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Abstrakt

Vramci prvni casti disertatni prace byla vypracovana nova analytickd metoda
HPLC-MS/MS pro sledovani koncentracnich zmén 17B-estradiolu (BE2) béhem
kapacitace mysich spermii in vitro. Kapacitace byla provadéna se tfemi pocate¢nimi
koncentracemi BE2 (200, 20 a 2 pg/L). Pro vSechny koncentrace byl pozorovan
obdobny trend zavislosti koncentrace nevazaného BE2 na Case kapacitace. Koncentrace
BE2 se snizovala, aby dosahla svého minima a poté se opét zvySovala. Pozice minima se
lisila pro jednotlivé testované koncentrace BE2. Experimentalné ziskané vysledky byly
podrobeny kinetické analyze. Kfiivky prolozené experimentalné ziskanymi body
vykazovaly autokatalyticky charakter. Pro shodu mezi kfivkami, ziskanymi proloZenim
experimentalnimi body, a teoreticky vypocitanymi kiivkami je nutné ptedpokladat, ze
prvnim krokem je adsorpce BE2 na povrch spermii fizend Langmuirovou izotermou.

Kinetickd studie byla pouzita i pro studium pisobeni fluoridi a fluorohlinitych
komplexii na kapacitaci mySich spermii. Bylo zjiSténo, ze teoreticky ziskané kiivky
vykazuji velmi dobrou shodu s experimentalné ziskanymi body, tento fakt potvrzuje
mechanismus kinetiky kapacitace mySich spermii.

Ve druhé ¢asti této disertacni prace byly vyvinuty dvé analytické metody pro chiralni
separaci aclidinium bromidu (AB) a tapentadolu hydrochloridu (TAP).

Aclidinium bromid plisobi jako antagonista muskarinovych receptorti pro ulevu od
symptomil chronické obstrukéni plicni nemoci. Separace umoznujici stanoveni 0,4 %
(5)-AB v syntetickém vzorku AB pomoci kapilarni elektroforézy bylo dosazeno za
pouziti sulfatované¢ho y-cyklodextrinu 4,8 % (w/v) v kyselém zakladnim elektrolytu
dihydrogenfosfore¢nanu draselného (100 mM, pH = 3,0) na nepokryté kifemenné
kapilafe s roz§ifenou optickou drahou. Metoda byla validovana jako limitni test.

Tapentadol hydrochlorid je centrdlné plisobici analgetikum pro 1écbu stiedné tézké
az té€zké akutni bolesti nebo chronické bolesti. Molekula TAP ma ctyfi mozZné
stereoizomery, ale pouze (R,R)-izomer je v soucasné dobé¢ klinicky pouzivanou formou.
Enantioseparace TAP metodou HPLC srozliSenim vétSim nez 2,5 pro vSechny
z enantiomert bylo dosazeno pii pouziti kolony Chiralpak AD-H s mobilni fazi
heptan/propan-2-ol/diethylamin (980:20:1, v/v/v). Vyvinutd metoda byla validovéana dle

pozadavkl smérnice International Conference on Harmonisaton (ICH).



Abstract

In the first part of this doctoral thesis, a new analytical HPLC-MS/MS method for
monitoring of concentration changes of 17p-estradiol (BE2) during in vitro mouse sperm
capacitation was developed. Capacitation was performed for three initial concentrations
of BE2 (200, 20 and 2 pg/L). For all the concentrations a similar trend for the total
unbound BE2 was observed. In general, the BE2 concentration decreased to reach its
minimum and then increased again. The position of the minimum differed for the
individual tested BE2 concentrations. Experimentally obtained results were subjected to
the kinetic analysis. The curves fitted through the experimentally determined points
displayed an autocatalytic character. For the agreement between the curves obtained by
fitting through the experimental points and the theoretical calculated curves, it is
necessary to assume that the first step is adsorption of BE2 onto the surface of the sperm
controlled by Langmuir isotherm.

The kinetic study was also used to study the effects of fluorides and aluminium
fluoride complexes on the capacitation of mouse sperm. The experimental points were
in very good agreement with the shape of the theoretical curves and this fact verifies the
mechanism of the mouse sperm capacitation kinetics.

In the second part of this work, two analytical methods for chiral separation of
aclidinium bromide (AB) and tapentadol hydrochloride (TAP) were developed.

Aclidinium bromide acts as a muscarinic receptor antagonist to relieve the symptoms
of chronic obstructive pulmonary disease. The separation of 0.4% (S)-AB in a synthetic
laboratory sample of AB by capillary electrophoresis was achieved using 4.8% (w/v)
sulphated y-cyclodextrin in an acidic background electrolyte based on potassium
dihydrogen phosphate (100 mM, pH = 3.0) in an uncoated fused silica capillary with
extended capillary light path. The method was validated as a limit test.

Tapentadol hydrochloride is a centrally acting analgesic for the treatment of
moderate to severe acute pain or chronic pain. The TAP molecule has four possible
stereoisomers, but only the (R R)-isomer is currently a clinically used form.
Enantioseparation of TAP by HPLC with resolution greater than 2.5 for all of the
enantiomers was achieved using a Chiralpak AD-H column with heptane/propane-2-
ol/diethylamine mobile phase (980: 20: 1, v/v/v). The developed method was validated

according to the requirements of the International Conference on Harmonization (ICH).
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Seznam zkratek a pouzitych symbolu

AB
AD
API
AR

BEH
BPA
BSA
CD
CE
cER
CSPs
DES
El
E3
EDC
EE2
ESI
EtG
FDA
HEX
HSS
CHOPN
ICH

ICH Q2 (R1)
ICH Q3A
ICH Q3B
ICH Q6A

LIF

aclidinium bromid

tris(3,5-dimethylfenylkarbamat) amylozy

ucinnd latka

akrozomalni reakce

relativni koncentrace 17p-estradiolu

hybridni sorbent (bridged ethylene hybrid)

bisfenol A

hovézi sérovy albumin (bovine serum albumin)
cyklodextrin

kapilarni elektroforéza

cytoplazmaticky estrogenni receptor

chirélni stacionarni faze

diethylstilbestrol

estron

estriol

endokrinni disruptory

17a-ethynylestradiol

ionizace elektrosprejem (electrospray ionization)
ethylglukuronid

ufad pro kontrolu potravin a léciv

hexestrol

vysoce odolné silikagelové ¢astice (high strenght silica)
chronicka obstrukéni plicni nemoc

International Conference of Harmonisation; mezinarodni
smérnice pro regulaci necistot v 1é¢ivech

poZadavky a pokyny pro validace analytickych metod
smérnice pro necistoty v novych t¢innych latkach
smérnice pro necistoty v novych lécivych ptipraveich
testovaci postupy a akceptacni kritéria pro nové ucinné latky
a lécivé ptipravky; pokyny pro stanoveni optické Cistoty

laserem indukovana fluorescence
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LOD
LOQ
LP
mER
MRM

NF
NP
OD
oJ
op
pTyr
RP

SBSE
SPE
TAP
WDT

WHO

oE2

BE2
BE2;

limit detekce

limit kvantifikace

1é¢ivy ptipravek

membranovy estrogenni receptor

zdznam vybranych piechodi mezi prekurzorovymi a
produktovymi ionty (multiple reaction monitoring)
nonylfenol

normalni méd HPLC

tris(3,5-dimethylfenylkarbamat) celulozy
tris(4-methylbenzoat) celuldzy

oktylfenol

tyrozinova fosforylace

reverzni méd HPLC

stupeni aktivity; pomér vychozi a aktudlni koncentrace BE2
sorp¢ni extrakce na michadélku (stir bar sorptive extraction)
extrakce tuhou fazi (solid phase extraction)

tapentadol hydrochlorid

testovani uzivani drog a 1é€iv na pracovisti (workplace drug
testing)

Svétova  zdravotnickd  organizace @ (World  Health
Organization)

17a-estradiol

17pB-estradiol

17B-estradiol v cytoplazmé spermie (inside)
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CILE PRACE

Tato disertacni prace je rozdélena na dvé ¢asti.

Cilem prvni ¢asti, kterd se vénuje vyzkumu ptisobeni vybranych latek s potencialné
negativnim dopadem na fertilizacni schopnost spermii, bylo zjistit, jak tyto latky mohou
ovlivitovat priabéh kapacitace mySich spermii. Byl sledovan vliv fluoridi a
fluorohlinitych komplexii na prubéh kapacitace mysich spermii z hlediska kinetiky a
mechanismu putsobeni téchto latek. Pro studium vlivu estrogenniho hormonu 17f-
estradiolu na prubéh kapacitace mysich spermii in vitro byla vypracovana nova
analyticka metoda vysokoucinné kapalinové chromatografie s tandemovou hmotnostni

detekci a ziskané vysledky byly podrobeny kinetické analyze.

Cilem druhé ¢asti této prace, kterd se zabyva analyzou 1éciv, byl vyvoj analytickych
metod pro stanoveni chiralni Cistoty novych, farmaceuticky ucinnych latek (API). Pro

tento ucel byly vybrany dvé API — tapentadol hydrochlorid a aclidinium bromid.
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1 ENDOKRINNi DISRUPTORY

1.1 Teoreticky uvod

Prvni Cast této disertacni prace se zabyva endokrinnimi disruptory (EDC), zejména
estrogeny a latkami, které napodobuji jejich chovani. V disledku nejriznéjsich lidskych
aktivit dochdzi ke kontinudlnimu zvySovani znecisténi zivotniho prostiedi polutanty a
toto znecisténi se stava stale komplexnéjSim. Dulezitou skupinou polutantii jsou EDC.
Endokrinni disruptory jsou exogenni latky, které mohou narusovat fyziologickou funkci
endogennich hormonti a endokrinniho systému, coz ovliviiuje zdravi a reprodukci
u zvifat a lidi. Mohou zasahovat do produkce, uvoliiovani, metabolismu a eliminace
endogennich hormoni nebo mohou napodobovat jejich chovani [1]. Endokrinni
disruptory se dostavaji do zivotniho prostiedi jako disledek zvySené produkce a
konzumace tady 1éCiv a podpurnych latek v podobé odpadnich produktl, které
predstavuji toxikologické reprodukéni riziko jiz pii velmi nizkych koncentracich [2].
Pisobeni EDC se miiZe tykat riiznych hormondlnich systémi a fada pozorovani, tykajici
se reprodukéniho vyvoje a pohlavni diferenciace, se zaméfila na zasahovani EDC do
funkce pohlavnich steroidnich hormont [3]. Proto se pfitomnost téchto latek studuje jak

ve vzorcich ze Zivotniho prostiedi, tak v potravinach a obalovych materidlech.
1.1.1 Estrogeny a latky s estrogenni aktivitou

Mezi EDC se tadi Sirokd Skala latek zahrnujicich jak endogenni hormony: estron
(E1), 17a-estradiol (aE2), 17B-estradiol (BE2) nebo estriol (E3), tak syntetické
estrogeny: mestranol, 17a-ethynylestradiol (EE2) a nesteroidni diethylstilbestrol (DES)
a hexestrol (HEX) a jejich konjugaty. Mezi dllezité EDC patii také aditivita, pouzivana
v prumyslu zpracovavajicim plasty, které mohou pusobit podobné jako estrogeny,
naptiklad bisfenol A (BPA), nonylfenol (NF) a oktylfenol (OP). Struktury vybranych
EDC jsou uk4zény na obrazku 1.1. Z hlediska pivodu lze endokrinni disruptory rozdélit
do Ctyf hlavnich tfid, které zahrnuji (a) farmaceutické vyrobky (naptiklad steroidy
(b) vyrobky pro osobni hygienu (napft. detergenty, syntetické viin¢ a konzervacni latky);
(c) pesticidy (naptiklad insekticidy, fungicidy); a d) rizné primyslové chemické latky

(napf. organické slouceniny kysliku a polycyklické aromatické slouceniny) [4].
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op H5C
HaC 3 CHs

HO HaC

Obr. 1.1 Struktury vybranych zastupciit EDC: estron (E1), 17a-estradiol (aE2), 178-
estradiol (BE2), estriol (E3), 17a-ethynylestradiol (EE2), hexestrol (HEX),
diethylstilbestrol (DES), bisfenol A (BPA), oktylfenol (OP) a nonylfenol (NF).

Estrogeny patii do skupiny steroidnich latek. Jako prakticky vSechny Zzivoc¢isné
steroidni latky vznikaji i1 estrogeny biotransformaci cholesterolu. Ptirodni steroidni
estrogeny maji stejny molekularni zaklad tvofeny
cyklopentanoperhydrofenanthrenovym (steranovym) skeletem. Jednotlivé latky se lisi
funkénimi skupinami v pozicich C16 a C17. Ze struktur ptirodnich estrogent je patrné,

ze jsou to relativné hydrofobni latky, které nejsou pfili§ rozpustné ve vode. Jejich
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konjugaty (sulfaty nebo glukuronaty), vzniklé biotransformaci, nejsou biologicky
aktivni, ale jsou daleko vice rozpustné ve vod¢ [5].

Endogenni estrogenni hormony (E1, aE2, BE2 a E3) jsou u samic syntetizovany
pfevazné z androgennich prekurzorti ve vajecnicich, v tukové tkani a nadledvinach. Jsou
to pohlavni hormony, které hraji dilezitou roli v menstruatnim a estralnim
reprodukénim cyklu (oznacujicim periodické, fyziologické zmény v téle samic
placentdlnich savct). Jejich role je komplexni; jsou dulezité pro fyziologicky vyvoj
primarnich i1 sekundarnich pohlavnich znakt, zajist'uji reprodukci i fizeni menopauzy,
metabolismus tuki, syntézu bilkovin, ale ovliviiuji 1 vyvoj nemoci jako jsou karcinomy,
neurodegenerativni zmény nebo kardiovaskularni onemocnéni [6, 7].

17B-Estradiol je nejaktivnéjsi endogenni estrogen, regulujici rozmnozovani jak
samic, tak samct, u kterych je syntetizovan ve varlatech. Ugastni se vyvoje a dozravani
vajicek 1 spermii a jejich vzdjemné komunikace pied oplozenim. Jeho nefyziologicky
vysoké davky vSak mohou plsobit zvySeni apoptézy (bunétné smrti) samcich
zarode¢nych bunék a snizeni poctu spermii [8, 9]. Estriol je estrogenni metabolit, ktery
se vytvaii a vylucuje béhem tehotenstvi [10]. 17a-Estradiol je slabym estrogenem,
stereoizomerem BE2. Jeho Gcinnost je 2 krat az 200 krat niz$i nez Gc¢innost BE2. Diky
svym vlastnostem by mohl mit potencial pro 1é€bu neurodegenerativnich onemocnéni
(napf. Alzheimerovy choroby) [11]. Estrogenem se slabs§im uc¢inkem je i El, ktery je
prevladajicim estrogenem u zZen po menopauze, u kterych klesaji hladiny BE2 [12].

17a-Ethynylestradiol byl vyvinut v roce 1938 jako prvni peroralné ucinny estrogen
na svéte. Je to synteticky estrogenni hormon, odolny viici jaternimu metabolismu. Jeho
hlavni vyuZiti je v peroralnich kontraceptivech [5, 13].

Diethylstilbestrol je synteticky nesteroidni estrogen, ktery byl pouZzivan k prevenci
potratu a dalSich komplikaci v té¢hotenstvi od padesatych do sedmdesatych let 20. stoleti
ve Spojenych statech a nékolika evropskych zemich. Jeho pouzivani bylo ve vétSing
zemi zakazano v 70. letech. V roce 1971 vydal Utadu pro kontrolu potravin a 1é¢iv
(FDA) varovani o pouziti DES béhem téhotenstvi po tom, co byl zjistén vztah mezi
expozici tomuto syntetickému estrogenu a vyvojem karcinomu vaginy a délozniho
¢ipku u mladych Zen, jejichZz matky uzivaly v t¢hotenstvi DES. U muzskych potomkt

zen, které v t€hotenstvi uzivaly DES, byl zji§tén zvySeny vyskyt genitalnich abnormalit
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a zvysen¢ riziko karcinomu prostaty a varlat. Bylo prokazano, ze expozice DES in utero
ma karcinogenni, teratogenni a reproduk¢ni acinky [ 14, 15].

Hexestrol je nesteroidni synteticky estrogen, ktery byl hojné¢ vyuzivan k urychlovani
rustu v zivocisné vyrob¢; pouziva se pro 1éCbu estrogenni nedostate¢nosti ve veterinarni
medicin€. Nicméné zbytkovy HEX mulZe naruSovat normalni fyziologické procesy a mit
teratogenni, mutagenni a karcinogenni uc¢inky na ¢lovéka. Proto bylo pouzivani HEX ve
vétsing zemi zakdzano [16, 17]. U mysi, intoxikovanych HEX, byly pozorovany mensi
vajecniky se snizenym poctem zlutych télisek a vajicek [18].

Bisfenol A je monomer pouzivany pro vyrobu polykarbonatovych plastti, vyuziva se
také v epoxidovych pryskyficich, jako potah v kovovych plechovkach a jako zubni
tmel. Pouzivd se také jako pfisada k jinym plastim, jako je polyvinylchlorid;
halogenované derivaty BPA jsou Siroce pouzivany jako zhaSece hoteni [19]. Esterova
vazba spojujici molekuly BPA v polykarbonatu a pryskyficich prochazi hydrolyzou, coz
vede k uvolnéni volného BPA do potravin, napojii a do Zivotniho prostiedi. Podle
monitorovacich studii je biologicky aktivni BPA témét vSudyptitomny. Bisfenol A byl
nalezen v balené vod¢ a také v obalovych materidlech pouzivanych pro skladovani
potravin [20]. Estery kyseliny ftalové se celosvétove pouzivaji jako zméekcovadla, které
dodéavaji pruznost a ohebnost pevnym polymeriim, jako je polyvinylchlorid. Tyto
molekuly se vyskytuji ptevazné¢ v pramyslovych barvach a rozpoustédlech, ale také
v hrackach, ptipravcich osobni hygieny a ve zdravotnictvi naptiklad ve vacich pro
krevni transfuze [21].

Alkylfenoly jako NF a OP maji Siroké primyslové vyuziti jako detergenty,
v latexovych barvach a v primyslu zpracovavajicim plasty. Tyto latky byly detekovany
v pid¢, povrchové 1 podzemni vodé€, odtocich Cistiren odpadnich vod, v potravinach
1 obalovych materidlech. Spolu s BPA a dal§imi bisfenoly byly tyto latky stanoveny
také ve vyrobcich osobni hygieny, jako jsou Sampony, kondicionéry, mydla atp. [22-
24].

Latky s estrogenni aktivitou mohou ovlivilovat reprodukci u savcl. Mnoho desitek
let byly estrogeny povazovany cCisté za Zenské hormony, v posledni dob¢ se ale ukazalo,
ze hraji dulezitou roli také u muzi [25]. Béhem poslednich nékolika desetileti doslo
v lidské populaci k narlstu testikularnich nadorti, defekti ve vyvoji reprodukénich

orgdnl a vyrazn¢ se snizila kvalita lidského spermiogramu [26, 27]. Jednou z pfi¢in
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muze byt vedle disledkii negativniho Zzivotniho stylu 1 pfitomnost estrogennich
polutantii. V piipadé nékterych z nich byl jiz jejich negativni vliv na reprodukci
prokazan (DES) nebo je testovan (napt. BPA nebo NF) [27-29]. Vyskyt estrogennich
polutant také uzce souvisi se zvySujicim se uzivanim antikoncepcnich tablet, které
dnes obsahuji latky s vysokou fyziologickou aktivitou [30]. V literatuie jiz byla popsana
zména pohlavi a reprodukénich funkci u plaza, ptaki, obojzivelnikl, koryst a ryb
v dasledku pritomnosti estrogent v zivotnim prostiedi [31]. Za hlavni zplisob expozice

je povazovan ptijem EDC potravinami [32].
1.1.2 Mechanismus uc¢inku endokrinnich disruptor(

Plisobeni hormont je realizovdno jejich vazbou na receptory v bunééné membrané,
cytosolu nebo v jadfe. Uginky, vyvolané na jadernych hormonalnich receptorech, piimo
ovliviiuji genovou expresi, ale jsou znamy i rychlé, negenomické Gc¢inky na receptory,
asociované s membranou. Membranové receptory jsou spojeny s riznymi bilkovinami
v bufice a vazba na tyto receptory rychlym zpisobem meéni bunééné odpovédi [33],
nicméné dusledkem rychlé signalizace mtize byt aktivace nuklearniho transkripéniho
faktoru, coz vede k odezvam, které Ize pozorovat az po delsi dob¢ [34].

Endokrinni systém je nastaven tak, aby reagoval na velmi nizké koncentrace
hormoni, coz umoziiuje ohromnému mnozstvi hormondlné aktivnich molekul
koexistovat v krevnim ob&hu [35]. Koncentrace BE2 v krevni plazmé samcii potkant je
2 — 25 pg/mL, ale v tekutiné rete testis (siti kanalkli na zadni stran& varlete) je 250
pg/mL [36, 37]. Sérova koncentrace BE2 u samic potkanid se pohybuje mezi 30 a 90
pg/mL v zéavislosti na fazi estralniho cyklu [38]. Podobné u muzi je koncentrace BE2
v krvi z perifernich zil kolem 20 pg/mL ale 50krat vyssi (1 ng/mL) ve spermatické véné
[39]. Na druhou stranu u netéhotnych Zen pfed menopauzou se pohybuje plazmaticka
koncentrace BE2 od 50 do 400 pg/mL v zavislosti na menstruacnim cyklu [40].

Je nékolik diivodd, proc¢ jsou endogenni hormony schopné pracovat pfi takto nizkych
koncentracich: a) receptory, specifické pro dany hormon, maji tak vysokou afinitu, ze
mohou vazat dostatek molekul hormonu, k vyvoldni reakce b) mezi koncentraci
hormonu a poctem obsazenych receptorti je nelinedrni vztah a c) nelinedrni vztah je
1 mezi poctem obsazenych receptori a nejvetsi pozorovatelnou biologickou odezvou

[34]. Endokrinni disruptory funguji stejnym zplisobem; vazi se na estrogenni receptory,
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¢imz vyvolavaji kaskddu molekularnich ucinki, které nakonec modifikuji genovou
expresi. Proto jsou ucCinky estrogennich EDC a molekularni mechanismy jejich
pusobeni v n¢kterych detailech znamy [34].

Jiz bylo zminéno, ze hormony plisobi pfevazné pomoci interakei s piislusnymi
receptory. Ty lze rozdélit do dvou velkych skupin a to: a) na membranové receptory,
které slouzi primarné€ pro odezvu peptidovych hormont jako je napi. inzulin a b) na
jaderné receptory, které jsou aktivovany interakci s malymi lipofilnimi hormony, jako
jsou pohlavni steroidni hormony. Endokrinni disruptory mohou pisobit riznymi
mechanismy, nicméné protoze mnoho EDC jsou malé lipofilni latky, upfednostinovany
zpusob jejich pfimé interakce je skrze jaderné receptory, coz pravdépodobné narusuje
nebo upravuje naslednou genovou expresi. Reprodukéni nebo vyvojové vady, vzniklé
pusobenim EDC, se povazuji za vysledek naruseni funkce estrogenniho a/nebo
androgenniho receptoru, ¢imz je zarovei naruSena normalni ¢innost estrogennich nebo
androgennich ligandl [41, 42]. Endokrinni disruptory G¢inkuji 1 jinymi zpiisoby, které
nejsou zavislé na vazb¢ na klasicky nebo membranové vazany receptor pro steroidni
hormony [43, 44].

Endokrinni disruptory mohou ovlivilovat metabolismus pfirozenych hormont a
zpiisobovat tak rozdily v mnoZstvi hormonu, ktery je dostupny, protoZe je ho
vyprodukovano vice (nebo mén€) nez je obvyklé v normalnim stavu nebo protoze je
hormon rozlozen rychleji (nebo pomaleji) nez je obvyklé. Ovliviiuji transport hormond,
coz také muize zménit mnoZstvi hormonu dostupného pro vazbu s receptorem.
Endokrinni disruptory mohou mit také U€inky nezéavislé na znamych endokrinnich
¢innostech. Piikladem je vliv endogennich hormonti a EDC na aktivitu iontovych
kanalt. Bylo prokazano, ze BPA, dichlorodifenyltrichloroethan, DES, NF a OP narusuji
Ca” kanalovou aktivitu a Ca®" signalizaci v n&kterych typech bungk [45-48].
Endokrinni disruptory mohou pusobit aditivné nebo dokonce synergicky s jinymi
chemickymi latkami nebo pfirozenymi hormony v téle [49].

17B-estradiol, EE2 a DES se chovaji jako antagonisté estrogenniho receptoru, jako
slabi antagonisté tohoto receptoru vystupuji BPA a NF [50]. Polyethoxylaty alkyfenoli
a derivaty karboxylovych kyselin alkylfenolti vykazuji také estrogenni aktivitu u ryb,
ptakl a savct, spolu s OP a NF jsou o tfi az ¢tyfi fady méné G€inné nez samotny BE2

[51].
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U savct mohou latky s estrogenni aktivitou ptsobit mnoho zdravotnich problémii,
jako je naptiklad predCasna puberta u samic, nizs§i pocet spermii u samcu, zmeénéna
funkce pohlavnich orgénti, obezita, zménéné sexualné specifické chovani a vyssi vyskyt
rakoviny prsu, vajecnikii, varlat a prostaty. Savci ve stddiu plodu, novorozenci a
mladistvi jsou velmi citlivi na velmi nizké davky (nekdy pikomolarni nebo
nanomolarni) latek majicich estrogenni aktivitu. Vzhledem ktomu, Ze sekrece
estrogennich hormonti u déti pied pubertou je velmi mald, je sérova koncentrace BE2
nedetekovatelnd [52]. Vystaveni déti plisobeni malym davkam EDC muze zplsobit
nezadouci ucinky na jejich rtst a dospivani. Mnoho z téchto ucinkti, pozorovanych na
zvitatech, se mlze projevovat také u lidi, protoze zakladni fungovéani endokrinnich
systémi je v podstaté stejné napfi¢ obratlovci [53-55].

Biochemické testy zkoumaly kinetiku vazby BPA na estrogenni receptor a zjistily, zZe
BPA se vaze jak na a-estrogenni receptor, tak na B-estrogenni receptor s piiblizné
desetinasobné vyssi afinitou pro B-receptor [56, 57]. Bisfenol A také zahajuje rychlé
reakce prostrednictvim estrogennich receptori, primarné asociovanych s plazmatickou
membranou. Podobné jako BE2 zplsobuje BPA zmény nékterych bunécnych funkci
v koncentracich mezi 1 pM az 1 nM [20]. Uginky expozice BPA mohou byt obzvlasté
Skodlivé pro plod, kojence a malé déti, protoze nedostatek zpétné vazby reguluje
¢innost, syntézu a eliminaci hormont. Kontakt s BPA v této dobé miize vést
k nezvratnym zménam, které¢ se objevuji i s velmi dlouhym zpozdénim. Studie na
mySich ukézala, ze uz koncentrace BPA 20 ppm v pitné vod¢ staci ke genetickym

zménam u mysich plodi [58].
1.1.3 Kapacitace

Aby sav¢éi spermie ziskaly schopnost oplodnit vajicko, musi byt nejprve
kapacitovany. Kapacitace souhrnné oznacuje mnoho biochemickych a fyziologickych
zmeén, kterym spermie savcll podléhaji béhem své cesty sami¢im pohlavnim ustrojim
[59]. Pii kapacitaci nedochdzi k morfologickym zménam spermie, ale pievdzné ke
zménam chemickym. Kapacitace zahrnuje zejména: a) vzrist tekutosti membrany
hlavicky spermie sniZenim koncentrace cholesterolu v membrané, b) tok iontli vedouci

ke zméné membranového potencialu, c) fosforylaci mnoha proteinli pfevazné na
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tyrozinovych zbytcich (pTyr) spojenou s aktivaci signalnich kaskad a d) hyperaktivaci a
schopnost navozeni akrozomalni reakce (AR) [60].

