi paramétereit is teszteltiik.
Kisérleteink soran magasabb BBP koncentraciokat (13,3 és 26,7 mg/mL; 20. abra)
alkalmazva hasonloan eredményes mikotoxin extrakciot tapasztaltunk, mint vizes
oldatokban 6,67-13,3 mg/mL BBP jelenlétében (17./B abra). Az extrakcio mértékét a
homérséklet nem befolyasolta (15-35°C), azonban a kukoricasor polifenol tartalmanak
csokkenését és szinének halvanyulasat tapasztaltuk a BBP kezelést kovetéen (21. abra).
Azonban a ZEN-tartalom BBP-indukalta relativ csokkenése sokkal nagyobb volt, mint a
polifenolok mennyiségében és a szinintenzitasban megfigyelt relativ valtozasok (21.

abra). Az élelmiszerek, italok mikotoxin mentesitési lehetdségeit tovabba arnyalja a tény,
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hogy egyes élelmiszeripari eljarasok soran a mikotoxinok részleges degradacioja soran
képz6dé termékekkel is szamolnunk kell (modositott mikotoxinok). Emellett az
¢élelmiszeripari feldolgozas az anyavegyiilet kovalens adduktjainak kialakuldsdhoz is
vezethet egyes matrix komponensekkel (pl. fehérjékkel, keményitdvel), melyek csak
emésztést kovetden szabadulnak fel [Gonzalez-Arias és mtsai., 2013; Stadler és mtsai.,
2020]. Tovabba, a ndvényi matrixhoz asszocialt mikotoxin szennyezésrél sem szabad
megfeledkezniink [Rychlik és mtsai., 2014].

Szintén fontos megfigyelés, hogy a BBP sikeresen alkalmazhat6 az
anyavegyiiletnél joval hidrofilebb tulajdonsagt, konjugélt ZEN metabolitok vizes
oldatbol torténd extrakcidjara. A Z14G esetében alacsonyabb extrakcios képességet
tapasztaltunk (22./A abra), mint a ZEN-nal (17. abra), azonban a Z14S-ot az
anyavegylilethez hasonlo sikerességgel tavolitotta el a mintakbol a polimer (23./A abra).
E megfigyelések Osszhangban vannak a Z14G, a Z14S és a ZEN BCD-nel képzett
komplexeinek stabilitasaval (3. és 4. tablazat) [Poor és mtsai., 2015¢].

A ZEN ¢és metabolitjainak BBP-rel kialakitott kolcsonhatasanak kvantitativ
meghatarozasa a polimerek kotoképeségének mennyiségi jellemzésére alkalmas
Langmuir és Freundlich szorpcios izotermak (4. és 5. egyenlet) alapjan tortént [Garcia-
Zubiri és mtsai., 2009; Foo és Hameed 2010; Appell és Jackson, 2012]. A BBP adszorptiv
kapacitasanak és kotdhelyek atlagos affinitdsanak jellemzésére szolgald Kr érték [ Appell
¢és Jackson, 2012] alapjan a ZEN-t és B-ZEL-t hasonl6 kapacitassal koti a polimer, mig a-
ZEL Freundlich konstansa joval magasabb (5. tablazat). A konjugalt metabolitok koziil
a BBP adszorptiv kapacitasa kissé alacsonyabb Z14S esetében, mint az anyavegyiiletnél
meghatarozott érték, ellenben Z14G esetében joval alacsonyabb értéket kaptunk (5.
tablazat). Az 6sszes vizsgalt mikotoxin esetében 0,5 és 1,0 kozé esett az 1/n érték, ami a
Freundlich izotermaik pszeudo-linearitasara utal [Tseng és mtsai., 2008]. A Langmuir
modell jobb illeszkedést mutatott Z14G esetében, a meghatarozott Kp érték
szignifikansan alacsonyabb volt a ZEN-éhoz viszonyitva (5. tablazat). A Freundlich
konstansnal tapasztaltakhoz hasonldan, a B-ZEL esetében alacsonyabb, mig a-ZEL
esetében valamivel magasabb Ky értéket kaptunk, mint az anyavegyiileté (5. tablazat).
Ezek az eredmények szintén 6sszhangban vannak a korabbi megfigyelésekkel, miszerint
a B-ZEL kevésbé stabil komplexeket képez CD-ekkel, mint a ZEN és az a-ZEL [Poor és
mtsai., 2015c; 2017c]. A Qo értékek alapjan az 1 g BBP maximalis Z14S kot6 kapacitasa
kb. 3-szor magasabb az anyavegyiileténél (5. tablazat); a Z14G és B-ZEL Qo értéke ZEN-
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hoz hasonld, mig a-ZEL esetében tobb mint 1,5-szer magasabb értéket kaptunk (5.
tablazat).

Eredményeink alapjan a BBP alkalmas lehet ZEN ¢és szarmazékainak vizes
oldatokbol, akéar italokbdl (pl. sor) torténd eltavolitasara. Mivel a BCD kémiai modositasa
befolyasolja a mikotoxin-CD komplexek stabilitasat [Croft és Bartsch, 1983; Del Valle,
2004], feltételezheté, hogy a BBP kémiai moddositasdval akdr még elénydsebb
tulajdonsagu CD polimerek is kifejleszthetok (3. és 4. tablazat) [Dall’Asta és mitsai.,
2008; 2009; Poor és mtsai., 2015¢; 2017c]. Annak ellenére, hogy az ochratoxin A a ZEN-
nal tobb mint 60-szor gyengébb kdlcsonhatast alakit ki BCD-nel [Podr és mtsai., 2015b;
2015¢], korabban sikeresen alkalmaztak [B-CD poliuretdin polimer alapu
mikotoxinkdtoket vizes oldatok és vordsbor ochratoxin A tartalméanak csokkentésére
[Appell és Jackson, 2012], tovabba patulin almalébdl torténd extrakciodjara is [Appell és
Jackson, 2010; Shirasawa és mtsai., 2013]. Emellett nemrégiben sz6161¢ és bor ochratoxin
A tartalmanak meghatarozasa soran, mintael6készités céljabol is alkalmaztak B-CD
polimereket [Appell és mtsai, 2018], és a BBP-t sikeresen alkalmaztak vorosbor és
paradicsomlé alternariol tartalmanak csokkentésére [Fliszar-Nyal és mtsai., 2020].
Mindezeket figyelembe véve és szem el6tt tartva azt, hogy a BBP regeneralast kovetéen
ujra felhasznalhatd, a CD technoldgia igéretesnek tiinik italok mikotoxinmentesitésére

alkalmas modszerek kifejlesztésére.
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7. Uj megfigyelések

* A ZEN, a-/B-ZEL, ZAN, o/B-ZAL ¢és Z14S stabil komplexeket képeznek szérum
albuminnal (K = 10%10° L/mol), ezért a mikotoxinok plazmafehérjekdtddése

befolyasolhatja toxikokinetikai tulajdonsdgaikat.

* A B-ZEL/ZAL lényegesen alacsonyabb stabilitasu komplexeket képeznek HSA-nal,
mint a ZEN vagy akér az a-ZEL/ZAL. A kotési allanddikban megfigyelt eltérések e

crer

* A ZEN, aredukalt ZEN metabolitok és a Z14S albuminko6tddése jelentds faji eltéréseket
mutat. Ezeket szem el6tt kell tartani a kiilonb6zo allatfajokon végzett kisérletek €s azok

eredményeinek egyeb fajokra torténd extrapolacidja soran.

« A ZEN ¢és metabolitjai eltérd6 modon befolyasoljak a site I marker warfarin

albuminkotddését, feltehetdleg allosztérikus modon.

* A ZEN konjugalt metabolitjai kolcsonhatasba 1épnek CD-ekkel, ami a mikotoxinok
fluoreszcencia intenzitasanak jelentds emelkedésével jar, ezért e kolcsonhatasok

alkalmasak lehetnek fluoreszcens analitikai modszerek érzékenyitésére.

* A Z14G stabilabb komplexeket képez GCD-nel és szarmazékaival, mint B-CD-ekkel,

azonban a lugos kornyezet nem kedvez a kdlcsonhatasoknak.

* A Z14S metil-B-CD szarmazékokkal képezte a legstabilabb komplexeket savas és
fiziologias kornyezetben, azonban pH 10,0-en QABCD-nel alakitotta ki a legstabilabb

komplexet.

* A ZEN és metabolitjai sikeresen megkothetok BBP-rel vizes oldatokbdl és/vagy sorbdl;

lugos kozeghen az extrakci6 kevésbé hatékony.

* A BBP szerves oldoszeres (50 v/v% etanol-viz elegy) mosassal regeneralhato és ujra
felhasznalhat6, valamint analitikai mintadisitas teriiletén torténd felhasznalasra is

alkalmasnak tinik.
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11. Mellékletek
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1. melléklet: A ZEN (A) konformdcidja és kétohelye HSA-on [Poor és mtsai., 2017a]. Az
a-ZEL (B) Rank 1, valamint p-ZEL (C) Rank 7 konformdcioja és kotéhelye HSA-on vak
dokkolas alapjan. A f-ZEL (D) vak dokkolds szerinti Rank 1 és Rank 7 kétéhelyei HSA-

on [Faisal és mtsai., 2018b].
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2. melléklet: A ZEN és Z14G CD-ekkel (metszett feliilet) kialakitott kolcsonhatdasanak
reprezentativ dbrdzolasa. (A) A ZEN-BCD komplexek reprezentativ abrdja, amelyen a
fehér halo a BCD hidrofob iiregét szemlélteti. (B) A ZEN-GCD komplexet szemléltetd
abra. (C) A Z14G-BCD komplexet reprezentdlo abra, ahol a fehér halé a BCD hidrofob
tiregét szemlélteti, mig a piros kor a Z14G gliikozid csoportjat jeloli. (D) A Z14G-GCD
komplexet bemutato abra, amelyen a fehér halo a GCD hidrofob iiregét szemlélteti, mig

a piros kor a Z14G gliikozid csoportjat jeléli [Faisal és mtsai., 2019c].
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3. melléklet: Z14S kolcsonhatasai BCD-nel, GCD-nel, és DIMEB-nel. (A) A CD-ek
(metszett feliilet) és Z14S (palcikak) Komplexképzddésének dbrazolasa. (B) A komplexek
abrazolasa, ahol a sdarga pontozott vonalak a polaros kélcsonhatasok kialakuldsat
szemléltetik, mig a sziirke halo a hidrofob, a kék halé a hidrogénkotés donor, a piros hdlo
pedig a hidrogénkotés akceptor csoportok befogadasdra sztérikusan és energetikailag
alkalmas régiokat jelolik. A piros kér a DIMEB 2-O-metilaciojanak helyzetét jelzi, amely

eldsegitheti a Z14S aromas gytiriijével valo kolcsénhatast [Faisal és mtsai., 2020d].
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Abstract: Zearalenone (ZEN) is a Fusarium-derived mycotoxin, exerting xenoestrogenic effects in
animals and humans. ZEN and its derivatives commonly occur in cereals and cereal-based products.
During the biotransformation of ZEN, its reduced metabolites, x-zearalenol (x-ZEL) and (3-zearalenol
(B-ZEL), are formed; «-ZEL is even more toxic than the parent compound ZEN. Since previous
studies demonstrated that ZEN and ZELs form stable complexes with 3-cyclodextrins, it is reasonable
to hypothesize that cyclodextrin polymers may be suitable for mycotoxin removal from aqueous
solutions. In this study, the extraction of ZEN and ZELs from water, buffers, and corn beer was
investigated, employing insoluble 3-cyclodextrin bead polymer (BBP) as a mycotoxin-binder. Our
results demonstrate that even relatively small amounts of BBP can strongly decrease the mycotoxin
content of aqueous solutions (including beer). After the first application of BBP for mycotoxin
binding, BBP could be completely reactivated through the elimination of ZEN from the cyclodextrin
cavities by washing with a 50 v/v% ethanol-water mixture. Therefore, our study suggests that
insoluble cyclodextrin polymers may be suitable tools in the future to deplete mycotoxins from
contaminated drinks.

Keywords: zearalenone; zearalenols; beta-cyclodextrin bead polymer; toxin removal; beer

Key Contribution: In this study, the application of insoluble 3-cyclodextrin bead polymer (BBP) as
mycotoxin binder was tested. BBP effectively removed zearalenone, x-zearalenol, and (3-zearalenol
from aqueous solutions and zearalenone from spiked corn beer samples, after which the reusability
of BBP was verified as well.

1. Introduction

Zearalenone (ZEN) is a widespread mycotoxin produced by Fusarium fungi [1]. Despite ZEN
having a non-steroidal structure (Figure 1), it is an endocrine disruptor molecule, exerting estrogenic
effects in animals and humans [1,2]. After oral exposure to ZEN (through the consumption of
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contaminated foodstuffs), it is extensively metabolized in humans and animals, during which both
phase I and phase II reactions are involved, namely the reduction of ZEN to x-zearalenol («-ZEL)
and (3-zearalenol (3-ZEL) (Figure 1), and the conjugation of ZEN and ZELs with glucuronic acid [3].
Glucuronidation yields less toxic compounds [4]; however, x-ZEL is much more toxic than 3-ZEL or
even the parent compound ZEN, due to its higher affinity towards estrogen receptors [5-7]. The wide
occurrence and high thermal stability of ZEN make its elimination from the food chain difficult [8].
ZEN commonly occurs as a contaminant in cereals (e.g., maize, wheat, rye, sorghum, or barley), and it
also appears in spices, edible oils, milk, beer, and even in drinking water [1,9,10]. Contamination of
milk and soy meal with ZELs has also been reported [11,12].

OH O CH3 OH O Hs

HO HO

o] "OH

Zearalenone a-Zearalenol p-Zearalenol

Figure 1. Chemical structure of zearalenone and its reduced metabolites, x- and 3-zearalenol.

One of the most important cereal-based beverages is beer, which can be contaminated with several
mycotoxins including ochratoxin A, aflatoxins, and Fusarium-derived mycotoxins [13]. The appearance
of ZEN in beer has been described in numerous studies, showing a wide concentration range (from
few nanomolar to micromolar) [14-18]. European and South American industrially produced beers
are infrequently contaminated with mycotoxins [14]. However, home brewed South African beers
commonly contain large amounts of ZEN due to the unregulated brewing procedure [15]. Furthermore,
because yeasts are able to convert ZEN to ZELs [19] (e.g., during beer fermentation), lower amounts of
a- or 3-ZEL can also appear in some beers [20].

Cyclodextrins (CDs) are ring-shaped host molecules commonly applied in food, cosmetic,
and pharmaceutical industries. The most important CDs are «-, 3-, and y-CDs, containing six,
seven, and eight glucose units, respectively. The external part of CDs is hydrophilic, leading to
their perfect aqueous solubility, while their internal cavity is hydrophobic, permitting CDs to
accommodate lipophilic molecules or moieties [21]. As previous investigations have highlighted,
-CDs can form complexes with several mycotoxins, including aflatoxins, citrinin, ochratoxin A,
and ZEN [22-25]. The stability of mycotoxin-CD complexes is highly variable. For example, whereas
the binding constants (K) of aflatoxin B1-3-CD (K = 400 L/mol), citrinin-3-CD (K =220 L/mol),
and ochratoxin A-3-CD (K = 150 L/mol) complexes are relatively low, the stability of ZEN-{3-CD
complex (K =10,000 L/mol) is more than 20 times higher [22-25]. Similarly to ZEN, its reduced
metabolites, - and (-ZEL, also form stable complexes with 3-CDs [26,27]. Considering the
observations that both patulin [28] and ochratoxin A [29] can be successfully extracted from aqueous
solutions by (3-CD polymers, it is reasonable to hypothesize that ZEN can also be removed from water
or beverages through the efficient complexation of ZEN with CDs.

In this study, the removal of ZEN, «-ZEL, and (-ZEL from aqueous solutions by insoluble
-cyclodextrin bead polymer (BBP) has been tested. Because 3-CD molecules were bound to insoluble
beads, after their interaction with mycotoxins, CDs (together with the bound mycotoxins) are easily
removable from solutions by filtration or sedimentation. First, we determined the dependence of
mycotoxin removal on the time, dose, pH, and temperature, and then tested the reusability of BBP
after its regeneration with 50 v/v% ethanol-water mixture. Finally, the frequent occurrence of ZEN in
maize led us to investigate the suitability of BBP for the removal of ZEN from corn beer. Our results
demonstrate that BBP seems a promising tool to remove even high concentrations of ZEN (and/or
ZELs) from aqueous solutions, including beverages.
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2. Results

2.1. Removal of ZEN, a-ZEL, and B-ZEL from Aqueous Solutions by BBP

In our first experiments, the time-dependence, dose-dependence, pH-dependence, and
temperature-dependence of the removal of the mycotoxins from aqueous solutions were tested.
In order to investigate the time-dependence, a relatively high amount of BBP was applied: 10 mg BBP
was added to 1.5 mL of 10 uM ZEN or ZEL solutions (dissolved in distilled water), and then the samples
were incubated for 5, 10, 30, and 60 min at 25 °C in a thermomixer (1000 rpm). Figure 2 demonstrates
that BBP remarkably decreased the concentrations of ZEN and ZELs in aqueous solutions, leading to
approximately 85-90% reduction of their mycotoxin content after 60 min incubation. Furthermore,
even after a 5 min incubation, approximately 70-80% decreases in ZEN and ZEL concentrations were
observed, after which the mycotoxin concentrations decreased slightly during the following 55 min.
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Figure 2. Time-dependent decreases in the concentrations (% of control) of ZEN and ZELs (10 uM
each) in water in the presence of 10 mg BBP, after 0-60 min incubation periods (* p < 0.01).

Thereafter, the concentration-dependence of mycotoxin removal was examined. In these studies,
the extraction of the mycotoxins was tested from solutions containing relatively high (10 uM or
3.2 ppm) and low (500 nM or 0.16 ppm) concentrations of ZEN or ZELs. The mycotoxin solutions
(1.5 mL, in distilled water) were incubated for 40 min at 25 °C, in the presence of increasing amounts
of BBP (0, 1,2.5, 5, 10, and 20 mg). In a dose-dependent fashion, BBP caused significant decreases in
the mycotoxin concentrations (Figure 3). In the presence of 10 uM mycotoxin concentrations, BBP was
more potent in binding x-ZEL than ZEN or 3-ZEL (the relative removal of the latter two mycotoxins
was very similar) (Figure 3, left). In the presence of 500 nM mycotoxin concentrations, the extraction
of a-ZEL was again the most effective, followed by ZEN and (3-ZEL (Figure 3, right). At both initial
mycotoxin levels (10 uM and 500 nM), at least 85-90% depletion of ZEN or ZEL was observed in the
presence of 20 mg BBP. At 5-10 mg BBP, the removal of mycotoxins was near maximal, and higher
amounts of the bead polymer only slightly reduced the mycotoxin content further.

To investigate the mycotoxin-binding ability of BBP, increasing mycotoxin concentrations (0.5, 1.0,
2.5,5.0, and 10.0 uM) were added to 2.5 mg BBP. After 40 min incubation at 25 °C, BBP was centrifuged
and mycotoxin-content of the supernatant was determined. Figure 4 demonstrates the binding
isotherms of ZEN and ZELs with BBP. Even though the Langmuir and Freundlich models are
different, no preference was found between the two models under the applied conditions. Table 1
indicates isotherm parameters obtained by the graphical application of Langmuir and Freundlich
models. The Langmuir equilibrium constant (K ), Freundlich constant (Kr), and maximum amount
of mycotoxins bound by BBP (Qp) were similar for ZEN and 3-ZEL, while these parameters were
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much higher regarding «-ZEL. On the other hand, the heterogeneity index (1) was similar for each

mycotoxin tested.
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Figure 3. The BBP (0-20 mg) dose-dependently decreased the concentrations (% of control) of ZEN
and ZELs (10 uM: left; 500 nM: right) after 40 min incubation in water (* p < 0.01).
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Figure 4. Langmuir (solid lines) and Freundlich (dashed lines) isotherms for the mycotoxin binding of

BBP in water.

Table 1. Isotherm parameters (+SEM) obtained by the graphical application of Langmuir and
Freundlich models (Equations (1) and (2)) for the extraction of ZEN and ZELs by BBP in water.

Model ZEN «-ZEL B-ZEL

Qo (mg/g) 3.11 (£0.86) 5.28 (£1.41) 3.31 (£0.75)

Langmuir Kr (L/mg) 0.60 (0.25) 0.75 (£0.25) 0.47 (£0.15)
R2 0.982 0.997 0.993

Kr (mg/g)(L/mg)!/™ 1.16 (40.07) 2.72 (+0.16) 1.04 (40.01)

Freundlich 1/n 0.79 (+0.10) 0.87 (40.05) 0.76 (+0.02)
R? 0.967 0.995 0.999

In order to further characterize the properties of BBP as a mycotoxin binder, the removal of ZEN
and ZELs was also tested in three different buffers (pH 5.0, 7.4, and 10.0). Because ZEN and ZELs are
weak acids, deprotonation (and consequently the ionization) of these molecules can influence their
interaction with CDs (including BBP). Therefore, increasing quantities of BBP (0-20 mg) were added to
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1.5 mL of 10 uM ZEN or ZEL solutions, dissolved in sodium acetate (pH 5.0), PBS (pH 7.4), or sodium
borate (pH 10.0) buffers. As Figure 5 demonstrates, at pH 5.0 and 7.4, the extents of the removal
of the mycotoxins by BBP were very similar to those seen in the previous experiment performed in
water (Figure 3). However, the significantly lower toxin-binding ability of BBP was noticed for each
mycotoxin at pH 10.0 than at lower pH values.
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Figure 5. The BBP (0-20 mg) dose-dependently decreased the concentrations (% of control) of ZEN
and ZELs (10 uM each) after 40 min incubation in sodium acetate (left; 0.05 M, pH 5.0), PBS (middle;
pH 7.4), and sodium borate (right; 0.05 M, pH 10.0) buffers (* p < 0.01).