Kapacitace probihda in vivo v prostfedi dé€lohy nebo vejcovodi vlivem latek
vyluCovanych témito organy. Albumin je hlavnim proteinem, ktery se nachazi
v sami¢im pohlavnim ustroji. Pro realizaci kapacitace in vitro je zasadni pouzivat
médium simulujici prostfedi samic¢iho pohlavniho traktu, a to kapacitacni/fertilizacni
médium, jehoz dulezitou slozkou je i hovézi sérovy albumin (BSA), vyvazujici
cholesterol z plazmatické membrany spermie [59] a vapenaté a hydrogenuhli¢itanové
ionty [61-63]. Béhem kapacitace mize mit BSA 1 jiné funkce [64], ale jeho schopnost
in vitro je nutné spermie nejprve inkubovat v kapacitaénim/fertilizaénim médiu za
teploty 37 °C v atmosféie s 5% CO2, ¢imz se simuluje fyziologické prostfedi samic¢iho
pohlavniho ustroji [59, 60].

Béhem transportu spermii sami¢im reprodukénim traktem jsou spermie vystaveny
zménam okolniho prostfedi. Jako nasledek zmén v extracelularni koncentraci ionti
dochazi ke zménam potencialu plazmatické membrany spermie [65, 66]. Membrana je
propustngjsi pro K' ionty, které proudi z buiiky ven. Zaroven dochazi k ovlivnéni
nap&tové ovladanych Ca®" iontovych kanalfl, které se oteviraji, a extracelularni vapnik
vstupuje do buiiky. Zvyseni koncentrace Ca®" jontd v bufice je nezbytné pro zacatek AR
[67]. Akrozomalni reakce je vyvrcholenim kapacitace a je nezbytnym pifedpokladem
pro oplodnéni vajicka spermiemi savci [59]. Spermie se vaze k extracelularnimu obalu
vajicka (zona pellucida), ptes specifické receptory, které jsou lokalizovany na anteriorni
¢asti hlavicky spermie. Béhem AR dochézi k fizi membran, kterd umozni fizenou
exocytozu (vyliti) lytického vacku tzv. akrozomu, diky které spermie pronikne obaly
vajicka. Tyrozinova fosforylace proteinti bi¢iku je diilezita pro hyperaktivaci spermie
[68, 69] a v oblasti akrozomalni ¢asti hlavi¢ky je nezbytnd pro priibéh AR a naslednou
fizi membran spermie a vajicka. Nasledkem kapacitace dochazi ke zméné amplitudy
pohybu bi¢iku spermii — k tzv. hyperaktivaci. Bicik se pohybuje v hlubokych ohybech a
jeho pohyb je méné symetricky. Hyperaktivace umoznuje spermii pronikat vysoce
viskéznim prostiedim vejcovodu, kumuldrnim matrixem a po AR také penetrovat zona
pellucida. Spermie, u kterych neprobiha kapacitace, nemaji proteiny fosforylované.

Tyrozinova fosforylace mize byt primarnim nebo dokonce jedinym ukazatelem pienosu
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signalu u spermii [60, 70] miize byt ale i ukazatelem muZzské neplodnosti [71].
Vysledkem pTyr je piestavba kostry bunky nazyvané cytoskelet, pfedstavované
polymerizaci proteinu aktinu. Je to jeden ze zasadnich aspektd, umoziujici spemiim
ziskat schopnost oplodnit vajicko a nasledné projit AR [72].

Na mysSich spermiich byl studovan vliv estrogenti na pribéh kapacitace spermii in
vitro a AR [73]. V publikaci Sebkové a kol. [73] byla popsana piitomnost
B-estrogenniho receptoru v distalni oblasti nadvarlete a pomoci pozitivni pTyr hlavi¢ek
spermie a lysatu celych spermii byl vyhodnocen vliv estrogennich hormonti na
kapacitaci mysich spermii. Bylo zji§téno sniZzeni poctu spermii schopnych projit AR a

modifikace fyziologického pribéhu kapacitace spermii.
1.1.4 Fluoridy

Lidské populace je vystavovana velkému mnozstvi faktort pfispivajicich k rostouci
neplodnosti. Fluoridy a hlinité ionty pfedstavuji dva z potencidlnich kandidati
ovliviyjicich plodnost [74]. ZvySena expozice fluoridim, kterd mize snadno piekrocit
doporuc¢ovanou denni davku dle Svétové zdravotnické organizace (WHO) [75] miize
mit potencialné negativni vliv jak na samici [76-78], tak na sam¢i plodnost, zahrnujici
spermatogenezi, genovou expresi, morfologii a motilitu spermii, fertilizacni schopnost
spermii a chromatinovou strukturu spermie [79-84].

Obecné jak fluoridové, tak hlinité ionty hraji dilezitou roli ve vyvoji a zdravi
jednotlive. 'V poslednich letech vzrista nefyziologicky piijem fluoridi zplisobeny
fluorizaci pitné vody a soli, pouZzitim fluoridii pfi prevenci zubniho kazu, pediatrickymi
psychofarmaka). Schopnost fluoridovych iontd vytvaret komplexy se stopami iontd
hliniku vede k plsobeni fluoridii na regulaéni proteiny, zprostiedkovavajici pienos
bunéénych signalid tzv. G-proteiny, stejné tak jako na rtizné adenosintrifosfatasy a
fosfatasy. Tyto fluorokovové komplexy se chovaji analogicky jako fosfat a vazi se
s vysokou afinitou, ale reverzibilné¢, do mist uréenych pro vazbu fosfatu [85].
Fluorohlinité komplexy [AlF;], zejména tetrafluorohlinitan, simuluji G-proteiny [86],
které jsou soucasti rtiznych biologickych signaliza¢nich drah véetné téch, zahrnujicich
kapacitaci spermii. V publikaci [74] byl systematicky studovan vliv fluoridd a

fluorohlinitanii na spermatogenezi a kapacitaci mySich spermii in vitro s dirazem na
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pTyr v hlavickach spermii a polymerizaci aktinu. Vysledky této studie ukazuji, ze
schopnost mysich spermii uspé$né projit kapacitaci in vitro byla vyznamné ovlivnéna
ptitomnosti fluoridi a fluorohlinitanti in vivo, 1 ptesto, ze nebyly pozorovany

fyziologické zmény v pTyr nebo polymerizaci aktinu.
1.2 Metody analyzy

Pro analyzy estrogennich polutant se pouzivaji nejcastéji chromatografické metody
HPLC a GC, ale své uplatnéni zde maji i metody imunochemické. Ty se pouzivaji

zejména pro rychly screening a v biologickych pokusech.

1.2.1 Kapalinova chromatografie v analyzach EDC

YV wew

Kapalinova chromatografie je nejbéznéjsi metodou pro analyzy estrogentt a EDC,
protoze Casto nevyZaduje pred analyzou derivatizaci vzorku, jak je tomu u GC [32, 87].
Podkladem pro tuto disertacni praci je mimo jiné i prehledny ¢lanek shrnujici analyzy
EDC v potravinach. Ve vybranych potravinovych matricich byly HPLC analyzy
nejcastéji provadény za pouziti stacionarni fdze obsahujici jako sorbent navazané C18
fetézce v kombinaci s mobilni fazi obsahujici acetonitril, vodu a aditiva v riznych
objemovych pomérech. K detekci byla nejcastéji pouzivana hmotnostni spektrometrie
[32].

Kapalinovéa chromatografie se v§ak pouzivé pro stanoveni EDC i v jinych matricich,
jako jsou napiiklad vzorky ze Zivotniho prostfedi. Stejné jako u analyz EDC
v potravinach jsou nejvice pouzivanou staciondrni fazi kolony s C18 stacionarni fazi a
jako mobilni faze se nejcastéji pouzivaji smeési acetonitrilu a vody v raznych
objemovych pomeérech. I nejcastéji pouzivany zpisob detekce je pro environmentalni
matrici a potraviny shodny a je jim MS detekce. Toto téma je piehledné zpracovano
naptiklad v nasledujicich soubornych publikacich [87, 88]. I v nejaktudlngjSich
publikacich pro separace estrogenti ve vzorcich z Zivotniho prostiedi bylo pouzito vySe

zminovanych kombinaci stacionarni a mobilni faze [89, 90].
1.2.2 Metody pouzivané v biologickych pokusech v pfitomnosti EDC

Metody studia vlivu estrogennich hormonii na kapacitaci spermii jsou v literatuie

publikovany pouze ojedinéle. Pro studium vlivu estrogenii na kapacitaci kancich
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spermii in vitro bylo pouzito imunochemickych metod (ELISA, pritokova cytometrie).
Bylo zjisténo, ze stimulacni vliv zavisi na dob¢ kapacitace, konkrétnim estrogenu a
konkrétnim jedinci [91]. Imunochemické metody (imunofluorescen¢ni analyza, imuno-
proteinova detekce) byly pouzity v publikaci [73] pro studium vlivu estrogenii na
kapacitaci mysich spermii in vitro a AR. Bylo zji§téno snizeni poctu spermii schopnych
projit AR a modifikace fyziologického prubé¢hu kapacitace spermii. Pii studiu vlivu
estrogenil na kapacitaci mysich spermii in vivo imunochemickymi metodami bylo
zjisténo, ze pii podavani BE2 mySim samcim béhem jejich dospivani dochazi
k predcasné kapacitaci spermii v nadvarleti, coz mize ohrozit jejich fertilizacni
schopnost v sami¢im pohlavnim ustroji [92].

Vliv E3 na kapacitaci mySich spermii in vitro byl sledovan pomoci HPLC metody
s UV detekci, avsak s nizkou citlivosti detekce [42]. Bylo zjisténo, ze béhem kapacitace
mySich spermii in vitro dochdzi k vyvazani E3 myS$imi spermiemi. Pfi pouziti této

metody bylo mozné sledovat pouze pocatecni koncentraci E3 200 pg/L.
1.2.3 Kineticka analyza

Vyvoj a feSeni reakénich schémat kinetickou analyzou [93] rychlostnich rovnic,
nebo jejich integrovanych forem, se ¢asto pouziva pro homogenni chemické reakce,
zvlasté kdyz se predpoklada, Ze soucasti celkového mechanismu jsou nestabilni latky,
které nelze pfimo prokéazat. Dokonce 1 komplexni reakéni mechanismy mohou byt
vyfeSeny metodami kinetické analyzy [94, 95].

Bylo publikovano pouze nékolik ¢lankl tykajicich se aplikace kinetické studie na
biologické jevy [96-99]. Kinetické analyza byla v této disertacni praci vyuzita ve dvou
publikacich, kde bylo studovéano, zda chemicka kinetika, ktera je platna pro homogenni
chemické reakce, mize byt aplikovana na experimentdlni data, ziskand béhem

kapacitace spermii in vitro.
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1.3 Vysledky a diskuze — komentare k publikacim

PUBLIKACE |

Kinetic analysis of decreased sperm fertilizing ability by fluorides and
fluoroaluminates: a tool for analyzing the effect of environmental substances on
biological events

Bosakova, Z.; Tockstein, A.; Adamusova, H.; Coufal, P.; Sebkovd, N.; Dvordkova-
Hortova, K., Eur Biophys J Biophys Lett. 45 (1) (2016) 71-79.

PUBLIKACE II

Determination of 17B-estradiol and 17a-ethynylestradiol in mouse fertilizing M2
medium

Adamusovd, H.; Bosdkova, Z.; Kozlik. P.; Hortova, K., In: Proceedings, 9th
International Students Conference ,,Modern Analytical Chemistry*: Praha 2013, p. 26-
27, ISBN 978-80-7444-023-6.

PUBLIKACE Il
17B-Estradiol signalling is directed by autocatalytic reaction in capacitating sperm
Bosdkova, Z.; Adamusova, H.; Bosdkovad, T.; Tockstein, A.; Sebkovd, N.; Dvoidkovd-

Hortova, K., bude zaslano, cervenec 2017 do Scientific Reports.

PUBLIKACE IV

Analysis of estrogens and estrogen mimics in edible matrices—a review

Adamusovd, H.; Bosdkova, Z.; Coufal, P.; Pacdkova, V., J Sep Sci. 37 (8) (2014)
885-905.
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1.3.1 Kineticka analyza spermii se snizenou fertilizatni schopnosti
zpusobenou fluoridy a fluorohlinitany: nastroj pro zjisStovani efektu

environmentalnich latek na biologické jevy — publikace |

Jak jiz bylo vySe zminéno, publikace [74] se zabyvala vlivem fluoridi a fluoridovych
komplexti s hlinitymi ionty na stupent pTyr béhem in vitro kapacitace mysich spermii.
Byla sledovana také schopnost spermii projit AR. Tyto biologicky dulezité reakce
ukazuji kvalitu piipravy spermii na oplodnéni a zohlednuji vnéjsi vlivy faktort ze
zivotniho prostiedi.

Cilem publikace I bylo podrobit experimentalni data, ziskand z ptedeslé Casové
zavislosti pTyr a AR [74], kinetické studii pro detailnéjsi popis prubehu téchto reakci.
Bylo zjiStovéano, zda zéavislosti a) procenta hlavicek spermii pozitivnich na pTyr a
b) procenta spermii, které prosly indukovanou AR na case probihajici kapacitace in
vitro, vyhovuji rovnici nebo systému rovnic chemické kinetiky. Tato publikace byla
vyuZita jako pilotni studie pro aplikaci kinetické analyzy na biologické jevy.

Na zéklad€¢ experimentalné ziskanych dat [74] bylo zifejmé, Ze pocet spermii
s pozitivni pTyr je funkci dvou proménnych, a to ¢asu a koncentrace inhibitoru, které
nepusobi simultanné. Experimentalné ziskané body zavislosti procent spermii
s pozitivni pTyr na case kapacitace vykazovaly pro vSechny testované inhibitory
obdobny pribéh, nejprve dosahovaly maxima a poté klesaly k velmi podobnym
hodnotam, ziskanym pro vSechny typy inhibitor. Pro popis vySe uvedené zavislosti
byla navrZzena soustava kinetickych rovnic a byly vypocCitany piislusné rychlostni
konstanty. Vysledky jsou demonstrovany na obrazcich 1.2 a 1.3 pro rizné typy a
koncentrace inhibitori. Z obrazkl je vidét, Ze experimentalné ziskané body vykazuji
dobrou shodu s teoreticky vypocCitanymi kiivkami, coz ukazuje, ze navrZzeny model

dobie odpovida realite.
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Obr. 1.2 Zavislost procent hlavi¢ek spermii s pozitivni pTyr na ¢ase kapacitace in
vitro pti pouziti riznych koncentraci fluorida jako inhibitort; skupina C (bez intoxikace
fluoridy; ¢ = 0 mol/L), skupina Al (snejniz§i podanou davkou fluoridu;
cr = 5,26 x 10 mol/L) a skupina A2 (s 10krat vy3si podanou davkou fluoridii
cr = 52,6 x 10° mol/L).
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Obr. 1.3 Zavislost procent hlavi¢ek spermii s pozitivni pTyr na ¢ase kapacitace in
vitro pii pouziti riznych koncentraci fluoridi a hlinitych iontt jako inhibitori; skupina
B1 (cr = 5,26 x 10°+ ca1 = 3,7 x 10* mol/L), skupina B2 (cp = 52,6 x 10°+ ¢ = 3,7 X
10 mol/L) a skupina B3 (cp = 526 x 10°+ cp = 3,7 % 10 mol/L).

Casové zavislosti pTyr vyhovuji soustavé kinetickych rovnic a vysledky ukazuji, ze
kapacitace probihd v systému dvou ndslednych reakci 1. fddu. NavrZené kinetické
rovnice objevuji existenci urcitych center ve spermiich a jejich nestabilni aktivni formy.
Pouze tyto nestabilni, aktivni formy mohou byt fosforylovany a nésledné se rozpadayji.
Cas odpovidajici maximalni produkci nestabilniho intermediatu je pro spermie
pravdépodobné nejvhodnéjsi k ziskani schopnosti oplodnit vajicko. Vypocitané
inhibi¢ni koeficienty ukazuji, Ze ucinnost inhibitoru se zvySuje se zvySujicim se
obsahem fluoridu v komplexu s hlinitymi ionty. Dalsi detaily a vypocty jsou podrobné

zminény v publikaci I [100].
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1.3.2 Stanoveni 17B-estradiolu a 17a-ethynylestradiolu v M2 fertilizacnim

meédiu — publikace Il

Tato publikace shrnuje pilotni vysledky, které slouzily jako zaklad pro dal$i méfeni
pouzité zejména v publikaci III. Vysledky z této publikace byly prezentovany formou
pfednasky na studentské konferenci 9" International Students Conference ‘Modern
Analytical Chemistry’ konané v roce 2013.

V publikaci Dvorakové-Hortové a kol. [42] byla vypracovana metoda HPLC s UV
detekci pro stanoveni E3 ve fertilizacnim médiu, pomoci niz byla sledovdna zbytkova
koncentrace E3 béhem in vitro kapacitace mySich spermii. Bylo zji§téno, ze béhem
kapacitace dochazi k vyvazani E3 mysimi spermiemi [42]. Sledovani priabéhu
kapacitace, véetn¢ vlivu estrogennich polutantl na kapacitaci spermii in vivo, by nebylo
technicky mozné, a proto se veSkeré experimenty tohoto druhu provadi in vitro ve
fertiliza¢nim médiu simulujicim in vivo prostiedi [42]. Detailn€jsi informace
o kapacitaci a in vitro experimentech je mozno nalézt vyse v kapitole 1.1.3.

Na zékladé¢ vysledki ziskanych pro separaci E3, byl pro oba testované analyty (BE2 a
EE2) vybran reverzni separacni méd s pouzitim SunFire C18 kolony jako stacionarni
faze. Tato kolona poskytovala vysokou separa¢ni ti¢innost a symetricky tvar piku. Pro
stanoveni BE2 a EE2 v M2 fertilizaénim médiu byla vyzkouSena UV detekce. Jako
mobilni faze byla testovana smés acetonitrilu s vodou v riznych objemovych pomérech.
Optimalizace procesu byla provadéna s cilem dosdhnout dostatecné citlivosti. Nicméné
ani BE2 ani EE2 v poZadované koncentraci 200 pg/L nebyly detekovany v Zadné
z testovanych mobilnich fazi. M2 médium je komplexni smés obsahujici anorganické a
organické slozky, ze kterych zejména BSA (4.0 g/L) miize zplisobovat obtize jak pii
separaci, tak zeyjména pifi UV detekci. Pii vinové délce 200 nm byl signadl M2
kapacita¢niho média o dva fady vyssi nez signal analyti. Vzhledem k tomu nebylo pro
tento ucel mozné pouzit UV detekci a pro dalsi méfeni (publikace III) byla vybrana
tandemova hmotnostni detekce, ktera je schopna mnohem Iépe eliminovat vliv matrice a

vice se ptiblizit realnym hodnotdm expozice organismi estrogentim [101].
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1.3.3 Signalizace 17B-estradiolu je fizena autokatalytickou reakci

v kapacitujicich spermiich — publikace Il

V této publikaci byl sledovan prubéh kapacitace mySich spermii in vitro
v pfitomnosti raznych koncentraci BE2. Ziskand experimentdlni data byla nésledné
podrobena kinetické analyze.

Na zaklad¢ predchozich vysledki pro analyzu vybranych estrogenil
v environmentalnich vzorcich vody [102], pro separaci E3 v M2 kapacitatnim a
fertilizacnim médiu [42] a na zdklad¢ pilotnich méfeni zminovanych vyse v publikaci II,
byla pro sledovéani koncentracnich zmén BE2 béhem kapacitace mysich spermii in vitro
vybrana HPLC-MS/MS metoda s kolonou SunFire C18 jako stacionarni fazi. Pro
izokratickou eluci byla pouzita mobilni fidze acetonitril/voda 50/50, (v/v), obé slozky
obsahovaly 0,1% roztok mraven¢i kyseliny. Jako wvnitini standard byl pouzit
deuterovany BE2 (BE2-d3). Pfi pouziti této metody bylo pro BE2 dosazeno hodnoty
LOD 0,3 pg/L.

Aby bylo mozné sledovat koncentraéni zmény BE2 béhem kapacitace spermii in
vitro, bylo nezbytné zjistit, kolik BE2, pfidaného do M2 média, je k dispozici pro
spermie. Jednou z hlavnich slozek tohoto média je BSA a estrogeny se na néj mohou
vazat. Proto bylo dulezité urcit, kolik BE2 je vdzano na BSA, a kolik je skute¢né
k dispozici pro vyuziti spermiemi. Toto bylo zjiStovano pro vSechny tfi testované
koncentrace BE2 (200, 20 a 2 pg/L) po in vitro inkubaci spermii trvajici 1 hodinu v M2
médiu (pii 37 °C, 5% CO,). Tyto vypoctené hodnoty predstavovaly vstupni koncentrace
v Case kapacitace 0 a nasledné byly zméfeny zavislosti celkové koncentrace nevazaného
BE2 béhem kapacitace. Priibéh kapacitace byl sledovan v ¢asovém rozmezi 0 — 180
minut, vzorky byly odebirdny ve 30 minutovém intervalu. Sledovani kapacitace déle
nez do 180. minuty nema zadny fyziologicky vyznam, jelikoz kapacitace in vivo je
dosazeno béhem 90 minut (nejpozdé€ji béhem 180 minut). Kazdy experiment byl
provadén pro vzorky s pfidanymi myS$imi spermiemi a pro referen¢ni vzorky (blanky)
bez ptidanych spermii. Analyza pomoci HPLC-MS/MS kazdého vzorku byla provedena
v 5 opakovanich.

Pro vSechny testované koncentrace BE2 byly hodnoty blankti béhem kapacitace
prakticky konstantni. U vzorki s pfidanymi spermiemi byly pozorovany obdobné trendy

u vSech testovanych koncentraci (200, 20 a 2 pg/L), stejné¢ tak u obou kmenl
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laboratornich mysi BALB/c nebo C57BL/6Nvel jak je vidét z obrazku 1.4. Na obrazku
1.4 je pro lepsi porovnani jednotlivych zavislosti vynasena relativni koncentrace B, coz
je podil koncentrace nevazaného, celkového BE2, zméfeného v daném cCase kapacitace
(t > 0) a koncentrace nevazaného, celkového BE2, zméfeného na zacatku kapacitace
v Case (¢ = 0). Spolecnym trendem vSech zavislosti bylo prvotni snizovani koncentrace
BE2 az k dosazeni minima a poté op&tovné zvySovani. Pozice minima se vSak liSila pro
jednotlivé testované koncentrace BE2, jak je patrné pii porovnani obrazku 1.4 A — C.
Pro pocatecni koncentraci 200 pg/L dochéazelo k poklesu na pocatku doby kapacitace
v rozmezi 0 — 30 minut (obrazek 1.4 A). Pro pocatecni koncentraci 20 pg/L byl pokles
pozorovan pozdéji béhem 60 — 90 minut (obrdzek 1.4 B) a zavislost ziskana pro
pocateéni koncentraci 2 pg/L vykazovala minimalni hodnotu mezi 150 — 180 minutami
(obrazek 1.4 C). V ramci jednotlivych testovanych koncentraci BE2 byly pozorovany

pouze mirn€ odlisné rozsahy poklesu mezi spermiemi obou kment mysi.
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Obr. 1.4 Zavislost relativni koncentrace (B) BE2 na case kapacitace. Pro kmen
BALB/c je teoreticky ziskand kiivka zobrazena plnou ¢arou a experimentalné ziskané
body plnymi teCkami. Pro kmen C57BL/6Nvel je teoreticky ziskané kiivka zobrazena
pferusovanou Carou a experimentalné ziskané body prazdnymi Ctverecky. Pocatecni

koncentrace BE2: (A) 200 pg/L, (B) 20 pg/L a (C) 2 pg/L.
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Experimentalni vysledky ziskané pro koncentracni zmény BE2 v rGznych casech
kapacitace byly podrobeny kinetické analyze. Vzhledem k tomu, ze kineticka analyza
jiz byla spésné pouzita pro analyzu dat popisujicich snizenou schopnost kapacitace
spermii v pfitomnosti fluoridi a fluorohlinitych komplext [100], byla pouzita také
k analyze koncentracnich zmén BE2 béhem kapacitace spermii in vitro. V ptedchozi
praci [100] byla navrZzena matematickd teorie pro mechanismus, kdy je schopnost
dozravani spermii zménéna vnéjSimi stimuly [74]. Ukézalo se, ze chemickd kinetika
muze byt aplikovana na spermie v roli reaktantu a ze kineticka analyza mulze byt
uzitenym nastrojem pro sledovani a predikci specifickych molekularnich mechanism,
které se ucCastni urcitych biologickych signalizacnich cest.

Kiivky prolozené experimentdlné¢ ziskanymi body vykazovaly autokatalyticky
charakter. Pfi hleddni riznych kinetickych modeli bylo zjisténo, ze pro shodu mezi
ktivkami, ziskanymi prolozenim experimentalnimi body a teoreticky vypocitanymi
kiivkami je nutné predpokladat, Ze prvnim krokem je adsorpce BE2 na povrch spermie
fizend Langmuirovou izotermou. Jiné modely (bez adsorpce) vedly ke zcela odlisSnym
vysledkim. Na obrazku 1.4 je vidét, ze existuje mirny posun mezi teoretickymi
ktivkami odrazejicimi rozdily v dynamice vazby BE2 mezi dvéma kmeny BALB/c a
C57BL/6Nvel. Je vsak dulezité, Ze teoretické kiivky odpovidaji experimentilnim
bodim pro oba testované typy mysi, se stejnym vysledkem, coz dokladd nalezeni

teoretického mechanismu, ktery vyhovuje druhové specifickym modifikacim.
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Obr. 1.5 Schématicka interpretace vysledkt kinetické analyzy aplikované na pribéh

kapacitace spermii in vitro v ptitomnosti BE2.

Vysledky kinetické analyzy jsou schematicky znazornény na obrazku 1.5. Jakmile se
spermie dostanou do prostiedi, kde se naléza albumin (v ptipad¢ in vitro kapacitace
BSA z M2 média), zacne proces kapacitace. Extracelularni BE2 se adsorbuje na povrch
spermie a interaguje s membranovymi (mER) nebo neklasickymi estrogennimi
receptory. Proces adsorpce je fizen Langmuirovou izotermou. Poté projde BE2 do
cytoplazmy, kde vytvari s cytoplazmatickym estrogennim receptorem (cER) adukt
prvniho aduktu cER/BE2 zacne signalizace vedouci k vétsi propustnosti plazmatické
membrany, ke které pfispiva i cholesterolovy eflux. Diky tomu miZe do cytoplazmy
pronikat vice extracelularniho BE2 membranovou difuzi. Tento dé€j je rychly, ma
autokatalyticky charakter a je fizeny rychlostni konstantou k2 nasobenou stupném
aktivity S. Vznikly adukt cER/BE2 neni stabilni a rozpada se na cER a BE2; (vnitini BE2,
ktery se jiZ znovu nedostane ven pies plazmatickou membranu) a rozpad aduktu je fizen
rychlostni konstantou k3. Po rozpadu aduktu jsou cER i BE2; neaktivni. Dé&je fizené
rychlostnimi konstantami k1, k2-S a k3 probihaji simultanné [103]. Pomoci vyvinuté
metody HPLC-MS/MS se méti koncentrace celkového nevazaného BE2, coz zahrnuje

extracelularni BE2 a BE2;, ktery se uvolni z cytosolu b&hem centrifugace po kapacitaci.
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Tato publikace ukazuje, Zze mnozstvi BE2 dostupné pro mysi spermie béhem
kapacitace in vitro, mize byt kvantifikovano HPLC-MS/MS metodou. Tento novy
analyticko-biologicky pfistup ma velky potencidl pro porozuméni fyziologickému
mechanismu plsobeni steroidnich hormont zahrnujicich BE2 nejen pro reprodukéni
biologii, ale také pro signalizaci v somatickych buiikach. Vypocty, vztahujici se ke

kinetické studii, a dalsi detaily lze nalézt v publikaci III [104].

1.3.4 Analyzy estrogent a jim podobnych latek v potravinach — prehledny

Clanek — publikace IV

V této publikaci je zpracovan piehled nejcastéji pouzivanych metod pro stanoveni
estrogend a jim podobnych latek v potravinach. Struéné€ je zminén mechanismus uc¢inku
endokrinnich disruptorii. Protoze jsou EDC pfitomny v matricich ve velmi nizkych
koncentracich, je v ¢lanku podrobné zpracovana piiprava vzorku pted vlastni analyzou.
Ta je dulezitym krokem v analyze, jelikoz mize byt zdrojem chyb. Online preduprava
vzorku zvySuje presnost méfeni a snizuje dobu analyzy. Aby ptiprava vzorku nebyla tak
drahd a ¢asové€ naro€nd, jsou zapotiebi nové selektivni materidly pro extrakci EDC. Pro
kazdou separac¢ni metodu jsou analyzy dale rozdélené podle jednotlivych matric vzorki.
Detaily z jednotlivych metod jsou pro porovnani shrnuty v tabulkach. Jak jiz bylo
uvedeno vyse, je nejCastéji pouzivanou metodou pro stanoveni EDC v potravinach
HPLC.

Plynova chromatografie se €asto pouZzivd pro analyzy estrogenll a jim podobnych
latek ve vzorcich z zZivotniho prostfedi [105, 106]. VyuZiti plynové chromatografie
v analyzach EDC v potravinach je méné bézné. Nekteré EDC mohou byt analyzovany
pfimo bez ptedchozi derivatizace, nicméné konverze na tékavéjsi formy je
upiednostiiovana. Derivatizace Casto vede k vyssi citlivosti a selektivité¢ detekce. Bylo
pozorovano, Ze derivatizace zvySila intenzitu signalu v hmotnostnim spektru
poZzadované latky 2 — 12 krat v porovnani s nederivatizovanym vzorkem [107].
Nicméné derivatizace miZze byt pracnd, vétSina derivatizacnich ¢inidel je toxicka a
nestabilni a derivatizace je krok navic, ktery muze byt zdrojem dalSich chyb.
Nejbézngjsi derivatizaéni reakce jsou silylace a esterifikace. Vedou ke zvySeni
t€kavosti, nizsi polarité a lepsi teplotni a katalytické stabilité, coZ je potieba pii pouZiti

hmotnostni detekce.
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Kromé chromatografickych metod jsou pro analyzy EDC v potravinach pouzivané
1 imunochemické metody. NejbéznéjSim analytem je BPA, imunochemické metody se

pouzivaji pro jeho screening v potravinovych matricich.
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Abstract Fluorides and fluoroaluminates decrecase mouse
sperm fertilizing potential by modifying the process of
sperm preparation for fertilization, so-called capacitation,
followed by acrosome reaction (AR). Capacitation was
monitored by protein tyrosine phosphorylation {pTyr), and
AR was induced consequently. The aim of this study was to
apply kinetic analysis to the previously obtained depend-
ences of pTyr and AR at capacitation times, and propose a
mathematical theory for a mechanism when sperm matu-
ration ability is amended by external stimuli. The experi-
mental input data, previously obtained, are consistent with
the proposed theory and the results of kinetic analysis show
that sperm capacitation runs as two subsequent first-order
steps. Firstly, an unstable intermediate is formed and then
gradually decomposes. The time corresponding to the
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maximal production of the unstable intcrmediate is proba-
bly most suitable for sperm obtaining the ability to fertilize
the egg. The presented calculations indicate that the appli-
cation of kinetic analysis can serve as a tool to predict or
confirm a course of biological events that are modified by
external factors, and therefore the proposed theory shall be
of interest to a broad scientific audience.

Keywords Kinetics - Fluoride complexes - Capacitation -
Tyrosine phosphorylation - Acrosome reaction - Sperm
fertilizing ability

Introduction

The human population is being exposed to an enormous
variety of factors contributing to ever so growing infertility,
Two of the potential candidates to affect fertility potential
arc fluoride and aluminium ions. Increasing exposure to
fluorides, which can easily exceed the recommended daily
dose stated by WHO (1987), might have a potential nega-
tive impact on both female (Darmani et al. 2001; Chinoy
and Patel 2001; Zhu et al. 2014) and male fertility includ-
ing spermatogenesis, gene expression, sperm morphology
and motility, sperm fertilizing ability, and sperm chroma-
tin structure (Ghosh et al. 2002: Pushpalatha et al. 20053;
Sun et al. 2010, 2011, 2014; Lu et al. 2014; Kim et al.
2015). Generally, both fluoride and aluminium ions play an
important role in the development and health of individual
organisms. In recent years, however, there has been a non-
physiological increasing fluoride intake in the human popu-
lation caused by fluoridation ol waler and salt, dental caries
prevention, pediatric supplements, and organic fluorine-
containing drugs (e.g., antibiotics, anti-cancer and anti-
inflammatory agents, psycho-pharmaccuticals). Dong ct al.
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(2004) describe biological flucrination, conversion ol inor-
ganic fluoride to organic fluorine, and production of highly
valuable organofluorine compounds. The ability of fluoride
ions to form complexes with traces of aluminium ions leads
to the action of fluorides on guanosine nucleotide bind-
ing proteins (G-proteins), as well as on various adenosine
5'-triphosphatases (ATPases) and phosphatases. These fluo-
rometallic complexes act as analogues of phosphate and
they bind with high affinity, but reversibly in phosphate
sites (Chabre 1990). Aluminium fluoride complexes [AlF],
especially a tetrafluoroaluminate, therefore simulate vari-
ous G-proteins (Sternweis and Gilman 1982), which are
involved in a variety of biological signaling systems includ-
ing those of sperm capacitation. In order for mammalian
sperm to ebtain fertilizing ability, it must undergo the series
of maturation cvents in female reproductive tract so-called
capacitation (Yanagimachi 1994). Capacitation of mam-
malian spermatozoa is a complex process, including sets
of molecular changes where protein tyrosine phosphoryla-
tion (pTyr, an addition of a phosphate group to the amino
acid tyrosine on the specific protein) may be the primary or
even the exclusive indicator of a signal transduction path-
way in sperm (Naz and Rajesh 2004; Visconti et al. 19953;
Wang et al. 2015) as well as an indicator of male infertility
(Kwon et al. 2014). Progress of capacitation is associated
with sperm pTyr, resulting in major cytoskeleton rearrange-
ments represented by cytoskeletal protein actin polym-
erization. This molecular pathway is accomplished in the
sperm head through the activation of protein kinase A (Vis-
conti et al. 1995b) and represents crucial aspects enabling
sperm to obtain full fertilizing capacity, and subsequently
undergo calcium-mediated acrosome reaction (AR) (Baker
et al. 2004). AR is the evenl of lylic enzyme release from
the apical acrosomal vesicle and this enables sperm to pass
through the layers surrounding the egg and fuse with its
plasma membrane (Jin et al. 2011; Yanagimachi 1994).

Our previously published study (Dvofikova-Hortova
et al. 2008) systematically focused, for the first time, on the
effect of fluorides and fluoride complexes with aluminium
ions on the level of pTyr monitored during the capacitation
of mouse sperm in vitro. The ability of sperm to undergo
AR was also monitored. These are biologically important
reactions, which are markers of the quality of preparation
of the sperm for fertilization and reflect the effects of exter-
nal environmental factors.

Therefore, the goal of our work was to subject the exper-
imental data, previously obtained for time dependence of
pTyr and AR (Dvofikova-Hortova ct al. 2008), to kinctic
analysis for more detailed description of the course of
these reactions. In other words, the goal was (1) to find out
whether the percentage of sperm head pesitive on protein
tyrosine phosphorylation [pTyr (%)] and the percentage of
sperm that underwent induced acrosome reaction [AR (%)]
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versus the time of ongoing capacitation fit Lo an equation or
a system of equations of chemical kinetics and from these
results (2} to induce a consequence for the capacitation.
Only a few papers dealing with an application of kinetics
on biological events have been published (Mariani et al.
2004; Zhdanov 2006, 2007, 2009). Kinetic analysis has
not yet been used for biological reactions in which sperm
take part, and we believe that it will be of wider use in the
prediction of kinetics of specific molecular mechanisms
involved in selected signaling pathways.

It must be emphasized that no new laboratory work was
done in this work and all experimental data used in this
work as input data for kinetic equations were adopted from
the previous published paper (Dvofdkova-Hortovd et al.
2008). Methods previously used for obtaining dependences
of pTyr and AR at capacitation times arc bricfly described
in the section “Materials and methods” for better under-
standing of biological impact of kinetic analysis.

Materials and methods
Instrumentation and animals

For realization of capacitation in vitro, 35-mm Petri dishes
obtained from Corning, NY, USA, were used. A light-
inverted microscope from Olympus CX 21 and Olympus
epifluorescent microscope were supplied by Olympus,
Czech Republic. An NB-203 incubator was purchased from
N-BIOTEK, Korea. Laboratory BALB/c mice were pur-
chased from Velaz, s.r.o., Prague, Czech Republic,

Experimental design

Since 1990, drinking water in the Czech Republic has not
been fluorinated, therefore fluoride-free tap water was used
as drinking water for group C, which served as a negative
control. Fluoride concentrations of 1, 10, and 100 ppm
(53.26 x 1072, 52.6 x 107, and 526 x 107> mol 171) were
added to drinking water for groups A, A,, and A,, prepared
according to the standard protocol of the Czech National
Hygienic Depuartment, Prague, Czech Republic. Group A,
receiving a fluoride concentration of 1 ppm (5.26 x 107°
mol 17", served as a positive physiological control. Paral-
lel groups (B, B,, and B} were exposed to drinking water
at the same, above stated, fluoride concentrations, but with
the addition ol aluminium ions al the physiological concen-
tration of 10 ppm (3.7 x 107* mol 171, according to stand-
ards of JECFA (Joint Expert Committee on Food Additives
under Food and Agriculture World Organization, 1998),
which was the same in all B groups. B, group served as
a physiological positive double control due to presence of
both ions at the physiological concentrations. Experimental
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and control groups were represented by male mice. They
were exposed to experimental ion concentrations postna-
taly from day 1 (via mothers’ milk), and further through
drinking water, continuously for 3 months.

Capacitation

Spermatozoa were recovered from the cauda epididymidis
by placing its distal region into a M2 in vitro fertilizing
medium for 10 min to incubate at 37 °C in 5 % CO, in air.
Sperm stock was diluted for the required concentration
(5 x 10° ml™"y into a 100-ul drop of M2 medium under
paraffin oil in 35-mm Petri dishes. The motility of the
sperm population was checked by a light-inverted micro-
scope with a thermostatically controlled stage at 37 °C.
Spermatozoa were capacitated for up to 3 h. At half-hour
intervals, a drop of spermatozoa suspension was collected,
washed in tris-buffered saline (TBS), and smcared onto
glass slides.

Tyrosine phosphorylation

Smears of sperm after 30, 60, 120, and 180 min of capaci-
tation in vitro were blocked with 10 % bovine serum albu-
min (BSA) in phosphate buffered saline (PBS) for 1 h, then
washed once in PBS and then followed by a 2-h incuba-
tion with mouse monoclonal antibody anti-phosphotyrosine
(mAb) in 1:200 dilutions. After washing off the primary
antibody mAb in PBS, slides were incubated with the sec-
ondary antibody Alexa Fluor 488, goat anti-mouse 1gG for
an hour, Then slides were evaluated under an Olympus epi-
fMluorescent microscope for sperm-head phospho-tyrosine
slaining.

Acrosome reaction

The acrosome reaction was induced at 60, 120, and 180 min
of capacitation in vitro by the calcium ionophore A-23187
at a final concentration of 5 umol 17, followed by an hour
of incubation at 37 °C in 5 % CO, in air. The status of the
acrosome was evaluated 5 min after adding 2.5 umel 17
peanut agglutinin (PNA) lectin. Two hundred cells were
counted for each group and experimental time point under
an Olympus epifluorescent microscope. For further experi-
mental details, see Dvofdkovad-Hortovd et al. (2008).

Application of kinetic analysis

The research and solution of reaction schemes by kinetic
analysis (Frost and Pcarson 1961) of cither the rate cqua-
tions or their integrated forms are used frequently for
homogeneous chemical reactions, especially when they
are assumed to be parts of the overall mechanism of an

unstable substance, which cannot be directly demonstrated.
Even complex reaction mechanisms can also be solved by
methods of kinctic analysis (Tockstein 1987, 1992).

In this work, it was investigated whether chemical kinet-
ics, which is valid for homogeneous chemical reactions,
can be applied on the experimental data obtained during the
capacitation of sperm in vitro. Tt can be solved by kinetic
analysis using either the analysis of rate equations (the
dependence of dc/dt on various parameters, so-called dif-
ferential data) or the comparison of experimental [c; = f(#)]
points with theoretical data, obtained either by numerical
integration of a set of differential equations or by analytical
expression of known function ¢; = f{(7). In our case, differ-
ential data (dc/dr) were not available; therefore it was nec-
essary to compare experimental ¢; = [(#) data with kinetic
theoretical equation created for the given purpose. QBasic
software was used for the calculation.

Results and discussion

The published data, taken from the Dvofdkovad-Hortova
et al. (2008), are summarized in Table 1. To enhance the
potential for comparison, this publication maintains the
same marking of the inhibitors as in Dvofdkova-Hortova
et al. (2008), however, the concentration composition (orig-
inally given in ppm) is expressed in molarities.

On the basis of these data, it is evident that the positive
reaction, i.e., the number of protein pTyr positive sperm, is
a function of two independent variables, which is, the time
and the inhibitor concentration, and these variables do not
act simultaneously. Therefore, the two phases of the pro-
cess must be differentiated, namely, the inactivation and
the capacitation phases. To maintain a suitable sequence of
computations, the capacitation will be addressed first.

Capacitation monitored by pTyr

The shape of the pTyvr (%) dependence on sperm capaci-
tation time exhibiting an extreme and then, after a certain
time, very close values for all the samples (see Table 1)
provides a basis for the following scheme: Some sperm
contain C,, centers (in the total number C,), which are con-
verted to C, centers (for list of abbreviations, see Electronic
Supplemental Data). Only these C, centers can be phospho-
rylated. However, the C, center is unstable and gradually
decoemposes (o a C, center. This process can be described
by the following system of kinctic cquations with the initial
conditions for + = 0: C,(0) = C,, C,(0) =0, Cy,(0) = 0,

no*

(Egs. 1a, 1b):
dC,
- =KiG, (1a)
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Table 1 Fluoride (cp) and aluminium (c,;) ion concentrations admin-
istered to mice, percentage of positive tyrosine-phosphorylated mouse
sperm in the acrosome head region during capacitation in vitro, and

percentage of acrosome-reacted sperm induced by caleium ionophore
(taken Dvoiikovd-Hortovd et al. 2008) ppm converted to mol 17

Group ¢ + ¢4y (mol 171

Tyrosinc-phosphorylated sperm (pTvr, %), Capacitation time  Acrosome-reacted sperm (AR, 9%), Capacita-

tion time
30 min 60 min 120 min 180 min 60 min 120 min 180 min
C 0+0 11.12+£045 14724+£047 1329+£032 866025 71.75£220 8516£142 90.16 £0.88
A 526 % 107740 B.66 054 12664+051 11.86+037 7.00+030 7923 +288 7473+ 1.52 8857 +0.71
Ay 526%x 107740 S544£040 926+035 950032 721033 069.09L£198 80321092 8534+£1.12
A, 526 x 107540 594+£024 968064 1016042 760045 8499 +4.07 91.09+0.85 89.35+£1.40
B, 326 x 10 °+37x10%  610£095 957+139 984+043 7741040 6876+ 134 7546+ 1.46 89.86+ 099
B, 26 x 1077437 %107 590+£061 8844039 882+071 S597+0.83 7148+166 8441 +242 §399+£2.14
B, 526 % 1075+ 3.7 x 1074 260£073 4653034 420064 455089 7321 £452 87571264 86.69L£1.79

Mean =+ standard error, Data in hold express significant statistical difference (p level <0.05) between control (C) and other experimental groups

for capacitation time 30, 60, 120, and 180 min

dc,
dt

The solution of the system of linear differential equa-
tions for C, has the following form (Eq. 2a):

K
1 (()]*Kﬂ _e*f(]f) (23)
1

If C, and C,, values are related to 100 sperm, then they

no
arc expressed as percentages. On setting the first derivative

equal to zero, it then holds in the extreme that (Eq. 2b)
de, 1 K

=0 fogsbey = ——— In —
dt BT K — Ky K»

=K| Cn 7K2Ca (lb)

(2b)

Tn the inflex point, on setting the second derivative equal
to zero, it holds that (Eq. 2¢)

3 = 0 < finf, tinf = 2lex (ZC)

Curves were constructed through the experimental points
given in Table 1 for groups C, A}, A,, and A5 and constants
K|, K,, and C,, were optimized to attain the best agreement
of the experiment with the theory. The results obtained are
listed in Table 2 (except for group A;) and shown in Fig. 1.
The agreement of the experimental points (group C, with-

out intoxication by selected fluoride concentrations) with

Table 2 The computed values of rate constants K, K,, and C,, val-
ues (for the composition of the inhibitors, scc Table 1)

Group K, (min~" K, (min™" C,, (%)
C 1.40 x 1072 1.36 x 1072 40
A, 113 x 1072 1.29 » 1072 38
A, 1.05 x 1072 1.10 x 1072 27
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pTyr (%)

oL L 1 Il 1 I 1 L 1 L

0 30 60 90 120 150 180 210 240 27¢ 300
time (min)

Fig.1 The dependence ol percentage ol sperm pTyr on capaci-
tation time for groups C {curve 1), A| (cwrve 2), and A, {curve
3). Inhibitors: fluoride ions, Curves: 7 cg = 0 mol 1", 2
e =326 x 107 mol 17!, 3 ¢, = 52.6 x 1077 mol 17

the theoretical C,(f) curve is very close, as shown by Fig. 1,
curve 1. This demonstrates that the above model of capaci-
lation in the absence of fuorides corresponds (o reality.
The good agreement of experimental points with the C(7)
curves is observed also for the intoxicated groups A, and
A, (Fig. 1, curves 2 and 3, respectively). It can further be
seen (Table 2) that constants K, and K, are very weakly
affected by the presence of fluorides. On the other hand, the
C,. value is affected substantially. It was found that the ini-
tial C,, values decreased through the inhibitors effect and
the C,, value in the absence of fluorides denoted the maxi-
mum percentage of sperm capable of activating signaling
pathways leading to pTyr.

However, the results obtained for group A; (the highest
tested fluoride concentration) differ and do not follow the



Eur Biophys J (2016) 45:71-79

trend described lor groups C, A}, and A;. The C, value lor
group Aj; is almost the same as the valuc obtained for group
A,, while the theoretical value (calculated from Eq. 3c) is
6.88. The results obtained for group A; may be explained
by a well-known biological mechanism, so-called ‘para-
dox effect’ or ‘dose-dependent etfect’ of certain substances
including fluorides (Burgstahler 2002), where lower con-
centrations trigger a higher response of the organism com-

pared to exposition to high or extreme concentrations.
Inactivation
Inactivation of C,, centers in sperm is manifested by
intense decrease of C,, values with increasing concentra-
tion of flucrides (see Table 2). Various models of inactiva-
tion were investigated and finally the Langmuir isotherm
was found to describe the dependence of C, on |[F~] very
well (see Eq. 3a).

v
T

Zs (3a)
where C,([F ) =Z, C,,([F ]1=10) =Z and w can stand for
an inactivation coefficient. This hyperbolic function has the
advantageous property that the reciprocal value of 1/Z, ver-
sus [F7] yields a straight line with intercept 1/Z and slope w/Z
{see Eq. 3b) and satisfaction of this can be readily controlled.

1 1 w

7=tz (3b)

The results of plotting 1/C,, versus concentration [F~]|
exhibil a linear shape. The origin fluoride concentration
1 ppm (Dvofdkova-Hortovd et al. 2008) corresponds (o the
concentration ¢z = [F~] = 5.26 x 1077 mol 1=, The results
can be fitted to the straight line P, (Eq. 3c) with the inter-
cept 1/40 where the slope 22.88 equals w/40. Therefore, for
fluorides it holds w, = 915 1 mol™!, Relationship (Eq. 3a) is
confirmed, and thus the proposed inactivation mechanism
by fluorides is confirmed. For the highest fluoride concen-
tration (ep = 526 x 107> mol 1Y), C,, should equal 6.88.
This value is in very good agreement with C,, = 7 obtained
for the same analytical concentration of fluorides (cp) in
group B (see Table 3).

1 1

— 1 2088[F 3
R ] (30)
Table 3 The optimized values of constants K, K,, and C, values
(for the composition of the inhibitors, sce Table 1)
Group K, (min~") K, (min™") C,, (%)
B, 0.81 x 1072 14 x 1072 38
B, 1.1 x 1072 1.3 % 1072 27
B, 2.0 x 1072 0.4 x 1072 7

The common effect of fluoride and aluminium ions

The use of Eq. 2a for the data in groups By, B,, B; and
optimization of constants K, K, and C,, yield the follow-
ing results given in Table 3 and depicted in Fig. 2. Similar
trends (as for groups A but without any exception) were
obtained for the groups B, B,, and B, intoxicated by
fluoroaluminates and it was found again that the initial C,,
values decreased through the inhibitors effect.

In the above cases, the accurate equilibrium concentra-
tion of free fluoride ions, determined by their analytical
concentration, [F~| = ¢, was known. This does not hold
in the presence of aluminium ions because the distribu-
tion between free fluoride and aluminium ions and their
complexes is not known. The literature (Harvey 2000)
describes  AlF, complexes with overall stability con-
stants B; = [AIF,I/[Al] x LF ] for i = 1 to 6 with values
B, = 10%1, B, = 1011, B, = 100, B, = 10170, B, = 1084,
Be = 10"*%, and B, = 1. The composition is computed as
follows: AIF; are expressed by means of overall stability
constants P; and substituted into the expression for analyti-
cal concentrations cp (Eq. 4a) and ¢, (Eq. 4b)

6
cr = [F7] + Y ilAIF] (4a)
i=1

6
car =Y AIF;] (4b)
i=0

and from Eq. 4b, [AI**] is expressed by Eq. 4c, where
f’o =1

-
Ll

= o
o = N W
TTrTTrrTrrrr

pTyr (%)

D = N W R O3~ W
T

1 1 1 1 L L 1 L 1
0 30 60 80 120 150 180 210 240 270 300

time (min)

Fig. 2 The dependence of percentage of sperm pTyr on the capacita-
lion time [or groups B, B,, and B,. Inhibitors: {luoride and alumin-
ium 1ons (their analytical concenirations are given in Table 1)
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Table 4 The computed compositions of solutions supplied to experi-
mental groups B, B,, and B; the concentrations are given in mol l";
n=cylcp

Tnput parameters B, B, B;

Co 38 27 7

ep 526 107 526 107 526 x 1075

Cap 3.7 x 107* 37 x 107 3.7 x 107*

7 7 0.7 0.07

Equilibrivm concentrations of inhibitors
[AI*] 3.18 x 1074 1.74 x 1079 1.15 x 1071
[E7] 1.25 % 1077 8.43 x 107¢ 387 x 1073
[ALEET) 513 x 1073 1.89 x 107* 571 = 107°
[AIF,*] 6.57 x 1077 1.63 < 107% 226 x 1073
[AIF;] 624 x10"  1.04x10°% 662x10°
[AIE,7] T8I x 107 878 % 107 2.56 x 107*
[AIF;*7] 246 x 1070 1.86 x 10712 249 x 107F
[AIF:*7] 772 %1077 394 x 1077 241 x 1077

3+ cai
ST )

and substituted into Eq. 4a for ¢y, where only one unknown
[F7] remains. After rearrangement and introduction of
symbols carfcy =n, Mj = f; x cfr and relative concentra-
tion§ = [F~]/cpa seventh-grade equation is obtained for
8,1.e., Eq. 4d, where My =1 and M, =0

Z;l 5 M +Miixn—1)]-1=0 (4d)

For the given values of M, a n, the root of 8 is found by
the applying of bisection method with a precision of five
decimal places in the pre-exponential factor. This yields the
concentrations of free fluoride ions [F7] = § x c¢p, [APT]
(Eq. 4c) and [AlF] = ﬁi-[AlH] x [F7]. The results for
groups B, B, and B, are listed in Table 4.

Mixed inactivation

During simultaneous action of two or more inhibitors /,, f;,
1, etc., the Langmuir isotherm can be written as Eq. 5a:
7 — Z

T + Z::O wil; (5a)
where C([/|], [1;]..) = Z,, C, ,{[/] = 0) = Z and w; is an
inactivation coefficient. Because the C,, values measured
for fluorides alone are 1dentical to those for fluorides in the
presence of aluminium ions (see Tables 2, 3), it can be writ-
ten that (Eq. 5b):

z Z
Ltwocr 14+ wo[F] + 30, wilAlF;] (5b)
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After conversion Lo the reciprocal values, Eq. 5c can be
written:

woer = wo [F™] +wy {AIF”} +ws[AIFF] 4
. (50)
+ wyg {AH’G_}

Therefore, three values are available for ¢ so that
Eq. 5c represents a set of three equations for six unknowns,
w, to wg. This cannot be solved. Approximate values of
some coefficients w can be obtained by the following pro-
cedure. It follows from column B, of Table 4 that the main
components of the solution are [F~| = 3.87 x 10~ mol 1~
and |AIF,”] = 2.56 x 107 mol 1" ions. If focused
on these two components, then w, can be compuled
for [AIF,”] from Eq. 5c, as wy is known. The calcula-
tion yields w, = 4992 1 mol~'. Hence, [AIF, "] is found
to be a five-times more effective inhibitor than [F7]. It is
found analogously from column B, that the only substan-
tial component is [AIF?*] (5.13 > 107> mol 1™Y) and we
obtain w;, = 938 1 mol~! from Eq. 5c. Finally, it can be
seen from column B, that the predominant compounds of
the solution are [AIF*™] (1.89 x 10~* mol 17!) and [AIF,]
(1.63 x 107 mol 17" and thus w, = 1869 1 mol™' is
obtained from Eq. 5c using coefficient w. The values of
inactivation coefficients (w) calculated for the individual
inhibitors show that the inhibitor efficiency increases with
increasing fluoride content in the complex with aluminium
ions.

Capacitation monitored by the follow-up AR

The published data (Dvoidkova-Hortovd et al. 2008) of per-
centage of sperm that underwent induced AR (summarized
in Table 1) indicate monotonous growth with increasing
capacitation time, as can be seen in Fig. 3. Two very close
exponential functions were selected and it can be seen that
all the experimental data are contained in this narrow chan-
nel, so that hopetully the time dependence of AR (%) vs.
t could be expressed for each group A, ; and B, ; by an
exponential curve with its own K, value. As capacitation is
a kinetically first-order reaction (see above) in which the
loss of the principal substance W corresponds to the monot-
onously increasing function, generally expressed by (Eq. 6)

W-Wn = W(l — e’”) (6)
and thus represents the actual value of all the capacitated
sperm al lime £, it is easy 1o correlate the time course of the

AR with the number of capacitated sperm, ¢.g., Eq. 7a

% AR = (1007N)(17e—’<‘) (72)
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Fig. 3 The dependence of percentage of sperm that completed
induced AR on monitored time; Point labeling according to groups
C (filled rriangles), A, (filled squares), A, (unfilled circles), B,
(unfilled triangles), B, (unfilled squares), and B, (filled circles). The
curves are plotted according to Eq. (7a), curve (1) for paramcters
N=5K =13x10 2 min ! and curve (2) for patameters N = 9,
K, =12x10 *min '

where N is percentage of sperm that is completely incapa-
ble of capacitation.