The effect of temperature on mycotoxin removal was also examined. Solutions of 10 uM ZEN
(1.5mL) with 1, 3, or 10 mg BBP added were incubated in sodium acetate buffer (pH 5.0) for 40 min at
15,25, and 35 °C in a thermomixer (1000 rpm). Immediately after the incubations, beads were rapidly
centrifuged and the supernatants were removed. After the temperature of supernatants reached room
temperature, their mycotoxin contents were analyzed. Only slight, non-significant temperature-related
differences were observed (data not shown).

2.2. Testing of the Reusability of BBP as Mycotoxin Binder, after Its Regeneration with Ethanol-Water Mixture

In the next series of experiments, the reusability of BBP was examined. After the removal
of ZEN from aqueous solution, BBP was regenerated with 50 v/v% ethanol-water mixture. Then,
the ZEN-extracting ability of the polymer was retested two more times (see further details in
Section 4.3). Table 2 demonstrates the relative concentration (% of control) of ZEN in aqueous
solution after the extraction of ZEN with BBP (row A), as well as the relative amounts of ZEN
in ethanol-water mixtures after the elution of the mycotoxin from the polymer once (row B) and twice
(row C). Our results highlight that after the regeneration of BBP with 2 x 1.5 mL ethanol-water mixture,
BBP removed the same amounts of ZEN (92-93%) from aqueous solutions during its second and
third application than at first time. Furthermore, after the two alcoholic elution steps, we completely
recovered ZEN that had been extracted from the aqueous buffer by BBP.
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Table 2. Testing the reactivation and the reusability of BBP as a mycotoxin binder: Extraction of ZEN
by BBP and elution of the mycotoxin from BBP by ethanol-water mixture.

ZEN (%) in the Buffer

Number of Applications Procedure Performed (A) or the Eluent (B, C) Y (%)
A: After extraction with BBP 8.0+ 0.3
1st application of the polymer B: After the 1st elution 85.8 £1.6 99.8
C: After the 2nd elution 6.0 £0.7
A: After extraction with BBP 71+£02
2nd application of the polymer B: After the 1st elution 848 £1.5 98.3
C: After the 2nd elution 6.4+0.8
3rd application of the polymer  A: After extraction with BBP 74+04 -

A: Percent of ZEN (10 uM) remaining in 1.5 mL sodium acetate buffer (pH 5.0), after its incubation with 10 mg
BBP for 40 min at 25 °C. B: Percent of ZEN recovered in the ethanol-water mixture, after the first elution from the
polymer with 1.5 mL 50 v/v% ethanol for 10 min at 25 °C. C: Percent of ZEN recovered in the ethanol-water mixture,
after the second elution from the polymer with 1.5 mL 50 v/9% ethanol for 10 min at 25 °C.

2.3. Removal of ZEN from Spiked Corn Beer by BBP

In order to test our hypothesis that BBP may be suitable for reducing the mycotoxin content
of different drinks, the removal of ZEN from spiked corn beer samples was also investigated. It is
reasonable to hypothesize that BBP may interact with other compounds in beer as well; therefore,
higher amounts of the polymer (5, 20, and 40 mg) were applied in these experiments. Beer samples
were spiked with 500 nM ZEN and then 1.5 mL volumes of the samples were incubated with BBP at
15, 25, and 35 °C. After centrifugation, the supernatant was removed and tempered to 25 °C, and the
residual ZEN was then extracted from beer with dichloromethane. Following this, dichloromethane
was evaporated, the residue was dissolved in methanol-water mixture, and ZEN was quantified by
HPLC-FLD (see details in Sections 4.4 and 4.5). ZEN in the beer samples not spiked with ZEN was not
detectable. Approximately 65% of added ZEN was removed from the beer by 5 mg BBP, while more
than 80 and 90% of ZEN was depleted in the presence of 20 and 40 mg BBP, respectively (Figure 6).
Similarly to our previous experiment in sodium acetate buffer (pH 5.0), only slight temperature-related
differences of mycotoxin-binding were observed in corn beer.

100 -|
80
60 |

401

Mycotoxin concentration
in the supernatant (%)

20+

0l ‘ , : : . . : #
0 10 20 30 40

B-CD bead polymer (mg)

Figure 6. The BBP (0-40 mg) dose-dependently decreased the concentrations (% of control) of ZEN
(500 nM) after 40 min incubation in corn beer at each temperature tested (* p < 0.01).

2.4. Effect of BBP on the Color and Polyphenol Content of Corn Beer

Besides mycotoxins, BBP is likely able to remove other compounds from beer as well.
To investigate the extent of this effect, the color and polyphenol content of corn beer (1.5 mL) were
examined after its treatment with 0, 5, 20, and 40 mg BBP for 40 min at 25 °C (see details in Section 4.6).
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Color value (C) was 4.85 (£0.15), while polyphenol concentration (P) was 77.1 (£0.8) mg/L in controls
(in the absence of BBP). As Figure 7 demonstrates, increasing amounts of BBP induced the gradual
decrease of the color of beer and its polyphenol content. Even if the relative decreases in color and
polyphenol content are much lower compared to the removal of ZEN, it is important to note that 20 mg
of BBP caused a 16 and 43% decrease of color and polyphenol concentration, respectively.

—@— Color
—a&— Polyphenol
——ZEN

100 -

80+

60+

% of control

40

20

B-CD bead polymer (mg)

Figure 7. Changes of color, polyphenol content, and ZEN concentration (spiked, 500 nM) of corn beer
(1.5 mL) after 40 min incubation with 5, 20, or 40 mg BBP at 25 °C (* p < 0.01).

3. Discussion

As our results demonstrated, BBP rapidly interacts with ZEN and ZELs in aqueous solution
(Figure 2). Thus, the mycotoxin content can be significantly decreased by incubation with BBP, even
within a few minutes. Furthermore, only a few milligrams of BBP was needed to deplete the toxin in
water. Interestingly, BBP caused similar relative decreases of mycotoxin concentrations in the presence
of 500 nM or 10 uM of ZEN/ZELs (Figure 2), suggesting that BBP can be applied to remove these
mycotoxins, even from highly contaminated samples. Previous studies indicate that usually nanomolar
concentrations of ZEN are found in beverages [14-17]. However, in some extreme cases, ZEN may be
present at micromolar concentrations. One of the most extreme contaminations has been reported in
Zambia, where more than 14 pM ZEN was quantified in a beer sample [18].

The equilibrium relationship between the amounts of ZEN or ZELs bound by BBP and the
quantities of free ZEN or ZELs left in the solution can be described by adsorption isotherms. There are
several models to predict the equilibrium isotherm. In our study, the most commonly used Langmuir
and Freundlich models were applied. These models have also been successfully applied to investigate
and evaluate the sorption of ochratoxin A by the 3-cyclodextrin-polyurethane polymer [29]. Similarly
good fitting of Langmuir and Freundlich models occurs when the concentration of the adsorbate is
small and the adsorptive capacity of the adsorbent is relatively large. Based on the Freundlich model,
the heterogeneity index (1) is close to 1, indicating the relatively homogenous sorption of mycotoxins
by BBP. Isotherm parameters clearly show the differences between the binding affinities of ZEN and
ZELs towards BBP (Table 1). Both the equilibrium constant (K ) calculated by the Langmuir model and
the adsorptive capacity (Kr) determined using the Freundlich model support the previous observation
that the interaction between «-ZEL and BBP is stronger compared to ZEN and (3-ZEL. The maximum
amount of mycotoxins bound by BBP was estimated based on the Langmuir model: the higher Q
value for «-ZEL (compared to ZEN and 3-ZEL) is also in accordance with the previous investigations.

The pH-dependence of mycotoxin removal is in agreement with our previous observations that
CDs bind the non-ionized form of ZEN and ZELs with a much higher affinity than the ionized
mycotoxins [25,27]. ZEN and ZELs are weak phenolic acids, therefore, their non-ionized forms are
dominant at acidic and neutral pH, while alkaline conditions (e.g., sodium borate buffer, pH 10.0)
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favor the deprotonation of ZEN and ZELs, resulting in their poor interaction with 3-CDs [25,27] and
decreased the binding of ZEN and ZELs to BBP.

Organic solvents (including ethanol) influence the interaction of CDs with guest molecules,
because they can displace the guest compound form the CD cavity. Using this principle, it was
reasonable to hypothesize that after its first application for mycotoxin removal, BBP can be regenerated
with ethanol or ethanol-water mixture. As it is demonstrated in Table 2, the sequestered ZEN was
entirely released from BBP during the two-step washing of the polymer with 50 v/v% ethanol-water
mixture, after which the regenerated BBP bound to the same extent as the unused BBP. As the
regeneration of BBP is simple, CD polymers may be suitable tools in the future for the removal of
mycotoxins from contaminated aqueous solutions.

After verifying the mycotoxin-binding ability of BBP in water and in aqueous buffers,
the effectiveness of BBP in a complex matrix, e.g., in corn beer, was also determined. Because a
nanomolar concentration of ZEN in beverages is typical, corn beer samples were spiked with 500 nM
ZEN. In beer samples, 20-40 mg BBP produced a similar extent of ZEN removal (Figure 3, right)
to 10-20 mg BBP in water (Figure 6), suggesting that only somewhat larger amounts of BBP are
needed for mycotoxin removal from drinks than from water. Extraction of mycotoxins from beverages
is complicated because different matrix components may interact with ZEN/ZELs, making their
removal more difficult. Furthermore, mainly in naturally contaminated foods/drinks, mycotoxin
molecules can be partly sequestered by the food matrix, resulting in these molecules possibly becoming
accessible only after the digestion of the meal [30]. In addition, CDs can bind other components of
drinks (e.g., polyphenols) as well, which may result in the decrease in quality of beverages. Since
CDs can form (usually low-affinity) complexes with numerous compounds, the suitability of BBP to
bind ZEN in beverages was questionable. However, the high stability of ZEN-3-CD and ZEL-3-CD
complexes [25,27] may give some selectivity in removing these mycotoxins over other compounds
naturally occurring in drinks. As it was demonstrated, BBP caused a significant decrease of polyphenol
content and color of corn beer (Figure 7), suggesting the decrease of some beer constituents during
mycotoxin removal. On the other hand, the relative decrease of ZEN was significantly higher compared
to polyphenols. Nevertheless, we have to estimate some reduction in the quality of beer as a result of
its treatment with BBP.

Despite the stability of the ochratoxin A-f3-CD complex being approximately 65-fold lower than the
ZEN-f3-CD complex [24,25], Appell and Jackson demonstrated that the 3-cyclodextrin-polyurethane
polymer could significantly decrease the ochratoxin-content of aqueous solutions and red
wine [29]. Patulin was also successfully extracted from apple juice by the (3-cyclodextrin-polyurethane
polymer for analytical purposes [27]. Besides these studies, our results further support the hypothesis
that CD technology may be used for mycotoxin extraction from different drinks. Furthermore,
chemical modification of the native 3-CD can significantly improve its mycotoxin-binding ability:
2,6-di-O-methyl-f3-CD binds ZEN with a six-fold higher affinity than 3-CD [25], while the stability of
the ochratoxin A complex with (2-hydroxy-3-N,N,N-trimethylamino)propyl-3-CD is approximately
200-fold higher compared to the ochratoxin A-f-CD complex [24]. Therefore, chemical modification of
the native 3-CD may be a promising strategy in producing more effective mycotoxin-binding polymers.
Since mycotoxins are common contaminants of different drinks (including wine, beer, fruit juices,
coffee, and milk), removal of these harmful compounds from beverages could be of high importance.

4. Materials and Methods

4.1. Reagents

Reagents and solvents were of analytical or spectroscopic grade. Zearalenone (ZEN), x-zearalenol
(«-ZEL), and (3-zearalenol (3-ZEL) were purchased from Sigma-Aldrich (Waltham, MA, USA).
Insoluble B-cyclodextrin bead polymer (BBP; B-cyclodextrin-epichlorohydrin cross-linked bead
polymer; CY-2011) was obtained from CycloLab Cyclodextrin Research & Development Laboratory,
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Ltd. (Budapest, Hungary). The polymer has a beta-cyclodextrin content of approximately 70% by
weight. Stock solutions of mycotoxins (5000 uM) were prepared in ethanol (Renal, spectroscopic
grade), stored at —20 °C, and protected from light.

4.2. Removal of ZEN and ZELs from Aqueous Solutions by BBP

In order to investigate the sorption of mycotoxins (ZEN, x-ZEL, and (3-ZEL) by BBP, 1.5 mL of
500 nM (0.16 ppm) or 10 pM (3.2 ppm) mycotoxin solutions were incubated with 0, 1, 2.5, 5, 10, or 20 mg
BBP in a thermomixer (1000 rpm, 25 °C). To test the time-dependence of the process, five different
time periods were applied (0, 5, 10, 30, and 60 min). During the investigation of the pH-dependence of
the extraction procedure, incubations were performed in sodium acetate (0.05 M, pH 5.0), phosphate
buffered saline (PBS, pH 7.4), and sodium borate (0.05 M, pH 10.0) buffers. Thereafter, the samples
were centrifuged (pulse centrifugation for 3 s at 4000 g), 500 uL supernatants were gently removed,
and the mycotoxin content was analyzed by HPLC-FLD (see details in Section 4.5).
Binding of mycotoxins by BBP was also tested in the presence of a standard amount of BBP
(2.5 mg) and increasing concentrations of mycotoxins (0.5, 1.0, 2.5, 5.0, and 10.0 uM), after which the
results were evaluated employing the Langmuir and Freundlich isotherms. The Langmuir equation is
described as [29]:
ge = (Qo x KL x Ce)/(1+ KL x Ce) 1

where g, is the amount of ZEN/ZEL bound (mg) per BBP (g), while C, is the free ZEN/ZEL (mg) in
the solution at equilibrium. K is the Langmuir equilibrium constant (L/mg) and Q is the maximum
quantity of ZEN/ZEL bound per gram of BBP. The Freundlich equation is expressed as [29]:

9e = Kp x C!'" @)
where K is the Freundlich constant, while # is the heterogeneity index.

4.3. Regeneration of BBP and Its Reusability as Mycotoxin Binder

In order to test the reusability of BBP as a mycotoxin binder, the following experiments were
performed. BBP (10 mg) was added to 1.5 mL of 10 pM ZEN solution (sodium acetate buffer,
pH 5.0). After 20 min incubation at 25 °C in a thermomixer (1000 rpm), the polymer was centrifuged
(pulse centrifugation for 3 s at 4000 g) and the supernatant was completely removed. Thereafter,
the bead polymer was washed two times with 1.5 mL of 50 v/v% ethanol (20 min, 25 °C, 1000 rpm).
Ethanol-water mixtures (containing the eluted mycotoxin) were removed after centrifugation (3 s at
4000 g). Finally, BBP was conditioned for 15 s with 1.5 mL sodium acetate buffer (pH 5.0), the polymer
was centrifuged (pulse centrifugation for 3 s at 4000 g), and the supernatant was removed. ZEN
contents of each supernatants (including the aqueous solutions and the two fractions of ethanol-water
mixture) were measured by HPLC-FLD (see details in Section 4.5).

Thereafter, the whole procedure (mycotoxin binding from aqueous solution then washing the
polymer two times with 50 v/v% ethanol then once with the buffer) was repeated, after which the
mycotoxin binding ability of the same polymer was tested again, applying the same conditions.

4.4. Removal of ZEN from Spiked Corn Beer by BBP

Coronita® corn beer was degassed with an ultrasonic water bath and spiked with ZEN at a
500 nM final ZEN concentration. Thereafter, BBP (0, 5, 20, or 40 mg) was added to each spiked beer
fraction (1.5 mL) and incubated for 40 min in a thermomixer (1000 rpm; at 15, 25 or 35 °C). At the
end of the incubations, samples were centrifuged (pulse centrifugation for 3 s at 4000 g) and 1000 puL
of the supernatants was carefully removed. The ZEN remaining in beer samples was extracted by
two-step extraction with dichloromethane, during which dichloromethane (2.0 mL) was added to
the supernatant (1000 puL) and the mixtures were shaken at 250 rpm for 10 min at room temperature.
Then, the lower liquid phase was collected and the above described extraction was repeated with
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the upper (aqueous) phase. After the second extraction step, the organic phases were combined,
from which the residual water was removed with anhydrous sodium sulfate. After the sedimentation
of sodium sulfate, 2000 pL aliquots of the organic phase were removed and completely evaporated
with a rotary evaporator (Biichi Rotavapor R-3) under reduced pressure (Vacuum Pump, Biichi V-850
Vacuum Controller) at 40 °C. Then, the extracted ZEN was dissolved in 500 pL. methanol-distilled
water mixture (50 v/v%) and the ZEN content of the produced solution was analyzed by HPLC-FLD
(see details in Section 4.5). Extraction of ZEN from beer was tested at higher and lower mycotoxin
concentrations (i.e., 100-600 nM) as well. These experiments indicated that the recovery of ZEN was
constant regardless of its concentration.

4.5. HPLC Analyses

Quantitation of ZEN and ZELs was performed by the method of Visconti and Pascale [31]
with minor modifications. The analyses applied an HPLC pump (model 510, Waters, Milford, MA,
USA) to drive eluent through an injector (Rheodyne 7125) supplied with a 20-uL sample loop onto a
SecurityGuard Catridge (C18 4.0 x 3.0 mm, Phenomenex, Torrance, CA, USA) coupled to a Kinetex
XB-C18 analytical column (250 x 4.6 mm, 5 um particle size, Phenomenex, Torrance, CA, USA).
The mobile phase contained acetonitrile (VWR), distilled water, and methanol (VWR): 46:46:8 v/v%.
After injecting 20 uL samples, the isocratic elution was performed at room temperature with a
1 mL/min flow rate. Since the examined mycotoxins are fluorescent molecules [27,32], ZEN and
ZELs were quantified by a fluorescent detector (Jasco FP-920; Aex = 274 nm, Aern = 440 nm). Data were
recorded and evaluated using the Millennium Chromatography Manager (Waters, Milford, MA, USA),
which also controlled the HPLC pump.

4.6. Testing the Influence of BBP on the Color and Polyphenol Content of Corn Beer

Since BBP is not a selective binder of ZEN and ZELs, it is reasonable to hypothesize that not only
mycotoxins, but also other compounds, may be extracted from beer by BBP. To test this effect of BBP,
the color and the polyphenol content of corn beer samples were examined applying the previously
described methods [33]. UV-Vis spectroscopic analyses were performed applying the HALO DB-20
(Dynamica) spectrophotometer. Color of the degassed beer was evaluated based on its absorbance at
430 nm, using the following equation [33]:

C:A430><f><25 (3)

where C denotes the color, A3 is the absorbance of samples at 430 nm, and f is the dilution factor.
During the investigation of the total polyphenol content of beer, a 1 mL fraction of degassed beer
sample was added to 0.8 mL of CMC/EDTA reagent (2% of carboxymethylcellulose sodium salt and
0.4% of ethylenediaminetetraacetic acid disodium salt in water) and vortexed. Then, 50 uL of ferric
reagent (3.5% ammonium ferric citrate in water) and 50 pL of ammonia reagent (pure concentrated
ammonia diluted with two volumes of water) were added to the mixture. After making it up to a
2.5 mL final volume, the solution was mixed again. Samples were incubated for 10 min at room
temperature, the optical density was measured at 600 nm, and polyphenol content was determined
applying the following equation [33]:
P = A6OO x 820 (4)

where P denotes the total polyphenol content (mg/L), while Agp is the absorbance of samples at
600 nm.

4.7. Statistics

Mean + SEM values were derived from at least three independent experiments. During the
statistical analyses of data, a One-Way ANOVA test was applied (using IBM SPSS Statistics, Version
21). The level of significance was set as p < 0.01.
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Abstract

Zearalenone (ZEN) is a mycotoxin produced by Fusarium species. ZEN mainly appears in cereals and related foodstuffs, causing
reproductive disorders in animals, due to its xenoestrogenic effects. The main reduced metabolites of ZEN are «-zearalenol (-
ZEL) and (3-zearalenol ([3-ZEL). Similarly to ZEN, ZELs can also activate estrogen receptors; moreover, x-ZEL is the most
potent endocrine disruptor among these three compounds. Serum albumin is the most abundant plasma protein in the circulation;
it affects the tissue distribution and elimination of several drugs and xenobiotics. Although ZEN binds to albumin with high
affinity, albumin-binding of «-ZEL and [3-ZEL has not been investigated. In this study, the complex formation of ZEN, «-ZEL,
and (3-ZEL with human (HSA), bovine (BSA), porcine (PSA), and rat serum albumins (RSA) was investigated by fluorescence
spectroscopy, affinity chromatography, thermodynamic studies, and molecular modeling. Our main observations are as follows:
(1) ZEN binds with higher affinity to albumins than «-ZEL and 3-ZEL. (2) The low binding affinity of 3-ZEL toward albumin
may result from its different binding position or binding site. (3) The binding constants of the mycotoxin-albumin complexes
significantly vary with the species. (4) From the thermodynamic point of view, the formation of ZEN-HSA and ZEN-RSA
complexes are similar, while the formation of ZEN-BSA and ZEN-PSA complexes are markedly different. These results suggest
that the toxicological relevance of ZEN-albumin and ZEL-albumin interactions may also be species-dependent.

Keywords Zearalenone - Zearalenols - Serum albumin - Species-dependent alternations - Fluorescence spectroscopy
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Fig. 1 Chemical structures of zearalenone, «-zearalenol, and f3-
zearalenol

Frizzell et al. 2011; Filannino et al. 2011). Besides ZEN, the
appearance of ZELs has been also reported in some food-
stuffs, including milk and soy meal (Huang et al. 2014;
Schollenberger et al. 2006). ZEN and its metabolites are rap-
idly absorbed from the gastrointestinal tract and distributed
among several organs/tissues; glucuronic acid conjugates of
ZEN and ZELs are excreted through the biliary route then
undergo enterohepatic circulation (European Food Safety
Authority (EFSA) 2017).