Because rate constants K, for conversion of C, to C, cent-
ers during capacitation {Eq. 1a; Tables 2, 3) were found for
various groups of inhibitors from the data on protein tyros-
ine phosphorylation, these constants should also describe
the course of the AR in the presence of the inhibitors used.
For this purpose, the data obtained after a 60-min calcium
ionophore inductor action, when the AR was evaluated,
were used (Dvorakova-Hortova et al, 2008). Therefore, it
was first investigated, whether the experimental data fulfil
Eq. 7a, in the best way after conversion to a linear shape
in the coordinates of —Y = In (1-AR/(100-N)), X =K, x t
in which a straight line should be obtained, passing through
the origin with slope 1. The basic value K|, required for the
formation of products K;-¢ is obtained by comparison of the
exponential functions for t = 240 and 120 min, Eqs. 7b, 7c.

AR 240

Fig. 4 Linearization ol the kinetic equation for the (irst-order reac-
tion in coordinates Y, X for experimental data, the points are denoted
as in Fig. 3. Y-axis was labeled as negative (-Y) in order to present
the numbers in standard positive values. The application of higher
numerical values X-100 was used in order (o present betler visualiza-
tion of the individual points on the X-axis

Division of both Egs. 7b,c yields Eq. 7d

ARa) B 1 — e(—120K‘)2

_ ] 4 e 120K 7d
ARam) [ 120K, + ¢ (7d)
and thus Eq. 7e

AR
—In (ﬂ - 1) — 120K,
AR 120 7e)
(=
AR t
X=Kr=—In{ 229 1}«
AR120) 120

Then it was possible to optimize K so that point AR,
vields the best possible fit for the experimental value. The
result can be seen in Table 5 and Fig. 4 and it is confirmed
that Eq. 7a is satisfied in all groups A| s and B, 5.

Optimized rate constants K, for groups A,_; and B,_; were
compared with the corresponding values found during protein
tyrosine phosphorylation, and the results are given in Table 6.

S P el (7b) e L ) arte i far
100 — N As shown in Table 6, the rate constants obtained for pTyr
and AR (for the individual inhibitors) are virtually the same
AR(13 (again with an exception of group A;) and the capacitation
a2 _ 4 _ o~ 120K (7¢) 3

100 — N

rIA‘able_S The cgordj}iales for c A, A, B, B, B,

lincarization of the first-order i

reaction -Y X100 =Y X100 =Y X100 =Y X100 =Y X100 =Y X100
1.44 154 1.59 144 142 144 1.31 132 1.46 156 192 216
236 234 2,16 216 2,14 216 1.86 198 227 234 334 324
3.19 312 285 288 277 288 277 264 290 312 4.21 432
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Table 6 Comparison ol
the optimized values of rate

constant K| for pTyr and AR,
where N is percentage of

the number of capacitation
incapable sperm

A, A, A, B, B, B,
K, »x 10% (min™") for pTyr 14 1.1 1.1 10 0.8 1.1 2.0
K, % 10% (min~?) for AR 13 12 12 25 1.1 1.3 1.9
N (%) 6 ~10 8 6 9 ~13

% Obtained by optimization according to Eq. 7a

is the rate determining step for all the following processes. It
can be further seen that the inhibitors increase the percentage
of sperm incapable of capacitation N (they do not undergo the
AR) and affect the rate of capacitation only slightly.

It must be emphasized that both the types of constants K,
were cach computed from a different curve (curves with an
extreme, curves with a monotonous increase) and a different
equation and from various experiments. Their good agreement
demonstrates the correctness of the kinetic formulation for the
shape of the capacitation. The agreement of values for both
types of K, (see Table 6) verifies that the course of capacitation
itself is the same in both cases. The slight differences between
K, values reflect only the way, how capacitation was terminated.

Conclusions

Even though the topic is very complicated and experimentally
demanding, the experimental data (obtained by Dvotakové-
Hortova et al. 2008) arc extremely well consistent with the
proposed theory. The experimental points are in very good
agreement with the shape of the theoretical C (1) curves and
this fact verifies the mechanism of the mouse sperm capaci-
tation kinetics. The time dependences of pTyr satisfy the
equation, which is valid for intermediate in two consecutive
first-order reactions. The suggested kinetic equations discover
the existence of C, centers in sperm, and their unstable active
C, forms, which can be only phosphorylated and gradually
decompose to C, centers. The time corresponding to the maxi-
mal production of the unstable intermediate is probably most
suitable for sperm obtaining the ability to fertilize the egg.

A transfer to the fulfilled linear dependence verifies the
basic inactivation equation according to Langmuir iso-
therm. The inhibition coefficients indicate that the inhibitor
eflficiency increases with increasing [luoride content in the
complex with aluminium ions. This supports the theory of
the increased biological ellect ol fluorides in the presence
of aluminium ions, where fluorometallic complexes behave
analogously to phosphate groups (Chabre 1990) and these
complexes imitate G-proteins (Sternweis and Gilman 1982)
and inhibit their signaling activity.

Rate constants K, and K, do not exhibit significant dif-
ferences among the groups, which demonstrate that the
rate of capacitation is only slightly affected by the previous

inhibition, which only decreases the initial C,_, values.

no
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Environmental estrogens (natural and synthetic) belong to a group of contami-
nants called endocrine disrupting chemicals [1]. These compounds have adverse
effect on the endocrine system of human and animals. They can bind to natural
estrogen receptors or block synthesis of endogenous hormones [2-4]. Estrogens
are not accumulated in the environment and present at very low concentrations
(ng/L), their impact on aqueous organisms and other wildlife and finally on
humans could be significant [5]. 173-Estradiol is a natural endocrine disruptor
primarily of female origin. The synthetic 17a-ethynylestradiol is used as a main
part of birth control pills. It was shown that estradiol and several estrogenic
xenobiotics act towards an increase of germ cell apoptosis and a decrease of
sperm count [6].

Capacitation is the key event in the study of sperm behavior prior to
fertilization. Only capacitated sperm are sufficiently active and able to fertilize. In
vitro experiments, simulating precisely an in vivo environment, are crucial for clo-
serunderstanding of the process, when sperm gain the ability to fertilize an ovum.
It is difficult to study these events in vitro. In order to monitor the effects of
exogenous estrogen hormones such as 173-estradiol and 17a-ethynylestradiol
on sperm during in vitro capacitation, itis important to develop analytical method
for determination of 17-estradiol or the 17 a-ethynylestradiol in M2 laboratory
mouse invitro fertilizing medium.



Proceedings ofthe 9th ISC Modern Analytical Chemistry = Prague 2013 27

Our previous study [7] was focused on determination of free estriol in M2
medium during capacitation of mouse sperm in vitro by HPLC with UV detection.
Due to the progressive UV absorption of BSA present in the fertilizing medium [8],
the detection of estriol was carried out at 200 nm. Even though this method
provided relatively high values of limit of detection and limit of quantification, it
enabled only the starting concentration of 200 pg/L to be tested.

Based on the results reported for the separation of estriol by HPLC with UV
detection [7], the reversed-phase separation system using SunFire C18 column as
the stationary phase was selected for study of both the tested analytes. This
column provided a high separation efficiency and symmetrical peak. For
determination of 17-estradiol and 17a-ethynylestradiol in M2 fertilizing
medium, the UV detection was applied as the first one. Mixtures of acetonitrile and
water in different volume ratios were tested as mobile phases. The optimization
procedure was carried out with respect to obtain a sufficient sensitivity. However,
neither 17-estradiol nor 17a-ethynylestradiol was detected in any of tested
mobile phases. The M2 medium is a complex mixture containing inorganic and
organic components from which especially BSA (4.0 g/L) can cause difficulties
during the separation process. At 200 nm, the signal of M2 medium was two
orders of magnitude higher than the signal of analyte. Therefore, it was impossible
to use the UV detection for this purpose and a tandem mass spectrometric
detection, which can eliminate the matrix impact much better, was chosen.
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ABSTRACT

17B-estradiol (estradiol) is a natural estrogen regulating reproduction including sperm and egg
development, sperm maturation called capacitation and sperm-egg communication. However,
its high doses can act towards an increase of germ cell apoptosis and decrease of sperm count.
Mature spermatozoa are responsive to steroid hormones vig passive diffusion or through
membrane and cytoplasmic receptors enabling them to exert fast non-genomic response and
activate crucial signalling pathways. In order to monitor time and concentration dependent
binding dynamics of extracellular estradiol during mouse sperm capacitation, a high
performance liquid chromatography with tandem mass spectrometry was used to measure
sperm response. The course of sperm behaviour was subjected to kinetic analysis, which
showed that estradiol is transiently adsorbed on the plasma membrane surface and further
displays a signalling autocatalytic pattern. This autocatalytic reaction could explain the
crosstalk between both receptor and non-receptor pathways suggesting a novel mechanism

utilized by sperm prior to fertilization.

Keywords: 17(3-estradiol, sperm, capacitation iz vitro, HPLC MS/MS, kinetics, autocatalysis
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INTRODUCTION

The estrogen cell signalling is a crucial event, and the mechanism is still covered by a
veil of mystery. An interaction between the most influential of estrogens called 173-estradicl
(estradiol) and its estrogen receptors (ERs) has been described not only through nuclear
receptors (nER) but also membrane (mER) and cytoplasmic {cER) ones. (1). These receptors
might be either of the same composition, just translocated form the nucleus to the membrane
(2, 3), or they may represent a novel kind of ERs {4, 5, 6). Beside the estrogen-based
receptors, the ability of non-ER membrane-associated proteins to bind and transfer estradiol
across the plasma membrane (PM) has been described (7). On the top of transportation
receptors, the estradiol is also able to penetrate and pass through the PM without any other
help (8, 9). Things get even more complicated by introducing two routes of estradiol action,
the slow genomic and rapid non-genomic one. The generally excepted model is built on the
binding of the intracytoplasmic estradiol to the well-deseribed and understood nER, targeting
DNA sequences known as estrogen response elements (EREs) (10) or DNA-binding
transcription factors (11, 12, 13) both leading to transcriptional activation of the associated
genes (14, 15). This route of action falls into the genomic category and requires cell
transcriptional activity and time, which none of these mature spermatozoa possess. In this
case, the second non-genomic pathway remains to be the only option for sperm to take, in
order to regulate the signalling pathways that are crucial for the maturation processes so
called capacitation {16), and which happen in the mammalian female reproductive track. In
general, capacitation involves membrane rearrangement, cholesterol eftlux, activation of
specific signal transduction pathways leading to protein tyrosine phosphorylation and
cytoskeleton rearrangements (17, 18, 19). It has been demonstrated that estrogens
significantly modulate this process and can also increase its speed (20, 21, 22, 23, 24). For
obvious reasens it is difficult to study capacitation events in vivo, therefore, understanding the
precise in vitre conditions, including dynamics, speed and amount of exogenous estrogens
that are bound to sperm receptor during capacitation, is needed. Moreover, the mathematical
interpretations and general quantified process dynamics would bring another perspective to
help explain this biological event. Kinetic analysis data would also serve as a tool for
predicting the general hormone-receptor mechanism and provide a new insight into the
selected biological reaction. At the moment, the scientific community knowledge stretches as
far as to a description of the individual signalling scenarios in both somatic and male germinal

cells, but “what 1s the mechanism of the action’ remains to be answered.
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This work aimed: firstly, to develop a sensitive analytical high performance liquid
chromatography with tandem mass spectrometry (HPLC-MS/MS) method for the
determination of total unbounded estradiol concentration in the sperm capacitation in vitro;
secondly, to deliver, whether the concentration of estradiol versus the time of ongoing
capacitation fits to an equation or a system of equations of chemical kinetics. Applying a
kinetic analysis to our data obtained by HPLC-MS/MS, measuring the estradiol dynamics
during mouse sperm capacitation, leads us to propose a unique autocatalytic estradiol

signalling, which could unify all the estradiol actions into one complex event.

RESULTS
HPLC measurement
Based on our previous results reported for the analysis of the selected estrogens in

environmental water samples (25) and for the separation of estriol in M2 fertilizing medium
(26), HPLC-MS/MS with a SunFire C18 column as the stationary phase was selected for the
monitoring of estradiol concentration during mouse sperm capacitation. The optimization
procedure was carried out to obtain a high sensitivity. [socratic elution at a flow rate of
0.8mL/min with the binary solvent system consisted of 0.1% HCOOH in H,O and 0.1%
HCOOH in 100% ACN, 50/50 (v/v) was selected. The total analysis run time was 8.0 min.
The column temperature was held at 21+ 0.5°C. The sample injection was 20pL.

All the instrumental MS-MS parameters were optimized according to previous work
(25). The optimimized ESI (+) conditions in MRM mode for estradiol were the following: the
capillary voltage 5500V, the nebulizer pressure 60 psi. the gas temperature 350°C, and the
nitrogen flow rate 10L/min. The m/z 255.5 > 158.9 transition (fragmentor voltage: 120V,
collision energy: 14V) was monitored for estradiol, and the m/z 258.5 > 1358.9 transition
(fragmentor voltage: 120V, collision energy: 14 V) for deuterated estradiol (estradiol-ds).

Under optimized separation and detection conditions, the calibration curve for
estradiol was measured in the concentration range of 0.5 - 250ug/L and the analyte was tested
within a linearity range from LOQ to 250pg/L.. Each measurement of the peak area (peak
height) being carried out in 3 replicates and the results of the linear regression for peak arca
versus concentration dependence are listed in Table 1. A satisfactory fit between the
experimental points and linear calibration curve was observed. The peak height—concentration
dependence was treated by linear regression to determine the limit of detection (LOD) and
limit of quantitation (LOQ), as triple and ten-times noise level, respectively. The values

obtained for LOD and LOQ are presented in Table 1 as well.
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Capacitation in vitre

In order to monitor the effects of estradiol on sperm capacitation in vitro, it was essential
to find out how much of estradiol, added into M2 in vifro capacitating/fertilizing medium, is
available for sperm. One of the main parts of this medium is bovine serum albumin (BSA)
and estrogens can bind to it, especially during /r vitro incubation, due to the BSA-estrogens
affinity which has been described (27, 28) Therefore, it was important to determine how much
of estradiol is bound to BSA, therefore, how much there is actually left for the sperm to
utilise. This was determined for all three tested estradiol concentrations (200, 20 and 2pg/L)

after 1h in vitre sperm incubation in M2 medium (at 37°C, 5% CO3). These calculated values

were taken as the entering concentrations at capacitation time (0 and the dependencies of total
unbounded estradiol concentration during capacitation were measured. The process of
capacitation was monitored in time range 0 - 180min with a 30min interval between the
samples collecting. Extended time over 180min has no physiological relevance, as the
capacitation of mouse sperm in vivo is achieved within 90min (180min at the latest). Each
experiment was carried out for samples with added mouse sperm and for reference samples
(blanks) without sperm. HPLC-MS/MS measurements of each sample were done in 5
replicates with very good repeatability (the RSD values up to 2.1%). The mean concentration
values (C, pg/l) of total unbounded estradicl, calculated from five individual samples
obtained at each capacitation time, are shown in Figure 1. Solid circles depict the experiments
with BALB/c mouse sperm, solid squares with C57BL/6Nvel mouse sperm and open triangles
represent the blanks.

As it can be seen from Figure 1A — C, all the tested estradiol concentrations in blank
samples remain practically constant (open triangles) during capacitation. For samples with the
addition of sperm (solid circles and squares), similar trends were obtained for all the tested
concentrations (2, 20 and 200png/L) and both spermatozoa of BALB/c or C57BL/6Nvel mouse
laboratory strains. In general, the concentration of total unbounded estradiol decreases to
reach its minimum and then increases again. However, the position of the minimum differs
for the individual tested estradiol concentrations. For the starting concentration 200ug/L
(Figure 1A) the straightforward decrease occurs in the beginning of capacitation time within 0
- 30min. The drop of 20ug/L starting concentration can be observed later within 60 — 90min
(Figure 1B) and the dependence obtained for starting concentration 2pg/L exhibits its
minimum between 150 - 180min (Figure 1C), Only slightly different extents of decline were
observed between two different strain origins of spermatozoa within the individual tested

5
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estradiol concentration ({solid circles for BALB/c sperm versus solid squares for

C57BL/6Nvel sperm).

Kinetic analysis

In the light of the fact that kinetic analysis has already been successfully used for
analysis of data describing the reduced capacitation ability of sperm (29), it has also been
employed to analyse the reaction of sperm with estradiol. For better comparison of the
measured estradiol time-dependent concentrations C; obtained during capacitation, the relative
values B, = C/C— were introduced and their values for BALB/c and C57BL/6Nvel mouse
strains are given in Table 2.

The curves fitted through the experimentally determined B; points display an
autocatalytic character. In the search for various kinetic models it was found that, for the
agreement between the curves obtained by fitting through the experimental points and the
theoretical calculated curves, it is necessary to assume that the first step is adsorption of
estradiol onto the surface of the sperm controlled by Langmuir isotherm. Other models
(without adsorption) lead to completely different results.

The following medel in which the symbols of the species also correspond to their
molar concentrations was used for the autocatalytic process. The Langmuir adsorption of
estradiol onto the surface of sperm PM first occurs with a starting estradiol concentration

(E2y), and the surface of PM at these sites (number #,) becomes more accessible. It holds for

zw(E2q)

n, that: n, = TrwiEZe)

where z is the maximum number of adserption sites ((mER) or

membrane non-estrogen receptors or other non-receptor sites) and w is the adsorption
coefficient. Well below the saturation point (1 > w (£2y)) it holds that n, = z w {£25). At sites
n, the externally present estradiol (concentration of extracellular estradiol at the time > 0,
(E2)) reacts with the sperm membrane receptors leading to increased permeability of PM,
through which estradiol molecules are transported within the cytoplasm to (c£R) and forming
the adduct ((£2)/(cER)). This is connected with a further increase in the PM permeability. The
primary penetration of PM corresponds to the following kinetic product, where k; is the rate

constant corresponding to the formation of transport pathways {narrow channels}):

ki ng (E2) (cER) (la)
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The gradual growth of adducts ((£2)/AcER)) in the cytoplasm leads to ever increasing

permeability of PM. Activity T increases and is proportional to the censumed estradiol T = &

((£29) — (E2)) so that, at the end of the reaction, I'. = k {£2y), the degree of activity § can be
I (E20)—(E2)

definedas: § = — =
Foo (EZO)

The formation of the adduct ((E2)/{cER))} is thus enriched by the autocatalytic reaction, with

the corresponding kinetic product:

ky (E2) (cER) S (1b)

where k> is the rate constant corresponding to the elevated degree of permeability of PM
through the formation of adduct ((E2)A{cER)) in the cytoplasm. The formed adduct
((E2){cER)) is not stable and decomposes with the formation of internal estradiol (i.e. inside

the cytoplasm, (£2;)) and this kinetic equation corresponds to the kinetic product:

ks ((E2)/(cER)) (Ie)

where &3 is the rate constant corresponding to the decomposition ((£2)/cER)) of the adduct.

Thus, using (1a-¢), we can write for the overall rates of the individual steps:

—d(E2) _

—— = kyzw (E2) (E2) (cER) + kS (E2) (cER) (2a)
D = kyzw (E2,) (F2) (cER) + kS (E2) (cER) (20)
w = kyzw (E20)(E2) (cER) + kS (E2) (cER) — k3 ((E2)/(cER)) (2¢)
22 = ks ((E2)/(cER)) (2d)

with the initial conditions:

(E2)e=0y = (E20), (ED/AcER) =0y = 0, (E2i)r=vy = 0, (cER)(s=0) = (cERy) (2¢)

It follows from equations (2a, b) that:
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d(E2) _ d(cER)

. v and after integration: (E2) — (E2y) = (cER) — (cERy) (3a)
adding equations (2a, ¢, d) yields: diz) + d((Ez)éi(CER)) + d(jtzi) = 0 and, after integration:

(£2) — (E2p) + ((E2)/(cER)) + (E2;) = 0 (3b)

In the next step we express from (3a): (cER) = (E2) — (E2,) + (cERy}, substituting into (2a,

¢} where simultaneously we write S as % and rearrange:
v}
=) = (ED)((E2) - (E20) + (CERp))(krz w (E2o) + k, (1 — 22 )y (4a)
dat (E2q)

EDNEERD — (152)((52) — (B20) + (cBR) (ky7w (B2} + by {1 = 22 -

dt (E20)
k3 ((E2)/(cER)) (4b)
=2 = ey ((E2)/(cER)) (4c)

Internal (£2;) is formed after decomposition ((£2)/{cER)) and then it follows from (3b) that:
(£2;) = (E2p) — (E2) — ((E2)/(cER)) (4d)

In the above-described measuring method, after completion of the reaction by intense
centrifugation, the centrifugate contains both internal (E2;) and extracellular (E2) estradiol
and the sperm together with the adduct ((£2)/(cE£R}) remain in the sediment. The measured
concentration (C) is proportional to the total unbounded estradiol content:

k((E2) + (EZ)) and (4d) yields its theoretical value:
€ = k((E2p) — ((E2)/(cER)), Co =k (E2) (5a)

In order to simplify the set of equations (4¢) as much as possible, minimise the number of

variables and eliminate unknown values of constants z, w and (cERy), the relative
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(E2) o = ((E2}/(cER))

\ , the molar ratio n =
(E2p) (E2p)

concentrations will now be introduced: £ =

((CZ—ZR?)), dimensionless time T =1t (cERy) kizw (E241) =t (cERy) Ky, (so that Ky =
0

kizw (E247)) and also constants K, = E—z, K; = (CE::Z)KO and fraction D = (fzzﬂol)),

where it

is best to take the highest added estradiol concentration for (E2y,) and (E 2;,) is the currently

o . . E2,
selected initial estradiol concentration, so that ((EZ—U)) can assume values of 1, 0.1 or 0.01. Thus
o1

the I values are fixed by dilution.
The B(#) value for the sperm of the BALB/c and C537BL/6Nvel strains of mice can then be

expressed as:

B(t) =1 LE2/ED) s B =1—«a (5b)
(E2y)

The set of differential equations (4a - c¢) then changes to the form:

;—f" =ene—1+1) D+ K(1—¢) (62)
%: e(n(e—1)+1)(D+ K,(1—2)) — Kz (6b)

with initial conditions €=y =1 and @g-g) = 0.
The reaction is theoretically terminated for n» < 1, when £ =10, o = 0 and thus By, = 1. Forn >
1 the reaction is terminated for (cER) = 0, or n(e — 1) + 1 = Q, so that e=y= 1 — %, (n=

% = o) and B, = 1. According to (5b), it also holds for a = 0 that B, = 1. Thus all the

curves end at limiting value 1. The set of equations (6a, b) are solved by the fourth-order
Runge-Kutta method with step of & = 10™. The actual time ¢ is one hundred times greater than
the calculated time t and the results of the calculations are given in Table 3. Values D were
determined by diluting the highest employed estradiol concentrations (200ug/L),
corresponding to a value of D) = 1. The molar ratio # was estimated from the shape of curve
B(#) for dilution of D = 1. The other dilutions are given by a tenth and hundredth of the
original value. Constants K, and K5 were obtained by optimisation.

The shapes of the theoretical B(¢) curves are shown in Figure 2. Tt is apparent that the

experimental points fit the theoretical B(#) curves well for both tested types of mice. For the
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tested samples with the addition of sperm, the formation of the adduct ((E2)/{cER)) takes
place autocatalytically and the curves corresponding to the same dilution (same tested
concentrations) of estradiol are of the same type, especially in relation to the fyy, values.
Minima appear on the B(t) curves at times #y;, through the formation and decomposition of
({(EDAcER)). Their position in relation to the time at ten-fold and one-hundred-fold dilution
of the highest employed concentrations of estradiol (200ug/L), i.e. one tenth or one hundredth
of the added amount of estradiol, indicate that the reaction of estradiol with the sperm
receptors does not have an integral order because the position of £, would not change for
first-order but would change ten-fold for a second-order reaction.

Interestingly, there is a slight shift between the theoretical curves reflecting differences
in estradiol binding dynamics between two mouse inbreed strains BALB/c and C57BL/6Nvel
supporting the well-known fact of strain/sub-strain specific phenotypic responses for mice of
different genetical background. However, and importantly, the theoretical curves B(¢) fit the
experimental points for both tested types of mice, with the same outcome, which support the
evidence of finding theoretical mechanism, which fits to species-specific modifications. The
shift in experimental data could be due to the knowledge that C57BL/6Nvel mice have lower
fertility efficiency (30} and sperm motility parameters, such as reaching the hyperactivated

stage after the sperm capacitation (31).

DISCUSSION

It has been reported that in vivo, sperm capacitation happens within 30 — 90min after
presenting sperm to female reproductive tract surroundings (18), but beside other factors it
also depends on the estrogen concentration. Estradiol concentration in follicular fluid is higher
than in the reproductive female tract and comparable with cur experimental concentrations
(32). Specifically, in females, estradiol concentration in the ovarian fluid is at least two-fold
higher compared with that of plasma (33), and it fluctuates during the oestrus, e.g. it is
between 145 and 2100pg/ml for mouse and rat (34). Therefore, sperm are expected to be
exposed to high concentrations during certain stages of their capacitation in the female
reproductive tract (32, 35). Based on these facts, the sperm exposure to estradiol in vivo is a
common phenomenon and understanding the estradiol action is of great importance.

The schematic and simplified interpretation of the kinetic analysis results applied on
data obtained from estradiol action in sperm during capacitation is summarized for better
visualization in Figure 3. Capacitating sperm undergo several changes including the plasma

membrane reorganization, which changes its fluidity and gets more receiving for the
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extracellular estradiol E2, which is passing by diffusion k; after its transient initial adsorption
onto specific PM adsorbents. These could be represented by mERs and/or non-classical ER.
As a complete novelty, we would like to deliver a hypothesis considering the formation of an
adduct cER/E2 in the cytoplasm, which, when formed, serves as an autocatalytic agent,
signalling towards an increase of PM fluidity S-%». This signalling event is accompanied by
the complex cER/E2 disintegration 43 and a release of estradiol E2; remaining in the
cytoplasm. The cERs remain internalised within the cytoplasm, however, they lose their
receptivity and remain dormant.

One of the criteria of the reliability of kinetic equations is the independence of the rate
constants on the concentration conditions. The determined values of the optimised constants
K; and K; fulfil these conditions well over two orders of magnitude. The correctness of the
used model is further confirmed by the positions and the shapes of the minima on the B(/)
curves, which are in agreement with the experimental values. The areas around the minima
are very sensitive to the rate constant values. Hewitt et al. 2005 (7) described two ways of
estradiol passing through the plasma membrane, one of which is slow and the other is rapid.
In our model, the slow process with the rate constant &, occurs simultaneously with the rapid
(autocatalytic) process with the rate constant k» multiplied by S The concentration gradient of
estradiol is the driving force for its transport.

In conclusion, we delivered the evidence that the level of estradiol available for mouse
spermatozoa during capacitation ir vitre, despite their strain origin, can be quantified by
HPLC-MS/MS and the newly developed method represents an important generally applicable
tool for studying the amount of biological substances, in our case estradiol. There is a big
potential in this new analytical-biological approach for understanding the physiological
mechanism of steroid hormones including estradiol, not only in reproductive biology, but also
in somatic cell signalling events, both physiological and pathological, targeting mainly cancer

cell biology rescarch.

MATERIALS AND METHODS
Chemicals, reagents and animals

Acetenitrile (ACN) for HPLC grade purity, M2 laboratory mouse in vitro fertilizing
medium with HEPES and deuterated p-estradicl-16,16,17-d; (estradiol-ds) (purity 98%) were
purchased from Sigma-Aldrich {Chromasolv, Germany). Ethanol (96%) was obtained from
Lach-Ner {Czech Republic). Paratfin oil was delivered by Carl Roth (Germany). Formic acid
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(HCOOH) (purity 98 - 100%) and 17f-estradiol (estradiol} (purity 98%) were provided by
Merck {Germany). Deicnized water (Milli-Q water purification system Millipore, MA, USA)
was used in all experiments.