Serum albumin is the most abundant plasma protein in
the circulation. Albumin maintains the oncotic pressure of
blood as well as it has important buffer, antioxidant, and
pseudo-enzymatic functions. Albumin forms non-covalent
complexes with several endogenous compounds, drugs,
and xenobiotics, affecting significantly their tissue distribu-
tion and plasma elimination half-life (Fanali et al. 2012;
Yamasaki et al. 2013). Albumin is built up from three
domains (I, II, and III); each domain contains two
subdomains (A and B). The two major binding sites of
albumin are located in subdomain IIA (Sudlow’s site I)
and subdomain IITA (Sudlow’s site II). However, recent
studies highlighted the importance of a third binding site
located in subdomain IB (Heme binding site) (Fanali et al.
2012; Zsila 2013). As previous studies demonstrated,
many mycotoxins (e.g., aflatoxins, citrinin, deoxynivalenol,
ochratoxins, patulin, and ZEN) form stable non-covalent
complexes with albumins (Podr et al. 2012, 2015, 2017a,
b; Li et al. 2013; Perry et al. 2003; Yuqin et al. 2014).
Some of these interactions could be of high toxicological
importance. Aflatoxins, deoxynivalenol, and patulin form
less stable complexes with human albumin (K~10* L/
mol) (Poor et al. 2017a; Li et al. 2013; Yuqin et al.
2014) than citrinin and ZEN (K~10° L/mol) (Podr et al.
2015, 2017b), while the stability of ochratoxin A-albumin
complex is extremely high (K~10" L/mol) (Ko6szegi and
Podr 2016; Sueck et al. 2018).

@ Springer

As demonstrated in our previous study, ZEN binds to hu-
man albumin with high affinity, occupying a non-
conventional binding site between subdomains IIA and IIIA
(Podr et al. 2017b). In another study, Ma et al. investigated the
complex formation of ZEN with bovine albumin (Ma et al.
2018). Based on these two studies, the complex formation of
ZEN with human and bovine albumins shows large differ-
ences. Therefore, the investigation of species-dependence of
ZEN-albumin interactions seems reasonable. Furthermore,
while ZEN is known to bind to albumin with high affinity,
we have no information regarding the interactions of o- and
[3-ZEL with serum albumin.

In this study, the interactions of ZEN, «-ZEL, and 3-ZEL
with human (HSA), bovine (BSA), porcine (PSA), and rat
(RSA) serum albumins were investigated using fluorescence
spectroscopy in order to determine the binding constants of
mycotoxin-albumin complexes by fluorescence quenching
method. The mycotoxin-HSA interactions were also evaluat-
ed by high-performance affinity chromatography (HPAC). To
characterize further the species-dependence of the albumin-
binding of ZEN, thermodynamic studies were performed.
Finally, mycotoxin-albumin interactions were also examined
employing molecular modeling studies. Our results demon-
strate that o-ZEL and especially (3-ZEL binds with signifi-
cantly lower affinity to albumin than ZEN, and albumin-
binding of each mycotoxin (ZEN, x-ZEL, and 3-ZEL) show
very significant species-dependence.

Materials and methods
Reagents

All reagents and solvents were spectroscopic or analytical
grade. Zearalenone (ZEN; MW = 318.36 g/mol), «-
zearalenol (x-ZEL; MW = 320.38 g/mol), {3-zearalenol
(B-ZEL; MW = 320.38 g/mol), human serum albumin
(HSA; MW = 66.4 kDa), bovine serum albumin (BSA;
MW = 66.4 kDa), porcine serum albumin (PSA; MW =
67.5 kDa), rat serum albumin (RSA; MW = 64.6 kDa), and
warfarin were purchased from Sigma-Aldrich. Stock solu-
tions of mycotoxins (5000 umol/L; ZEN: 1.592 g/L; ZELs:
1.601 g/L) were prepared in ethanol (VWR, spectroscopic
grade) and stored at —20 °C.

Spectroscopic measurements

Fluorescence and absorption spectra were recorded
employing a Hitachi F-4500 fluorimeter (Tokyo, Japan) and
a Specord Plus 210 (Analytic Jena AG, Jena, Germany) UV-
Vis spectrophotometer, respectively. Mycotoxin-albumin in-
teractions were investigated in phosphate-buffered saline
(PBS: 8.00 g/L NaCl, 0.20 g/L KCl, 1.81 g/L Na,HPO,4 x
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2H,0, 0.24 g/ KH,POy; pH = 7.4). Spectroscopic measure-
ments were carried out in the presence of air, at + 25 °C (ex-
cept thermodynamic studies).

Complex formation of ZEN and its reduced metabolites
with serum albumins was examined based on fluorescence
quenching effects of the mycotoxins, applying the Stern-
Volmer equation:

170:1+KSVX[Q] (1)

where I and I, are the emission intensities of albumins with
and without mycotoxins, respectively. Ky (unit: L/mol) is the
Stern-Volmer quenching constant and [Q] is the molar con-
centration of the quencher (ZEN or ZELs). To eliminate the
inner-filter effects of mycotoxins, emission intensities were
corrected based on the following equation (Poo6r et al. 2017a):

]COV — IObS X e(Ae.r+Aem)/2 (2)

where /., and I, denote the corrected and observed emission
intensities, respectively, while A, and A,,, are the absorbance
of mycotoxins at 295 and 340 nm, respectively.

Binding constants (K; unit: L/mol) of mycotoxin (MT)-se-
rum albumin (SA) complexes were calculated by non-linear
fitting using Hyperquad2006 program package (Poor et al.
2018; Sueck et al. 2018), during which the following equa-
tions were implemented in the Hyperquad code:

PSA + gMTSA,MT, (3)
_[sA,MT,] @
Pq [SA]p[MT]q

where p and ¢ denote the coefficients which indicate the stoi-
chiometry associated with the equilibrium. All equilibrium
constants (/3) were defined as overall binding constants.

SA+ MToSAMT 3, — % (s5)
SA+qMTSAMT, (3, = % (6)

The relationship between the overall binding constants and
the stepwise binding constants was calculated by Hyperquad
based on the following.

ﬂlzK” ﬂq:K1XK2...XKq (7)

The stoichiometry and binding constants of mycotoxin-
albumin complexes were determined by the model associated
with the lowest standard deviation.

High-performance affinity chromatography

Mycotoxin-HSA complex formation was confirmed by high-
performance affinity chromatography (HPAC) analyses at
room temperature. The HPLC system (Jasco) was equipped
with an intelligent pump (PU-980), a degasser (DG-2080-54),
a manual injector with a 5-ul sample loop, and a diode-array
detector (MD 2010 Plus). Data were recorded and evaluated
by ChromNAV Software. The eluent which contained
isopropanol (HPLC grade, VWR) and 0.01 mol/L pH 7.0
ammonium acetate buffer (15:85 v/v%) was pumped with
0.5 mL/min flow rate through an injector (Rheodyne 77251)
and the HPAC column coated with immobilized HSA (50 x
3.0 mm, 5 um particle size, Chiralpak® HSA). The
isocratically eluted compounds were detected by diode-array
detector at 235 nm.

Thermodynamic studies

In the thermodynamic studies, fluorescence spectra were re-
corded using Fluorolog 13 spectrofluorometric system (Jobin-
Yvon/SPEX) at six different temperatures (298, 301, 304, 307,
310, and 313 K). Based on our earlier work (Poor et al.
2017b), binding constants of ZEN-albumin complexes were
calculated applying Hyperquad2006 program package (Gans
et al. 1996) assuming 1:1 stoichiometry. Thermodynamic pa-
rameters associated to the complex formations between ZEN
and albumins were computed using the van’t Hoff equation:

AG AH AS

RT ~ 2303RT ' 2303R (8)

logK = —

where AG, AH, and AS reflect the Gibbs free energy, enthal-
py, and entropy changes of the binding reaction, respectively,
while R is the gas constant and 7 refers to the temperature.

Modeling studies

The ligand molecules (x-ZEL and (3-ZEL) were built in
Maestro (Schrodinger 2013). The raw structure was energy
minimized, using the semi-empirical quantum chemistry pro-
gram package, MOPAC (Stewart 1990) and the PM6 param-
eterization. The gradient norm was set to 0.001. The energy
minimized structure was subjected to force calculations. The
force constant matrices were positive definite. Apo crystallo-
graphic structure (PDB code: 1a06) was used as a target
molecule in our calculations. Acetyl and amide capping
groups were attached to the N- and C-termini, respectively,
using the Schrodinger Maestro program package v. 9.6
(Schrodinger 2013). As 1ao6 contains a homodimer structure,
only chain A was used for calculations. Co-crystallized ions
and water molecules were removed before minimizing the
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protein structure. The target molecule was minimized using a
two-step protocol with the GROMACS software package
(Abraham et al. 2015), including a steepest descent and a
conjugate gradient step, using AMBER99-ildn force field
(Lindorff-Larsen et al. 2010). Exit tolerance levels were set
to 1000 and 10 kJ mol ' nm ™! while maximum step sizes were
set to 0.5 and 0.05 nm, respectively.

Using the optimized ligand and target structures, blind
docking calculations were performed with AutoDock 4.2 pro-
gram package (Morris et al. 2009) as described in our previous
publications (Hetényi and van der Spoel 2002, 2006, 2011).
Gasteiger-Marsili partial charges were added to both ligands
and target atoms using AutoDock Tools (Morris et al. 2009)
and a united atom representation was applied for non-polar
moieties. A grid box of 250 grid points was assigned in all
axes, and 0.375 A spacing was calculated and centered on the
center of mass of the target by AutoGrid 4.2. Lamarckian
genetic algorithm was used for global search. Flexibility at
three active torsions was allowed on both ligands. Number
of docking runs was set to 100, whereas numbers of energy
evaluations and generations were 20 million (Hetényi and van
der Spoel 2002). The docked ligand copies were ordered ac-
cording to AutoDock 4 scores (Morris et al. 2009), and sub-
sequently clustered using a 2 A distance tolerance between
cluster representatives.

Results and discussion

Investigation of mycotoxin-albumin interactions
using fluorescence quenching method

In this study, fluorescence emission spectra of albumins
(2 pmol/L; HSA/BSA: 0.133 g/L; PSA/RSA: 0.135 g/L) were
recorded in the presence of increasing mycotoxin concentra-
tions (0—10 pwmol/L; ZEN: 0.000-3.184 mg/L; ZELs: 0.000—
3.204 mg/L) in PBS buffer (pH = 7.4; Aex =295 nm). In order
to exclude the inner-filter effect, emission intensities were
corrected by Eq. 2. In a concentration-dependent fashion, each
tested mycotoxin induced the decrease of fluorescence at
340 nm (emission maximum of albumins), resulted from the
quenching effects of ZEN and ZELs on albumins and suggest-
ing the formation of mycotoxin-albumin complexes (Poor et
al. 2015, 2017a, b). The Stern-Volmer plots of mycotoxin-
albumin complexes showed good linearity (Fig. 2; R* =

0.97-0.99). Based on the mycotoxin-induced quenching of
fluorescence, Stern-Volmer quenching constants (Kgy) and
binding constants (K) of mycotoxin-albumin complexes were
calculated (see details in “Spectroscopic measurements” sec-
tion). Both Stern-Volmer equation (Eq. 1) and
Hyperquad2006 program (Eqgs. 3—7) suggest 1:1 stoichiome-
try of complex formation. As demonstrated in Table 1, logKgy
and logK values correlate, and suggest the formation of stable
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mycotoxin-albumin complexes (logK =4.05-5.43). Judged
from the logKy and logK values, HSA, BSA, and PSA form
the most stable complexes with ZEN followed by «-ZEL and
[3-ZEL, while each mycotoxin bind to RSA with similar affin-
ity. The binding constant of ZEN-HSA complex is 2.3-fold
and 5.8-fold higher compared to «-ZEL-HSA and 3-ZEL-
HSA, respectively. ZEN and ZELs formed by far the most
stable complexes with RSA, while the least stable
mycotoxin-albumin complexes were typically formed with
PSA. Significant species differences were observed in binding
to albumin with each mycotoxin tested, approaching tenfold
or higher differences when comparing the stabilities of ZEN-
PSA vs. ZEN-RSA, «-ZEL-BSA vs. x-ZEL-RSA, or 3-ZEL-
HSA vs. 3-ZEL-RSA, for example. These results suggest that
the influence of albumin on the toxicokinetics of ZEN and
ZELs may also be species-dependent.

High-performance affinity chromatography of ZEN
and ZELs

HPAC column coated with immobilized HSA was applied to
confirm the results of our fluorescence spectroscopic studies.
Because the data in Table 1 indicate that ZEN and ZELs bind
with significantly different affinities to HSA, it is reasonable
to expect that these compounds are eluted from the HSA-
HPAC column at different retention times. Applying the sug-
gested experimental conditions of the column, we tried to
elute the mycotoxins both with 0.01 mol/L ammonium acetate
(pH 7.0) and with 0.01 mol/L sodium phosphate (pH 7.0)
buffers containing isopropanol (5—15 v/v%). In the sodium
phosphate buffer, elution of ZEN was excessively delayed;
therefore, further experiments were performed with the am-
monium acetate buffer containing 15 v/v% isopropanol. The
significant differences in the retention times of ZEN, «-ZEL,
and (3-ZEL (Fig. 3) clearly indicate the different binding af-
finities of these mycotoxins toward HSA. At pH 7.0, the lon-
gest retention time was observed for ZEN (15.6 min), while -
ZEL (8.1 min) and (3-ZEL (4.6 min) were eluted more rapidly
from the HSA-coated column. These results are in agreement
with the spectroscopic studies, which yielded the following
complex stabilities: ZEN-HSA > «-ZEL-HSA > 3-ZEL-
HSA (Table 1).

Thermodynamic studies

Serum albumins are multifunctional proteins which are highly
conserved in both sequence and structure (Chruszcz et al.
2013). Therefore, it is expected that their biological behaviors,
such as their ligand binding properties, are usually very sim-
ilar. Indeed, the mycotoxin aflatoxin B1 and citrinin bind to
different albumins with similar affinity (Poor et al. 2015,
2017a). Nevertheless, some ligands, such as ochratoxin A,
show marked species-dependence (Poor et al. 2014; Készegi
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and Poor 2016). Therefore, the interactions of ZEN with dif-
ferent serum albumins have been analyzed in details. Since the
binding constants of ZEN to albumin from various species
differ substantially (Table 1), the temperature dependence of
the ZEN-albumin complex formation, using HSA, BSA, PSA,
and RSA, was also examined. Figure 4 demonstrates the van’t
Hoff plot of ZEN-albumin complexes, based on equilibrium
constants determined at different temperatures.
Thermodynamic parameters were calculated from the slope
and the intercept after linear fitting (according to Eq. 8). The
negative AG values suggest spontaneous interaction of ZEN
with albumins at room-temperature (Table 2). These values
are in the typical range of non-covalent interactions. During

Concentrations of mycotoxins (mol/L)

the formation of protein-ligand complexes, the interaction
forces are derived from van der Waals interactions, hydropho-
bic forces, multiple hydrogen bonds, and/or electrostatic inter-
actions. Thermodynamic data give deeper insights into the
nature of these binding forces (Ross and Subramanian
1981). Comparing enthalpy and entropy values raised during
the formation of ZEN-albumin complexes, the higher enthal-
py change is associated with smaller entropy gain resulting in
an enthalpy-driven process regarding ZEN-HSA and ZEN-
RSA complexes in agreement with the known enthalpy-
entropy compensation. Negative values of both enthalpy and
entropy changes indicate that van der Waals forces and hydro-
gen bond formation are involved in the complex formation of

Table 1 Decimal logarithmic

values of the Stern-Volmer Mycotoxin-albumin complex

logK sy £ SD (unit of Kgy: L/mol) logK + SD (unit of K: L/mol)

quenching constants (Kgy; unit: L/
mol) and binding constants (X
unit: L/mol) of mycotoxin-
albumin complexes

ZEN-HSA
ZEN-BSA
ZEN-PSA
ZEN-RSA
«-ZEL-HSA
«-ZEL-BSA
«-ZEL-PSA
«-ZEL-RSA
B-ZEL-HSA
B-ZEL-BSA
B-ZEL-PSA
B-ZEL-RSA

5.09+0.01 5.09+0.01
4.81+0.01 4.78+0.01
4.56+0.02 4.57+0.01
5.50+0.01 5.42+0.00
4.70+0.02 4.72+0.00
4.54+0.02 4.46+0.02
4.47+0.07 4.49+0.01
5.32+0.04 5.43+0.00
4.28+0.04 4.33+0.00
427+0.04 4.37+0.01
4.18+0.07 4.05+0.05
5.29+0.02 5.43£0.00

8 ZEN zearalenone, a-ZEL o-zearalenol, 3-ZEL (-zearalenol, HSA human serum albumin, BSA bovine serum
albumin, PSA porcine serum albumin, RSA rat serum albumin
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Fig. 3 HPAC chromatograms of 3-ZEL, «-ZEL, and ZEN eluted from
the HSA-coated column (see details in “High-performance affinity
chromatography” section)

ZEN with HSA and RSA. Furthermore, the low entropy gain
of these interactions reflects that ZEN may keep its solvation
shell during the complex formation processes.

The formation of ZEN-BSA and ZEN-PSA complexes is
entropy driven, in which smaller enthalpy changes are associ-
ated with higher entropy gain, showing enthalpy-entropy
compensation. The positive values of entropy changes suggest
the partial decomposition of the solvation shell of the
interacting molecules and/or local changes (e.g., unfolding)
in the conformation of albumin. The negative enthalpy change
is associated with positive entropy change, suggesting the role
of electrostatic forces in the formation of ZEN-BSA and ZEN-
PSA complexes. According to these thermodynamic data, the
binding characteristics of the more stable ZEN-RSA and

564 ¥ ZEN-RSA
®  ZEN-HSA
® ZEN-BSA
A ZEN-PSA
5.2 - /v/
X
{e)]
°
%8 — o o ——¢ ——0—§@
44
T T T T
0.00320 0.00325 0.00330 0.00335
1T

Fig. 4 The van’t Hoff plots of zearalenone-albumin complexes (ZEN
zearalenone, HSA human serum albumin, BSA bovine serum albumin,
PSA porcine serum albumin, RSA rat serum albumin)

@ Springer

Table 2
complexes

Thermodynamic parameters of zearalenone-albumin

Thermodynamic parameters ~HSA BSA PSA RSA

AH (kJ mol ™) -30.09 -3.13 —10.04 —34.20
AS JK ' mol™ —345  80.90 53.62 -10.65
AGaogk (kJ mol ™) -29.06 -2725 —2603 —31.03

ZEN zearalenone, HSA human serum albumin, BSA bovine serum albu-
min, PSA porcine serum albumin, RSA rat serum albumin. The parame-
ters for the ZEN-HSA complex are from our earlier study (Poor et al.
2017a, b)

ZEN-HSA complexes seem different from those of the less
stable ZEN-BSA and ZEN-PSA.

HSA and BSA are extensively studied macromolecules.
Due to their structural similarity, the significantly cheaper
BSA is more commonly applied to examine albumin-ligand
interactions than HSA (Poor et al. 2014). However, some pre-
vious studies demonstrated that major differences may occur
between HSA and BSA complexes, e.g., ochratoxin A binds
to HSA with approximately ten times higher affinity than to
BSA (Podr et al. 2014). The present study gives a new exam-
ple, when ligand binding shows significant species differ-
ences, as related by both the dissimilar binding constants
and binding characteristics of ZEN-HSA and ZEN-BSA
complexes.

To further analyze the differences between HSA and BSA,
the effect of ionic strength on the ZEN-HSA and ZEN-BSA
interactions were also investigated in different sodium phos-
phate buffers (0.05-0.53 mol/L), as it is well-known that var-
iations in ionic strength affect the albumin-ligand interactions
(Kaspchak et al. 2018). High ionic strength may decrease or
increase the binding constant, depending on the involvement
of electrostatic or hydrophobic forces, respectively. Figure 5

® ZEN-HSA
5,2 - m ZEN-BSA

4,8 4

0 01 02 03 04 05
lonic strength (mol/L)

Fig. 5 Binding constants of ZEN-HSA and ZEN-BSA complexes plotted
against the ionic strength of the applied phosphate buffer at 298 K (ZEN

zearalenone, HSA human serum albumin, BSA bovine serum albumin)
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Table3  The results of Uniprot alignment of BSA, PSA, and RSA with
HSA

Comparison to HSA Identical residues Identity % Residues
HSA-BSA 465 76.34 106
HSA-PSA 462 75.86 99
HSA-RSA 446 73.23 128

HSA human serum albumin, BSA bovine serum albumin, PSA porcine
serum albumin, RSA rat serum albumin

demonstrates binding constants of ZEN-HSA and ZEN-BSA
complexes as a function of the ionic strength. Although the
ionic strength of the media slightly affects the binding con-
stant of the ZEN-HSA and ZEN-BSA complexes, the differ-
ent binding characteristics of the two albumin species with
ZEN is apparent. At an increased ionic strength, higher bind-
ing affinity was observed, reflecting dominance of hydropho-
bic interaction between ZEN and HSA. This means that the
positive entropy change associated with hydrophobic process-
es is also balanced by the negative contribution of entropy
change caused by formation of hydrogen bonds and action
of van der Waals forces (Ross and Subramanian 1981).
Therefore, hydrophobic interactions play an important role
in the complex formation of ZEN with HSA. However, the
investigation of ZEN-BSA interaction did not reveal a clear
correlation between the ionic strength and the binding con-
stant (Fig. 5). In the study of Ma et al. (Ma et al. 2018) on
ZEN-BSA interaction, similar observations were made. Based
on the positive entropy change, they proposed that hydropho-
bic forces played a major role, although it is held that positive
entropy change with a negative enthalpy change is suggestive
for the involvement of electrostatic interactions (Ross and
Subramanian 1981). Considering that the partial decomposi-
tion of solvation shells of the interacting molecules facilitates
hydrophobic interactions, our observation that the binding
constant of ZEN-BSA complex is independent of the ionic
strength suggests the involvement of hydrophobic and elec-
trostatic interactions.