Two laboratory inbreed mouse strains (BALB/c and C57BL/6Nvel) were used for
comparative experiments. Mice were purchased from Velaz (Czech Republic) and maintained
and housed at the animal facilities of the Faculty of Science, Charles University. All the
animal procedures and all the experimental protocols were approved by local Ethics
Committee and carried out in strict accordance with the Animal Scientific Procedure, Art
2010, and subjected to review by this Local Ethics Committee of the Faculty or Science,
Charles University, Czech Republic (accreditation no. 247732008-10001).

Instrumentation and chromatographic conditions

The HPLC equipment (Agilent Technologies, Germany) comprised of 1290 Infinity
Series LC (a quaternary pump, a degasser, a thermostatic autosampler with a 20pL sample
loop and a column oven). Triple Quad LC/MS 6490 tandem mass spectrometer (Agilent
Technologies, Germany) with an electrospray ionization interface was used for the detection.
Signal was processed and data were handled with the Mass Hunter Workstation Software
(Agilent Technologies, Germany). Separation was performed on a SunFire C18 column (150
x 4.6 mm [.D., particle size 5 um) from Waters (MA, USA)

The MS-MS measurements were performed in the multiple reaction monitoring (MRM)
mode using ESI ionization in positive mode (ESI (+)). Nitrogen was used as the collision
nebulizing and desolvation gas. Because of complex M2 fertilizing medium containing
inorganic and organic components, from which especially BSA (4.0g/L) can cause difficulties
during the separation and detection process, the eluate was lead to waste from 0 to 5.5min and
to MS detector only from 5.5 to 8.0min.

The stock solution of estradiol at concentration of 200mg/L was prepared by dissolving
an appropriate amount of estradiol standard in ethanol. The stock sclutions at concentration of
20, 2 and 0.2mg/L were obtained by serial dilutions with ethanol. The stock solutions were
stored in the dark at 5°C. Working solutions to obtain the standard points of the calibration
curve were prepared by diluting the appropriate ethanolic solutions with M2 fertilizing
medium te attain the following concentrations: 0.5, 1, 5, 10, 15, 20 and 25pg/L (from
0.2mg/L ethanolic solution) and 50, 75, 100, 125, 150, 175, 200 and 250pg/L (from 2mg/L

ethanolic solution).
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Capacitation of mouse sperm in vitro

For the realization of capacitation in vitro 35mm Petri dishes obtained from Corning
(NY, USA) were used. Light inverted microscope Olympus CX 21 and Olympus
epifluorescent microscope, were supplied by Olympus {Czech Republic). Incubator NB-203
was purchased from N-BIOTEK (Korea). For in vitro cultivation of sperm incubator Telstar
Bio-IIA and laminar box-BioTek from N-BIOTEK (Korea) were used.

The working solutions with different dilution (200, 20 and 2ug/l.) were prepared by
diluting the ethanolic stock solutions with M2 fertilizing medium to attain the required
concentration according to following scheme: Ipl. of appropriate ethanolic solution was
diluted into Iml. of M2 fertilizing medium to minimize the amount of ethanol in biological
sample and 100uL of this solution was placed into each of the used Petri dishes and covered
with 1mL of paraffin oil. All procedures were realized in a sterile laminar box. Prepared Petri
dishes were then placed for 60min to incubate at 37°C in 5% CO» in air.

Spermatozoa, which were recovered from the distal region of cauda epididvimidis, were
placed in M2 fertilizing medium into an incubator for 10min at 37°C under 5% CO; in air to
relax sperm. After that, the concentration of stock sperm in M2 medium was adjusted to
5210°mL™". The motility of the sperm population was checked throughout the whole
experiment by a light inverted microscope with a thermostatically controlled stage at 37°C.

Preparation of samples for capacitation was realized in Petri dishes according to the
following scheme: after 60min incubation of 100uL of 200, 20 or 2ug/L solution of estradiol
in M2 fertilizing medium, SpL of sperm stock solution was added. For each capacitation time
6 Petri dishes were used, each one contained 105 L of sample volume covered with 1mL of
paraffin oil. Petri dishes with added spermatozoa were again placed inte an incubator to
capacitate (37°C, 5% CO; in air). Spermatozoa were capacitated for up to 3 h. At half hour
intervals (0, 30, 60, 90, 120, 150 and 180min after adding sperm) samples were collected. The
sample solutions from all Petri dishes (for a given capacitation time) were placed into one
micro tube to centrifugate for 10min at 12000rpm to remove the spermatozoa. After
centrifugation the supernatant was placed into vial for HPLC-MS/MS analysis. The sample
volume was 600uL. To avoid potential systematic errors during sample preparation (partial
evaporation of samples during incubation, differences in collection of supernatant after
centrifugation ete.), reference samples (blanks) were prepared collaterally with the samples
described above, but no spermatozoa were added into the incubated estradiol solution. The
matrix effect was measured by comparing the peak response of the extracted blank with the

pure sample prepared in M2 medium at a concentration of 2, 20 and 200ug/L and no matrix
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effect was observed. To check the correctness of HPLC-MS/MS analysis, 6uL of ethanolic
estradiol-d; solution at a concentration of 2 mg/l. was added into each sample before

measurement.

Application of kinetic analysis

The experimental results obtained for the concentration changes of estradiol at
capacitation times were subjected to kinetic analysis. In a previous work (29), mathematical
theory for the mechanism when sperm maturation ability is amended by external stimuli (36)
was proposed. It was shown that the chemical kinetics can be applied to sperm in the role of
reactant and that kinetic analysis could be a useful tool for monitoring and predicting the
specific molecular mechanisms involved in certain biological signalling pathways. For this

calculation, QBasic software was used.
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Fig. 1. Dependencies of the concentration of total unbounded estradiol on the time of mouse

sperm capacitation in vitro. The tested concentrations of estradiol in M2 medium were (A)

200pg/L, (B) 20pg/L and (C) 2ug/1.; samples (solid circles for BALB/c sperm, solid squares

for C57BL/6Nvel sperm), blank (open triangles); experimental conditions: 50/50 (v/v)
ACN/H;0, both containing 0.1% HCOOH, measured in MRM mode for transition 255.2 >

158.9
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622  Fig. 2. Theoretical shape of the B(r) curves (solid line for BALB/c, dashed line for
623  C57BL/6Nvel) for the selected dilution D, molar ratio » and optimised values of Kz and K;
624  (sec Tab. 3} with designation of the points obtained in the experiment (solid circles for the
625 BALB/c experiments, solid squares for the C57BL/6Nvel experiments) for estradiol

626  concentrations (A) 200ug/L, (B) 20pg/L a (C) 2pg/L.
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630 Fig. 3. Schematic interpretation of kinetic analysis results applied on estradiol sperm action
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Table 1. Parameters of the calibration curve (standard deviations in parentheses), limit of

detection (LLOD) and quantitation (LOQ)} for estradiol in M2 fertilizing medium, au —

arbitrary unit.

Compound

Estradiol

Slope
(L/pg a.u.-s)
99.13 (1.07)

Intercept
(a.u.-s)

-18.66 (1.46)

Correlation LOD LOQ
coeficient (pg/l) (ng/L)
0.9996 0.3 1.1
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Table 2. Relative concentration values B calculated from the measured estradiol time-

dependent concentrations C (see Fig. 1A - C) obtained during capacitation for three tested

estradiol concentration and two laboratory inbreed mouse strains.

Capacitation B
time {min) 2ug/lL 20pg/L 200pg/L
BALB/c C57BL/6N | BALB/c | CS7BL/6N | BALB/c | C57BL/6N

0 1.000 1.000 1.000 1.000 1.000 1.000
30 0.987 0.988 0.965 0.958 0.965 0.944
60 0.969 0.982 0.919 0.938 0.983 0.952
90 0.938 0.923 0.874 0.904 0.989 0.968
120 0.838 0.858 0.886 0.921 0.995 0.979
150 0.751 0.826 0914 0.929 0.997 0.984
180 0.773 0.947 0.958 0.956 0.998 0.989
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Table 3

Calculated constants for three tested estradiol concentrations and two laboratory inbreed

mouse strains.

2 ug/L 20 pg/L 200 ug/L
Constants
BALB/c | C57BL/6N | BALB/c | C57BL/6N | BALB/c | C57BL/6N
D 0.01 0.01 0.1 0.1 1 ]
n 0.12 0.12 1.2 1.2 12 12
K 4.5 5.5 4.5 4.0 4,0 2.0
K; 3.5 6.5 43 6.0 3.0 1.3

24
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This review provides a brief survey of the biological effects of selected endocrine-disrupting
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analytical methods available for the determination of these compounds in foodstuffs are
critically evaluated. The attention is primarily devoted to the methods for sample pretreat-
ment, which are the main source of etrors and are usually the most time-consuming step

of the whole analysis. This review is focused on selected natural and synthetic estrogens,
estrogen conjugates, and chemical additives used in the plastic industry that can act as

estrogen mimics.
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1 Introduction

The human organism is affected by many factors, acting both
from outside, e.g. by the environment, and internally, e.g. by
foodstuffs. A group of substances that involve both these
kinds of exposure is called endocrine-disrupting compounds
(EDCs). EDCs are substances that “interfere with the syn-
thesis, secretion, transport, binding, action, or elimination
of natural hormones in the body that are responsible for the
development, behavior, fertility, and maintenance of home-
ostasis” (normal cell metabolism) [1]. The endocrine system
thus can be affected in various ways, from bonding of a xeno-

Correspondence: Dr. Zuzana Bosakova, Department of Analytical
Chemistry, Charles University in Prague, Albertov 2030, Prague
128 40, Czech Republic

E-mail: bosakova@natur.cuni.cz

Abbreviations: ACN, acetonitrile; AP, alkylphenol; ASE, ac-
celerated solvent extraction; BP, biphenol; BPA, bisphe-
nol A; BPF, bisphenol F; BPZ, hisphenol Z; BSTFA, N,O-
bis{trimethylsilyl)trifluoroacetamide; DES, diethylstilbestrol;
DIE, dienestrol; DLLME, dispersive liguid-liquid microex-
traction; E1, estrone; E3, estriol; EDC, endocrine-disrupting
compound; EE2, 17a-ethynylestradiol; ER, estrogen recep-
tor; GCB, graphitized carbon black; HEX, hexestrol; ILs,
ionic liquids; LLE, liquid-liquid extraction; LVI-PTV, large-
volume injection programmable temperature vaporization;
MCNT, magnetic carbon nanotubes; MIPF, molecularly im-
printed polymer filament; MIP, molecularly imprinted paly-
mer; MISPE, molecularly imprinted solid-phase extraction;
MRM, multiple reaction moenitering, MSPD, matrix solid-
phase dispersion; MSPE, magnetic SPE; MSTFA, N-methyl-
N-trimethylsilyl trifluoroacetamide; NP, nonylphenol; OP,
octylphenol; P4, progesterone; PDMS, polydimethylsiloxane;
PIL, polymeric ionic liquid; RIA, radicimmunoassay; SBSE,
stir bar sorptive extraction; SPME, solid-phase microextrac-
tion; TMCS, trimethylchlorosilane; «E2, 17«-estradiol; B-CD,
B-cyclodextrin; BE2, 17p-estradiol; UHPLC, ultra high perfor-
mance liquid chromatography

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

biotic to receptor sites to hindering of the synthesis by the
organism itself. Ingestion of EDCs through food is consid-
ered the major exposure route.

EDCs are present as contaminants of the environment
and represent preferably a reproduction risk. They are known
to elevate plasma vitellogenin. Vitellogenin is normally syn-
thesized in mature females, and male and juvenile fish only
produce background levels of this protein. However, upon
exposure to exogenous estrogen or an estrogen mimic, male
and juvenile fish will be induced to synthesize it as well. EDCs
are also suspected to lead to decreased gonadesomatic index
and sperm motility [2-6].

EDCs involve a wide range of substances containing nat-
ural and synthetic estrogens, estrogen conjugates, and chemi-
cal additives used in plastics industry that can act as estrogen
mimics. EDCs can be divided into four main classes com-
prising (i) pharmaceuticals (e.g. steroids including phytoe-
strogens, antibiotics, analgesics, anti-inflammatory and psy-
chotropic agents); (ii) personal-care products (e.g. surfactants
and synthetic fragrances and preservatives); (iii) pesticides
(e.g. insecticides, fungicides); and (iv) miscellaneous indus-
trial chemicals and byproducts (e.g. organic oxygen com-
pounds and polycyclic aromatic compounds) [7]. This review
is focused on the selected groups of EDCs (Table 1) tightly
connected with edible matrix analysis.

Significant parts of the EDC group are exogenous estro-
gens [8]. They are discharged into the environment as a result
of an increasing application of drugs and the subsequent ex-
cretion of their metabolites. As the human population grows
and the livestock industry increases, there is an increase in
the discharge of synthetic and natural estrogens. These sub-
stances have recently been found in foodstuffs.

Phytoestrogens are present in food that we consume.
Phytoestrogens, especially from soya, are the major dietary

This article is dedicated to the memory of Professor Karel Stulik,
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Table 1. Selected groups of EDCs frequently analyzed in edible
matrices

Classes Selected compounds

Pharmaceuticals
{steroids)

Synthetic estrogens (e.qg. EE2, DES,
DIE, HEX}

Natural estrogens {e.g. E1, BE2, «E2,
E3, P4, 4-0HE2, 2-Me0E2}

Androgens {e.g. T, 17ENT, 17«T, TB,
17aMT)

Personal-care products APs (e.g. NP, OP}

{surfactants)

Industrial chemicals BPA, BPF

T  17B-testosterone; TB, 17f-tenbolone; 17aMT,  17a-
methyltestosterone; 17aT, 17«-testostercne; 17ENT, 17a-
nortestosterone,  2-MeOE2,  2-methoxyestradiol;  4-OHE2,
4-hydroxyestradiol.

source of estrogenicity. Genistein, the main component of
soya foodstuff, or resveratrol, occurring in various plants and
also in wine, belong here. While industrial endocrine disrup-
tors have been studied for several years, natural compounds
like phytoestrogens remain less investigated [9-11].

Alkylphenols (APs) such as nonylphenol (NP} and
octylphenol (OP) are widely used in emulsifiers, antistatic
agents, demulsifiers, and solubilizers, and are found com-
monly in wastewater [12]. Bisphenol A (BPA) is a high-
volume production monomer (>2.5 x 10° kg/year) used in
polycarbonated plastic, in polystyrene resins, and as dental
sealants. It is also used as an additive to other plastics such
as polyvinylchloride, and halogenated derivatives of BPA are
widely used as flame retardants [13]. BPA has recently been
found in packed water and also in the packaging materials
used for foodstufl storage.

Phthalate esters have been used worldwide as soften-
ers to impart flexibility, pliability, and elasticity to otherwise
rigid polymers such as polyvinylchloride, These molecules
are found mostly in industrial paints and solvents but also
in toys, personal-care products, and medical devices such as
intravenous tubing and blood transfusion bags [14].

For the analysis of EDCs in edible matrices, LC and GC
are most frequently used especially with MS or MS/MS de-
tection. These separation techniques provide high separation
efficiency in combination with required sensitivity and se-
lectivity. An important advantage of LC over GC presents
no need for derivatization steps. Immunochernical methods
such as ELISA or radioimmunoassay (RIA) using highly spe-
cific antibodies are applied much less frequently. The assays
are highly selective and easy to perform, but the instability
of natural antibodies limits their applications to some extent.
With a relatively low cost, they are useful for developing high-
throughput screening methods. They are suitable for analysis
of human body fluids in epidemiological studies and screen-
ing of large sample populations [15].

The aim of this work is to detail recent methods used
for the determination of EDCs in edible matrices. EDCs are

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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represented mainly by steroids, APs, and BPA (for their struc-
tures see Fig. 1). First, the mechanism of endocrine disrup-
tion action is discussed. Special attention is placed on sam-
ples’ pretreatment. The application of LC, GC, and immuno-
chemical methods for analysis of EDCs in edible matrices is
summarized in Tables 2—4.

2 The mechanism of endocrine-disruption
action

The endocrine system is particularly tuned to respond to very
low concentrations of hormone, which allows an encrmous
number of hormonally active molecules to coexist in the cir-
culation. The typical physiological levels of the endogenous
hormones are extremely low, e.g. in the range 10-900 ng/L
for 17B-estradiol (BE2) and 300-10.000 ng/L for testosterone.
Steroid hormeones in the blood are distributed into three
phases: (i) free, i.e. bioavailable, representing the unconju-
gated form; (ii) bound to low-affinity carrier proteing such
as albumin; and (i} inactive, representing the form that ig
bound to high-affinity binding proteins such as sex hormone
binding globulin or a-fetoprotein [16].

There are several reasons why endogenous hormones are
able to act at such low circulating concentrations: (i) recep-
tors specific for the hormone have such high affinity that
they can bind sufficient molecules of the hormone to trig-
ger a response; (i) there is a nonlinear relationship between
hormone concentration and the number of bound receptors,
and {iii} there is also a nonlinear relationship between the
number of bound receptors and the strongest observable bi-
ological effect. Thus, even a moderate difference in hormone
concentration in the low-dose range can produce substantial
changes in receptor occupancy and therefore generate signif-
icant variations in biological effects [17].

Hormones act mainly through interactions with their cog-
nate receptors, which can be classified into two large groups:
(i) membrane-bound receptors, which respond primarily to
peptide hormones such as insulin, and (ii) nuclear recep-
tors, which are activated by interaction with small lipophilic
hormones such as sex steroid hormones. EDCs may pos-
sess multiple mechanisms of action; however, because many
EDCs are small lipophilic compounds, one privileged route
is through their direct interaction with a given nuclear recep-
tor, which presumably perturbs or modulates downstream
gene expression. For example, most EDCs associated with
reproductive and developmental defects are thought to re-
sult from EDCs interfering with the function of the estro-
gen receptor (ER) and/or androgen receptor, thereby disrupt-
ing the normal activity of estrogens and androgens ligands
[11,18].

EDCs also have other effects that are not dependent on
binding to either classical or membrane-bound steroid hor-
mone receptors [19,20]. EDCs can influence the metabolism
of natural hormones, thus producing differences in the
amount of hormone that is available for binding either
because more {or less) hormone is produced than in a

www.jss-journal.com
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typical system or because the hormone is degraded faster (or
slower) than is normal. Other EDCs influence the transport
of hormone, which can also change the amount of hormone
that is available for receptor binding. EDCs can also have ef-
fects that are independent of known endocrine actions. One
example is the effect of endogenous hormones and EDCs on
ion channel activity. BPA, dichlorediphenyltrichloroethane,
diethylstilbestrol (DES}, NP, and OP have been shown to dis-
rupt Ca’* channel activity and/or Ca®* signaling in some cell
types [21-24]. There is also evidence that EDCs act additively

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

BPA

Liquid Chromatography 887

HyC  oOH

CH,

Figure 1. Structures of EDCs
H.C discussed in this article.

or even synergistically with other chemicals and natural hor-
mones in the body [25-27].

In mammals, chemicals having estrogenic activity can
produce many health-related problems, such as early puberty
in females; reduced sperm counts; altered functions of repro-
ductive organs; obesity; altered sex-specific behaviors; and in-
creased rates of some breast, ovarian, testicular, and prostate
cancers, Fetal, newborn, and juvenile mammals are espe-
cially sensitive to very low (sometimes picomolar to nanomo-
lar) doses of chemicals having estrogenic activity [28]. In

www.jss-journal.com
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prepubertal children there is a little secretion of estrogens,
and serum PBE2 concentration is undetectable (<2 pg/mlL)
in a conventional enzyme immunoassay [29]. Therefore, the
exposure to small doses of estrogens may have adverse effects
on growth and maturation in prepubertal children. Exposure
to exogenous estrogens through intake of commercial milk
produced from pregnant cows has spread around the world
since the 1970s. The intake of pregnant cow’s milk is one of
the causes of early sexual maturation in prepubertal children
[30].

APs present in fish, avian, and mammalian cells can
mimic the effects of BE2 by binding to the ER. OP was 10- to
20-fold more potent than NP and probably more potent than
the other APs studied by Soto et al. [31]. The AP polyethoxy-
lates and AP carboxylic acid derivatives are also estrogenic
active, but these, together with OP and NP, are from three to
four orders of magnitude less potent than BE2 itself [32].

Biochemical assays have examined the kinetics of BPA
binding to ERs and have determined that BPA binds both
ERa and ERp, with approximately tenfold higher affinity to
ERB [33-35]. The effects of exposure to BPA can be par-
ticularly harmful to the fetus, infants, and young children,
because of lack of feedback regulating the activity, synthesis,
and elimination of hormones. Contact with BPA at that time
may lead to irreversible changes appearing even after much
delay. A study on mice revealed that a concentration of BPA as
low as 20 ppm in drinking water is sufficient to bring about
genetic changes in mice fetuses. Although BPA concentra-
tions in the food products are low, they are used daily or a few
times a day, so the dose accumulates [36]. DES was banned
as a performance enhancer in most countries in the 1970s
because the clinical use of this compound in women (to pre-
vent miscarriage) led to particular kinds of vaginal cancer in
some of their daughters [37].

3 Sample pretreatment

The first step of any analysis is the isolation of the compo-
nent of interest from the sample matrix into an injectable
solution at concentrations detectable by the selected ana-
Iytical separation system. An edible matrix is complex and
can interfere with detection of analyzed compounds present
in low concentration. Attention has to be paid to minimiz-
ing background contamination through laboratory materials
like solvents, SPE columns, glassware, plastic ware and other
reagents, and laboratory tools [10].

The simplest way is the isolation of analytes by vari-
ous extraction techniques. The proper sample treatment can
considerably improve the LOQ. The sample pretreatment
techniques should use a minimal sample amount; be repro-
ducible, robust, simple, cost effective, time efficient and safe;
and have a limited number of steps [38]. Treatment of the
sample prior to analysis itself is an important step that is
often the main source of errors in quantitative analysis. The
analytical methods available are often insufficiently sensitive
and thus a preconcentration step is necessary, which is often
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Table 4. Examples of immunochemical methods for analysis of EDCs

J. Sep. Sci. 2014, 37, 885-905

Immunomethods
Matrix Compound Stationary phase Detection Sample pretreatment  LOD Refs.
Milk products
Packages, milk; Belgium BPA Indirect competitive UVVIS Spiked with [155]
ELISA methanolic BPA
solution
Milk, cream, butter; USA {3E2, E1 RIA, '3 labeled E2 Gamma counter Extraction, SPE L0Q 0.13 pg/mL [156]
(Sephadex LH-20}
Human colostrum; Japan BPA ELISA—EcoAssay UV/VIS 450 nm SPE (Oasis HLB) 0.3 ng/mL [154]
BPA kit
Packaging material
Bottles; USA BPA Competitive ELISA UV/VIS 450 nm Standardized 0.06 ng/mL [153]
washing/rinsing
procedure
Reusable hottles from diffenrent ~ BPA BPA ELISA assay UV/VIS 450 nm Standardized 0.05 ng/mL [157]
materials; USA washing/rinsing
procedure
Meat
Chicken meat, liver; China DES ELISA vs. LC/MS/MS  UV/VIS 492 nm, Homogenization, SPE, 0.07 ng/mL ELISA, [160]
MS/MS extraction 4 ng/kg chicken
meat, 30 ng/kg liver
tissues LC/MS/MS
Various matrices
Food: cereals, vegetables, fruits, E1 RIA Extraction 0.2 p.mol/kg of fresh [161]
dairy products, meat and material
protein foods, oils, fats; Spain
Human plasma—general BPA RIAvs. LC, ™| labeled Gamma counter, Extraction 0.08 g/l [15]

population and dialysis
patients, ovarian follicular and
seminal fluids from infertile
couples; France

BPA, C18 Nucleosil

fluorescence
275/310 nm

followed by purification. Sample pretreatment and precon-
centration depend on analyte properties, their concentration;
on the matrix complexity; and on the final analytical method.
A number of papers deal with the pretreatment of samples
from aquatic system (see e.g. refs.[38—41]).

Less attention is paid to pretreatment of edible matrices
containing estrogenic compounds. Sample pretreatment for
edible matrices usually involves homogenization, hydrolysis
{if required), extraction/clean-up, enrichment, and derivati-
zation when needed. Fats, oils, and butter are considered to
be homogeneous. Meat and fish products are initially blended
and homogenized, then ground with anhydrous sodium sul-
fate or lyophilized (e.g. refs.[42—46]). The fruit and vegetable
samples are cut into small pieces and homogenized with
1 M HCI [47]. It was observed that acid pretreatment in-
creased the recoveries; it is assumed that the enzymes are
inhibited by acid and thus the enzymatic degradation of es-
trogenic compounds is prevented. Homogenized solid sam-
ples are extracted using an organic solvent. The selection
of the solvent is critical, as it affects the yield of the ana-
Iytical procedure. For the extraction of sex hormones from
egps, various solvents have been tested [48]. Methanol pro-
vided the highest recoveries. It has been found that there
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was emulsion formation when diethyl ether was used as
the extraction solvent, Acetonitrile (ACN) vielded cleaner ex-
tracts but the extraction efficiencies were lower compared to
methanol. On the contrary, acetone provided the highest re-
covery for the extraction of estrogens from vegetables and
fruits [47].

Food samples contain various amounts of proteins and
lipids. Proteins can simply be removed by precipitation with
ACN or TFA. The most complicated matrices are those with
high lipid content (e.g. meat and seafood, milk and milk prod-
ucts, eggs and fat from food of animal origin). Egg fat is com-
posed mainly of phespholipids, triacylglycerolipids, phospho-
choline lipids, and cholesterol. Their presence may unfavor-
ably affect the clean-up and preconcentration procedures. It
is quite complicated to extract the EDCs without coextraction
of lipids, which are usually difficult to remove from the ex-
tract and may harm the detection system. To separate lipids
from the extracts, liquid-liquid partitioning [49, 50], saponifi-
cation [51] or acid treatment, freezing-lipid filtration, matrix
solid-phase dispersive (MSPD) extraction, and multiple clean-
up methods [52-54] are applied. Homogenized samples can
Dbe defatted with hexane followed by liquid-liquid extraction
{LLE) with diethyl ether [55].
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Wang et al. have published a new method for lipid re-
moval from egg products [48]. The method is based on de-
positing lipids by divalent metal ions, such as Zn®*. Based
on this principle, a method of eliminating lipids using ZnCl,
depositing filtration to quantify sex hormones in high lipid-
containing samples by UHPLC-MS/MS (UHPLC is ultra
high performance liquid chromatography) has been devel-
oped, and the method has successfully been applied to real
samples.

Estrogens and estrogen mimics are most often deter-
mined in milk at low concentrations, in the presence of
many accompanying compounds. Estrogens are present in
milk mostly as conjugated metabolites (glucuronated and sul-
fonated estrogens), which represent about 85% of the overall
amount of estrogens [56]. Conjugated estrogens may decon-
jugate to free estrogens and thus become active. Therefore, it
is important to determine free and also conjugated estrogens.
When GCis used, the conjugated estrogens must be deconju-
gated to free estrogens, whereas HPLC can analyze both the
free and conjugated estrogens simultaneously. Hydrolysis is
carried out either enzymatically by glucuronidase [57] or by
an acid [58].

Solvent extraction is a time-consuming method that of-
ten requires a large amount of organic solvent, or needs a
specific apparatus for processing and more energy. In recent
years, ultrasound-assisted extraction has attracted growing in-
terest, as it is an effective method for the rapid extraction of a
number of compounds from food, with extraction efficiency
comparable to that of classical techniques [59]. It offers an
increased yield of extracted components and increased rate
of extraction, reduction in extraction time and higher pro-
cessing throughput. Ultrasound can enhance existing extrac-
tion processes. Similar advantages, e.g. reduction in solvent
consumption and automation of sample handling, offers ac-
celerated solvent extraction (ASE) [60]. ASE has been applied
for analyzing BPA, OP, and NP in meat by LC-MS/MS [61].
Other authors [62] have extracted APs from fish liver using
ASE and Florisil clean-up, comparing the efficiency of ASE
with conventional Soxhlet extraction, Carabias et al. [63] de-
termined the levels of BPA and NP in cereals using ASE,
ASE and LC-MS/MS have been used for simultaneous deter-
mination of BPA, OP, and NP in powdered milk and infant
formulas [64]. The milk samples were blended with RP silica
Cys and anhydrous sodium sulfate. The analytes were ex-
tracted using the ASE with ethyl acetate as a solvent at 70°C.
Vegetable samples were divided by filtration into liquid and
solid parts. Liquid matter was cleaned up by SPE followed by
treatment with neutral alumina. Solid matter was extracted
by a mixture of acetone and methanol, using ASE, followed
by cleanup with neutral alumina and Ciy cartridges [65]. Di-
atomaceous earth was added to the ASE cells as a desiccant.

3.1 SPE

SPE is the most common preconcentration method, because
it is simple, many solvents are available, and the consump-
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tion of solvents is small. SPE is thus used in most cases as
the primary preconcentration technique. The most common
sorption mechanism is based on hydrophobic interactions
and thus alkyl-bonded silicas are encountered most often,
With strongly polar and low molecular mass substances, the
OasisTM HLB sorbent {a copolymer of N-vinylpyrrolidone
and divinylbenzene) gave good results [66]. For the simul-
taneous extraction of conjugated and free estrogens with a
wide range of hydrophobicity, two cartridges with different
sorption mechanisms had to be used [67-69]. An example is
the preconcentration and treatment of a milk sample prior to
HPLC-MS/MS, involving precipitation of proteins by ACN
with acetic acid, SPE on two precolumns containing sor-
bents based on the hydrophilic-lipophilic balance (OasisTM
HLB) and amine-functionalized packing materials (StrataTM
Amino SPE), with elution by ethyl acetate and methanol (9:1,
v/v) and by methanol with 5% ammeonium hydroxide, by
evaporation of the eluate and dissolution of the residue in
H,0/methanol (95:5, v/v), or 100% methanol [70]. Sample
losses during pretreatment have been observed. It has been
proven that evaporation of the SPE eluate to complete dry-
ness should be avoided to prevent irreversible adsorption of
the parent estrogens on the test tube surfaces. The impor-
tance of using stable isotope-labeled surrogates to compen-
sate for analyte losses during the sample preparation has
been emphasized. The recoveries ranged from 72 to 117%
for the free estrogens (estrone (E1), BE2, estriol (E3), and
17a-ethynylestradiol (EE2)), and 62 to 1129 for seven conju-
gated metabolites. The three doubly conjugated, highly polar
metabolites have given lower recoveries (<43%), due to poor
retention in SPE.

Two SPE cartridges, the first with Ci3 RP and the second
with silica gel, have been applied for sample pretreatment
prior to analysis of phytoestrogens in milk, cereals, and baby
food. The second cartridge efficiently eliminated the naturally
occurring estrogens [14]. Anabolic hormones were extracted
frommuscle (pork, beef, and shrimp), milk, and pig liver with
methanol after enzymatic hydrolysis and purified using two
SPE cartridges with a graphitized carbon black (GCB) and an
NH, sorbent, followed by LC-ESI-MS/MS [71]. The combi-
nation of GCB-NH; cartridges exhibited high recovery and
excellent matrix clean-up for most analytes; high sensitivities
for DES, hexestrol (HEX), and dienestrol (DIE} during LC—
MS/MS analysis; and convenience of operation of the GCB
cartridge over Cis and HLB cartridges. LOQs were between
0.04 and 2.0 p.g/kg and average recoveries were in the range
from 76.9 to 121.3%.

Many advantages over off-line combination of precon-
centration and separation are provided by direct coupling
of SPE with a separation method. Dynamic flow-through
gystems simplify the preseparation step and permit au-
tomation of the whole separation system. The advantages
of dynamic SPE over static SPE include the reduced sam-
ple, sorbent, and eluent consumptions; a higher sample
throughput; better sensitivity; and improved accuracy. A
dynamic SPE-GC-M$ method, including precipitation of
proteins and a clean-up in the SPE module and derivatization

www.jss-journal.com



894 H. Adamusova et al.

centrifugation

] o | |

milk + acetonitrile supernatant

V2 eluent (ethyl acetate +1S)

waste = (O

derivatizing 400 uL .

reagent A% pump
Q- —™
[e=ess]

sorbent column

==

GC-MS

with  a  N,O-bis(trimethylsilyltrifluoroacetamide  and
trimethylchlorosilane (BSTFA + 1% TMCS) mixture (Fig. 2),
hag been applied to simultaneous determination of various
types of pharmaceutically active substances, including
steroid hormones in milk samples from different sources
(cow, goat, lactating women). The method features good
linearity, accuracy, and precision. High recoveries between
91 and 104% have been obtained [72].

Triacontyl-bonded silica (C;o) has been recommended as
automated SPE material coupled to HPLC-MS for online
extraction of estrogens and BPA in bovine milk [73]. This
material allows large sample volume injection (ca. 1 mL) and
a high speed of analysis. The milk sample was pretreated with
ACN for protein precipitation and then treated with a weak
anion exchanger sorbent for the removal of pelar impurities.
Under the optimized conditions, the recoveries for all analytes
ranged from 71.4 to 97.1%.

The development of automated and miniaturized sample-
preparation methods with reduced or eliminated solvent con-
sumption has become a dominant trend in analytical chem-
istry in the past decades. Solid-phase microextraction (SPME)
is one of these minfaturized methods. The main advantage
of SPME in comparison to SPE is lower consumption of sol-
vents. Online connection of SPME is possible both in GC (the
analytes sorbed on the SPME fiber are thermally desorbed in
the injection block) and LC. In LC, the analytes can be des-
orbed by solvents from the fiber either statically or dynam-
ically, by passing the mobile phase through the desorption
chamber. The static desorption mode has yielded better re-
sults than the dynamic mode for estrogenic compounds in
aqueous sample using polyacrylate fibers [74]. The LODs have
been between 0.3 and 1.1 pg/L using UV detection and be-
tween 0.06 and 0.08 pg/L with electrochemical detection. A
poly(acrylamide vinylpyridine- N, N-methylene bisacrylamide)
monolith, synthesized inside a capillary, has been selected as
the extraction medium in an SPME-HPLC method for the
analysis of four estrogens [75]. SPME has been applied for
online HPLC-MS/MS of five estrogens: E1, BE2, E3, EE2,
and DES. A 34- to 90-fold higher sensitivity than that obtained
with direct sample injection into the separation system has
been attained [76].
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Figure 2. Dynamic flow sys-
tem for determination of various
types of compounds in milk in-
cluding stercid hormones. IV, in-
jection valve; IS, internal stan-
dard. Figure is drawn according
to Ref. [72].

Dispersion of adsorbent directly into a biclogical matrix
isa part of the matrix solid-phase dispersion (MSPD) method,
which is a combination of sample homogenization, cellular
disruption, extraction, purification, and preconcentration in
one step. MSPD as a sample-preparation method was first
introduced in 1989 [77]. MSPD is usually applied to solid and
semisolid samples, including animal tissues and foods with
a high lipidic content. For biological tissues, 8.1-5 g sam-
ples are blended with an adsorbent that destructs tissues and
releases the analytes. As performed in SPE, the mixture ig
then packed into a cartridge and eluted with a few milliliters
of solvent. Chen et al. applied MSDP for the analysis of tis-
sue samples of fish and clams [78]. MSPD is characterized
by a reduced consumption of organic solvents, provides high
extraction yields, and offers a considerable degree of selectiv-
ity [79]. Eight free progestogens were extracted from eggs by
MSPD [54]. MSPD with a matrix based on multiwalled car-
bon nanctubes wag applied for the extraction of hormones,
including EE2, 17a-estradiol («E2), E3, BE2, E1, medroxypro-
gesterone, progesterone (P4), and norethisterone acetate in
butter samples [80]. Multiwalled carbon nanotubes have an
extremely large surface area and strong adsorption properties
due to a hydrophobic surface and a structure with an inner
cavity.

3.2 New materials for SPE

Great attention is paid to research into new materials for SPE.
This group includes, e.g. nanocomposites of polypyrrole-
coated magnetite nanoparticles with a highly w-conjugated
structure and hydrophobicity. These materials consist of
monodigperse and sphere-like nanoparticles with a mean
gize of about 65 nm with polypyrrole encapsulated on the
sutface. They were used as a magnetic SPE (MSPE) sorbent
for the extraction of estrogens from milk samples [81]. Estro-
gens present in milk are captured in the polypyrrole-coated
magnetite nanoparticles sorbent without having to precipi-
tate proteins prior to extraction. The extraction is very fast
{ca. 3 min). The recoveries of estrogens from milk samples
were in the range of 83.4 to 108.5%. Similar sensitivities for
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determination of estrogens in milk using preconcentration
on the SPE Oasis column in combination with LC-MS§/MS
have been reached [70,82]. However, the precipitation of pro-
teing prior to extraction has been required.

Magnetic carbon nanotubes (MCNT) were applied as sor-
bents for the MSPE of estrogens in milk samples [83]. When
carbon nanotubes and magnetic nanoparticles are mixed
in a solvent, the magnetic nanoparticles were wrapped in
the carbon nanotube bundles and MCNT are formed that
can be separated from the solvent by a magnet. MCNT
have large surface area and high affinity toward various or-
ganic compounds. The reproducibility of the MSPE with dif-
ferent batches of MCNT was acceptable with RSD values
<3.6%.

The disadvantage of conventional SPE materials is low
selectivity, which results in the coextraction of interferents
from the matrix. The highly specific materials include im-
munosorbents and imprinted polymers. [mmunosorbents
are prepared by binding the antibody specific for the analyte
on a suitable sorbent. They can preferably be used for the ex-
traction of polar substances, because the interaction with the
antigen excludes hydrophobic interactions and thus nonpolar
substances are not coextracted. Disadvantages of immunosor-
bents are their low stability and high cost. Immunosorbent
binding capacity can be increased by using antibody frag-
ments instead of whole antibodies. This will increase the
number of binding sites [84]. Immunosorbents were used,
e.g. to extract mycoestrogens from meat-based baby prod-
ucts and milk [85] and to selectively capture the BE2 and E1
from wastewater [86]. High selectivity of immunosorbents is
preferable when using ESI-MS detection. By removing the
interference that reduces the ionization and isobaric noise in
single/selected ion monitoring mode, a reduction of detection
limits has been achieved.

Sol-gel immunosorbents have been proposed for sample
clean-up in the determination of BPA in food and urine [87].
In sol-gel immunoaffinity columns, the antibodies are phys-
ically entrapped in the pores of a silica network instead of
being covalently bound to a solid support material, as it is the
case in most of the commonly used immunoaffinity columns.
The simple way of production, possibility to control the pore
size of the silica network by the aging time and the high
storage stability and reusability of the columns are the main
advantages of sol-gel immunoaffinity columns over columns
prepared by covalent immobilization [88]. The preparation
of sol-gel immunoaffinity columns is described in detail in
Ref. [87).

Other highly selective sorbents are molecularly imprinted
polymers {MIPs), also called artificial antibodies. They are
highly cross-linked synthetic polymers that are characterized
by high selectivity. The other advantages of MIPs besides se-
lectivity include resistance to elevated temperature and pres-
sure, chemical inertness, high reproducibility under harsh
operating conditions, low cost, and relative ease of prepara-
tion. They have, however, several drawbacks, including in-
stability caused by template bleeding and the necessity to
caretully optimize synthesis and operation of MIPs to lower
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the extent of nonspecific binding [89]. Template bleeding,
which is caused by incomplete removal of the template from
the MIP, complicates analysis at trace concentration level,
This problem can be solved by using a molecule of similar
structure to analyte as a template [90]. In the case of its bleed-
ing, it may be separated in the subsequent chromatographic
analysis. It was also found that the modification of the MIP
by polar monomers suppresses matrix interferences.

A highly selective macroporous MIP/cryogel composite
sorbent permitting high flow rates has been prepared for the
removal of endocrine-disrupting trace contaminants [91]. An
MIP with BE2 as the template has been incorporated into a
macroporous polyvinyl alcohol gel at subzero temperatures.
Flow rates ten times higher than those used with a normal
MIP can be applied. An MIP, synthesized by ultrasonic
irradiation, with methylacryloxypropyl modified attapulgite
(a2 magnesium aluminium clay) as a matrix, B-naphthol
ag the template molecule, acryloyl-R-CD {where B-CD is
B-cyclodextrin) as the functional monomer, and N,N'-
methylenebisacrylamide as the cross-linking agent, has been
applied as the packing material for online SPE of E1, BE2, E3,
and DES present in milk samples. Compared to polymers
prepared by the traditional heat method, the MIP synthesized
by ultrasonic irradiation had better recognition selectivity,
faster adsorption kinetics, and shorter preparation time. The
LODs for these estrogens were in the range 1-8 ng/g and
reproducibility expressed as RSDs (n = 6) was better than
5.1% with milk samples spiked at 100 and 1000 ng/g of each
analyte [92]. The MIP layer at the silica nanoparticles surface
with E3 as a template has been prepared and applied as
absorbent in dispersive SPE coupled with LC to determinate
trace E3 and BE2 in milk tablets [93]. The methacrylic groups
of functional monomer at the silica nanoparticles surface act
as reactive sites to induce imprinting polymerization. The
MIP had an excellent affinity, recognition selectivity, and fast
kinetics. The high recoveries of 89.1-93.5% were achieved
with RSDs <9.4%.

An MIP-coated fiber was prepared by using silica fiber as
substrate, EE2 as pseudo template, 2-(triflucromethyl) acrylic
acid and acrylic acid as composite functicnal monomers, and
ethylene glycol dimethacrylate as the cross-linking agent and
applied for determination of estrogens in milk powder [94].
The MIP-coated fiber possessed excellent stability, rebinding
capacity, selectivity, and kinetics. The LODs of the HPLC-
UV method were in the range 0.83-2.5 ng/mL; the recoveries
were 86-92, 88-97, 90-93, and 95-99% with RSD <6.7% for
El, BE2, E3 and EE2, regpectively.

MIPs as SPE sorbents have been applied for sample
clean-up in the analysis of BPA. An MIP with BPA ag the
template and 4-vinylpyridine as the functional monomer has
been developed as a selective sorbent for the determination of
several phenolic compounds (BPA, bisphenol F (BPF), and
4-nitrophenol) and phenoxy acid herbicides in honey [95].
The recoveries achieved were in the 81-96% range. By ap-
plying the MIP pretreatment prior to LC with ion-trap MS,
the LODs achieved in commercial honey samples were in the
0.1-3.8 ng/g range, with RSDs of 12-24%.
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Another application of MIPs as SPE sorbents for the de-
termination of BPA in milk and bottled water is described
in Ref. [96]. MIPs were prepared by two synthetic routes:
semicovalent and noncovalent methodoelogy. Polymers pre-
pared with noncovalent mode were proven more effective.
The developed sample preparation was simple and efficient
comprising only milk dilution and SPE with MIP prior to LC—
MS analysis. The method provided quantitative BPA recov-
eries, very good reproducibility (percentage RSDs lower than
7%}, and low LOD (0.2 ng/g). Low flow rates in the elution
step enhanced extraction recovery. The MIPs exhibited high
breakthrough volumes (>500 mL of water), high mass ca-
pacity (=10 ng/mg of MIP sorbent), good linearity, and good
stability.

SPME preconcentration with a fiber coated with a con-
trolled thickness of MIP has been described [97]. SPME fiber
was inserted into a larger bore capillary and a polymerization
mixture with BPA ag a template was introduced into the re-
sulting interspace. After a running polymerization, the upper
tube was removed. SPME fiber modified with BPA-imprinted
polymer was tested for the determination of BPA in tap wa-
ter, urine, and liquid milk. Recovery of BPA from milk was
87.5%, with an LOD of 38.9 ng/mL.

A novel sample-preparation technique, dynamic liquid-
liquid-solid microextraction, was developed and online cou-
pled to HPLC for direct extraction, desorption, and analysis
of trace estrogens in complex samples [98]. The experimen-
tal setup consists of the aqueous donor phase, the organic
medium phase, and the molecularly imprinted polymer fila-
ments (MIPFs) as solid acceptor phase. The organic solvent
with lower density was added on the top of the aqueous sam-
ple. The extraction of analytes on MIPF is carried out by
circulating the organic solvent through the MIPFs inside a
tube. The sorbed analytes on fiber are desorbed online in the
HPLC system. The method was applied for the analysis of
five estrogens in aqueous samples and in real samples in-
cluding urine, milk, and skin toner, using BE2 as MIPF tem-
plate. The enrichment factors of 51-70 were reached, with
LODs of 0.08-0.25 pg/L and precision 4.5-6.9% for aqueous
samples. Recovery and reproducibility for real samples were
81.9-99.8% and 4.1-7.9%, respectively.

Polymeric ionic liquids (PILs) have been recommended
as coating materials in SPME. lonic liquids (ILs) pos-
sess high thermal stabilities, negligible vapor pressures,
and unique solvation properties. PILs exhibit unique mate-
rial properties while retaining the solvation properties in-
herent to ILs. The stability of sorbent coatings based on
these materials enabled the reusability of SPME. The tune-
ability of the PIL monomer provides for the selectivity
of the sorbent. A highly hydrophobic PIL, poly(1-vinyl-3-
hexadecylimidazolium) bis[(trifluoromethyl)sulfonyljimide,
has been applied as the SPME sorbent coating for the ex-
traction phenolic contaminanis in aquecus samples [99].

Dispersive liquid-liquid microextraction (DLLME) is a
preconcentration technique based on the utilization of a mix-
ture of a nonaqueous miscible extraction solvent (organic
solvent) and an aqueous miscible polar solvent (methanol,
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ACN, or acetone). Analytes are enriched in the low volume of
extraction solvent (L), which ig digpersed into the bulk aque-
ous solution, and separated by centrifugation [100]. DLLME
hag proven to be an efficient extraction technique due to
the high contact surface of fine droplets of extraction sol-
vent and analytes, which leads to increased mass transfer
processes. ILs have been applied in DLLME for determina-
tion of endocrine-disrupting phenols in environmental sam-
ples [101]. The method is characterized by average relative
recoveries of 90.2% and enrichment factors ranging from
140 to 989.

In the framework of green analytical chemistry, a clean
sample-preparation technique, stir bar sorptive extraction
(SBSE), has been developed. SBSE is a solventless sample-
preparation method for the extraction and enrichment of or-
ganic compounds from aquecus matrices. The mechanism
is the game ag in SPME [102, 103]. The method is based on
sorptive extraction of analytes with a magnetic stirring rod
coated with an adsorbent phase, usually polydimethylsilox-
ane (PDMS). The stir bar is subsequently removed and the
sorbed compounds are then either thermally desorbed, and
analyzed by GC-MS, or desorbed by means of a liquid, for
improved selectivity or for interfacing to an LC systern. The
extraction efficiency depends on the partitioning coefficient
of the analyte between the polymer coating and the sample
matrix and by the phase ratio of the polymer coating and
the sample volume. Compared to SPME, higher sensitivities
are obtained due to the larger amount of polymeric phase.
Other advantages of SBSE include a large linear range, the
possibility to extract several samples at the same time, and
omission of time-consuming preparation steps. The overview
of the SBSE method and its applications in trace analysis in
environmental, food, and biomedical samples can be found
in Refs. [102,104,105].

A sol-gel technique was used for the preparation of a stir
bar coated with a composite composed of polydimethysilox-
ane and B-CD (PDMS/B-CD) [106]. Good thermal stability
and solvent resistance of the stir bar were found thanks to
chemical binding formed between the stationary phase and
the glass substrate. The PDMS/B-CD-coated stir bar had bet-
ter selectivity to polar compounds and higher extraction ca-
pacity compared to the PDMS-coated stir bar. The PDMS/B-
CD-coated stir bar coupled to HPLC has been applied to the
determination of estrogens in environmental water, BPA in
drinking water and in leachate of one-off dishware. SBSE in
combination with thermal desorption GC-MS has been ap-
plied for simultaneous determination of BPA, BPF, bigphenol
Z (BPZ), and biphenol (BP) in canned beverages and vegeta-
bles [107]. New commercially available thermal desorption
units facilitate the hyphenation of GC and SBSE, providing
higher repeatability and sensitivity.

4 LC

LC is the most common method for residual analysis of es-
trogens and feminizing chemicals (altogether EDCs). In thig
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section, we will briefly introduce HPLC methods to sepa-
rate and detect estrogens and other EDCs from edible matri-
ces and food contact materials. Because of the low levels of
analytes of interest content {ug/kg to ng/kg) and the com-
plexity of bio-sample matrices, the analysis of hormones and
hormone-like substances is a challenging task [82]. The HPLC
analyses were conducted using mostly octadecyl-bonded sta-
tionary phases, in combination with mobile phases contain-
ing ACN, water, and additives in different volume ratios. The
combination of HPLC with mass spectrometric detection is
mostly used.

4.1 Milk and milk products

Milk occupies an important position in human diet. Tt is re-
ported that 75% of milk is produced from pregnant cows in
the modern dairy industry [56, 70]. Milk matrix is complex,
composed of proteins and lipids. Therefore, sample clean-up
pretreatment before LC-MS$ analysis is essential (see Section
3) [73]. An HPLC method using HLB and amino SPE precon-
centration has been described for analysis of free estrogens
(EE2, BE2, E1, and E3) and conjugated estrogen metabolites in
milk [70]. Analyses were performed on triple quadrupole MS
and negative mode ESI has been the preferred mode of ioniza-
tion in LC-MS/MS. All analytes were monitored using multi-
ple reaction monitoring (MRM) mode providing the LODs for
free estrogens ranged from 6 to 37 ng/L. Estrogen metabolites
were detected along with the free estrogens and the highest
concentration was found for E1 from 23 to 67 ng/L.

The  determination of selected  progestogens
(pregnelonone, P4,  17o-hydroxyprogesterone, 17a-
hydroxypregnenolone) in bovine milk from Spain was
carried out [108]. Enzymatic hydrolysis and derivatization
proceeded before analysis. Cys stationary phase and wa-
ter/methanol mixture with 0.1% formic acid as a mobile
phase were applied. Compounds were analyzed by selected
reaction monitoring mode of triple quadrupole with positive
ESI ionization. Natural hormones are nonpolar compounds
and their ionization is usually difficult when using ESI
sources. Derivatization can change the chemical structure of
analytes leading to higher ionizable molecules. One of these
derivatization procedures is oxime formation, which enables
the improvement of ketosteroid analysis with EST-MS/MS.
Results obtained in real skimmed milk samples were above
decision limit in almost all cases.

El, BE2, aE2, and E3 were determined in processed and
in raw milk from the Netherlands [56]. The samples were hy-
drolyzed, extracted with hexane, passed through a Cy5 SPE col-
umn, derivatized with dansyl chloride in acetone and finally
purified using C;s SPE. The analysis was conducted using Cys
stationary phase and mobile phase consisting of ACN/water
mixture with formic acid in both components. MS/MS detec-
tion was performed in positive MRM mode—the sensitivity
was improved by derivatization. Concentrations in processed
milk were below the LOD for aE2 and E3 and ranged from
8.2 t0 20.6 ng/L for E1 and BE2 depending on the fat content
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in samples. The method was also applied to the determina-
tion of selected estrogens in milk from gestating cows in
the first, second, and the third trimester. Values for E3 were
again below LOD, other compounds were found in the range
from 9.2 to 10 ng/L in the first trimester and from 21 to
118 ng/L in the third trimester. The level of estrogens is ris-
ing during ongoing pregnancy, thus the results correspond to
this fact.

Online SPE coupled with HPLC-MS has been applied to
determine E3, BE2, E1, DES, EE2, and BPA in bovine milk.
Different brands of pasteurized, homogenized whole milk
samples (3.5% of fat) were purchased from retail markets
in Beijing, China. The samples were preconcentrated on a
tailor-made Cs extraction SPE column, separated on Cyy sta-
tionary phase and detected by negative ESI ionization and
single quadrupele MS [73]. MSPE has been used for the ex-
traction of E1, BE2, E3, DIE, HEX, DES, EE2 in three kinds
of milk purchased in Wuhan, China. The HPLC-MS/MS
separation using negative ESI ionization was performed on
Shim-Pack VP-ODS column with a mixture of ACN/water as
the mobile phase. The amount of estrogens ranged from 0.05
to 0.25 pg/L, detailed results are in Ref, [81].

MCNT as a part of MSPE represent a new approach in
sample preparation and it has been used for estrogen ex-
traction in milk samples bought in local supermarkets in
Wuhan, China [83]. The separation of E2, EE2, and HEX was
achieved on a Ciz column in combination with fluorescence
detector. The linearity range of the proposed method was 5—
2000 mg/L with correlation coefficients 0of 0.9983-0.9994. The
LOD for three estrogens ranged from 1.21 to 2.35 mg/L. The
intra- and interday RSDs were <9.3%. No positive samples
have been found in the analysis.

BPA is a lipophilic compound with the potency to
partition into fat and breast milk. The monitoring of hurman
breast milk contamination with BPA is very important,
because breast milk is the first food for newborns and
thus they could be affected in the critical growth processes.
Therefore, breast milk samples from twenty-three lactating
women in Nagasaki, Japan, have been investigated for trace
analysis of BPA [109]. The samples were fractionated by
SPE, then cleaned up using LLE and derivatized with 4-(4,5-
diphenyl-1H-imidazol-2-ylybenzoyl chloride. The separation
was conducted on a Cj5 column and eluted with ACN/acetate
buffer/methanol mobile phase coupled with fluorescence de-
tection. BPA in milk samples was in the range 0.28-0.97 ng/L.

UHPLC is preferable to conventional LC. It generates nar-
rower peaks, which facilitates better resolution of the analytes
from the interferences present in the matrix and shortens the
chromatographic run [110]. Chromatographic separation of
E3, BE2, aE2, equilin, EE2, F1, DES, DIE, and HEX was car-
ried out on an UPLC HSS T3 column. Analytes were eluted by
ACN and water mixture and analyzed by negative-ion mode
of ionization followed by Q-TOF mass spectrometric detec-
tion. Using gradient-elution program, the estrogens can be
baseline-resolved in 8 min, with total chromatographic anal-
ysis time of 13 min. This method was applied to the analysis
of milk powder samples of four different brands purchased
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from local supermarkets in Shanghai, China. No estrogen of
interest was detected in these samples [111].

4.2 Egg products

Egg products are foods containing high lipids. Most of the
methods for the isolation of sex hormones from lipids in ex-
tracts are time consuming, costly and use large amounts of
organic solvents. In Ref. [112], it was reported that lecithin
can be deposited by divalent metal ions such as Zn**. Based
on the same principle, an UHPLC-MS/MS method was de-
veloped to quantify sex hormones after ZnCl; eliminating of
lipids [48]. Delipidated samples were cleaned up using Cig
and NH, SPE. LC separation was achieved on an UPLC BEH
Cig column coupled with tandem mass spectrometer. Nega-
tive ESI ionization mode has been found useful for quantita-
tion of EE2, E3, E1, «E2, BE2, DES, DIE, and HEX. Twelve
real samples of eggs commercially available from local mar-
ket in Zhejiang, China, were tested and E1, aE2, and BE2
were found. The levels varied from 0.05 to 1.72 pg/kg.