Molecular modeling studies

First, the similarities between HSA and three other albumins
from other species (BSA, PSA, and RSA) were analyzed.
Initially, Uniprot alignment of bovine (BSA), porcine (PSA),
and rat (RSA) serum albumins were performed compared to
HSA. The results of alignment (Fig. S1) and overall statistics
(Table 3) demonstrate high similarities between serum albu-
mins from the four species. The binding site of ZEN on HSA
was described in our previous publication (Poor et al. 2017b).
In the present study, the amino acid composition in the corre-
sponding binding region was compared for HSA, BSA, PSA,
and RSA (Fig. S1). The ZEN binding site in HSA, BSA, and
PSA contains identical amino acids (Fig. S1), while RSA con-
tains different amino acids at positions 205 and 478: charged
K (lysine) is replaced by a bulkier, but also positively charged
R (arginine), while T (threonine) is replaced by S (serine),
maintaining the hydroxyl group within the binding site.
These minor structural differences in RSA might be responsi-
ble for the observation that ZEN and ZELs bind much higher
affinity to RSA compared to other albumins tested.

Thereafter, the available X-ray structures of BSA (4f5s)
and HSA (lao6) were compared. After their CA alignment
of these two structures (Fig. S2, left), a 1.2 A RMSD was
obtained, which also demonstrates high similarity of the struc-
tures. Identical amino acids and similar amino acid conforma-
tions were observed in the binding site of ZEN in HSA and
BSA (Fig. S2, right).

Using the docking parameters described in our previous
publication (Poér et al. 2017b), blind docking of «-ZEL and
[3-ZEL was performed on HSA. Then these results were com-
pared with previous docking studies performed with ZEN
(Fig. 6a). As Fig. 6 demonstrates, the binding site and binding
position of «-ZEL (obtained in the first rank) on HSA were
very similar to those of ZEN. However, this binding site was
obtained only in the seventh rank for 3-ZEL (Fig. 6¢). The
binding site of 3-ZEL with the highest binding energy (rank-
ing the first after blind docking) was found at approximately
15 A away from the binding site of ZEN (Fig. 7). The similar

a b c
H464 H464 H464
E465 E465 .
A g TATA Tara 7
) /
7~ >\/ R484 >{ R484 >\< R484
) ) /
T478 T478
L205 L205

Fig. 6 a Zearalenone conformation and binding site on human albumin,
as described in our previous study (Podr et al. 2017b). b «-Zearalenol
conformation and binding site on human albumin obtained in the first

rank of blind docking calculation. ¢ 3-Zearalenol conformation and bind-
ing site on human albumin obtained in the seventh rank of blind docking
calculation
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N
Fig. 7 First (rank 1) and seventh (rank 7) rank binding sites of f3-
zearalenol on human albumin based on blind docking

binding site and position of «-ZEL on HSA explain why the
affinity of a-ZEL toward HSA is relatively close to ZEN.
However, the much weaker interaction of 3-ZEL with HSA
(compared to ZEN and «-ZEL) may result from a different
binding position of 3-ZEL in the same binding site (Fig. 6¢) or
from a different binding site of 3-ZEL, which is also located
between subdomains ITA and IIIA (Fig. 7). Nevertheless,
modeling studies demonstrated that, similarly to ZEN, «-
and 3-ZEL also occupy non-conventional binding site(s) on
HSA.

Effects of ZEN and its reduced metabolites
on warfarin-HSA interaction

Our previous study demonstrated that ZEN interacts allosteri-
cally with Sudlow’s site I ligands, thus increasing the binding
affinity of warfarin toward HSA (Podr et al. 2017b). Since the
albumin-bound warfarin expresses much stronger fluores-
cence than free warfarin, the increase in the HSA-bound

m ZEN
® «-ZEL
A p-ZEL

140

120

Fluorescence intensity
(% of control)

80

0 l 2 4 6 8 10
Concentrations of mycotoxins (umol/L)

Fig. 8 Fluorescence emission intensity of warfarin (1 pmol/L; 0.308 mg/

L) complexed with HSA (3.5 pmol/L; 0.233 g/L) in the presence of

increasing zearalenone or zearalenol concentrations in PBS (pH 7.4;

Aex =317 nm, Ay, =379 nm; ZEN zearalenone, a-ZEL o-zearalenol, (3-
ZEL [3-zearalenol)

@ Springer

warfarin significantly enhance its fluorescence at 379 nm
(Poor et al. 2015, 2017a, b). To test whether or not ZELSs exert
similar effects, ZELs at increasing concentrations (0—
10 umol/L) were added to warfarin (1 pmol/L; 0.308 mg/L)
and HSA (3.5 umol/L; 0.233 g/L) in PBS. As Fig. 8§ demon-
strates, -ZEL induced a smaller rise in the fluorescence sig-
nal of warfarin-HSA complex than ZEN. In contrast, 3-ZEL
caused concentration-dependent decrease in the fluorescence
intensity of warfarin. Under the applied conditions, free or
HSA-bound ZEN and ZELs gave negligible fluorescence as
compared to warfarin-HSA complex, and the very slight
inner-filter effect of mycotoxins was corrected based on Eq.
2. Therefore, the observed changes in fluorescence likely re-
sulted from the changes in the bound fraction of warfarin in
the presence of these mycotoxins. The different effect of 3-
ZEL further supports the hypothesis that binding site or posi-
tion of 3-ZEL is different than that of ZEN and «-ZEL.

In conclusion, fluorescence spectroscopic and HPAC stud-
ies on the interactions of ZEN, «-ZEL, and (3-ZEL with HSA
indicated that mycotoxin-albumin complexes were formed
and their stabilities decreased in the order: ZEN-HSA > -
ZEL-HSA > 3-ZEL-HSA. The lower binding affinity of f3-
ZEL (compared to ZEN and «-ZEL) may have resulted from
its different binding position or binding site on HSA.
Furthermore, when comparing albumins from various species
(i.e., HSA, BSA, PSA, and RSA), significant differences of
ZEN-albumin and ZEL-albumin interactions were observed,
even exceeding tenfold differences in the binding constants.
ZEN and ZELs typically formed the most stable complexes
with RSA and the less stable complexes with PSA.
Thermodynamic studies also revealed significant species dif-
ferences in ZEN-albumin interactions: the binding character-
istics of ZEN to HSA and RSA were similar, whereas the
binding forces involved in ZEN-BSA and ZEN-PSA complex
formation appear different. Thus, the in vivo toxicological
relevance of ZEN-albumin and ZEL-albumin interactions
may also be different in various species.
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HUMAN MKWVTFISLLFLFSSAYSRGVFRRDAHKSEVAHRFKDLGEENFKALVLIAFAQYLQQCPF 60
BOVINE MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQCPF 60
PIG MKWVTFISLLFLFSSAYSRGVFRRDTYKSEIAHRFKDLGEQYFKGLVLIAFSQHLQQCPY 60
RAT MKWVTFLLLLFISGSAFSRGVFRREAHKSEIAHRFKDLGEQHFKGLVLIAFSQYLQKCPY 60

HUMAN EDHVKLVNEVTEFAKTCVADESAENCDKSLHTLFGDKLCTVATLRETYGEMADCCAKQEP 120
BOVINE DEHVKLVNELTEFAKTCVADESHAGCEKSLHTLFGDELCKVASLRETYGDMADCCEKQEP 120
PIG EEHVKLVREVTEFAKTCVADESAENCDKSIHTLFGDKLCAIPSLREHYGDLADCCEKEEP 120
RAT EEHIKLVQEVTDFAKTCVADENAENCDKSIHTLFGDKLCAIPKLRDNYGELADCCAKQEP 120

HUMAN ERNECFLQHKDDNPNLPRLVRPEVDVMCTAFHDNEETFLKKYLYEIARRHPYFYAPELLF 180
BOVINE ERNECFLSHKDDSPDLPKL-KPDPNTLCDEFKADEKKFWGKYLYEIARRHPYFYAPELLY 179
PIG ERNECFLQHKNDNPDIPKL-KPDPVALCADFQEDEQKFWGKYLYEIARRHPYFYAPELLY 179
RAT ERNECFLQHKDDNPNLPPFQRPEAEAMCTSFQENPTSFLGHYLHEVARRHPYFYAPELLY 180

HUMAN FAKRYKAAFTECCQAADKAACLLPKLDELRDEGKASSAKQRLKCASLQKEGERAFKAWAV 240
BOVINE YANKYNGVFQECCQAEDKGACLLPKIETMREKVLASSARQRLRCASIQKE 239
PIG YAITYKDVFSECCQAADKAACLLPKIEHLREKVLTSAAKQRLKCASIQKIFGERAFKAWSL 239
RAT YAEKYNEVLTQCCTESDKAACLTPKLDAVKEKALVAAVRQRMKCSSMQRFGERAFKAWAV 240

HUMAN ARLSQRFPKAEFAEVSKLVTDLTKVHTECCHGDLLECADDRADLAKYICENQDSISSKLK 300
BOVINE ARLSQKFPKAEFVEVTKLVTDLTKVHKECCHGDLLECADDRADLAKYICDNQDTISSKLK 299
PIG ARLSQRFPKADFTEISKIVTDLAKVHKECCHGDLLECADDRADLAKYICENQDTISTKLK 299
RAT ARMSQRFPNAEFAEITKLATDVTKINKECCHGDLLECADDRAELAKYMCENQATISSKLQ 300

HUMAN ECCEKPLLEKSHCIAEVENDEMPADLPSLAADFVESKDVCKNYAEAKDVFLGMFLYEYAR 360
BOVINE ECCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFLGSFLYEYSR 359
PIG ECCDKPLLEKSHCIAEAKRDELPADLNPLEHDFVEDKEVCKNYKEAKHVFLGTFLYEYSR 359
RAT ACCDKPVLQKSQCLAEIEHDNIPADLPSIAADFVEDKEVCKNYAEAKDVFLGTFLYEYSR 360

HUMAN RHPDYSVVLLLRLAKTYETTLEKCCAAADPHECYAKVFDEFKPLVEEPQNLIKQNCELFE 420
BOVINE RHPEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVFDKLKHLVDEPQNLIKQNCDQFE 419
PIG RHPDYSVSLLLRIAKIYEATLEDCCAKEDPPACYATVFDKFQPLVDEPKNLIKQNCELFE 419
RAT RHPDYSVSLLLRLAKKYEATLEKCCAEGDPPACYGTVLAEFQPLVEEPKNLVKTNCELYE 420

HUMAN QLGEYKFQNALLVRYTKKVPQVSTPTLVEVSRNLGKVGSKCCKHPEAKRMPCAEDYLSVV 480
BOVINE KLGEYGFQNALIVRYTRKVPQVSTPTLVEVSRSLGKVGTRCCTKPESERMPCTEDYLSLI 479
PIG KLGEYGFQNALIVRYTKKVPQVSTPTLVEVARKLGLVGSRCCKRPEEERLSCAEDYLSLV 479
RAT KLGEYGFQNAVLVRYTQKAPQVSTPTLVEAARNLGRVGTKCCTLPEAQRLPCVEDYLSAI 480

HUMAN LNQLEVLHEKTEVSDRVEKCHIESLVNRRPCFSALEVDETYVPKEFNAETFTFHADICTL 540
BOVINE LNRLEVLHEKTEVSEKVEKCOIESLVNRRPCFSALTPDETYVPKAFDEKLFTFHADICTL 539
PIG LNRLEVLHEKTBVSE Cm SLVNRRPCFSALTPDETYKPKEFVEGTFTFHADLCTL 539

RAT LNRLgVLEEKTEVSEKﬂEKCﬁg SLVERRPCFSALTVDETYVPKEFKAETFTFHSDICTL 540

HUMAN SEKERQIKKQTALVELVKHKPKATKEQLKAVMDDFAAFVEKCCKADDKETCFAEEGKKLV 600
BOVINE PDTEKQIKKQTALVELLKHKPKATEEQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLV 599
PIG PEDEKQIKKQTALVELLKHKPHATEEQLRTVLGNFAAFVQKCCAAPDHEACFAVEGPKFV 599
RAT PDKEKQIKKQTALAELVKHKPKATEDQLKTVMGDFAQFVDKCCKAADKDNCFATEGPNLV 600

HUMAN AASQAALGL 609
BOVINE VSTQTALA- 607
PIG IEIRGILA- 607
RAT ARSKEALA- 608

Fig. S1 Uniprot alignment of BSA (P02769), PSA (P08835), and RSA (P02770) amino acid
sequences with HSA (P02768). Green color indicates the binding site of zearalenone on HSA,

including the differences at 205 and 478 position (marked by red squares)



Fig. S2 A: Cartoon representation of HSA (green), and BSA (beige) demonstrate structural
similarities of these aloumins. B: The residues (green and beige sticks, and surface) of the

ZEN binding site seem also very similar in HSA and BSA
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Abstract: Zearalenone (ZEN) is a Fusarium-derived xenoestrogenic mycotoxin. In plants,
zearalenone-14-O-[3-p-glucoside (Z14G) is the major conjugated metabolite of ZEN, and is a masked
mycotoxin. Masked mycotoxins are plant-modified derivatives, which are not routinely screened in
food and feed samples. Cyclodextrins (CDs) are cyclic oligosaccharides built up from D-glucopyranose
units. CDs can form stable host-guest type complexes with lipophilic molecules (e.g., with some
mycotoxins). In this study, the interaction of Z14G with native and chemically modified (3- and
v-CDs was examined employing fluorescence spectroscopy and molecular modeling. Furthermore,
the removal of Z14G from aqueous solution by insoluble 3-CD bead polymer (BBP) was also tested.
Our results demonstrate that Z14G forms the most stable complexes with y-CDs under acidic and
neutral conditions (K ~ 10% I/mol). Among the CDs tested, randomly methylated y-CD induced the
highest increase in the fluorescence of Z14G (7.1-fold) and formed the most stable complexes with
the mycotoxin (K =2 x 10% L/mol). Furthermore, BBP considerably reduced the Z14G content of
aqueous solution. Based on these observations, CD technology seems a promising tool to improve
the fluorescence analytical detection of Z14G and to discover new mycotoxin binders which can also
remove masked mycotoxins (e.g., Z14G).

Keywords: zearalenone-14-glucoside; masked mycotoxin; cyclodextrins; host-guest interaction;
fluorescence spectroscopy; cyclodextrin bead polymer; mycotoxin binder; toxin removal

1. Introduction

Mycotoxins are toxic secondary metabolites of filamentous fungi, occurring in several food products
(e.g., cereals, meat, fruits, and numerous beverages) [1]. Due to the consumption of contaminated food,
mycotoxin exposure induces health problems in both animals and humans [2]. Zearalenone (ZEN) is a
Fusarium-derived mycotoxin; it appears in cereals (e.g., in maize), beer, milk, spices, etc. [3,4]. Despite
its non-steroidal structure, ZEN can cause reproductive disorders in animals and humans, due to its
xenoestrogenic effect [5-7]. Furthermore, ZEN is a strongly phytotoxic compound, a protonophoric
uncoupler, and it alters the permeability of some plant tissues [8,9]. Plants possess detoxification
system, which protects them from harmful xenobiotics, including mycotoxins [10-12]. The formation
of hydrophilic conjugates of mycotoxins is a common detoxification process in plants [11,12], such
as the glucose conjugation of ZEN, from which zearalenone-14-O-[3-p-glucoside is the main product
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(Z214G; also known as zearalenone-4-glucoside) [11,13]. These mycotoxin derivatives also appear in
food, and after their oral consumption, they can be converted into the original mycotoxin (mainly
by the colonic microbiota) [13]. The conversion of the conjugated mycotoxins into the more toxic
parent mycotoxin increases the toxicological risk of exposure to the mycotoxin-contaminated food [14].
Since their determination and quantification is challenging, these plant-derived conjugates are not
routinely analyzed in food samples [11,14,15]. Based on the systematic definition of Rychlik et al. [16],
the plant-conjugated mycotoxins are known as “masked mycotoxins”, due to the difficulty of their
analytical determination.

714G (Figure 1) is one of the few proven, naturally occurring masked mycotoxins in cereals (e.g.,
wheat, maize, and barley) [11]. During the biotransformation of ZEN in plants, several metabolites
are formed, Z14G accounts for up to 30% of the total metabolites [11]. The glucose conjugation of the
parent compound leads to its decreased estrogenicity, because the lactone ring and the hydroxyl group
in position Cy4 are involved in the interaction of ZEN with estrogen receptors [14,17]. However, Z14G
is deglycosylated in the gastrointestinal tract, and the formed ZEN can induce toxic effects due to its
better absorption and higher affinity towards estrogen receptors [18]. In addition, it has also been
proved that cell metabolism may convert Z14G to ZEN and «-ZEL eliciting estrogenic stimulation [19].

Cyclodextrins (CD) are starch-derived oligosaccharides, built up by p-glucopyranose units [20].
The most frequently used CDs are «-, 3-, and y-CDs containing six, seven, and eight glucose units,
respectively. CDs are commonly applied in the pharmaceutical, cosmetic, and food industries, due to
their ability to form host—guest type complexes with several compounds [21]. CDs have a nonpolar
internal cavity, and a hydrophilic external surface. The apolar cavity can accommodate lipophilic
guest molecules, while the hydrophilic external part ensures excellent aqueous solubility [20,22]. The
chemical modification of CDs can significantly affect their interaction with the guest molecules [20].

CDs can form stable complexes with some mycotoxins, including aflatoxins, citrinin, ochratoxin
A, ZEN, and zearalenols [23-29]. The inclusion of these fluorescent mycotoxins by the CD cavity is
commonly useful in analytics, because it can improve their chromatographic properties and/or increase
their fluorescence signal [30-32]. Furthermore, previous studies demonstrated that CD polymers
may be useful as mycotoxin binders: the extraction of ZEN, zearalenols, ochratoxin A, and patulin
mycotoxins was successfully executed from aqueous solutions and from different beverages [33-35].
Despite masked mycotoxins (e.g., Z14G) also appearing in food products, we have no information
regarding the potential interactions of CDs with these mycotoxin derivatives. ZEN forms stable
complexes with CDs (K~10* L/mol) [25,27]; however, Z14G contains the large hydrophilic glucose
structure, which does not make obvious the interaction of the masked mycotoxin with CDs.

In this study, the interaction of Z14G with native and chemically modified 3- and y-CDs (Figure 1)
was investigated in a wide pH range (pH 3.0-10.0) employing steady-state fluorescence spectroscopy.
In addition to the stability of the complexes formed, the CD-induced increase in the fluorescence
signal of Z14G was also evaluated. For the deeper understanding of Z14G-CD interactions, molecular
modeling studies were performed. Furthermore, the removal of Z14G from aqueous solution by
insoluble 3-cyclodextrin bead polymer (BBP) was also tested. Our results demonstrate that Z14G can
form stable host-guest type complexes with CDs, and the interactions result in the strong increase
in the fluorescence of the mycotoxin. Moreover, BBP significantly decreased the Z14G content of the
spiked solution, showing that CD technology is suitable for the removal of the masked mycotoxin
Z14G from aqueous solutions.
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Figure 1. Chemical structures of zearalenone-14-O-3-p-glucoside (Z14G) as well as native, randomly
methylated (DS = 12), and hydroxypropyl (DS = 4.5) 3- and y-CDs (BCD, p-cyclodextrin; GCD,
y-cyclodextrin; HPBCD, (2-hydroxypropyl)-B-cyclodextrin; HPGCD, (2-hydroxypropyl)-y-cyclodextrin;
RAMEB, randomly methylated -cyclodextrin; RAMEG, randomly methylated y-cyclodextrin; DS:
average degree of substitution per CD ring).

2. Materials and Methods

2.1. Reagents

Zearalenone-14-O-3-p-glucoside (Z14G) was purchased from ASCA GmbH (Berlin, Germany).
Stock solutions of Z14G (5000 pM) were prepared in ethanol (96 v/v%, spectroscopic grade; Reanal,
Budapest, Hungary) and stored at —20 °C. Cyclodextrins, including 3-CD (BCD), y-CD (GCD),
(2-hydroxypropyl)-p-CD (HPBCD), (2-hydroxypropyl)-y-CD (HPGCD), randomly methylated 3-CD
(RAMEB), randomly methylated y-CD (RAMEG), and insoluble 3-cyclodextrin bead polymer (BBP)
were provided by CycloLab Cyclodextrin Research and Development Laboratory, Ltd. (Budapest,
Hungary). Sodium phosphate (0.05 M, pH 3.0 and pH 7.4), sodium acetate (0.05 M, pH 5.0), and sodium
borate (0.05M, pH 10.0) buffers were applied as media during fluorescence spectroscopic measurements.

BBP was produced in three main steps: (1) Pre-polymerization of monomeric BCD by cross-linking
it with epichlorohydrin under alkaline circumstances. (2) Forming emulsion from the pre-polymer:
the pre-polymer was emulsified in toluene-polyvinyl alcohol system with vigorous stirring. (3)
Further polymerization: the emulsified BCD pre-polymer is further polymerized with butanediol
bis(epoxypropyl)ether. During the latter step, the water-soluble pre-polymer became water-insoluble.
The formed polymer droplets were filtered from the reaction mixture, washed with acetone, and dried.
BBP does not dissolve but it swells in water (swelling capacity: 5-8 mL/g at 25 °C). The BCD content of
BBP is 50 m/m%; the average polymer bead particle size is between 0.1 and 0.3 mm.