4.3 Meat

The use of anabolic steroids for growth prometion purposes
in meat-producing animals results in the improvement of
muscle growth, leaner meat, and a higher feed conversion
efficiency [113, 114]. The use of anabolic steroids for fatten-
ing purposes has been banned in the European Union since
1986 [115] and therefore, their content in meat has to be
monitored. The difficulties in monitoring these compounds
are caused by the complexity of the matrix [55]. In order to
enhance the extraction efficiency and selectivity, MIPs were
introduced into the SPE procedure {see Section 3) [116]. Most
interfering compounds can be removed in C;g SPE but molec-
ularly imprinted SPE (MISPE) can selectively enrich BE2 in
the samples. A sensitive method for quantification of NP,
OP, and BPA in pork, fish, mutton, chicken, beef, and duck
meat from a Beijing supermarket is described in Ref. [61)].
An ASE followed by SPE clean-up and LC-ESI-MS/MS anal-
ysis was used. Among the samples, BPA was detectable in
13 of 27 samples with concentrations ranging from 0.33 to
7.08 pg/ke. OP was found only in three samples and NP in
21 samples.

For the simultaneous determination of 34 anabolic
steroids (10 estrogens, 14 androgens, and 10 gestagens), a
UHPLC method hag been used. The separation was carried
out on a Cyg column and the mobile phase was composed
of water and methanol. All analytes can be separated in a
total run time of 8 min. Analysis was performed on a triple
quadrupole mass analyzer fitted with atmospheric pressure
chemical ionization source operating simultaneously in pos-
itive and negative ion mode. Bovine muscle tissues of differ-
ent meat brands were obtained from three local supermarkets
{Merelbeke, Belgium) [55]. A validated method has been de-
scribed for analysis of androgenic and estrogenic steroids
{e.g. 17a-testosterone, 17a-nortestosterone, trenbolone, EE2)
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in bovine muscle. The sample preparation consisted of several
steps starting with enzymatic degradation followed by an LLE,
a defattening step followed by two SPE with HLB and amino-
propyl material. The analysis was performed on a C;5 column,
and the mobile phase contained a mixture of water and ACN.
The detection was carried out in selected reaction monitoring
mode of a triple quadrupole mass spectrometer with atmeo-
spheric pressure chernical ionization in positive mode [117].
A simple, sensitive, and selective HPLC-UV method has
been developed and applied to the analysis of four estro-
gens, namely BE2, DIE, DES, and HEX, in pork and chicken
samples. After PDMS/P-CD SBSE, the separation was pet-
formed on a Cyy column (Lichrospher ODS) with methanol
and 10 mmol/L NaH,PO, (60:40, v/v, pH = 3) as the mobile
phase. Under the optimal experimental conditions, the LODs
ranged from 0.21 (DIE) to 1.6 pg/L (BE2). The enrichment
factors ranged from 18.9 to 50.1. The four target estrogens
were not detected in the pork and chicken samples [118].

4.4 Fish and shrimp

Estrogens have been used also in aquatic animals to gain
weight; nowadays, these compounds are banned in foods
of animal origin [82,119]. In study concerning fish and
shrimp tissues, samples were extracted using dispersive
SPE and cleaned up prior to the HPLC. The dispersive
SPE was designed for samples containing at least 75%
moisture because water could make pores more accessible
and consequently provide effective extraction [120,121]. The
evaluation of the suitability of the whole procedure was tested
with four estrogens, namely BE2, E3, 4-hydroxyestradiol,
and 2-methoxyestradiol. Estrogens were separated through
the VP-ODS-Cyy column by methanol/water mobile phase
coupled with fluorescence detection for confirmation and
quantitation. The application of this method on real samples
hag shown that recoveries and procedural precisions appear
higher in shrimp than in fish samples due to the less
complex matrix [122].

45 Miscellaneous matrices

A validated method using offlline MISPE coupled with
HLPC-UV method enabled the analysis of trace BE2 in dairy
and meat products. Whole milk, yogurt, beef, chicken, and
pork samples bought from a local supermarket (Wuhan,
China} were analyzed. The method consisted of extraction
by MISPE BE2 followed by separation on a Cyg column with
a binary mobile phase ACN/water. The most of the selected
products contained trace BE2 (0.116-0.461 nmol/kg) [123).
In another study, a comprehensive LC-ESI-MS/MS method
hag been developed to detect BE2, E1, E3, DES, DIE, EE2,
HEX in porcine meat, liver and kidney, chicken and milk.
The samples were preconcentrated using HLB SPE cartridge
and cleaned up by amino-propyl SPE. The separation was
conducted using a phenyl column coupled to a mass detector
operating in negative ESI MRM mode. Androgens were

www.jss-journal.com



J. Sep. Sci. 2014, 37, 885-905

also determined by this method employing a positive ESI
mode [82]. As pointed out above, BPA and also NP and
OP are lipophilic compounds. Therefore, they can easily
contaminate foods of animal origin, which are considered to
represent the most important source of human exposure to
many organic pollutants.

4.6 Packaging material

As was mentioned previously, BPA is a starting material for
polycarbonate and epoxy resin synthesis. Epoxy resins are
used as a plastic coating in the food packaging industry. BPA
has been detected in canned food, microwave containers, au-
toclavable flasks, and baby bottles [124-128]. BPA migration
levels from food cans and microwave containers were mea-
sured using a Cig column and an ACN/water mixture as a
mobile phase coupled to a Auorescence detector. A total of
45 brands of canned food, 20 plastic microwave containers,
and 20 soft drink cans from supermarkets were analyzed. The
study estimated the dietary intake of BPA by pregnant women
from canned foods in Southern Spain. Migration limits were
below the EU limit, but the effect of low-dose exposure re-
mains of concern [129].

An HPLC method for the determination of BPA in
reusable baby bottles, water carboys, and other homeware
often made of plastics is described in Ref. [130]. The separa-
tion system consisted of Hypercarb S graphitized carbon col-
umn and methanol/water/ACN mixture as the mobile phase
with fluorescence detector. BPA was determined in the poly-
carbonate baby bottles and cups at levels ranging from 7 to
58 wg/g. BPA concentrations in the bottled waters ranged
from 0.1 to 4.7 ng/L. The concentration of BPA in the wa-
ter increased with the contact ime. Confirmation was per-
formed using a GC-MS method. Methods of applying the
PDMS/B-CD-coated stir bar extraction for the determination
of estrogens in environmental water, BPA in drinking water
and in leachate of one-off dishware coupled with HPLC were
presented in Ref. [106]. Diamonsil Cys and Phenomenex Cig
columns were used for separation of estrogens (E1, BE2, E3,
and EE2) and BPA, respectively. The mobile phase consisted
of ACN/acetate buffer (45:55, v/v, pH = 3.5) for estrogens
and of methanol/water (70:30, v/v) for BPA. The LODs were
within the range 0.04-0.11 pg/L for estrogens with UV detec-
tion and 8 ng/L for BPA using fluorescence detection. Sam-
ples of river and lake water were analyzed by the proposed
method. E3 was detected in lake water, but not quantified.
Samples of drinking water show higher concentration for pu-
rified water from plastic container than for tap water. BPA
wag detected in leachate of a paper cup and a food box [106].
Examples of the LC analysis of EDC are presented in Table 2.

5 GC

GC is often used for analysis of estrogens and estrogen
mimics in environmental samples (for reviews see e.g. Refs.
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[40,132-134])}. Papers dealing with the determination of EDC
in edible matrices are less common. Several EDCs can be an-
alyzed by GC directly, without derivatization; however, their
conversion into a more volatile state is usually preferred.
Derivatization usually leads to higher sensitivity and selec-
tivity of the detection. It has been observed that derivatization
increased the mass spectral signal intensity of the component
of interest 2-12 times compared to an untreated sample [135].
Derivatization is focused on specific groups of analytes; re-
lated compounds may be excluded from analysis [136].

Nevertheless, derivatization may be laborious, most of
the derivatization reagents are toxic and instable and deriva-
tization is an extra step, which may be a source of additional
errors. Derivatization is most frequently performed in com-
pounds containing active hydrogen, e.g. the phenolic-OH
group of EDCs. The most common derivatization reactions
are silylation and esterification. They lead to increased volatil-
ity, reduced polarity, and improved thermal and catalytic sta-
bility, which is important from the viewpoint of mass detec-
tion. Additionally, silylation leads to the formatien of more
favorable diagnostic fragmentation patterns. Derivatization
applied prior to GC analysis is discussed in detail in, e.g.,
Ref. [39].

A new silylation reagent, dimethyl-(3,3,3-
trifluoropropyljsilyldiethylamine, has been proposed
for the determination of natural (E1, BE2 and E3) and syn-
thetic (EE2 and DES) estrogens prior to GC/MS analysis. The
dimethyl(3,3,3-trifluoropropyl)silyldiethylamine derivatives
exhibited good separation properties {low retention times)
and ionization properties. The reagent possesses strong
nucleophilic properties and the reaction is completed at 30°C
in 30 min [137).

5.1 Milk and milk products

Hormones (E1, BE2, EE2) and other pharmacologically ac-
tive compounds were determined in food samples including
whole, raw, half-skim, skim, and powdered milk from differ-
ent sources (cow, goat, and human breast) [72]. The procedure
involves deproteination of the milk, followed by sample en-
richment; clean-up by continuous SPE; and conversion into
their silyl derivatives with a mixture of BSTFA and 1% TMCS
to improve volatility and thus sensitivity in the subsequent
GC-MS analysis. The method provides a linear response over
the range 0.6-5000 ng/kg with LODs from 0.2 to 1.2 ng/kg
depending on the particular analyte.

Nonsteroidal estrogens in breast milk, plasma, urine,
and hair were analyzed by the GC-MS method in the
selective ion monitoring mede after SPE using an Oasis
HBL column and derivatization with MSTFA/ammonium
iodide/dithioerythritol [138]. The LOD ranged from 0.2 to
3 pg/L (or pg/kg}. The method is characterized by high sen-
sitivity, good precision, and specificity.

A method for the analysis of E1, BE2, «E2, EE2, E3,
medroxyprogesterone, P4, and norethisterone acetate in but-
ter samples has been published [80]. The method includes
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MSPD extraction of the target analytes from butter samples,
derivatization of hermones with heptafluorobutyric acid an-
hydride/ACN mixture, and determination by GC-MS. Ethyl
acetate was used as an elution solvent. The recoveries of hor-
menes obtained by analyzing the five spiked butter samples
were from 84.5 to 111.2% and RSDs from 1.9 to 8.9%. LODs
and LOQs were in the range 0.2-1.3 and 0.8-4.5 pg/kg, re-
spectively.

5.2 Milk, egg, and meat

Different derivatization agents have been applied for the
determination of the main sex steroid hormones in milk,
egg, and meat [139]. Milk and egg samples were separated
into androgenic and estrogenic fractions. Androgens were
derivatized with a mixture of an MSTFA/dithiothreitol and
trimethyliodosilane. The halogenated N, O-bis(trimethylsilyl)
trifluoroacetamide/pentafluorobenzylbromide reagent wag
preferred for derivatization of the estrogen fraction of
milk and egg samples, because of increased specificity
and sensitivity when negative chemical ionization is used
[140]. For meat samples, derivatization was performed with
MSTFA/trimethyliodosilane/dithiothreitol for both estrogen
and androgen fractions. Sensitive fluorescence detection can
be applied after derivatization of estrogen molecules with
p-nitrobenzoyl chloride [58].

5.3 Fish

BSTFA with 1% TMCS in pyridine was used for derivatiza-
tion of E1, BE2, EE2, E3, and mestranol for their determina-
tion in environmental samples (estuarine water, wastewater,
fish bile, and fish homogenate) [141]. Using GC-MS with a
large-volume injection programmable temperature vaporiza-
tion (LVI-PTV), approximately ten times lower LODs (0.04—
0.15 ng/L for water samples, 0.04-0.67 ng/g for fish bile, and
0.1-7.5 ng/g for fish homogenate) were obtained than those
obtained by means of a common split/splitless inlet, Prob-
lems arising due to the use of plastic material during the
derivatization step and pyridine during LVI-PTV injection
were solved by using glass vials during derivatization and
by exchange of pyridine for hexane before LVI-PTV-GC-MS
analysis.

5.4 Vegetable and fruits

The analysis of many types of estrogenic contaminants
(including BPA, APs, and steroid estrogens) in vegetables
and fruit was achieved using an isotope dilution technique
and GC coupled with MS [47]. The isotopically labeled
standards of related environmental estrogens were used
to form the following analyte/surrogate pairings: OP/"*C;-
4-0-NP, 4-1n-NP/BCy-4-n-NP, 4NP/VC-4n-NP, BPA/SC,,-
BPA, E1/VC-F1, «E2/VCo-B-estradiol, BE2/Cy-B-estradiol,
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17EE2/*C,-EE2, and E3/D,-E3. Plant samples were homog-
enized, extracted ultrasonically with acetone, treated with
acid, evaporated to dryness, and derivatized with BSTFA and
TMCS. Acid hydrolysis releases free compounds from their
conjugates and greatly increages peak intensities for the ana-
Iytes. Isotope dilution technique accounts for extraction inef-
ficiency and loss of analytes through sample preparation. Re-
coveries of the spiked analytes were greater than 90%. LOQs
ranged from 0.04 to 0.60 pg/kg.

5.5 Canned products

BPA, BPF, BPZ, and BP were determined using SBSE in com-
bination with thermal desorption-GC-MS [107]. Two derivati-
zation procedures were tested, in situ acetylation and in-tube
silylation, and compared to analysis without derivatization.
The conversion to acyl derivatives gave the best analytical pa-
rameters and was applied to commercially canned beverages,
ag well ag the filling liquids of canned vegetables, providing
detection limits between 4.7 and 12.5 ng/L. The intraday and
interday precisions expressed as RSD were lower than 6%.
Recovery studies at two concentration levels, 0.1 and 1 pg/L,
were performed providing recoveries in the range 86-122%.

5.6 Soya products

A simple and robust GC-MS method employing isotope di-
lution is described for determination of phytoestrogens in
biological samples and food matrices [142]. Samples are hy-
drolyzed with B-glucuronidase, the aglycones are extracted,
the phytoestrogen fraction isolated by chromatography on
Sephadex LH20, derivatized with BSTFA and analyzed by
GC-MS. Examples of the GC analygis of EDCg are presented
in Table 3.

6 Immunochemical methods

BPA presents the most common analyte for immunochem-
ical determinations. DES and estrogens are analyzed by im-
munochemical methods less frequently. Due to the exten-
sive use of polycarbonate plastic and epoxy resins, humans
are widely exposed to BPA [152]. Tts extensive use in plas-
tics leads to widespread environmental contamination [153].
Therefore, it is important to investigate the human exposure
to BPA [154]. It may occur through direct contact with BPA,
or by consumption of food or drinks that have been exposed
to material containing BPA [15].

6.1 Milk products
The specific BPA immunoglobulins were isolated from the

egg yolk and were used as antibodies in indirect ELISA for
determination of BPA in milk [155]. The assay was evaluated
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for pasteurized milk with various fat contents obtained from
retail shops in Ghent, Belgium. Similar competition curves
were obtained for skimmed, semiskimmed, or whole milk,
due to the presence of milk proteing. The results confirm that
the fat content is of no importance with regard to the assay
performance. It could mean that BPA is partially absorbed
by the fat globule. Used antibodies were able to penetrate
within the interface of the fat globules and aqueous phase
thus inducing the immunochemical reactions.

The presence of E1 and BE2 in raw whole cow’s milk has
been demonstrated by RIA and the effects of pasteurization—
homogenization on estrogen contents were studied [156]. E1
and BE2 were quantified in fresh milk after pasteurization
and homogenization from organic or conventional skim, in
19, 294, and whole milk, as well as in half-and-half, cream,
and butter samples. Prior to RIA analysis using '*"I-labeled
BE2, samples were subjected to organic solvent extraction and
chromatography and LODs ranged between 20 and 30 pg/g
depending on product. Commercial milk (7 unique brands
of organic labeled milk and 11 unique brands of conven-
tional milk) with various amounts of fat were purchased
from grocery stores and E1 and BE2 were quantified from
71 unique milk samples. Average concentrations found for
El were 2.9, 4.2, 5.7, 7.9, 20.4, 54.1 pg/mL and 118.9 pg/gin
skim; 195, 2%, and whole milk; half-and-half, cream, and but-
ter samples, respectively. Concentrations obtained for BE2
were lower: 0.4, 0.6, 0.9, 1.1, 1.9, 6.0 pg/mL and 15.8 pg/g in
skim; 1%, 2%, whole milk, half-and-half, cream, and butter
samples, respectively. This work confirmed that the amount
of fat significantly affects E1 and BE2 concentrations in milk.
The concentration of E1 and BE2 increases with an increaged
concentration of fat. Pasteurization-homogenization did not
significantly affect BE2 concentrations in milk.

In Ref. [154], the concentrations of BPA in human
colostrum were measured by competitive ELISA. The aim
of the work was to understand the present status of BPA bur-
den in human breast milk. Samples were collected within
three days after delivery from 101 healthy mothers and were
pretreated by ACN and SPE extraction. The mean recovery of
spiked samples was 102 + 19.0% and the detection limit of
the method was 0.3 ng/mL. The ELISA was performed using
an EcoAssayBPA kit, which was able to detect glucuronide-
conjugated BPA as well as free BPA. BPA was detected in all
of the 101 samples and its concentrations were in the range

1-7 pg/L.

6.2 Packaging material

BPA contamination of water from different types of reugable
drinking bottles was determined using ELISA, previously
validated to specifically detect BPA in water samples [157].
Reusable bottles were obtained from retail sources: poly-
carbonate, copolyester and stainless-steel bottles, aluminum
epoxy resin lined and EcoCare™-lined bottles. In the wa-
ter samples, ELISA shows a high correlation with the GC-
MS/MS method. Increased levels of BPA were detected in
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samples from all four different polycarbonate bottles. These
results confirmed that BPA can leach into liquids from new
polycarbonate bottles at room temperature. Conversely, no
BPA was observed to migrate from EcoCare™-lined alu-
minum, stainless-steel, or Tritan™ plastic bottles after a
120 h incubation period. In epoxy resin lined bottles, initially
exposed to boiling water, the migration of BPA increased
significantly.

A similar study has been carried out [153] in which the
ELISA method has been applied to the determination of BPA
released from polycarbonate bottles used for consumption
of water and other beverages. New bottles, obtained from a
national retail supplier (NJ, USA) and used ones were com-
pared. Used bottles were collected from anonymous donors
(OH, USA) and described as having been normally used for
between one and nine years. Bottles filled with water were
left up to incubate for (i) seven days at room temperature
and (ii) 24 h to study the effect of boiling water. Relative
cross-Teactivity of the ELISA, for endocrine disruptors and
chemicals structurally related to BPA (100% reactivity), has
been determined; the most significant cross-reactivity was ob-
served for bisphenol B (15.6%) and bisphenol E (6%). Cross-
reactivity for NP was 0.19% and <0.05% for diethylhexylph-
thalate, BE2, and E1. The LOD for BPA was determined as
0.05 ng/mL. The mean content of BPA estimated for the wa-
ter samples collected following seven days of incubation from
the high-density polyethylene bottles was 0.14 ng/mL. How-
ever, detectable levels of BPA were identified in all the water
samples collected from either the new or used polycarbon-
ate bottles. Since the values calculated for rates of migration
from new or used bottles were not significantly different from
each other, the average rate of migration from all bottles was
calculated as 0.49 ng/h (SD £0.17). The exposure to boiling
water (100°C) increased the rate of BPA migration by up to
55-fold and the results were highly reproducible.

6.3 Meat

The traditional methods for analysis of DES, which is illegally
used as a growth promoter in cattle to increase weight [158,
159], are GC and LC. For monitoring of DES residues in
edible matrix, an immunosorbent method appeared suitable.
Direct competitive ELISA, using polyclonal rabbit antisera,
was developed for a simple, fast, and sensitive assessment
of DES in chicken meat and liver tissues, at 0.07 ng/mL
detection limit. The method was verified by LC-MS/MS. For
detailed sample preparation, see Ref. [160].

6.4 Various matrices

E1 is known to induce an increase in body weight in rats. E1
egters can be found in food and they may alter the mechanism
of body weight control. In Ref. [161], the total content of E1
in food was measured by RIA (with LOD of .2 wmol/kg for
fresh material) and estimated the influence of this hormone
on development of cbesity. Eight categories of food were

www.jss-journal.com



902 H. Adamusova et al.

analyzed: chocolates, fish, vegetables, fruits and nuts, pastry,
eggs, meat and meat products, dairy products, oils and fats.
The lowest content of E1 was found in vegetables—almost at
the detection limit (<0.25 pmol/kg in potato, tomate, and let-
tuce); the highest contents 7.81 £ 1.93,9.15 + 3.25, and 11.44
+ 3.04 pmol/kg were determined in Parmesan cheese, butter,
and pork lard, respectively. For detailed results, see Retf. [161].
Examples of the immunochemical analysis of EDCs are pre-
sented in Table 4.

7 Concluding remarks

An increased attention is paid to the determination of
endocrine-disrupting chemicals due to their harmful effects
on living organisms. Their analysis is usually carried out in
environmental samples but their amount in food, especially
in baby food, is of great concern. EDCs are present in sam-
ples at very low concentrations and therefore their analyses
require time-consuming pretreatment and sophisticated
instrumentation. To make the sample pretreatment less
costly and time-consuming, new selective materials for
EDCs extraction are required. Online sample pretreatment
improves the analysis precision and decreases the analysis
time. Continuous progress in celumn technology in LC
and in MS instrumentation leads to improved sensitivity
of measurements. GC or HPLC combined with MS/MS is
mostly employed for the analysis of EDCs, but immuneo-
chemical methods also are used especially for the analysis
and screening of BPA in edible matrices.
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2 ANALYZY LECIV

Druhé ¢ast této disertacni prace se tyka analyzy 1éCiv. Budou zde popsany metody
pro chiralni separace 1¢Civ za pouziti vysokoucinné kapalinové chromatografie a zonové
kapilarni elektroforézy (CE). Stru¢né¢ bude zminéna UHPLC separace 1é¢iv (zejména
psychofarmak), drog a ethylglukuronidu (EtG) ve slinach, vyuzitd pro
epidemiologickou studii na Norském institutu veiejného zdravi.

Regulace necistot 1&Civ se fidi mezinarodnimi smérnicemi ICH, 1€kopisy, piedpisy
Evropské 1ékové agentury a FDA. V Ceské republice je celostatné zavaznym
normativnim piedpisem Cesky lékopis v aktualnim vydani, ktery p¥ispiva k zajisténi
bezpecnych, uc¢innych a jakostnich 1é¢iv [1]. International Conference of Harmonisation
definuje necistotu v API jako jakoukoliv jeji slozku, kterd neni chemickou entitou
definovanou jako API [2]. Podobné necistotou v 1é¢ivém piipravku (LP) je jakakoli jeho
slozka, ktera neni chemickou entitou definovanou jako API nebo excipient v LP [3].
Bezpecnost LP zavisi nejen na toxikologickych vlastnostech samotné API, ale také na
necistotach, které obsahuje. Identifikace, kvantifikace a kontrola necistot v API a LP
jsou tedy dulezitou soucasti vyvoje 1€kt a regulaéniho hodnoceni. Smérnice ICH Q3A a
Q3B ftesi otazky tykajici se regulace necCistot v API a LP [4]. Na zadklad¢ ICH Q3A
mohou byt necistoty API zafazeny do nasledujicich kategorii: organické necistoty
(zejména vstupni reaktanty, meziprodukty, vedlej$i produkty a degradacni produkty),
anorganické necistoty (napft. soli, katalyzatory, t€¢Zké kovy) a zbytkova rozpoustédla [2].
V zékladni smérnici ICH Q3A nejsou popsany zkouSky pro oveéfeni chirdlni Cistoty.
Optické necistoty je potieba stanovit stejné jako necistoty ostatni. Pokyny pro jejich
stanoveni uvadi smérnice ICH Q6A [5]. PoZadavky a pokyny pro validace analytickych
metod uvadi smérnice ICH Q2 (R1) [6].

Stereochemie ma u 1éCiv svlj zasadni vyznam. Téméf polovina vSech [éCiv
v soucasné dobé¢ je chirdlni, nicméné pouze 25 % je podavano jako ¢isty enantiomer. Je
znamo, ze ve vetSing piipadl jsou farmakologické vlastnosti omezené pouze na jeden
z enantiomerd, pfi¢emZ druhy enantiomer nemé bud’ Zadny ucinek, mize mit vedle;jsi
ucinky, nebo muze byt dokonce toxicky [7]. Enantiomery se mohou liit v absorpci,
distribuci, vazb&é na proteiny, receptorové afinit¢ a mohou se liSit také svym
metabolismem [8]. Optickd Cdistota se rutinné stanovuje u léCiv, kde kazdy

z enantiomerd vykazuje jinou farmakologickou aktivitu nebo toxicitu. Chiralni separace
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je proto nezbytnd ve farmaceutickych analyzdch pro ziskani bezpecného a
pozadovaného enantiomeru [9]. NejCastéji pouzivanymi separa¢nimi technikami pro

chiralni analyzy jsou HPLC a CE [10].
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2.1 Aclidinium bromid

Chirélni aclidinium bromid se jako API pouziva v (3R) konfiguraci, jehoz struktura
je uvedena na obrazku 2.1. Je relativné¢ nové (2012) schvalenym antagonistou
muskarinovych receptorti pro tlevu od symptomut chronické obstrukéni plicni nemoci

(CHOPN)[11, 12].

Br

Obr. 2.1 Struktura 3(R)-aclidinium bromidu (3-{[hydroxy(di-2-thienyl)acetyl]oxy}-
1-(3-phenoxypropyl)-1-azoniabicyklo[2.2.2]oktan bromid).

Chronické obstrukéni plicni nemoc je charakterizovdna omezenim pritoku vzduchu
v dychacich cestach, které neni plné reverzibilni. Je spojena se zvysSenou chronickou
zanétlivou reakci na cizi ¢astice a plyny. Chronickou obstrukéni plicni nemoc zptisobuje
pfedevS§im koufeni, z dalSich faktori mlZe k vyvoji tohoto onemocnéni pfispivat
zejména pracovni expozice [13]. Mezi symptomy CHOPN lécené AB patii z(zeni
prudusek, chronicka bronchitida a rozedma plic [12]. Pro 1écbu CHOPN je mozZné
pouzit také ostatni dostupné antagonisty muskarinovych receptorti jako je tiotropium
bromid, glycopyrronium bromid, umeclidinium bromid, nebo B-2-adrenergni agonisty
[14, 15]. Jak aclidinium, tak glycopyrronium pfedstavuji vykonné antagonisty
muskarinovych receptori s podobnou kinetickou selektivitou pro Ms versus
M, receptor, aclidintum ma delsi disociacni polocas na M3 receptorech a déle trvajici
bronchodilataci nez glycopyrronium. Systémové anticholinergni vedlejsi Uc€inky
aclidinia mohou byt oproti glycopyrroniu nizsi diky jeho kinetické selektivité a rychlé
hydrolyze [16]. Vice o souvislostech AB a 1éby CHOPN lIze nalézt napi. v publikacich
[13, 14].

Doposud nebyla publikovand Zadné prace tykajici se enantioseparace AB. Bylo

publikovano nékolik klinickych studii porovnavajicich inhalacni 1éCiva jako je
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glycopyrronium bromid, tiotropium bromid a AB [14, 16, 17]. V literatufe je mozné
najit metody kapalinové chromatografie a to jak HPLC tak UHPLC pro stanoveni AB a
jeho metabolith v plazmé. Stanoveni aclidinia, tiotropia a ipratropia v inkubac¢nich
vzorcich ze stabilitnich plazmatickych studii byly provedeny pomoci UHPLC s MS
detekci. Pro detekci byl vyuzit trojity kvadrupdl s elektrosprejem jako iontovym
zdrojem (electrospray ionization, ESI) pracujicim v pozitivnim modu [18]. Jaterni in
vitro metabolismus AB byl studovan Albertim a kol. Ke stanoveni AB a jeho metabolitt
byl vyuzit HPLC-MS systém. Bylo pouzito ESI v pozitivnim nebo negativnim modu
v zavislosti na tom, jaké hydrolytické metabolity byly sledovany. Metabolity byly
identifikovany pomoci trojitého kvadrupolu jako analyzatoru [19]. Stanoveni aclidinia a
jeho hydrolytickych metabolitli v inkubacnich vzorcich ze stabilitnich plazmatickych
studii bylo provedeno pomoci HPLC-MS metody. Pro detekci byl vyuzit hybridni
trojity kvadrupdl s linedrni iontovou pasti, kvantifikace byla provedena pomoci MRM
[20].