2.2. Fluorescence Spectroscopic Measurements

Steady-state fluorescence spectroscopic measurements were carried out at +25 °C, in the presence
of air, using a Hitachi F-4500 fluorimeter (Hitachi, Tokyo, Japan). Fluorescence emission spectra of
Z14G (1 uM) was recorded in the absence and presence of increasing concentrations of CDs (0.0, 0.2,
0.3,0.5,0.7, 1.0, 1.5, and 2.0 mM) in different buffers (pH 3.0-10.0; see 2.1), applying 315 nm excitation
wavelength. Binding constants of Z14G-CD complexes were determined employing the graphical
application of the Benesi-Hildebrand equation [26]:

h 1. 1
(I-Ip)) A AxKx[H]"

)
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where [ and I denote the fluorescence emission intensities of Z14G in the absence and presence of
CDs, respectively; A is a constant, K is the binding constant (unit: L/mol), [H] is the concentration of
the host molecule, and # is the number of binding sites.

2.3. Modeling Studies

The molecular modeling approach relied on a combination of pharmacophoric analysis of CD
cavity, docking studies, and rescoring procedures. The 3D structures of BCD and GCD derived from the
crystallographic structures recorded in the Cambridge Crystallographic Data Center (CCDC) database
(https://www.ccdc.cam.ac.uk/structures) having accession code WEWTO] and LAJLALQO2, respectively.
The ideal 3D coordinates of ZEN was retrieved from the Protein DataBank (https://www.rcsb.org;
compound accession ID: ZER) [36]. The consistency of atom and bond types assignments were checked
with the Sybyl software (version 8.1; www.certara.com) and the structure was energetically minimized
using Powel algorithm, as described [37]. As an exception, the maximum number of iterations was set
at 250 with a coverage gradient of < 0.05 kcal/ (mol x A). The 3D structure of Z14G was derived from
editing the 3D structure of ZEN using the Sybyl software (version 8.1; www.certara.com) as follow: the
3D coordinates of glucose was retrieved using the “Get Fragment” module. Then, its hydroxyl group
in position C; was joined to the ZEN hydroxyl group on Cy4 using the “Join Molecule” option. The
structure of Z14G finally underwent energy minimization.

2.3.1. Pharmacophoric Analysis of the CD Cavity

The description of CD sites was done using the Flapsite tool of the FLAP software (Fingerprint for
Ligand and Protein; https://www.moldiscovery.com), while the GRID algorithm was used to investigate
the corresponding pharmacophoric space [38,39] in agreement with our previous study [40]. As an
exception, it was used only the DRY probe to describe hydrophobic space of CD cavities.

2.3.2. Docking Study

The GOLD software [41] was used to perform all the docking simulations as it previously proved
to be reliable in predicting the binding architectures of host-guest complexes [42,43]. In addition, a
rescoring procedure using the HINT scoring function [44] was carried out, for the better evaluation
of mycotoxin—CD interactions [45]. In particular, the HINT score may be related to the free energy
of binding (the higher the score, the stronger the interaction), and it was previously proved to
assess reliably the host-guest type complex formation, also in the specific case of mycotoxin-CD
interactions [45-47]. The GOLD setting reported by Dellafiora and co-workers was used [42]. Ten
poses were generated for each compound in each CD, and all of them underwent a rescoring procedure
with HINT. Only the best-scored pose for each run was considered [45,46].

2.4. Extraction of Z14G from Aqueous Solution by BBP

To test the mycotoxin binding ability of BBP, Z14G (2 uM, 1.5 mL) was incubated in the presence of
increasing amounts of BBP (0.0, 1.0, 2.5, 5.0, 10.0, and 20.0 mg/1.5 mL). The incubation was performed
in a thermomixer (1000 rpm, 30 min, 25 °C) in 0.05 M sodium acetate buffer (pH 5.0). Thereafter, BBP
was sedimented by pulse centrifugation (4000 g, 3 s), and the concentration of Z14G in the supernatant
was directly determined by HPLC-FLD (see details in Section 2.5).

For the quantitative characterization of the interaction, Langmuir and Freundlich isotherms were
also obtained. Using the same experimental conditions, increasing concentrations of Z14G (0.2, 0.5, 1.0,
2.5,5.0,7.5,10.0, and 12.5 uM in 1.5 mL buffer) were added to a standard amount of BBP (2.5 mg). The
evaluation was performed using the Langmuir equation [35]:

~ (Qox KL xC,)
* T KxC) @
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where g, represents the bound Z14G (mg) per BBP (g), Qp is the maximum amount of Z14G bound
per g of BBP, C. denotes the free Z14G (mg) in the solution at equilibrium, and K}, is the Langmuir
equilibrium constant (L/mg). Data were then also evaluated based on the Freundlich equation [35]:

de = KpxC/" ®)
where Kr and 7 are the Freundlich constant and the heterogeneity index, respectively.

2.5. HPLC Analysis

The concentrations of Z14G in the supernatants were quantified by an integrated HPLC system
(Jasco, Tokyo, Japan) contained an autosampler (AS-4050), a binary pump (PU-4180), and a fluorescence
detector (FP-920). Samples (with a 20-uL injected volume) were driven through a Phenomenex Security
Guard™ (C8, 4.0 x 3.0 mm) guard column linked to a Teknokroma Mediterranea Sea8 (C8, 150 x 4.6
mm, 5 pm) analytical column. The mobile phase contained acetonitrile and 175 mM acetic acid (35:65
v/v%), the isocratic elution was performed with 1.0 mL/min flow rate at room temperature. 214G
was detected at 465 nm (Aex = 315 nm), and the chromatographic data were evaluated employing
ChromNAYV (V2) software.

2.6. Statistical Analyses

Data represent means + standard error of the mean (SEM) values determined based on at least
three independent experiments. The One-Way ANOVA test (IBM SPSS Statistics, V21, New York, NY,
USA) was applied for the statistical analyses. The level of significance was set as p < 0.01.

3. Results

3.1. Fluorescence Excitation and Emission Spectra of Z14G

To investigate the effects of the environmental pH on the fluorescence of Z14G, its fluorescence
excitation and emission spectra were recorded in different buffers (pH 3.0-10.0). At each pH value
tested, two peaks appeared in the fluorescence excitation spectrum of Z14G, approximately at 275 and
315 nm (Figure 2A). At pH 3.0-7.4, the excitation spectra of Z14G barely changed; however, at pH 10.0,
the significantly lower excitation signal of Z14G was observed compared to the other buffers. Then
the fluorescence emission spectra of Z14G were also recorded using both 275 (Figure 2B) and 315 nm
(Figure 2C) excitation wavelengths. Again, at acidic and physiological pH, similar emission spectra
were observed. Nevertheless, the strong decrease in the fluorescence emission signal of 214G was
noticed under alkaline conditions. Furthermore, as Figure 2B,C demonstrates, a blue shift of emission
maxima was observed with regard to both excitation wavelengths used (Aex = 275 nm: from 465 to 460
nm; Aex = 315 nm: from 465 to 450 nm).

6000 6000 4

—pH 20

5000 - 5000

4000 - 4000 4 4000 -

3000 3000 4 3000 4

2000 - 2000 4 2000 4

1000 - 1000

Fluorescence intensity (RLU)
Fluorescence intensity (RLU)
Fluorescence intensity (RLU)

1000 ~

Wavelength (nm) * MWavsle::)th (nm) 5‘7" . " Wa‘vﬁealenglh ?:)m) .
Figure 2. Fluorescence spectra of Z14G. (A) Excitation spectra of Z14G (20 uM) in different buffers
(Aem = 455 nm); (B) emission spectra of Z14G (20 uM) using 275 nm excitation wavelength; (C) and
emission spectra of Z14G (20 uM) applying 315 nm excitation wavelength. (Buffers used: 0.05 M
sodium phosphate, pH 3.0; 0.05 M sodium acetate, pH 5.0; 0.05 M sodium phosphate, pH 7.4; 0.05 M
sodium borate, pH 10.0).
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3.2. Effects of Cyclodextrins on the Fluorescence Signal of Z14G

First, the interactions of Z14G with native BCD and GCD were investigated. Therefore, increasing
amounts of CDs (final concentrations: 0.0-2.0 mM) were added to Z14G (1.0 uM) in sodium acetate
buffer (pH 5.0), and then fluorescence emission spectra were recorded (Aex = 315 nm). Both BCD and
GCD strongly increased the emission signal of the mycotoxin (Figure 3), during which a slight blue
shift of its emission wavelength maximum (from 465 to 455 nm) was observed. Furthermore, BCD
induced a higher increase in the fluorescence signal of Z14G than GCD.

BCD

—20mM GCD ——2.0mM

1500 1500

1000

1000 ~

500 500 4

Fluorescence intensity (RLU)

Fluorescence intensity (RLU)

0

4(;0 ‘ 4%0 ‘ 560 I 5‘50 460 I 4;0 I 560 I 5‘50
Wavelength (nm) Wavelength (nm)
Figure 3. Fluorescence emission spectra of Z14G (1 uM) in the presence of increasing BCD (left) and

GCD (right) concentrations (0.0-2.0 mM) in 0.05 M sodium acetate buffer (pH 5.0; Aex = 315 nm).

Thereafter, the spectral changes of Z14G were also investigated with native and chemically
modified CDs (methyl and hydroxypropyl derivatives) in different buffers (pH 3.0-10.0). At pH 10.0, a
much lower increase in the fluorescence of the mycotoxin was observed compared with other buffers
used (Figure 4). Furthermore, a red shift in the fluorescence spectrum of Z14G was observed at pH
10.0, resulting in the same emission wavelength maximum (455 nm) in the presence of higher CD
concentrations which was noticed in other buffers with lower pH values.

2000 - pH 5.0 ——20mM 2000 pH 10.0 —2.0mM

1.6 mM

1.0 mM
— 0.7 mM
1500 + ——0.5mM
—— 0.3 mM
—0.2mM

—— 0.0 mM
1000 4

1500 4

1000 4

500

Fluorescence intensity (RLU)
Fluorescence intensity (RLU)

400 I 4‘50 ‘ 5(‘]0 ‘ 550 400 ' 4!‘30 ' SI!NJ ' 550
Wavelength (nm) Wavelength (nm)
Figure 4. Fluorescence emission spectra of Z14G (1 uM) in the presence of increasing concentrations of

RAMEG (0.0-2.0 mM) in 0.05 M sodium acetate (pH 5.0; left) and in 0.05 M sodium borate (pH 10.0;
right) buffers (Aex = 315 nm).

The fluorescence emission intensities (Aex = 315 nm, Aeyy = 455 nm) of Z14G in the presence of
CDs are demonstrated in Figure 5, while the relative enhancement in the fluorescence of Z14G (I/I;
1 uM mycotoxin + 2 mM CD) is represented in Table 1. RAMEB caused slightly weaker increase
(except at pH 10.0) in the fluorescence of Z14G than BCD, while HPBCD showed a much weaker effect
compared to the other 3-CDs tested. However, both chemically modified y-CDs proved to be better
fluorescence enhancers than the native GCD: HPGCD and RAMEG induced slight and considerable
increases in the fluorescence signal of Z14G, respectively (Table 1). Typically, RAMEG was the most
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suitable, and HPBCD was the least successful fluorescence enhancer; however, BCD exhibited similar
effectiveness at pH 3.0 and 5.0 to RAMEG (Figure 5). Among the CDs tested, RAMEG resulted in the
highest (7.1-fold) increase in the fluorescence signal of Z14G under weakly alkaline conditions (pH 7.4).
BCD, HPBCD, GCD, and HPGCD induced the strongest relative increase in fluorescence at pH 5.0;
while RAMEB and RAMEG were most effective at pH 3.0 and 7.4, respectively (Table 1). Each CD
tested produced the weakest fluorescence enhancement at pH 10.0.
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Figure 5. CD-induced increase in the fluorescence signal of Z14G (1 uM) in different buffers (0.05 M
sodium phosphate, pH 3.0; 0.05 M sodium acetate, pH 5.0; 0.05 M sodium phosphate, pH 7.4; 0.05 M
sodium borate, pH 10.0; Aex = 315 nm, Aem = 455 nm).

Table 1. CD-induced relative increase in the fluorescence emission signal of Z14G (I/Iy; 1 uM mycotoxin
+ 2 mM CD) in different buffers (Aex = 315 nm, Aem, = 455 nm).

Relative Increase in the Fluorescence of Z14G (I/Iy = SEM)

H
P BCD RAMEB HPBCD GCD RAMEG HPGCD
3.0 6.72 +£0.12 6.23 £0.29 3.70 £ 0.09 5.03 £0.32 6.53 + 0.08 5.38 £0.08
5.0 6.98 + 0.19 6.16 + 0.02 4.32 +£0.03 5.49 £ 0.09 6.73 +0.22 5.79 £0.03
74 6.87 £0.10 593 +0.24 421+0.21 492 +0.25 713 £0.10 553 +£0.11
10.0 444 +£0.14 499 £0.15 3.13+0.14 3.62 £0.27 6.24 + 0.17 4.37 £0.09

BCD, 3-CD; RAMEB, randomly methylated 3-CD; HPBCD, (2-hydroxypropyl)-p-CD; GCD, y-CD; RAMEG, randomly
methylated y-CD; HPGCD, (2-hydroxypropyl)-y-CD; SEM, standard error of the mean; buffers used: 0.05 M sodium
phosphate, pH 3.0; 0.05 M sodium acetate, pH 5.0; 0.05 M sodium phosphate, pH 7.4; 0.05 M sodium borate, pH 10.0.

3.3. Binding Constants of Z14G-CD Complexes

Binding constants (K, unit: L/mol) of Z14G-CD complexes were determined using the
Benesi-Hildebrand equation (Equation (1)). Figure 6 demonstrates the Benesi-Hildebrand plots,
which showed good correlation (R? = 0.96-0.99) with the 1:1 stoichiometry model at each pH tested.
As demonstrated in Table 2, Z14G formed stable complexes with both 3- and y-CDs, logK values were
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typically in the 2.5-3.3 range (except at pH 10.0). In the 3.0-7.4 pH range, y-CDs formed more stable
complexes with Z14G (logK = 3.0-3.3) than 3-CDs (logK = 2.5-2.9). At pH 10.0, logK values were the
lowest with regard to both (3- and v-CDs (logK = 1.9-2.4). The most stable Z14G-CD complex was
formed with RAMEG at pH 5.0.
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Figure 6. Benesi-Hildebrand plots of Z14G-CD complexes in different buffers (0.05 M sodium phosphate,
pH 3.0; 0.05 M sodium acetate, pH 5.0; 0.05 M sodium phosphate, pH 7.4; 0.05 M sodium borate, pH
10.0; Aex = 315 nm, Aem = 455 nm).

Table 2. Decimal logarithmic values of binding constants (K; unit: L/mol) of Z14G-CD complexes in

different buffers.
- LogK (+ SEM)
P BCD RAMEB HPBCD GCD RAMEG HPGCD
3.0 2.74 + 0.05 2.64 +0.07 2.55 + 0.06 2.99 + 0.06 3.18 £ 0.03 3.03 £0.02
5.0 2.81 +£0.02 2.81 +£0.05 2.71 + 0.06 3.03 +£0.05 3.27 £ 0.02 3.13 +£0.01
74 293 +0.01 2.85 +0.05 2.82 +0.03 3.14 + 0.02 3.25+0.01 3.13 +£0.03
10.0 2.10 £ 0.07 2.21 £0.05 1.95 + 0.05 2.30 + 0.05 2.38 + 0.07 2.41 +0.02

BCD, -CD; RAMEB, randomly methylated 3-CD; HPBCD, (2-hydroxypropyl)-B-CD; GCD, y-CD; RAMEG, randomly
methylated y-CD; HPGCD, (2-hydroxypropyl)-y-CD; SEM, standard error of the mean; buffers used: 0.05 M sodium
phosphate, pH 3.0; 0.05 M sodium acetate, pH 5.0; 0.05 M sodium phosphate, pH 7.4; 0.05 M sodium borate, pH 10.0.

3.4. Molecular Modeling Studies

The molecular details of the interaction of Z14G within the native BCD and GCD were investigated
and compared to those of ZEN using a molecular modeling approach. Concerning the ZEN-BCD
complex, ZEN sank into the CD cavity with its aromatic ring. The calculated pose (179.4 HINT
score units) was found to be well embedded within the hydrophobic environment of the BCD cavity
(Figure 7A), retracing the crystallographic mode of interaction with phenyl alcohol (accession code
of BCD-phenyl alcohol: DEBGOG) (Figure 7B,C). In this architecture of binding, no direct ZEN-CD
polar contacts were found, and hydrophobic-hydrophobic interactions were thought to be the main
contributors to the complex formation. Regarding the ZEN-GCD complex (64.7 HINT score units), in
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contrast to the pose observed within BCD, ZEN posed the aliphatic part within the cavity, exposing the
aromatic ring to the solvent (Figure 7D). The hydroxyl group in position C14 was found to be engaged
in polar contacts with the C, and C3 hydroxyl groups of GCD sugars. Therefore, the establishment of
polar interactions was found to be likely to concur with the complex formation.

Concerning the Z14G-BCD complex (101.3 HINT score units), Z14G posed the polar glucoside
portion within the hydrophobic cavity of BCD (Figure 7E), causing hydrophobic—polar interactions
that may explain the lower capability of Z14G to interact with BCD than with GCD. Indeed, regarding
the Z14G-GCD complex (257.3 HINT score units), 214G embedded the aromatic ring within the
hydrophobic cavity of GCD while posing the glycoside moiety outside the cavity and exposing it to
the solvent (Figure 7F). In this orientation, the glycoside moiety did not cause hydrophobic—polar
interferences with the apolar cavity of GCD.

A

\,f

Figure 7. Representation of CD host-guest-type complexes. In most parts of the figure, CDs are
represented as cut surfaces for the better clarity. (A) Representation of the calculated ZEN-BCD complex.
The white mesh indicates the hydrophobic space of the BCD cavity; (B) Crystallographic coordinates of
phenyl alcohol-BCD complex (CCDC accession code DEBGOG); (C) Calculated pose of ZEN within
BCD; (D) Representation of the calculated ZEN-GCD complex. GCD is represented as sticks and cut
surface. Yellow dashed lines indicate polar interaction; (E) Representation of the calculated Z14G-BCD
complex. The white mesh indicates the hydrophobic space of BCD cavity while the red ring indicates
the glucoside group of Z14G; (F) Representation of the calculated Z14G-GCD complex. The white
mesh indicates the hydrophobic space of GCD cavity, while the red ring indicates the glycoside group
of Z14G.

3.5. Extraction of Z14G from Aqueous Solution by BBP

Since BBP has been successfully applied to remove ZEN and zearalenols from aqueous solutions
and/or from spiked corn beer samples [33], the ability of BBP to extract the masked mycotoxin Z14G
from aqueous solution was also investigated. In BBP, the 3-cyclodextrin polymer is attached to
insoluble beads, therefore, the formed Z14G-BCD complex can be removed from the solution by
sedimentation. To test the effect of BBP on the mycotoxin content of the solution, Z14G was incubated
with increasing amounts of BBP in sodium acetate buffer (pH 5.0). In a concentration-dependent
fashion, BBP considerably decreased the Z14G (2 uM) content of the aqueous solutions (Figure 8). Even
1.0 mg/1.5 mL of BBP significantly reduced the mycotoxin content; while 10.0 and 20.0 mg/1.5 mL of
BBP removed approximately 60 and 75% of Z14G, respectively.
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Concentration of Z14G
in the supernatant
(% of control)

BBP (mg/1.5 mL)

Figure 8. The decrease of Z14G (2 uM in 1.5 mL) content of the supernatant after 30 min incubation
with increasing amounts of BBP (0.0, 1.0, 2.5, 5.0, 10.0, and 20.0 mg/1.5 mL) in 0.05 M sodium acetate
buffer (pH 5.0; 25 °C; * p < 0.01).

To characterize quantitatively the mycotoxin-binding ability of BBP, increasing concentrations
of Z14G were incubated with standard amount of BBP (see details in Section 2.4.). After incubation,
the mycotoxin content of the supernatants was quantified (see in Sections 2.4 and 2.5), and then the
data were evaluated employing the Langmuir (Equation (2)) and Freundlich (Equation (3)) sorption
isotherms. The data showed better fitting with the Langmuir (R? = 0.96) than with the Freundlich
(R? = 0.92) isotherm (Figure 9). The Langmuir affinity constant (Ky) was 0.0197 + 0.006 L/mg and
the Qg value was 3.77 + 0.49 mg/g. The Freundlich model indicates a 0.18 + 0.01 (mg/g) X (L/mg) '/
Freundlich constant and a 0.64 + 0.03 1/n value.

254 W Z14G binding for BBP -
Langmuir isotherm L
1 = = -Freundlich isotherm

de(mg )

T T T T T T T T T T
0 10 20 30 40 50 60

Ce(mg L)

Figure 9. Langmuir (solid line) and Freundlich (dashed line) isotherms for the Z14G binding of BBP in
0.05 M sodium acetate buffer (pH 5.0; see further details in Section 2.4.).

4. Discussion

Similar to ZEN and zearalenols [27,48], the masked mycotoxin Z14G also shows two excitation
peaks at 275 and 315 nm (Figure 2). Z14G exerted fluorescence in the whole pH range tested (pH
3.0-10.0); however, its fluorescence spectra were markedly changed under alkaline conditions (pH 10.0).
Regarding Z14G, only one of the phenolic hydroxyl groups (C14 and Cy4) of ZEN is conjugated with
glucose. Therefore, Z14G can lose a proton and consequently it forms an anion at higher pH values.
Thus, Z14G appears partly in ionized form at pH 10.0, resulting in the changes in its fluorescence
excitation and emission spectra.

Similarly to our previous studies with ZEN and zearalenols [27,48], we recorded the emission
spectra of Z14G-CD complexes using 315 nm excitation wavelength. In the presence of CDs, the
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fluorescence emission signal of Z14G strongly increased (Figures 3 and 5). Since the applied CDs do
not exert fluorescence, this observation suggests the formation of Z14G-CD complexes. The strong
increase in the fluorescence of Z14G in the presence of CDs can be likely explained by the decreased
quenching effects of solvent molecules. Usually, water molecules partly quench the fluorescence signal
of aromatic fluorophores; therefore, the disruption of the hydration shell during the host-guest-type
complex formation, as well as the less polar environment of Z14G in the CD cavity, results in the
significant increase in the fluorescence signal of Z14G [23,25,30,45]. Similarly to ZEN [27], BCD induced
a stronger increase in the fluorescence emission signal of Z14G than GCD (Figure 3). Concerning the
ZEN-BCD complex, the calculated pose presented in this work (Figure 7) is in strong agreement with
the NMR-derived model of ZEN-BCD complex proposed previously [31], supporting the geometrical
reliability of the model. Keeping in mind that the inclusion direction can enhance or quench the
fluorescence signal [46], the diverse calculated geometry of ZEN within BCD or GCD might partially
explain the previously reported experimental results [27]. In particular, the deep inclusion of the
fluorescent group (the aromatic ring of ZEN in this case) within the BCD cavity may reduce the capacity
of the solvent molecules to absorb vibrational quanta, as previously described [46]. Therefore, BCDs
protected the fluorescence emission of ZEN from the quenching effect of water molecules, during
which the fluorescence signal is consequently enhanced. Conversely, the exposure of the aromatic ring
to the solvent with widely spaced vibrational level (as in the case of ZEN-GCD complex in aqueous
solution) allows the solvent to accept the large quantum of electronic energy, resulting in the higher
quenching of the emission intensity [46]. In addition to the diverse orientation within BCD or GCD,
the lower computational score of ZEN within GCD in comparison to BCD may indicate discrepancies
in the favors of interaction between the two CDs, where the BCD is the most suitable to interact with
ZEN. Nevertheless, a specific validation for the cavitand-ligand complex formation is still missing and
further studies are needed to tune and validate the model for a more thorough quantitative comparison.

The interaction of Z14G with native and chemically modified (3-, and y-CDs was tested in a wide
pH range (pH 3.0-10.0). Approximately, a 3- to 7-fold CD-induced increase in the fluorescence of Z14G
was observed (Table 1), which is significant but lower compared to ZEN (6- to 19-fold, pH 5.0) and
zearalenols (2- to 26-fold, pH 5.0-10.0) [27,48]. The chemical modification (methyl or hydroxypropyl
substitution) of CDs improved and decreased the CD-induced fluorescence enhancement regarding
v-CD and B-CD, respectively (Table 1). The poor elevation of the fluorescence signal of Z14G in the
presence of CDs at pH 10.0 (Figures 4 and 5) is likely resulted from the deprotonation of the mycotoxin,
as it has been also reported regarding ZEN and zearalenols [27,48]. The same emission wavelength
maximum of Z14G (455 nm) was observed in the presence of high CD concentrations, regardless the
buffer used (Figure 4). It can be explained by the formation of the same Z14G-CD complexes. CDs form
more stable complex with the non-ionized form of the mycotoxin; however, higher CD concentrations
are necessary at pH 10.0, where most of the Z14G molecules are likely to occur in anionic form [27,48].
This hypothesis is also supported by the red shift in the fluorescence spectrum of Z14G during its
interaction with CDs (Figure 4) and by the low binding constants of Z14G-CD complexes at pH 10.0
(Table 2).

According to our data, the masked mycotoxin Z14G (logK = 2.8-3.3, at pH 5.0) formed less stable
complexes with CDs compared to ZEN (logK = 3.8-4.8, at pH 5.0) [25,27,31]. Furthermore, Z14G forms
more stable complexes with y-CDs, while ZEN prefers 3-CDs [27]. At pH 3.0-7.4, Z14G binds to GCD
with approximately 2.5-fold higher affinity than to BCD (Table 2). The highly diverse arrangement
of the glucose group regarding BCD and GCD may explain the higher affinity of Z14G toward the
latter CD, wherein the hydrophobic-polar interferences were thought to be less pronounced than in
the former (Figure 7). The chemical modifications (methyl and hydroxypropyl substitutions) of the
native GCD slightly improved the stability of Z14G-y-CD complexes; however, the same chemical
modifications did not change, or slightly decreased, the binding constants of Z14G-f3-CD complexes
(Table 2). These observations highlight again the differences between the interactions of Z14G and
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ZEN with CDs, because methyl substitution of BCD strongly increased the stability of ZEN-CD
complexes [27].

As our results demonstrate, the binding constants of Z14G complexes are barely affected by the pH
under acidic and physiological conditions (pH 3.0-7.4). However, an approximately five-fold decrease
in the binding constants was observed at pH 10.0 for each CD tested (Table 2). Under acidic and
weakly alkaline conditions (pH 3.0, 5.0, and 7.4), Z14G likely appears in its nonionic form. However, at
pH 10.0, several mycotoxin molecules become ionized (see spectral changes in Figure 2). Since the
deprotonation of the hydroxyl group in Cy4 can affect the complex formation of Z14G with CDs, it is
reasonable to hypothesize that CDs strongly prefer the nonionic Z14G vs. its anionic form.

As a general remark, the computational modeling reliably estimated the relative interaction
of ZEN and Z14G with the two CDs, but it failed to estimate the absolute rank of affinity found
experimentally [27]. In particular, the scores of Z14G were unexpectedly higher than those of ZEN,
which recorded the best experimental affinity values within both the CDs, although the relative affinity
of both ligands within each CD was correctly predicted. Keeping in mind that the HINT scoring is
an expression of the sum of all the interatomic contributions [44], the overall score can be affected by
the absolute dimension of ligands (i.e., by the total atoms count), as already shown for other scoring
functions (in particular, the larger the molecule, the higher the value) [49]. The systems under analysis
are relatively small, and they consist of a maximum of 234 atoms (e.g., the Z14G-GCD complex). The
presence of glucose (24 atoms) accounts for nearly 10% of the total atom count of the complex and
may reasonably introduce biases in comparing ligands with a relatively relevant difference in the total
atom count. Therefore, the results of ZEN (45 atoms) cannot be quantitatively compared with those of
Z14G (66 atoms; 46% bigger than ZEN). Although such a bias has been excluded for protein-ligand
complex assessments, it still deserves further investigation regarding the assessment of cavitand-ligand
complex formations. In the present form, our procedure proved to be reliable when comparing ZEN
or Z14G within different CDs, but it failed to provide reliable quantitative intra-ligand comparison.
Taken together, the computational results presented here can explain the diverse affinity of ZEN or
714G with BCD and GCD. In particular, the different orientation of ZEN observed within the two
CDs, along with the worse interaction within GCD (according to the scores recorded), may explain the
stronger interaction with BCD found experimentally. On the other hand, our results can also explain
the preferential interaction of Z14G with the GCD as the glucose moiety could be placed outside the
cavity reducing the establishment of polar-hydrophobic interferences in comparison to those found for
714G-BCD complex.

Based on our results, BBP can greatly reduce the Z14G content of aqueous solution, in a
concentration-dependent fashion. However, the removal of Z14G by BBP was less effective compared
to ZEN. Under similar experimental conditions, BBP (20.0 mg/1.5 mL) removed approximately 75%
and 90% of Z14G (Figure 8) and ZEN [33], respectively. The lower ability of BBP to extract Z14G isin a
good agreement with the lower affinity of the masked mycotoxin (Table 2) towards BCD compared to
ZEN [27]. It is reasonable to hypothesize that y-CD polymers would be more effective in the removal
of Z14G; however, BBP is the only CD bead polymer that was available for our studies. Furthermore, it
was interesting to compare the Z14G-binding ability of BBP with our previous experiments regarding
ZEN [33].

The sorption isotherms can quantitatively characterize of the mycotoxin-binding ability of BBP [35].
The Langmuir and Freundlich models were employed to investigate the interaction of Z14G with BBP
(Figure 9). Based on our results, the Langmuir showed a better fitting vs. the Freundlich model. The
Langmuir affinity constant of Z14G was significantly lower (0.0197 + 0.006 L/mg) compared to ZEN
(0.60 + 0.25 L/mg) [33], which is in agreement with the lower binding affinity of BCD towards Z14G.
The Freundlich constant of Z14G (0.18 + 0.01 (mg/g) X (L/mg)"") was also lower compared to the Kr
value of ZEN (1.16 + 0.07 (mg/g) x (L/mg)l/ ™) [33], again supporting the better ability of BBP to remove
ZEN vs. Z14G.
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5. Conclusions

In summary, the interaction of Z14G with (3- and y-CDs, as well as with insoluble 3-CD bead
polymer, was examined. Despite the large hydrophilic glucose part of Z14G, it is able to form stable
complexes with CDs; however, unlike ZEN, Z14G prefers the larger y-CD cavity. CDs strongly increase
the fluorescence signal of Z14G, and the methyl substitution of the native GCD can further increase
both the fluorescence enhancement and the stability of formed complexes. BBP proved to be a suitable
tool to decrease the Z14G content of aqueous solution, showing its ability to bind both the masked
mycotoxin and the parent compound. Based on our observations, CD technology seems a promising
tool to improve the fluorescence analytical detection of Z14G as well as to decrease the mycotoxin
exposure through the removal of certain mycotoxins (e.g., Z14G, ZEN, and zearalenols) from aqueous
solutions (including some beverages).
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The xenoestrogenic mycotoxin zearalenone is a common food contaminant produced by Fusarium strains. The
modified mycotoxin zearalenone-14-sulfate (Z14S) is formed in both fungi and mammals during the biotransfor-
mation of zearalenone. Cyclodextrins (CD) are cyclic oligosaccharides which can form host-guest type complexes
with some mycotoxins, including zearalenone, zearalenols, and zearalenone-14-glucoside. As a result of the com-
plex formation, the fluorescence signal of these mycotoxins strongly increases. Furthermore, CD polymers seem
to be suitable for the extraction of some mycotoxins from aqueous solutions and beverages. In this study, the in-
teraction of Z14S with CDs and soluble CD polymers was examined with fluorescence spectroscopy and molec-
ular modeling. Furthermore, the removal of Z14S from aqueous solution by 3-CD bead polymer (BBP) was also
tested. Our results demonstrate the formation of stable Z14S-CD complexes (K = 0.1 to 5.0 x 10% L/mol).
Dimethyl-3-CD (DIMEB) produced the most stable complexes with Z14S at pH 5.0 and 7.4. At pH 10.0, the bind-
ing constant of Z14S-DIMEB complex decreased and quaternary ammonium-{3-CD showed similar affinity to-
ward the mycotoxin than DIMEB. In addition, Z14S was successfully removed from aqueous solutions by BBP.
Considering the above-listed observations, besides the parent mycotoxins, some of their modified/masked deriv-

atives can also interact with CDs.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

Mycotoxin conjugates produced by plants are designated as masked
mycotoxins, while other compounds formed by structural modifica-

Zearalenone is a toxic secondary metabolite of Fusarium species,
which frequently contaminate grains (especially maize) and other
commodities (e.g., fruits, meat, pastry, and beverages) [1,2]. The con-
sumption of zearalenone-contaminated food and feed can result in
the development of reproductive disorders in animals and humans,
due to the xenoestrogenic effect of the mycotoxin and its metabolites
[2-4]. Zearalenone is highly biotransformed by mammals, plants,
and fungi, during which reduced (zearalenols, zearalanone, and
zearalanols) and conjugated metabolites are formed [4,5].
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tion of the parent mycotoxins are referred to modified mycotoxins
[5,6]. Zearalenone-14-sulfate (Z14S; also termed as zearalenone-4-
sulfate; Fig. 1) is produced by different strains (e.g., Aspergillus
oryzae, Fusarium and Rhizopus species) as a fungal metabolite or by
sulfotransferase (SULT) enzyme during the phase Il metabolism of
zearalenone in mammals [4,5]. Generally, the sulfate conjugation re-
sults in less toxic derivatives, due to the increased hydrophilicity of
the metabolite formed. However, Z14S can be degraded partly to
the more toxic parent compound by the human intestinal
microbiome [7]. Therefore, we need to consider Z14S as a similarly
toxic compound to zearalenone, and should take into consideration
during the health risk assessment of the exposure [5].

Cyclodextrins (CDs) are cyclic glucose oligomers joined through 1-4
glycosidic linkage. CDs possess a lipophilic internal cavity and a hydro-
philic external part, the latter provides them high aqueous solubility
[8,9]. Since CDs can entrap nonpolar molecules in their internal cavity,

0167-7322/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Chemical structure of zearalenone-14-sulfate (214S).

they are commonly utilized by pharmaceutical, cosmetic, and food in-
dustries. The three most frequently applied CDs are a-, 3-, and y-CDs,
containing six, seven, and eight p-glucopyranose units, respectively
[9]. The complexation of guest molecules by CDs is strongly influenced
by the chemical modification of the host [9,10]. As it has been reported,
CDs can interact with some mycotoxins (and their derivatives), includ-
ing aflatoxins, citrinin, dihydrocitrinone, ochratoxin A, zearalenone,
zearalenols, and zearalenon-14-glucoside [11-17]. Typically, the com-
plex formation of fluorescent mycotoxins with CDs increases their fluo-
rescence signal, which may be beneficial from the analytical point of
view [18,19]. Furthermore, based on previous studies, CD polymers
seem to be suitable for the removal of certain mycotoxins
(e.g., patulin, ochratoxin A, alternariol, zearalenone, and zearalenols)
and masked mycotoxins (e.g., zearalenone-14-glucoside) from aqueous
solutions, including beverages (such as fruit juices, wine, or beer)
[17,20-23].

Despite the fact that modified mycotoxins commonly appear in
grains and in other commodities, we have only limited information re-
garding their interactions with CDs. Since the masked mycotoxin
zearalenone-14-glucoside forms complexes with CDs [17], it is reason-
able to hypothesize that other modified mycotoxins may also be
entrapped by CDs. Therefore, in this study, the complex formation of
Z14S with native and chemically-modified CDs and soluble CD polymers
(pH 5.0-10.0) was investigated employing fluorescence spectroscopy
and molecular modeling. Furthermore, the removal of Z14S from aque-
ous solution by insoluble [3-cyclodextrin bead polymer (BBP) was also
investigated. Our results demonstrate that, similarly to zearalenone,
Z14S also formed stable complexes with native and chemically-
modified CDs and BBP successfully removed the modified mycotoxin
from aqueous solution.

2. Materials and methods
2.1. Reagents

Zearalenone-14-sulfate ammonium salt (Z14S) was obtained from
ASCA GmBh (Berlin, Germany). Z14S stock solution (5000 pM) was pre-
pared in spectroscopic grade ethanol (96 v/v%; Reanal, Budapest,
Hungary) and stored at —20 °C. Cyclodextrins, including 3-CD (BCD),
v-CD (GCD), randomly methylated 3-CD (RAMEB), heptakis-2,6-di-O-
methyl-p-cyclodextrin  (DIMEB), 6-monodeoxy-6-monoamino-f3-
cyclodextrin (MABCD), (2-hydroxy-3-N,N,N-trimethylamino)propyl-
p-cyclodextrin = (QABCD), (2-hydroxypropyl)-3-CD  (HPBCD),
sulfobutyl-p-cyclodextrin (SBCD), epichlorohydrin cross-linked soluble
BCD polymer (BCD content: 70 m/m%), epichlorohydrin cross-linked
soluble QABCD polymer (QABCD content: 60 m/m%), and insoluble
(water-swellable) B-cyclodextrin bead polymer (BBP; cyclodextrin-
epichlorohydrin cross-linked bead polymer; BCD content: 50 m/m%)
were provided by CycloLab Cyclodextrin Research and Development
Laboratory, Ltd. (Budapest, Hungary).

2.2. Spectroscopic measurements

Fluorescence spectra were recorded at 25 °C in the presence of air,
using a Hitachi F-4500 fluorimeter (Tokyo, Japan). In spectroscopic
studies, sodium acetate (0.05 M, pH 5.0), sodium phosphate (0.05 M,
pH 7.4), and sodium borate (0.05 M, pH 10.0) buffers were applied.
Fluorescence emission spectra of Z14S were examined in the presence
of increasing CD concentrations, applying 320 nm excitation
wavelength.

Binding constants (K; unit: L/mol) of Z14S-CD complexes were de-
termined based on the graphical application of Benesi-Hildebrand equa-
tion [13]:

Ip 1 1

(—lp) A" AK[CD]"

(1

where Ip and I are the fluorescence emission intensity of Z14S in the ab-
sence and presence of CDs, respectively. A is a constant, n is the number
of binding sites, and [CD] is the concentration (unit: L/mol) of the host
molecule.

2.3. Molecular modeling studies

The molecular modeling approach relied on a combination of
pharmacophoric analysis of CD cavity integrated with docking studies
to provide a plausible architecture of binding. The 3D structures of -
CD, y-CD, and DIMEB derived from the crystallographic structures re-
corded in the Cambridge Crystallographic Data Center (CCDC) database
(https://www.ccdc.cam.ac.uk/structures) having accession code
WEWTO], LAJLALO2, and ZULQAY, respectively. The 3D coordinates of
Z14S were retrieved from PubChem (https://pubchem.ncbi.nlm.nih.
gov; CID = 45359500, accessed on November 21, 2019). The consis-
tency of atom and bond types assignment of Z14S and CDs were
checked with the Sybyl software (version 8.1; www.certara.com), as
previously reported [24]. Z14S was computed in the deprotonated
form and the 3D structure was energetically minimized using Powel al-
gorithm (with a coverage gradient of <0.05 kcal/(mol x A) and a maxi-
mum of 250 iterations) before the analysis, as it has been reported [17].

The description of CD sites was carried out using the Flapsite tool of
the FLAP software (Fingerprint for Ligand And Protein; https://www.
moldiscovery.com) while the GRID algorithm was used to investigate
the corresponding pharmacophoric space [25,26] in agreement with
previous studies [27]. The GOLD software [28] was used to perform all
the docking simulations as it previously proved to be reliable in
predicting the binding architectures of host-guest type complexes
[17,29,30]. GOLD setting reported by Dellafiora and co-workers was
used [29]. As exception, ten poses were generated for each compound
in each CD and the best-scored pose according to the GOLDScore scoring
function was considered to represent the most probable architecture of
binding, in agreement with previous works [17,31-33].

2.4. Extraction of Z14S from aqueous buffer by BBP

To investigate the removal of Z14S by BBP, the mycotoxin (2 uM in
1.5 mL volume) was incubated with increasing amounts of the bead
polymer (0.0, 1.0, 2.5, 5.0, 10.0, and 20.0 mg/1.5 mL) in sodium acetate
buffer (0.05 M, pH 5.0; 40 min, 1000 rpm, 25 °C). Then BBP was
sedimented by pulse centrifugation (4000g, 6 s, room temperature)
and the mycotoxin content of the supernatant was determined by
high-performance liquid chromatography (HPLC; see in Section 2.5).

Using the same experimental conditions, increasing mycotoxin con-
centrations (0.2,2.5,5.0,7.5,and 10.0 uM in 1.5 mL volume) were added
to standard amount of BBP (2.0 mg/1.5 mL), after which the Z14S con-
tent of the supernatants were quantified. Data were evaluated applying
the Langmuir and Freundlich sorption isotherms [21,23]. The Langmuir
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equation was described as:

_ QoKL Ce
qe = 11K,.C, 2)

where ¢, is the bound amount of Z14S (mg/g BBP), Q, represents the
maximum amount of Z14S bound (mg/g BBP), C. denotes the free
amount of Z14S (mg) in the solution at equilibrium, and K; is the Lang-
muir equilibrium constant (L/mg). The Freundlich equation was de-
scribed as:

9 =Kr " 3)

where n and Krare the heterogeneity index and the Freundlich constant,
respectively.

2.5. HPLC analysis

Z14S concentrations in the supernatants were quantified by an inte-
grated HPLC system (Jasco, Tokyo, Japan), which includes an
autosampler (AS-4050), a binary pump (PU-4180), and a fluorescence
detector (FP-920). A 20-pL volume of samples was driven through a
Phenomenex Security Guard™ (C18, 4.0 x 3.0 mm) guard column
joined to a Kinetex (C18, 250 x 4.6 mm, 5 pm) analytical column. The
isocratic elution was performed with 1.0 mL/min flow rate at room tem-
perature. The mobile phase contained methanol, acetonitrile, and dis-
tilled water (6:35:59 v/v%). Z14S was detected at 465 nm (Aex =
330 nm), and the chromatograms were evaluated with ChromNAV
software.

2.6. Statistics

Statistical analyses were performed with one-way ANOVA test (IBM
SPSS, New York, NY, USA). The level of significance was set to p < 0.01.

3. Results and discussion
3.1. Fluorescence excitation and emission spectra of zearalenone-14-sulfate

First, the fluorescence excitation and emission spectra of Z14S were
recorded in different buffers (pH 5.0, 7.4, and 10.0; Fig. 2). The excitation
wavelength maximum of Z14S was noticed around 330 nm under
weakly acidic (pH 5.0) and physiological (pH 7.4) circumstances. How-
ever, at pH 10.0, a slight red shift of the maximum (330 nm — 334 nm)
and a significant decrease in the fluorescence signal were noticed
(Fig. 2A). Furthermore, at pH 5.0 and 7.4, the emission spectra of the
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mycotoxin were similar, while a blue shift of the wavelength maximum
(465 nm — 458 nm) and the decreased emission signal were observed
at pH 10.0 (Fig. 2B). Since the protonation state can influence the ab-
sorption and fluorescence spectra of the fluorophores [34-36], these
spectral changes are likely resulted from the deprotonation of the myco-
toxin at the highest pH tested (similarly to zearalenone, zearalenols, and
zearalenone-14-glucoside [17,37,38]): The phenolic hydroxyl group of
Z14S on C16 may lose its proton under alkaline conditions.

3.2. Effects of cyclodextrins on the fluorescence emission signal of
zearalenone-14-sulfate

Fluorescence spectra of Z14S were also examined in the presence of
native 3- and y-CDs at pH 5.0. CDs induced a blue shift in the excitation
wavelength maximum of Z14S (data not shown); therefore, emission
spectra were recorded using 320 nm excitation wavelength. In the pres-
ence of CDs, the fluorescence emission signal of the mycotoxin was con-
siderably increased and a slight blue shift of the emission wavelength
maximum (465 nm — 460 nm) was observed (Fig. 3). Typically, the in-
clusion of organic fluorophores by 3-CDs results in a blue shift in their
fluorescence emission wavelength maxima [34,35]. This fact and the ob-
servation that CDs alone did not exert significant fluorescence under the
applied conditions suggest the formation of host-guest type Z14S-CD
complexes. The fluorescence enhancement observed can be explained
by the decreased quenching effect of water molecules due to the inclu-
sion of Z14S in the nonpolar CD cavity [39,40]. BCD induced higher fluo-
rescence enhancement of the mycotoxin (Fig. 3B) and formed more
stable (approximately three-fold; see details later in Section 3.3) com-
plexes with Z14S than GCD. Thus, Z14S favors the smaller cavity of
BCD vs. GCD, similarly to zearalenone [37]. Interestingly, the masked
mycotoxin zearalenone-14-glucoside showed the opposite [17]. In the
following experiments, BCD and its chemically modified derivatives
were studied further.

3.3. Interaction of zearalenone-14-sulfate with native and chemically mod-
ified cyclodextrins in different buffers

Emission spectrum of Z14S was recorded in the presence of increas-
ing CD concentrations in different buffers. At pH 5.0, 3-CDs induced 14-
to 21-fold increase in the emission signal of the mycotoxin at 460 nm
(Fig. 4 and Table 1). Monoamino- (MABCD) and dimethyl-B-CDs
(DIMEB) caused stronger while other derivatives resulted in weaker
fluorescence enhancement than the native BCD (Fig. 4). Binding con-
stants of Z14S-CD complexes were determined using the Benesi-
Hildebrand equation (Eq. (1)). Benesi-Hildebrand plots showed excel-
lent fitting (R?> = 0.990-0.999) with the 1:1 stoichiometry model
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Fig. 2. Fluorescence spectra of Z14S (25 uM). Excitation (A; pH 5.0 and pH 7.4: Nem = 465 nm; pH 10.0: Ner, = 458 nm) and emission (B; pH 5.0 and pH 7.4: Nex = 330 nm; pH 10.0: Nex =
334 nm) spectra of the mycotoxin in different buffers (0.05 M sodium acetate, pH 5.0; 0.05 M sodium phosphate, pH 7.4; 0.05 M sodium borate, pH 10.0). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Fluorescence emission spectra of Z14S (1 uM) in the presence of increasing BCD (A) and GCD (C) concentrations (0.0-2.0 mM) in 0.05 M sodium acetate buffer (pH 5.0; Nex =
320 nm). (B) BCD- and GCD-induced increase in the fluorescence of Z14S (Nex = 320 nm, N, = 460 nm).

(Fig. S1). The 3-CDs examined, formed stable complexes with Z14S
(logKk = 3.6 to 4.7) at pH 5.0 (Table 1). Hydroxypropyl- (HPBCD) and
sulfobutyl-substitution (SBCD) did not affect the affinity of 3-CD toward
714S; therefore, these derivatives were not tested further. MABCD and
QABCD complexes showed approximately two-fold higher binding con-
stants vs. Z14S-BCD. Furthermore, the methylated 3-CDs, namely
DIMEB and RAMEB formed the most stable complexes with the myco-
toxin (approximately 11- and 5-fold compared to BCD, respectively)
(Table 1). As it has been reported, the masked mycotoxin
zearalenone-14-glucoside formed less stable complexes with BCD
(logK = 2.8) than Z14S [17]; however, the binding constants of Z14S-
BCD (logK = 3.6) and zearalenone-BCD (logK = 4.0) [37] complexes
were similar at pH 5.0. Furthermore, the stability of Z14S complexes
with RAMEB and DIMEB is practically identical to zearalenone com-
plexes; however, SBCD is less while QABCD is more suitable for the en-
trapment of Z14S compared to zearalenone [37].

The interaction of Z14S with BCD, RAMEB, DIMEB, MABCD, and
QABCD were also investigated at pH 7.4 and 10.0. The absolute fluores-
cence intensities of Z14S-CD complexes were the highest at pH 5.0 (see
in Fig. 4). Furthermore, the relative enhancement in the fluorescence of
Z14S by CDs is demonstrated in Table 1. At pH 7.4, the CD-induced rel-
ative increase in fluorescence was similar to observed at pH 5.0. Despite
the fact that the absolute intensities of Z14S-CD complexes were the

y

8000

7000

6000

5000

4000
3000

2000

Fluorescence intensity (RLU)
Aoedqdonry

1000 -

0 T T T T T T T T T
0.0 0.5 1.0 15 2.0
Concentration of CDs (mM)

Fig. 4. Fluorescence emission intensities of Z14S (1 uM) in the presence of increasing CD
concentrations (0-2 mM) in 0.05 M sodium acetate buffer (pH 5.0; Nex = 320 nm;
Nem = 460 nm).

lowest at pH 10.0 (see representative spectra in Fig. S2), the relative en-
hancement was significantly higher under these conditions (Table 1).
The only exception was Z14S-QABCD complex, which showed poor
emission signal at pH 10.0 (Fig. S2, bottom right). Under alkaline cir-
cumstances, the phenolic hydroxyl group of Z14S likely becomes
deprotonated which results in a blue shift in its emission maximum
and the significant decrease in its emission signal (see in Fig. 2). CDs
tested (except QABCD) behaved similarly and likely favor the proton-
ated form of the mycotoxin. Because the same emission wavelength
maximum (approximately at 460 nm) was observed at each pH exam-
ined, it is reasonable to hypothesize that most of the CDs formed stable
complexes with the same (protonated) form of Z14S. This hypothesis is
supported by the following observations: (1) the relative increase in the
fluorescence is larger at pH 10.0 due to the higher fluorescence signal of
protonated Z14S (since CDs produce more stable complexes with this
form, the equilibrium changes in favor of the protonated Z14S);
(2) the higher relative fluorescence enhancement accompanied with
significantly lower binding constant at pH 10.0, because CDs form com-
plexes with the protonated mycotoxin which is presumably not the
dominant form under alkaline conditions. On the other hand, QABCD
seems to favor the deprotonated form based on the following observa-
tions (Fig. S2): (1) At pH 10.0, the emission wavelength maximum of
Z14S-QABCD (447 nm) is different from the other CD complexes tested;
(2) Z14S-QABCD complex has much lower emission signal than other
complexes at pH 10.0, despite the fact that it was an effective enhancer
at pH 5.0 and 7.4; (3) Z14S-QABCD shows the highest stability at
pH 10.0. Since QABCD contains cationic substituents
(tetraalkylammonium moieties), it is reasonable to hypothesize that
its ionic interaction with the deprotonated mycotoxin may stabilize
the formed complex.

3.4. Molecular modeling studies

Z14S showed a similar mode of binding regarding - and y-CD
(Fig. 5), even though the capability to get sunk within the diverse cavi-
ties was found dependent on the internal radius of CDs. Specifically, the
interaction with either BCD or DIMEB was more superficial, while it was
deeper within the GCD (whose internal radius is higher in comparison
to that of BCD and DIMEB). The analysis of the binding poses showed
that Z14S arranged the aliphatic ring within the hydrophobic core of
CD cavity, while it used the sulfate and keto groups to engage the
large border of the CDs with polar contacts. The binding poses calcu-
lated in the light of the affinity to CDs observed experimentally
(DIMEB > BCD > GCD) suggested the stark importance of hydrophobic
interactions to stabilize the Z14S-CD complexes. Indeed, the 2-O-
methylation regarding DIMEB was thought providing an additional
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Table 1

CD-induced relative increase in the fluorescence emission signal of Z14S (I/lp; 1 UM Z14S + 2.0 mM CD) in different buffers (\ex = 320 nm, N\, = 460 nm). Decimal logarithmic values of

binding constants (K; unit: L/mol) of Z14S-CD complexes.

1/lo = SEM logK + SEM
pH 5.0 pH 7.4 pH 10.0 pH 5.0 pH 7.4 pH 10.0

BCD 1851 + 0.32 19.29 + 0.50 2024 + 049 3.60 + 0.02 3.55 + 0.02 3.05 + 0.02
RAMEB 1655 + 0.46 1695 + 021 2649 + 0.18 429 + 004 427 + 005 3.67 + 0.04
DIMEB 20.10 =+ 0.90 21.02 + 0.79 3331 £ 0.16 466 + 0.05 463 + 003 420 + 0.08
MABCD 21.03 + 0.11 21.76 + 0.41 25.10 + 0.66 3.90 + 0.03 3.99 + 0.05 3.04 £ 0.03
QABCD 14.77 + 0.06 15.62 + 0.17 6.67 + 0.06 3.98 + 0.03 3.74 + 001 421 + 001
HPBCD 1425 + 0.08 3.61 + 0.02

SBCD 1496 + 0.25 3.59 + 0.01

GCD 751 + 0.05 3.14 + 001

hydrophobic patch that could better stabilize the interaction with the
aromatic ring of Z14S in comparison to either BCD or GCD. Concerning
the diverse affinity between BCD and GCD observed experimentally, it
could be partially explained by the differential sinking of Z14S within
the two hydrophobic cavities. In particular, keeping in mind that keto
group in position #7 and the 2-oxabicyclo group represent hydrophilic
patches in the aliphatic ring of Z14S, the more superficial interaction
with BCD is likely more favored than that within GCD, wherein both
groups are deeper included within the hydrophobic core of GCD's
cavity.

3.5. Interaction of zearalenone-14-sulfate with soluble (-cyclodextrin
polymers

We also tested the interactions of the mycotoxin with soluble (epi-
chlorohydrin cross-linked) BCD and QABCD polymers at pH 5.0 and
10.0 (the soluble polymer of DIMEB is not available). The fluorescence
emission spectrum of Z14S (1 uM) was recorded in the presence of in-
creasing concentrations of soluble polymers. In order to apply compara-
ble CD concentrations with the previous investigations, the polymer
was normalized to its CD “monomer” content (0.0, 0.05, 0.1, 0.2, 0.5,

1.0, and 2.0 mM). Sometimes the CD polymers have higher affinity to-
ward guest molecules due to the cooperativity of the monomers
[22,41,42]. Therefore, the binding constants of the formed complexes
were calculated based on the CD content of polymers applied
(Eq. (1)), as it has been reported previously [22]. The complexes of
Z14S with soluble BCD polymer showed 3.65 (40.04) and 2.74 (+
0.06) logK values at pH 5.0 and 10.0, respectively. These data are in
good agreement with our previous results with the BCD monomer
(Table 1). The soluble QABCD polymer formed slightly less stable com-
plexes with Z14S at pH 10.0 (logK = 3.96 + 0.03) than the QABCD
monomer. However, approximately three-fold higher affinity of the
polymer (logk = 4.48 + 0.01) vs. the monomer was noticed at
pH 5.0. These observations suggest that soluble QABCD polymer is suit-
able to form highly stable complexes with Z14S at both pH 5.0 and 10.0,
in agreement with the data presented in Table 1.

3.6. Extraction of zearalenone-14-sulfate from aqueous solution by insolu-
ble (water-swellable) 3-cyclodextrin bead polymer

As it has been demonstrated, insoluble CD polymers are suitable for
mycotoxin removal from aqueous solutions, including certain beverages

Fig. 5. Interactions of Z14S with BCD, GCD, and DIMEB. (A) Representation of the calculated complexes in cut surfaces (CDs) and sticks (Z14S). The dashed line serves as geometrical
reference point and it indicates the centroid of hexose sugars of each CD: the inclusion of Z14S is deeper within GCD than within either BCD or DIMEB. (B) Representation of the
calculated complexes in sticks. Yellow dotted lines indicate the formation of polar contacts while the grey, blue, and red mesh indicates regions sterically and energetically suitable to
receive hydrophobic, hydrogen bond donor and hydrogen bond acceptor groups, respectively. The red ring indicates the position of the 2-O-methylation of DIMEB, which is thought
favoring the interaction with the aromatic ring of Z14S. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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[21,23]. Zearalenone was successfully extracted from spiked corn beer
[23] and the zearalenone-14-glucoside content of aqueous solution
was also effectively decreased by BBP [17]. Some chemically-modified
CDs have higher affinity toward Z14S than BCD; however, only the
BCD polymer is available in insoluble (water-swellable) form. There-
fore, the removal of Z14S by BBP was tested in 0.05 M sodium acetate
buffer (pH 5.0). In a concentration-dependent fashion, BBP considerably
decreased the Z14S content of the solution, resulting in 95% reduction of
the mycotoxin concentration in the presence of 20.0 mg/1.5 mL BBP (vs.
1 1M Z14S) (Fig. 6A). Based on these results, Z14S can be extracted by
BBP with similar efficacy from aqueous solution than zearalenone [23].

In order to describe quantitatively the interaction of Z14S with BBP,
increasing Z14S concentrations were added to standard amount of BBP
(see details in Section 2.4) in sodium acetate buffer (0.05 M, pH 5.0). The
binding ability of BBP was evaluated using the Langmuir (Eq. (2)) and
Freundlich (Eq. (3)) isotherms (Fig. 6B). The Langmuir affinity constant
(Ki) was 0.096 + 0.051 L/mg and the Qp value was 9.53 4 4.49 mg/sg.
The Freundlich model showed a 0.827 + 0.019 (mg/g) x (L/mg)'/"
Freundlich constant (Kr) and a 0.895 4= 0.045 1/n value. K; and Krvalues
of Z14S-BBP interaction were lower compared to zearalenone-BBP
(K, = 0.60 L/mg, Kz = 1.16 (mg/g) x (L/mg)'/™) [23], suggesting the
slightly lower adsorptive capacity of BBP regarding Z14S vs. the parent
mycotoxin. The n value suggests the relatively homogenous sorption
of Z14S to BBP.

4. Conclusions

In summary, the interaction of the modified mycotoxin Z14S with
native and chemically-modified CDs as well as with soluble CD poly-
mers was investigated. Furthermore, the extraction of Z14S from aque-
ous solution by insoluble 3-CD bead polymer was examined. Z14S form
similarly stable complexes with CDs than zearalenone, and also favors
(- vs. y-CDs. CDs induced strong increase in the fluorescence signal of
Z14S: MABCD, DIMEB, and BCD proved to be the most effective en-
hancers. The methyl derivatives (DIMEB and RAMEB) formed the
most stable complexes with Z14S at pH 5.0 and 7.4. Furthermore, at
pH 10.0, Z14S-QABCD showed similarly high stability to the Z14S-
DIMEB complex. Soluble BCD and QABCD polymers demonstrated com-
parable binding ability regarding Z14S than CD monomers. BBP success-
fully decreased the Z14S content of aqueous solution, suggesting its
possible suitability as mycotoxin binder. Based on the above-listed ob-
servations, CD technology seems to be a promising tool to make more
sensitive the fluorescence detection of Z14S as well as to develop

Concentration of Z14S
in the supernatant (%)

0 I 5 I 1b I 1%
BBP (mg/1.5 mL)

mycotoxin binders which can entrap modified mycotoxins besides the
parent compound.
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Fig. 6. (A) Removal of Z14S (1 pM in 1.5 mL volume) from aqueous solution (0.05 M sodium acetate buffer; pH 5.0) by 3-cyclodextrin bead polymer (BBP; incubation: 40 min, 1000 rpm,
25 °C; *p < 0.01). (B) Langmuir (solid line) and Freundlich (dashed line) isotherms for the Z14S-BBP interaction.
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Abstract

The xenoestrogenic mycotoxin zearalenone is a Fusarium-derived food and feed contaminant. In mammals, the reduced (e.g.,
zearalanone, o-zearalanol, and (3-zearalanol) and conjugated (e.g., zearalenone-14-sulfate) metabolites of zearalenone are
formed. Furthermore, filamentous fungi and plants are also able to convert zearalenone to conjugated derivatives, including
zearalenone-14-sulfate and zearalenone-14-glucoside, respectively. Serum albumin is the dominant plasma protein in the circu-
lation; it interacts with certain mycotoxins, affecting their toxicokinetics. In a previous investigation, we demonstrated the
remarkable species differences regarding the albumin binding of zearalenone and zearalenols. In the current study, the interac-
tions of zearalanone, «-zearalanol, [3-zearalanol, zearalenone-14-sulfate, and zearalenone-14-glucoside with human, bovine,
porcine, and rat serum albumins were examined, employing fluorescence spectroscopy and affinity chromatography.
Zearalanone, zearalanols, and zearalenone-14-sulfate form stable complexes with albumins tested (K = 9.3 x 10° to 8.5 x 10°
L/mol), while the albumin binding of zearalenone-14-glucoside seems to be weak. Zearalenone-14-sulfate formed the most stable
complexes with albumins examined. Considerable species differences were observed in the albumin binding of zearalenone
metabolites, which may have a role in the interspecies differences regarding the toxicity of zearalenone.

Keywords Zearalanone - Zearalanols - Zearalenone-14-sulfate - Zearalenone-14-glucoside - Serumalbumin - Species differences

Introduction

Zearalenone (ZEN) is a xenoestrogenic mycotoxin produced
by Fusarium species. It appears as a contaminant in crops,
cereal-based products (e.g., flour, bakery goods, and beer),
and in other commodities (Rogowska et al. 2019). Despite
its nonsteroidal structure, ZEN can bind to estrogen receptors
(Loi et al. 2017; Shier et al. 2001) causing reproductive dis-
orders, as well as its potential genotoxic, hepatotoxic, terato-
genic, and immunotoxic effects are also suggested (Rai et al.
2019; Rogowska et al. 2019). The involvement of ZEN in the
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development of breast and esophageal cancers has been
emerged; however, ZEN is classified as a group 3 carcinogen
by the IARC (Rai et al. 2019).

ZEN is extensively biotransformed in mammals (Rai et al.
2019). Its reduction by hydroxysteroid dehydrogenases leads to
the formation of - and (3-zearalenols (x- and 3-ZELs),
zearalanone (ZAN, Fig. 1), and «- and {3-zearalanols (- and
[3-ZALs, Fig. 1) (EFSA 2017). Some of these metabolites (e.g.,
«-ZEL and o-ZAL) show considerably higher xenoestrogenic
effects than ZEN (EFSA 2017; Fleck et al. 2017; Frizzell et al.
2011; Filannino et al. 2011). Furthermore, «-ZAL (also known
as zeranol) is administered as a growth promoter to farm ani-
mals, leading to the appearance of the residual «-ZAL in food,
mainly in beef (Mukherjee et al. 2014; EFSA 2017). Therefore,
this application of x-ZAL is prohibited in the EU (while it is
still available in some countries/regions, such as North
America, Chile, Australia, New Zealand, South Africa, and
Japan) (Mukherjee et al. 2014). In addition, the exposure to
ZEN and o-ZAL may be responsible for the more frequent
development of precocious puberty among young girls
(Mukherjee et al. 2014).
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Zearalenone-14-sulfate (Z14S)

Zearalenone-14-glucoside (Z14G)

Fig. 1 Chemical structures of zearalanone (ZAN), x-zearalanol (x-ZAL), 3-zearalanol (3-ZAL), zearalenone-14-sulfate (Z14S), and zearalenone-14-

glucoside (Z14G)

As a result of the phase II metabolism of ZEN, the glucu-
ronic acid and sulfate conjugates of ZEN, ZELs, and ZALs are
produced, such as zearalenone-14-glucuronide and
zearalenone-14-sulfate (Z14S; also known as zearalenone-4-
sulfate; Fig. 1) (Mirocha et al. 1981; Olsen et al. 1986;
Dinicke and Winkler 2015; EFSA 2017; Warth et al. 2019).
In mammals, glucuronide conjugates take part in
enterohepatic circulation, during which they are cleaved in
the intestines, and the reabsorption of the deconjugated prod-
ucts considerably increases their elimination half-life
(Dénicke et al. 2005; EFSA 2017).

Plants and filamentous fungi can also modify the structures
of parent mycotoxins (Berthiller et al. 2013). Mycotoxin de-
rivatives formed during these reactions, and via other biolog-
ical or chemical degradation processes, are classified as mod-
ified mycotoxins (Rychlik et al. 2014; Freire and Sant’Ana
2018). Among modified mycotoxins, the plant-produced con-
jugates are called masked mycotoxins (Rychlik et al. 2014).
Plants and/or filamentous fungi can convert ZEN to Z14S
(molar ratios of ZEN to Z14S are between 12:1 and 2:1);
therefore, the latter compound appears as a food contaminant
(Freire and Sant’Ana 2018; Plasencia and Mirocha 1991;
Berthiller et al. 2006). The amount of Z14S in cereal-based
products showed high variations (1-417 pg/kg), depending
on the product tested and the year of harvest (Vendl et al.
2010; De Boevre et al. 2012). Zearalenone-14-glucoside
(Z14G; also known as zearalenone-4-glucoside; Fig. 1) is an
abundant plant-produced conjugate of ZEN, which has been
found in ZEN-contaminated grain-based products (Berthiller
et al. 2013; Vendl et al. 2010). Typically, in vitro models
demonstrate the lower toxicity of ZEN conjugates compared
with the parent mycotoxin. Previous in vitro studies described
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that the glucoside conjugation of ZEN prevents the binding of
these derivatives to the human estrogen receptors
(Poppenberger et al. 2006), and the significantly lower (100-
fold) estrogenicity of Z14S vs. ZEN has been also reported
(Drzymala et al. 2015). However, the gut microbiota can hy-
drolyze these metabolites, leading to the formation of ZEN
(Berthiller et al. 2013; EFSA 2017). After the oral administra-
tion of Z14S and Z14G to pigs, their complete intestinal hy-
drolysis to ZEN was observed (Binder et al. 2017). Therefore,
the EFSA evaluation suggests that the risks regarding the ex-
posure to Z14S and Z14G should be considered similar to
ZEN (EFSA 2017). The European Food Safety Authority
(EFSA) CONTAM Panel established human tolerable daily
intake (TDI) of 0.25 ug/kg body weight per day, denoted as
ZEN equivalents for ZEN and its modified forms jointly
(EFSA 2014).

Serum albumin is the major protein in the circulation; it
binds to several endogenous compounds and xenobiotics.
The complex formation can affect the tissue distribution and
the elimination half-life of ligand molecules (Fanali et al.
2012; Yamasaki et al. 2013). ZEN and ZELs form stable
complexes with serum albumin, showing considerable species
differences (Poor et al. 2017; Ma et al. 2018; Faisal et al.
2018). For example, the affinity of ZEN and ZELs towards
rat albumin is approximately tenfold higher compared with
albumins from other species (Faisal et al. 2018). The differ-
ences in albumin binding may be partly responsible for the
high variations in the toxicokinetics of ZEN and its deriva-
tives, and may help to understand the vulnerability of some
species vs. these mycotoxins. Cirlini et al. reported the absorp-
tion and partial deglycosylation of Z14G in an in vitro model
with CaCo-2 cells, the absorption of Z14G was considerably
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lower compared with ZEN (Cirlini et al. 2016). After the oral
administration of Z14G to rats, its low plasma concentrations
were detected (Sun et al. 2019). Furthermore, approximately
61% of the orally administered Z14G was absorbed in pigs,
which was followed by the significant presystemic hydrolysis
of the masked mycotoxin (Catteuw et al. 2019). These data
indicate that a lower fraction of Z14G can reach the systemic
circulation. A previous study suggests the interaction of Z14G
with human serum albumin (HSA), during which albumin can
slowly hydrolyze the masked mycotoxin to ZEN (Dellafiora
et al. 2017).

In this study, the interactions of ZAN, «-ZAL, 3-ZAL,
Z148S, and Z14G with human (HSA), bovine (BSA), porcine
(PSA), and rat (RSA) serum albumins were investigated by
fluorescence spectroscopy. Furthermore, to confirm the re-
sults of spectroscopic studies, the interactions of ZEN metab-
olites with HSA were also examined with high-performance
affinity chromatography (HPAC).

Materials and methods
Reagents

Zearalenone (ZEN; MW = 318.36 g/mol; purity: 99.7%,
HPLC), zearalanone (ZAN; MW = 320.38 g/mol; purity:
100%, TLC ), «-zearalanol (x-ZAL; MW = 322.40 g/mol,
purity: 98%, HPLC), [3-zearalanol (3-ZAL; MW = 322.40
g/mol; purity: 98%, HPLC), HSA (MW = 66.4 kDa), BSA
(MW = 66.4 kDa), PSA (MW = 67.5 kDa), RSA (MW = 64.6
kDa), and warfarin (MW = 308.3 g/mol) were obtained from
Sigma-Aldrich (Saint Louis, MO, USA). Zearalenone-14-
sulfate ammonium salt (Z14S; MW = 415.46 g/mol; purity:
98.5%, HPLC, NMR, LC-MS) was purchased from ASCA
GmbH (Berlin, Germany). Zearalenone-14-O-3-D-glucoside
(Z14G; MW = 480.50 g/mol; purity: 99.4%, HPLC, NMR)
was obtained from Honeywell (Charlotte, NC, USA). Stock
solutions of mycotoxins (5000 umol/L; ZEN: 1.592 g/L;
ZAN: 1.602 g/L; ZALs: 1.612 g/L; Z14S ammonium salt:
2.078 g/L; and Z14G: 2.403 g/L) were prepared in ethanol
(96 v/v%, spectroscopic grade; VWR, Debrecen, Hungary)
and stored at — 20 °C.

Spectroscopy

Fluorescence spectroscopic measurements were carried out
employing a Hitachi F-4500 fluorescence spectrophotometer
(Hitachi, Tokyo, Japan) to investigate the effect of increasing
mycotoxin concentrations on the fluorescence signal of albu-
mins as well as on the emission spectrum of warfarin-HSA
complex. Our studies were executed in phosphate-buffered
saline (PBS, pH 7.4; 8.00 g/L NaCl, 0.20 g/L KClI, 1.81 g/L

Na,HPO, x 2H,0, 0.24 g/ KH,PO,) at room temperature, in
the presence of air.

For spectral correction of fluorescence emission intensities,
absorption spectra of mycotoxins were also recorded applying
a Jasco-V730 spectrophotometer (Jasco, Tokyo, Japan). The
inner-filter effect of mycotoxins was corrected as described
previously (Hu and Liu 2015; Faisal et al. 2018):

Teor = Tops X e(Aex+Aﬂn>/2 (1)

where I, and I, indicate the corrected and observed fluo-
rescence emission intensities, respectively. Aqx and A, de-
note the absorbance of mycotoxins at the excitation and emis-
sion wavelengths used, respectively.

To investigate the stability of mycotoxin-albumin com-

plexes, mycotoxin-induced quenching effects on the intrinsic
fluorescence of albumins were tested. The emission signal of
albumins (2 umol/L; Aex = 295 nm; Ao, = 340 nm) were
measured in the presence of increasing concentrations of my-
cotoxins (0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0
pumol/L). Stern-Volmer quenching constants (Kgy; unit:
L/mol) were determined employing the Stern-Volmer equa-
tion (Ma et al. 2018; Faisal et al. 2018):
Iy
7= 1+ Ksy x [O] (2)
where Q is the concentration of the mycotoxin (unit: mol/L).
Iy and I are the fluorescence emission signal of albumin in the
absence and presence of mycotoxins, respectively. Z14S and
Z14G exert fluorescence; their excitation and emission spec-
tra, under different environmental conditions, have been re-
ported previously (Faisal et al. 2019, 2020). Under the applied
circumstances, the emission signals of Z14S and Z14G did not
interfere with the evaluation of fluorescence studies (e.g., the
emission maxima of albumins and warfarin-HSA complex).
Furthermore, ZAN and ZALs did not exert fluorescence at the
concentrations applied.

Binding constants (K; unit: L/mol) of mycotoxin-albumin
complexes were determined by nonlinear fitting employing
Hyperquad2006 software, as described in details in our previ-
ous studies (Sueck et al. 2018; Faisal et al. 2018).

To test the effects of ZEN metabolites on warfarin-HSA
interaction, our previously reported method was applied
(Faisal et al. 2018; Fliszar-Nyul et al. 2019). In this experi-
ment, the fluorescence emission signal of warfarin (1 pmol/L;
Aex =317 nm, A\, = 379 nm) was examined in the presence of
HSA (3.5 pumol/L) without and with mycotoxins (0, 1, 2, 3, 4,
5, 6, 8, 10, and 15 umol/L) in PBS (pH 7.4). Under these
conditions, approximately 70% of warfarin is albumin-bound.
Since albumin-bound warfarin shows much higher fluores-
cence than the free fluorophore (Faisal et al. 2018), the chang-
es in its fluorescence can indicate the increased or decreased
albumin binding of warfarin.
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High-performance affinity chromatography

HPAC was performed with a HSA-coated column (Faisal
et al. 2018). The HPLC system (Jasco, Tokyo, Japan) used
for the analysis included an autosampler (AS-4050), a binary
pump (PU-4180), and a diode-array detector (MD-4017). A
5-uL volume of samples (ZAN: 200 pmol/L; ZEN, «-ZAL,
B-ZAL, and Z14S: 100 umol/L; Z14G: 50 pmol/L) was driv-
en through a pre-column filter (Waters, Milford, MA, USA)
linked to an immobilized HSA-coated HPAC column
(Chiralpak® HSA, 50 x 3.0 mm, 5 um; Daicel, Tokyo,
Japan). The isocratic elution was performed with 0.5-mL/
min flow rate at room temperature. The mobile phase
contained isopropanol (HPLC grade; VWR, Debrecen,
Hungary) and 0.01 mol/L pH 7.0 ammonium acetate buffer
(15:85 v/v%). Mycotoxins were detected at 235 nm, and chro-
matograms were evaluated with ChromNAYV software.

Results and discussion
Fluorescence quenching studies

In this experiment, the fluorescence quenching effects of
ZAN, ZALs, 7148, and Z14G (0-10 umol/L each) on albu-
mins (2 umol/L) were investigated in PBS, using 295 nm
excitation wavelength. Under these circumstances, albumins
showed their emission wavelength maxima around 340 nm.
Inner-filter effects of ZEN metabolites were eliminated
employing Eq. 1. Z14G did not affect the emission signals
of albumins (data not shown); therefore, it is reasonable to
hypothesize that Z14G does not interact or forms only low-
affinity complexes with albumins. However, other myco-
toxins tested induced concentration-dependent decrease in
the fluorescence of albumins at 340 nm (Fig. 2), suggesting
the formation of albumin-ligand complexes (Tan et al. 2019;
Ma et al. 2018; Faisal et al. 2018; Fliszar-Nyul et al. 2019).
The strongest quenching effect was shown by Z14S, and an
increasing second peak appeared in these spectra at approxi-
mately 460 nm (Fig. 2d), which is the fluorescence signal of
Z148. Despite the fact that ZEN and ZELs exert intrinsic
fluorescence (Faisal et al. 2018), ZAN and ZALs showed
negligible fluorescence under the applied conditions.
Therefore, no secondary peaks appeared in Fig. 2a—c.

Based on the mycotoxin-induced quenching effects, Stern-
Volmer quenching constants (Kgy, unit: L/mol; Table 1) and
binding constants (K, unit: L/mol; Table 2) of albumin-ligand
complexes were determined employing the graphical applica-
tion of the Stern-Volmer equation (Eq. 2) and the
Hyperquad2006 software, respectively. Stern-Volmer plots
are demonstrated in Fig. 3, displaying good linearity for inter-
actions tested (R* = 0.97-0.99). Hyperquad evaluation
showed the best fitting with the 1:1 stoichiometry of complex
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formation; furthermore, good correlation of Kgy and K values
was observed (see in Tables 1 and 2). ZEN metabolites tested
(except Z14G) formed stable complexes with albumins, show-
ing K values in a wide range (10* to 10° L/mol). Similarly to
ZEN and ZELs (Faisal et al. 2018), mycotoxins formed the
most stable complexes with RSA (Table 2). ZAN and ZALs
bound with the lowest affinity to PSA or BSA, while Z14S
formed the least stable complex with HSA among albumins
tested. Furthermore, Z14S bound to each albumin with higher
affinity than ZAN and ZALs, showing considerably stronger
interactions with BSA and PSA compared with the reduced
metabolites examined in this study. The binding constants of
ZAN and ZALs showed minor differences regarding one in-
dividual albumin (Table 2). Typically, ZAN and ZALs formed
less stable complexes with albumins than the parent com-
pound ZEN; in contrast, Z14S-albumin displayed higher sta-
bility vs. ZEN-albumin complexes, except HSA (Faisal et al.
2018). Remarkable species-dependent differences were no-
ticed regarding the albumin binding of ZAN, ZALs, and
Z14S. For example, the binding affinity of ZAN-RSA vs.
ZAN-PSA (14-fold), x-ZAL-RSA vs. x-ZAL-BSA (9-fold),
[3-ZAL-RSA vs. 3-ZAL-BSA (30-fold), and Z14S-RSA and
Z14S-HSA (16-fold) showed major differences (Table 2).
Similarly, high species-dependent differences in albumin
binding have been also reported regarding ZEN, ZELs, and
ochratoxin A (Faisal et al. 2018; Hagelberg et al. 1989; Poor
etal. 2014).

The toxicokinetics of ZEN show large variances in differ-
ent species, which may be partly resulted from the species-
dependent alternations in albumin binding of ZEN and its
metabolites (Fruhauf et al. 2019). Some of the recent in vivo
studies support this hypothesis (Fruhauf et al. 2019; Catteuw
et al. 2019; Mukherjee et al. 2014). In pigs, the lower affinity
of the mycotoxin towards PSA (Z14G < 3-ZEL < «-ZEL <
ZEN) was accompanied with its earlier disappearance from
the circulation (Catteuw et al. 2019; Faisal et al. 2018), which
propose the potential impact of albumin binding on the
toxicokinetics of these mycotoxins. Furthermore, the signifi-
cantly longer plasma elimination half-lives of ZEN and oc-
ZAL have been reported in rats vs. in humans (Mukherjee
et al. 2014), which is in agreement with the considerably
higher affinity of ZEN (Faisal et al. 2018) and «x-ZAL
(Table 2) towards RSA compared to HSA.

Elution of ZEN and its metabolites from HSA-HPAC
column

To confirm the results of quenching studies, the interactions of
ZEN, ZAN, ZALs, Z14S, and Z14G with HSA were also
examined employing HPAC. The stronger interaction of the
ligand molecule with HSA leads to its longer elution from the
HSA-HPAC column. The mycotoxins tested were eluted with
the following retention times (fg) from the affinity column
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Fig. 2 Fluorescence quenching
effects of ZEN metabolites on
HSA. Emission spectra of HSA (2
pumol/L) in the presence of
increasing concentrations of
ZAN, o-ZAL, 3-ZAL, and Z14S
in PBS (pH 7.4; Aex = 295 nm).
Z14G did not affect the emission
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(Fig. 4): Z14G (1.7 min), 3-ZAL (3.1 min), «-ZAL (5.3 min),
ZAN (8.0 min), ZEN (12.3 min), and Z14S (23.3 min). The tz
of Z14G was very short but it was not eluted with the solvent
front, indicating the weak interaction of Z14G with HSA. The
formation of low-affinity Z14G-HSA complexes is in

Table 1 Decimal logarithmic values of the Stern-Volmer quenching
constants (Ksy; unit: L/mol) of mycotoxin-albumin complexes
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agreement with the previously reported very slow hydrolysis
of Z14G by the protein (Dellafiora et al. 2017). The g of ZEN
metabolites (Fig. 4) suggests the same orders in complex sta-
bility than quenching studies (Table 2): Z14S > ZAN > «-
ZAL > [3-ZAL > Z14G. Furthermore, the longer fr of ZEN vs.

Table 2 Decimal logarithmic values of binding constants (K; unit:
L/mol) of mycotoxin-albumin complexes

Mycotoxin*  logKsy + SEM Mycotoxin* logK + SEM

HSA BSA PSA RSA HSA BSA PSA RSA
ZEN 5.09+£0.01* 4.81+0.01* 4.56+0.02* 5.50+0.01° ZEN 5.09+£0.01* 4.78+0.01* 4.57+0.01* 5.42+0.00°
ZAN 452+0.04 441+£0.04 397+£0.06 5.00+0.03 ZAN 458+£0.00 4.51+£0.00 3.97+0.01 5.12+0.00
«-ZAL 450+0.02 420+0.05 4.30+£0.05 5.21+0.00 «-ZAL 455+0.00 434+0.00 4.38+0.00 5.31+0.01
B-ZAL 434+0.04 3.88+0.06 4.13+£0.09 5.43+0.01 B-ZAL 437+0.01 4.12+£0.01 4.15+£0.01 5.61+0.01
Z14S 4.64+003 532+0.02 5.04+£0.02 5.70+0.02 Z14S 471+£0.03 543+0.02 5.12+0.02 5.93+0.02
Z14G - - - - Z14G - - - -

*ZEN zearalenone, ZAN zearalanone, a-ZAL o-zearalanol, S-ZAL [3-
zearalanol, Z14S zearalenone-14-sulfate, Z/4G zearalenone-14-gluco-
side, HSA human serum albumin, BSA bovine serum albumin, PSA por-
cine serum albumin, RSA rat serum albumin

?Based on Faisal et al. (2018)

*ZEN zearalenone, ZAN zearalanone, a-ZAL o-zearalanol, S-ZAL 3-
zearalanol, Z14S zearalenone-14-sulfate, Z/4G zearalenone-14-gluco-
side, HSA human serum albumin, BSA bovine serum albumin, PSA por-
cine serum albumin, RSA rat serum albumin

? Based on Faisal et al. (2018)
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Fig. 3 Stern-Volmer plots (R =
0.969-0.997) of mycotoxin-
albumin interactions: HSA (a),
BSA (b), PSA (c), and RSA (d)
(Aex =295 nm, Aoy, = 340 nm;
ZAN zearalanone, x-ZAL o-
zearalanol, 3-ZAL (3-zearalanol,
Z148S zearalenone-14-sulfate,
HSA human serum albumin, BSA
bovine serum albumin, PSA por-
cine serum albumin, RSA rat se-
rum albumin)

ZAN, ZALs, and Z14G are also in agreement with the current
results (Table 2) and previous observations (Faisal et al.
2018). However, the #z of Z14S was even longer compared
with ZEN, despite its binding affinity is lower (10gK7145-1sA
=4.7;logKzrnnsa = 5.1) based on quenching studies (Faisal

Fig. 4 HPAC chromatograms of
ZEN, ZAN, o-ZAL, 3-ZAL,
Z14S, and Z14G eluted from the
HSA-coated column (see details
in “High-performance affinity
chromatography” section; ZAN
zearalanone, x-ZAL «-
zearalanol, 3-ZAL (3-zearalanol,
Z14S zearalenone-14-sulfate,
Z14G zearalenone-14-glucoside)
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et al. 2018). This discrepancy may be explained by the differ-
ent experimental conditions in quenching and HPAC studies,
which can influence the stability of albumin-ligand complexes
(Kaspchak et al. 2018). In quenching studies, PBS (pH 7.4)
was applied to mimic extracellular physiological condition.
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However, in the HPAC studies, we created appropriate con-
ditions for the affinity column (based on the manufacturer’s
guide); therefore, the buffer was different, the ionic strength
and the pH were lower than in quenching studies, and the
eluent contained isopropanol (see details in the “Materials
and methods” section).

Effects of ZEN metabolites on warfarin-HSA
interaction

In previous studies, the allosteric interactions of ZEN and ZELs
with the Sudlow’s site I ligand warfarin have been reported
(Poor et al. 2017; Faisal et al. 2018): Since the binding sites
of ZEN and ZELs are relatively close to the site I region, these
mycotoxins can increase (ZEN and «-ZEL) or decrease (f3-
ZEL) the binding affinity of warfarin towards HSA.
Therefore, the effects of ZAN, ZALs, Z14S, and Z14G on
warfarin-HSA interaction were also examined. Because
albumin-bound warfarin exerts considerably higher fluores-
cence signal at 379 nm than free warfarin, the increase or de-
crease in the fluorescence at 379 nm indicate its elevated or
reduced albumin binding, respectively (Faisal et al. 2018;
Fliszar-Nyul et al. 2019). Importantly, the inner-filter effects
of mycotoxins were also corrected in these experiments (see
Eq. 1). As Fig. 5 demonstrates, ZAN and «-ZAL considerably
increased the emission signal of warfarin, similar to ZEN and
«-ZEL in our previous study (Faisal et al. 2018). These obser-
vations suggest that ZAN and «-ZAL can increase the binding
affinity of warfarin towards HSA. However, (3-ZAL, Z14S,
and Z14G did not affect the fluorescence at 379 nm. Because
Z14G forms low-affinity complexes with HSA, it is not sur-
prising that it did not modify the albumin binding of warfarin.
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Fig. 5 Allosteric effects of ZEN analogs on the binding of warfarin to
HSA. Fluorescence emission signal of warfarin (1 wmol/L) with HSA
(3.5 umol/L) in the presence of increasing mycotoxin concentrations in
PBS (pH 7.4; A\ex =317 nm, A, = 379 nm; ZAN zearalanone, x-ZAL «-
zearalanol, 3-ZAL f3-zearalanol, Z14S zearalenone-14-sulfate, Z14G
zearalenone-14-glucoside; the inner-filter effects of mycotoxins were
corrected based on Eq. 1)

In our previous study, 3-ZEL showed different effect compared
with ZEN and «-ZEL, likely due to its different binding posi-
tion or binding site (Faisal et al. 2018). Therefore, the observa-
tion that 3-ZAL and Z14S have no effect on warfarin-HSA
interaction (despite their binding affinities are similar to ZAN
and «-ZAL) suggests their different binding positions/sites
compared with ZEN, ZAN, «-ZEL, and «-ZAL.

In conclusion, fluorescence spectroscopic and HPAC ex-
periments suggest the weak interaction of Z14G with HSA;
however, ZAN, ZALs, and Z14S form stable complexes with
serum albumins investigated (K = 10% to 10° L/mol). In addi-
tion, significant species-dependent differences were observed
in the affinity of ZAN, ZALs, and Z14S towards albumins
from various species (human, bovine, porcine, and rat).
These results suggest that albumin binding may be partly re-
sponsible for the species-dependent alterations in the
toxicokinetics and toxic effects of ZEN and its metabolites
previously described in mammals. For example, the formation
of highly stable complexes of ZEN and «-ZAL with RSA can
explain the long elimination half-lives of these mycotoxins in
rat (Mukherjee et al. 2014). Furthermore, the binding con-
stants determined in the current (Table 1) and previous
(Faisal et al. 2018) studies show good correlation with the
recently reported in vivo experiments performed in pigs
(Catteuw et al. 2019): the higher binding constant causes the
longer lifetime of the mycotoxin in the circulation. These ob-
servations underline the potential toxicokinetic importance of
the albumin-ligand interactions of ZEN and its metabolites.
Based on our data, it is reasonable to hypothesize that the
albumin-bound fraction of ZEN derivatives is significant in
the circulation; therefore, the appropriate sample preparation
is highly important during the analyses of blood samples. In
addition, the formation of stable mycotoxin-albumin com-
plexes likely makes possible the application of albumin as
an affinity protein for the extraction of ZEN and its metabo-
lites, as it has been reported during the extraction of ochratox-
in A with BSA from wine (Leal et al. 2019). Thus, these
interactions may also have some analytical importance.
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