Terapeutické¢ U€inky ma (R)-enantiomer AB, a proto je potieba mit k dispozici
screeningovou metodu pro stanoveni nizkych koncentraci (S)-AB jako optické
necistoty. Pro kontrolu kvality vyrobniho procesu a pro farmakologické a
farmakokinetické studie jsou poZadované metody pro chiralni separaci (R)-AB a (5)-AB
enantiomerll. Z vySe uvedeného je patrné, Ze v literatufe I1ze nalézt prfedev§im metody

kapalinové chromatografie pro separace AB s vyuzitim pro klinické studie.
2.1.1 Kapilarni elektroforéza v analyzach léCiv

Kapilarni elektroforéza je ucinnou analytickou metodou se vzriistajicim vyuZzitim ve
farmaceutickém pramyslu. Kapiladrni elektroforéza a HPLC v reverznim moédu (RP-
HPLC) predstavuji komplementarni techniky pro analyzy léCiv v 21. stoleti [21].
Specifickymi vyhodami CE jsou vysokd separa¢ni uc¢innost, rychly vyvoj metody a
mald spotfeba chemikalii a [éCiv [10]. Ve srovnani s ostatnimi technikami je
instrumentace CE jednoducha. Hlavni vyhodou CE je dostupnost riznych médu, které
umoziuji separaci a analyzu raznych latek od anorganickych latek az po biopolymery
[21].

Pro detekci 1€€iv, coZ jsou vétSinou malé organické molekuly s chromoforem, ktery

vvvvv
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Analyty, které nemaji chromofor ani fluorofor, mohou byt detektovany po piedchozi
derivatizaci nebo nepiimymi detekénimi technikami [9]. Ackoliv je UV detekce (pro
pfimé nebo nepiimé métfeni) v CE nejvice pouzivana, jeji citlivost je relativné nizka,
protoze velikost signalu je pfimo imérna délce optické drahy, tedy vnitfnimu praméru
kapilary [22]. Citlivejsi detekeni techniky predstavuji fluorimetricka detekce, predevsim
laserem indukovana fluorescen¢ni detekce (LIF), ktera je vysoce citliva, a MS detekce,
poskytujici jak citlivost, tak informaci o molekularni hmotnosti analytu a jeho struktuie
(v ptfipadé¢ MS-MS nebo MSn uspotadani) [9]. Pro zvySeni citlivosti v CE byly vyvinuty
rizné pristupy, zahrnujici techniky davkovani vzorku, derivatizace, mikro SPE
(extrakce tuhou fazi), jiz zmitované specifické detektory (LIF, MS) a kapilary s
prodlouzenou optickou drahou [21].

Kapilarni elektroforéza se ukazala byt vhodnou metodou pro testovani enantiomerni
Cistoty, pro enantioselektivni analyzy 1é¢ivych ptipravka a také pro analyzy chirdlnich
léciv a jejich metabolitl v biologickych vzorcich [23]. Chirdlni separace pomoci CE
mohou byt provedeny bud nepfimo za pouziti chirdlniho derivatiza¢niho Ccinidla,
tvoriciho ireverzibilni diastereomerni pary, které mohou byt rozdéleny za achiralnich
podminek, nebo pfimo za pouziti chiralnich selektortit v zakladnim elektrolytu, kde
vznikaji reverzibilni diastereomerni pary enantiomeru a chirdlniho selektoru a nasledné
mohou vyustit vrozdilnou mobilitu jednotlivych stereoizomert [24, 25]. VétSina
separaci piredstavuje pfimou enantioseparaci v pfitomnosti chiralniho selektoru.
Vzhledem k tomu, Ze Casy separace jsou relativné kratké, je mozné vyzkouset béhem
kratké doby Siroké spektrum riznych chirdlnich selektorti [7]. Pro pfimé metody
chirdlni analyzy v CE lze vyuZzit nasledujici chirdlni selektory: cyklodextriny (CD;
neutrdlni, nabité a dudlni systémy), linedrni polysacharidy, proteiny, makrocyklicka
antibiotika, crown ethery, chiralni kovové komplexy a dalsi [21].

Nejcastéji pouzivanymi chirdlnimi selektory jsou CD kvili Siroké Skale velikosti
kavity, postrannich fetézcl, stupné substituce a naboje [26]. Od jejich zavedeni byly
nativni CD chemicky modifikovany derivatizaci nabitymi skupinami, hydrofilnimi
segmenty nebo hydrofobnimi zbytky pro naslednou upravu jejich fyzikalné-chemickych
vlastnosti a schopnosti molekuldrniho rozpoznavéani [27]. Vroce 1995 byly jako
chirdlni selektory pfedstaveny sulfatované CD a tyto aniontové CD vynikaji univerzalni

vyuzitelnosti. Lze je pouzit pro enantioseparace kyselych, bazickych, neutralnich
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1 amfoternich latek, ¢ehoz je vyuzivano pii analyzach 1éciv, herbicidl, alkaloidi,
fungicidi a dalSich. Literatura zminuje minimalni potiebu optimalizace pro dosazeni
uspésné separace. Diky témto vlastnostem jsou sulfatované CD vhodné pro vyvoj
separaci fady chiralnich molekul [28]. Teoreticky stupeni Gplné sulfatace CD je 18, 21, a
24 pro a-, B- a y-CD. Kompletni sulfatace zatim nebylo dosaZzeno, pravdépodobné
z davodu velkého elektrostatického a stérického branéni. Pro CE separace byly uspésné
zatazeny CD s rozdilnym stupném castecné sulfatace. Termin ,,vysoce sulfatovany* se
bézné pouziva pro oznaceni CD s vice nez polovinou moznych mist sulfatovanych. Pti
porovnani rozpustnosti neutrdlnich a sulfatovanych CD ve vod¢, je rozpustnost
sulfatovanych CD zhruba desetkrat vys$i, coz poskytuje moZnost vyzkouSet Sir$i
koncentracni rozmezi selektoru pii optimalizaci a jeho vyss§i rozsah pro davkovani
vzorku. Permanentni naboj také zptisobuje iontovy charakter téchto aditiv, coz je ¢ini
nezéavislymi na pH. Tyto aniontové CD umoziiuji separaci vét§iho mnozstvi analytl
[28]. Vyhody pouziti CD v chirdlnich separacich jsou nasledujici: dobré enantiomerni
rozpozndvaci schopnosti, dobra rozpustnost ve vodé€, nizkd absorpce UV zafeni pfi
vinovych délkach bézné pouzivanych v CE a Siroky vybér neutrdlnich, kationtovych a
aniontovych CD s rozdilnymi funk¢énimi skupinami [29]. Mechanismus chirdlniho
rozpoznavani CD je zaloZen na inkluzi lipofilnich skupin analytu do hydrofobni kavity
CD. V piipadé nabitych CD mohou pfispivat i iontové interakce, které mohou dokonce
pfevySovat nad komplexa¢nim mechanismem [27]. V pfipad€ nativnich CD je to
vodikova vazba mezi OH skupinami CD a vhodnou skupinou v analytu. CD jiz byly

uspésné pouzity pro separace API [30, 31].

2.1.2 Enantiomerni separace (R,S)-aclidinium bromidu negativné nabitym y-

cyklodextrinem pomoci CE — komentar k publikaci V

Vsechna méfeni byla provadéna na HP3D CE systému (Agilent Technologies,
Waldbronn, Némecko) s DAD detektorem. Béhem vyvoje metody byly vyzkouseny
rizné CD (sulfatované¢ a-CD, B-CD a y-CD a hydroxypropyl B-CD a y-CD) jako
potencialni selektory. Byl sledovan vliv zakladniho elektrolytu
(tris(hydroxymethyl)aminomethanu a dihydrogenfosfore¢nanu draselného) na tvar piku.
Pro dosazeni vyssi citlivosti byla po Gvodnich métfenich zvolena pro dal$i separace

kapilara s rozSifenou optickou drdhou. Byly studovany a optimalizovany hodnoty
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vloZzen¢ho napéti a tlaku, dale pak doby nastfiku a teploty kapilary. Hodnoticim
kritériem bylo rozliSeni mezi separovanymi (R)- a (S)-enantiomery. Zmény v hodnotach
vlozené¢ho napéti a tlaku mély na separaci vétsi vliv nez zmény v dobé nastiiku ¢i
v teploté¢ kapilary. S rostoucim vlozenym napétim bylo rozliSeni vétsi, s rostoucim
tlakem byl pozorovan opacny trend. S delsi dobou nastfiku bylo pozorovano vétsi
rozliSeni a snizsi teplotou kapilary bylo rozliSeni mezi enantiomery mens$i. Byly
vyzkouseny také rizné molarni koncentrace (5 — 120 mM dihydrogenfosfore¢nanu
draselného) a hodnoty pH zakladniho elektrolytu (2,0 — 4,0). S rostouci koncentraci
zékladniho elektrolytu rostla také hodnota rozliSeni. Byl optimalizovan obsah chiralniho
selektoru v separacnim elektrolytu; koncentrace sulfatovaného y-CD byly testované
vrozsahu 2,4 — 7,0 % (w/v) a srostouci koncentraci CD klesalo rozliSeni mezi
separovanymi enantiomery.

Enantioseparace, umoziujici stanoveni 0,4 % (S)-AB jako optické necistoty
v syntetickém vzorku AB bylo dosazeno za pouziti sulfatované¢ho y-CD 4,8% (w/)
v kyselém zakladnim elektrolytu dihydrogenfosfore¢nanu draselného (100 mM, pH =
3,0) na nepokryté kiemenné kapilate (s celkovou délkou kapilary 48,5 cm a efektivni
délkou kapilary 40,0 cm o vnitinim priméru 50 pum) s rozsifenou optickou dréhou.
Metoda byla validovana jako limitni test. Mezi validované parametry u limitniho testu
patii selektivita a LOD. Cilem limitniho testu je ovéfeni, ze testovana latka neptesahuje
stanovenou hodnotu limitu. Tento test neni zcela kvantitativni ale pouze
semikvantitativni. Selektivita vyvinuté metody je demonstrovana na obrazku 2.2,
ukazujictho  oddéleni nasledujicich necistot: nelistoty 1  (3-fenoxypropyl-
chinuklidinolu), necistoty 2 (esteru chinuklidinylu), necistoty 3 (di(2-thienyl) glykolové
kyseliny), necistoty 4 (methyl 2,2-dithienylglykolatu), necistoty 5 (3-fenoxypropyl
bromidu) a necistoty 6 (3-chinuklidinolu) od (R,S)-AB enantiomerti. Tato metoda mize
byt pouZzita pro screening enantiomerni Cistoty béhem syntézy API, pro kontrolu
finélniho produktu bude potieba vyvinout citlivéjsi metodu. Detaily vyvoje a validace

metody jsou popsany v publikaci V [32].
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Obr. 2.2 Enantioseparace (R,S)-AB v ptfitomnosti necistot 1 — 6: 1 (3-fenoxypropyl-
chinuklidinol), 2 (ester chinuklidinylu), 3 (di(2-thienyl) glykolova kyselina), 4 (methyl
2,2-dithienylglykolat), 5 (3-fenoxypropyl bromid) a 6 (3-chinuklidinol) za podminek:
100 mM KH,PO4 pH = 3,0 s 4,8 % (w/v) sulfatovaného y-CD.

2.2 Tapentadol

Tapentadol hydrochlorid (3-[(1R,2R)-3-(dimethylamino)- 1 -ethyl-2-
methylpropyl]fenol hydrochlorid) je centralné plsobici analgetikum pro l1écbu stiedné
tézké az tézké akutni bolesti nebo chronické bolesti, jako je bolest po urazu nebo
chirurgickém zakroku, bolestiva diabeticka periferni neuropatie a chronicka bolest zad.
Tapentadol hydrochlorid je schvalen FDA ve dvou forméch jako tablety s okamzZitym
nebo prodlouzenym uvolfiovanim pro chronické bolesti, kde je pozadovan kontinudlni
analgeticky ucinek [33]. Chronickd bolest vznikd plsobenim rdznych faktord a
zriznych pfi¢in. To znamend, Ze miZe byt zfidkakdy kontrolovdna pouze jednim
léCivem. Kombinace [ékli s rlznymi analgetickymi ulinky sice zvySuje
pravdépodobnost pteruseni bolestivého signalu, ale casto je spojena se zvySenym
rizikem interakci mezi léky a vedlejSimi ucinky [34].

Tapentadol hydrochlorid kombinuje v jediné molekule dva mechanismy ptisobeni:
agonismus p-opioidniho receptoru a inhibici zpétného vychytavani noradrenalinu,

pfi¢emZ oba mechanismy pfispivaji k jeho analgetickym uc¢inkiim. Tyto mechanismy
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poskytuji tlevu od bolesti srovnatelnou s oxykodonem a morfinem, pficemz TAP ma
nizsi vyskyt nezddoucich uc¢inkt, jako jsou nevolnost, zvraceni a zacpa [33, 35].

Molekula TAP se sklad4 z metasubstituovaného fenolového kruhu majiciho ethyl na
C7 a aminopropyl na C10, diky kterym mohou vznikat ¢tyfi mozné stereoizomery (obr.
2.3), avsak pouze (R,R)-izomer je v soucasné dobé¢ klinicky pouzivanou formou [36].
Pro stanoveni TAP bylo vyvinuto nékolik metod. Byly publikovany postupy pro
stanoveni TAP a jeho hlavniho metabolitu N-desmethyltapentadolu v moci a slinach za
pouziti riiznych separacnich technik jako je SPE-LC-MS/MS [37] nebo UPLC-MS-MS
[38]. Pro kvantifikaci TAP v psi plazmé byla pouzita HPLC metoda s fluorimetrickou
detekci [39]. Pro separaci dvou enantiomert (R,R)-TAP a (S,S)-TAP byla publikovéna
CE metoda za pouziti CD jako chirdlniho selektoru [40]. VSechny ¢tyfi izomery TAP
byly oddéleny za pouziti CD dualniho systému popsaného v [31]. Pro sledovani chiralni
Cistoty TAP béhem enantioselektivni syntézy byly popsany dvé nevalidované chirdlni
metody. V téchto metodach byl chiralni profil 4 stereoizomerti TAP urcen za pouziti
kolony Chiralpak AD-H (s navazanym 3,5-dimethylfenylkarbamatem amylozy) a
mobilni faze hexan—tetrahydrofuran (85:15, v/v) [41] nebo hexan—diethylamin (100:0,2,
v/v) [42].
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Obr. 2.3 Struktury enantiomerd TAP.
- (S,S)-TAP; Il — (R R)-TAP; Il - (R,S)-TAP; IV — (S,R) — TAP.

2.2.1 Chiralni HPLC v analyzach |éCiv

Separace enantiomert pomoci kapalinové chromatografie na chiralnich stacionarnich
fazich (CSPs) se ukazala jako nejucinngjsi a nejvhodnéjsi zplsob stanoveni
enantiomerniho slozeni mnoha chirdlnich sloucenin, v¢etné riznych chiralnich léciv
[43]. Chiralni separace se provadi v riznych separa¢nich mddech: v normalnim (NP),
RP nebo v polarné-organickém modu [44]. Vysokoucinna kapalinova chromatografie je
Siroce vyuzivana diky své, piesnosti, vysoké reprodukovatelnosti, robustnosti a riznym
staciondrnim a mobilnim fazim, které lze pouZzit [45]. Byla vyvinuta fada CSPs
zaloZzenych na makrocyklickych antibiotikach, polysacharidech, crown etherech, CD,
glykoproteinech nebo na principu ligandové vymeény [46-50].

Chiralni stacionarni faze, zalozené na derivatech polysacharid, jsou Siroce
aplikovatelné na mnoho raznych typa sloucenin [51] a umoziuji rychlou ekvilibraci a
separace [52]. Derivaty amylozy a celulézy patii mezi nejCastéji pouzivané chiralni

selektory pro HPLC. Tti z téchto derivati: tris(3,5-dimethylfenylkarbamat) celulézy
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(OD), tris(3,5-dimethylfenylkarbamat) amylézy (AD) a tris(4-methylbenzoat) celulozy
(OJ) vykazuji komplementarni selektivitu. Tyto CSPs jsou znamé pod obchodnimi
nazvy Chiralcel OD, Chiralpak AD a Chiralcel OJ [44, 53]. Tyto CSPs mohou byt
pouzity v NP i RP mddu [50]. Enantioselektivita se miize ménit v zavislosti na
pritomnosti bud’ esterové, nebo karbamatové skupiny. Tyto skupiny mohou selektivné
interagovat s chiralnimi analyty. Vzhledem k tomu, Ze polysacharidové polymery maji
velky pocet funkcnich skupin, jsou schopny pfi separacich v NP mddu vazat Sirokou
Skalu latek vodikovymi vazbami nebo =n-m interakcemi; hydrofobni interakce jsou
dualezité pro separace v RP modu [54].

Chiralni diskriminace je velmi slozity jev. Proto je téméf nemoZné piedpovédét,
ktera kombinace CSP a mobilni faze zajisti nejlepsi enantioseparaci [55]. Pro zrychleni
a vyssi efektivitu vybéru vhodného selektoru jsou potieba jednoduché piistupy
s rychlym screeningem kombinaci CSPs a mobilnich fazi, poskytujicich chiralni
separaci pozadované latky. Cilem této strategie je rychle analyzovat velké mnoZstvi
rozlicnych molekul. Proto je prvnim krokem tohoto pfistupu vybér omezeného poctu
chiralnich selektor s Sirokym rozsahem chirdln€¢ rozpoznavacich schopnosti, takze
vétSina enantiomertd bude moci byt rozdélena pii pouziti jednoho z nich. Dale je
dilezité definovat malé mnoZstvi experimentalnich podminek jako je napf. né€kolik
mobilnich fazi, které maji byt vyzkouSeny s vybranymi selektory [45].

Ve strategii pro NP-HPLC, definované Matthijsem a kol. [53] sestava prvni krok ze
sekvenéniho screeningu tfi CSPs na bazi polysacharidi v kombinaci se dvéma
mobilnimi fAzemi za ucelem dosaZeni chirdlni separace testovanych latek. Prvni mobilni
faze je hexan—propan-2-ol, druhd hexan—ethanol. Kazd4 mobilni faze obsahuje jako
aditivum bud’ diethylamin nebo trifluoroctovou kyselinu, v zavislosti na povaze
testované latky. Bazicka a kysel4 aditivita maji vliv na kvalitu separace, jak ve smyslu
selektivity, tak tvaru piku [56, 57]. Hexan je vhodné v mobilni f4zi nahradit heptanem,
protoze je méné toxicky a retence a rozliSeni analytd se velmi neméni [53]. Jak jiz bylo
zminéno vysSe, v tomto piistupu jsou ob& mobilni faze pouzity v kombinaci se tfemi
CSPs v nasledujicim potadi Chiralpak AD-H, Chiralcel OD-H and Chiralcel OJ-H.
Detaily screeningu zalezi na povaze testované latky, zda jde o bazi, nebo o kyselou ¢i
neutrdlni latku. U bazickych sloucenin se testuji dva faktory: typ CSP (pouze dvé
kolony Chiralpak AD-H a Chiralcel OD-H) a typ organického modifikatoru (propan-2-
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ol, ethanol). Pro ziskani vétSiho rozliseni, selektivity a ucinnosti muze nasledovat

optimalizace separace [44].

2.2.2 Za&kladni studie enantioselektivni HPLC separace enantiomeru
tapentadolu za pouZiti chiralni stacionarni faze na bazi celulézy v NP
modu — komentar k publikaci VI

Pro separaci stereoizomeri TAP bylo vyzkouseno 10 chiralnich polysacharidovych
kolon (Chiracel OD-H, Chiralpak AY-H, Chiralcel OZ-H, Chiralcel OA, Chiralcel OG,
Chiralcel OK, Chiralcel OC a Chiralcel OF). Dostate¢nou chiralni selektivitu poskytla
kolona Chiralpak AD-H na bazi amylozy, kterd byla pouzita pro dalsi vyvoj a
optimalizaci metody. Byl studovan vliv slozeni mobilni faze na retenci a
enantioseparaci jednotlivych izomert. RozliSeni a retence vSech izomert byly velice
citlivé na mnozstvi propan-2-olu v mobilni fazi, s vétsSim mnozstvim propan-2-olu se
snizovala retence i selektivita. Uspokojivé enantioseparace a pfijatelné retence bylo
dosazeno pii pouziti mobilni faze s 2% obsahem propan-2-olu. Pro zjisténi vlivu
alkoholu jako modifikatoru mobilni faze na enantioseparaci a retenci bylo vyzkousSeno 8
zastupcti alkoholt: ethanol, n-propanol, n-butanol, 2-butanol, 2-methylpropan-2-ol,
2-methylpropan-1-ol a 2-methyl-2-butanol. Dostate¢né enantioseparace vSech Ctyt
enantiomertl bylo dosazeno za pouziti 2-butanolu. Pfi pouziti ostatnich alkoholti bud’
k separaci nedoslo viibec, nebo nebyly rozdéleny vSechny enantiomery, ptipadné byly
analyty rozdéleny s nedostate¢nym rozliSenim. Vliv n-alkanu na enantioseparaci byl
studovan pouZzitim smési alkan (n-hexan, n-heptan, n-oktan, 2,2.4-trimethylpentan)
a 2% propan-2-ol a 0,02% diethylamin. Rizné alifatické alkany v mobilni fazi mély
zanedbatelny dopad na retenci, zatimco ucinnost separace rostla se zkracujici se délkou
alifatického fetézce. Pro optimalizaci tvaru piku byl vyzkouSen vliv ¢tyf amind
(diethylaminu, triethylaminu, ethylendiaminu a dibutylaminu) pfidanych do mobilni
faze obsahujici 2% propan-2-ol. Vliv diethylaminu nebyl pfili§ viditelny, nedoslo ke
vzniku experimentalnich problémil jako pfi pouziti triethylaminu, nebo ke ztraté
selektivity jako u ethylendiaminu a dibutylaminu. S rostoucim obsahem diethylaminu
dochazelo ke snizovani retence (v testovaném rozsahu 0,02 — 0,2 %), mnozstvi 0,1 %
diethylaminu bylo nalezeno jako optimalni. Déle byl zkouman vliv teploty kolony na
rozliSeni pfi enantioseparaci v rozmezi 15 — 45 °C. Pokles teploty se projevil niZsi

ucinnosti a selektivitou, na druhou stranu se s poklesem teploty vyrazné zvétSilo

121



rozliSeni zejména mezi (R,R)-TAP a (S,5)-TAP. Jako vhodna teplota kolony pro
robustni enantioseparaci, nezavislou na malych teplotnich zménach, byla zvolena
teplota 35 °C. Byl také zkoumdan vliv pfitomnosti vody v mobilni fazi na
enantioseparaci, ke komerén¢ dodavanému propan-2-olu s obsahem vody 0,01 % bylo
pfidano 0,5 % vody (v/v). Pfidavek malého mnoZstvi vody do propan-2-olu vedl ke
zhorSeni enantioseparace. VIiv obsahu ethanolu v rozpoustédle vzorku byl vyzkousen
vrozmezi 4 — 20 %, zvySovani obsahu ethanolu vedlo ke zborceni piku, optimalni
koncentrace ethanolu v rozpoustédle vzorku byla urcena jako 4 — 5 %. Enantioseparace
s rozliSenim vétsim nez 2,5 pro vSechny enantiomery bylo dosazeno pii pouziti kolony
Chiralpak AD-H s mobilni fazi heptan/propan-2-ol/diethylamin (980:20:1, v/iv/w).
Vyvinuta metoda byla validovdna dle pozadavki smérnice ICH Q2(R1) zahrnujici
linearitu, LOD, limit kvantifikace (LOQ), pfesnost, spravnost a selektivitu. Prakticka
vyuzitelnost metody byla demonstrovana analyzou redlnych vzorkd. Kompletni
vysledky a dal§i detaily z vyvoje, optimalizace a validace metody jsou popsany

v publikaci VI [58].
2.3 Studie uzivani alkoholu a drog na vybranych pracovistich v Norsku

Uzivani alkoholu a psychotropnich latek mtze ovliviiovat bezpecnost prace a jeji
produktivitu [59, 60]. Testovani uzivani drog a 1é¢iv na pracovisti (workplace drug
testing; WDT) je jednou z metod pro zjiSténi rozsifeni pouzivani drog a vybranych 1é¢iv
mezi zaméstnanci. Tato metoda je v Norsku méné Castd nez v jinych statech. Aby bylo
popsano rozsifeni pouzivani psychofarmak mezi zaméstnanci na pozicich spojenych
s bezpe¢nostnim rizikem v pobfeznim ropném primyslu, prepravé a leteckém primyslu
ve firmach, které¢ maji zavedeny systétm WDT, byla v letech 2000-2006 Norskym
institutem vefejného zdravi realizovana WDT studie [61]. Vzhledem k tomu, ze WDT
neni v Norsku Siroce rozsifené, je pouzivané pouze v rdmci nékolika oblasti, zejména
téch vySe zminovanych. Tyto firmy nejsou reprezentativnim vzorkem zaméstnanct a
pracovist’ obecné. Bylo potieba zjistit rozsah pouzivani drog mezi zaméstnanci, a proto
byla provedena prufezova epidemiologicka studie [62].

Sliny pfedstavuji jednoduse dostupné médium, které mize byt odebrano
neinvazivnimi metodami bez naruSeni soukromi [63]. Vzorky slin mohou byt ziskany

pod peclivym dohledem, aby nedoslo k jejich nahrazeni nebo falSovani, coz mize byt
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problémem pii odbéru vzorkti moci [64]. Pfitomnost drog nebo jejich metabolitii ve
slindch svéd¢i o jejich velmi neddvné konzumaci [65]. Pozitivni nalez ve slinach
typicky ukazuje na uziti drog béhem poslednich 24 - 48 hodin [66] a zohlednuje 1épe
nez nalez v moci, zda by objekt mohl byt pod vlivem drog nebo alkoholu v dobé odbéru
vzorku [63]. Ethylglukuronid je markerem neddvného poziti alkoholu, ktery mize byt
relevantni naptiklad v testovani na pracovistich. Pro tyto ucely byly dfive pouzivany
vzorky moci [67]. Ethylglukuronid je obvykle stanovovan ve vzorcich moci, nebo krve,
ale muze byt detekovan také ve slinach [68]. Vysoké koncentrace EtG ve slindch mohou
odrazet velmi neddvnou konzumaci velkého mnozstvi alkoholu dokonce i1 kdyz neni
zadny alkohol stanoven v krvi. Nicméné koncentrace EtG ve slinach, krvi nebo moci
neukazuje na konzumaci alkoholu béhem delsi doby [69].

Do této epidemiologické studie bylo pozvéno 44 pracovist' bez implementovaného
WDT programu a polovina z nich souhlasila s u€asti. Zamé&stnanci vyplnili dotaznik a
poskytli vzorek slin, ve kterém byla zjistovana pfitomnost alkoholu, EtG, vybranych
1é¢iv (zejména psychofarmak) a drog. Jako drogy byly definovany nasledujici latky:
amfetamin, metamfetamin, extaze, kokain, tetrahydrokanabinolovd kyselina a
6-acetylmorfin. Ugast byla dobrovolna a anonymni. Jednim z cili studie bylo zjistit
uzivani zvolenych 1éCiv, drog a alkoholu zaméstnanci na vybranych pracovistich
pomoci kombinace dotaznikli a analyz slin. Ve studii byla zahrnuta tato odvétvi:
zdravotnictvi (917 zaméstnanct), finanéni sektor (457 zaméstnancil), vyroba (254
zameéstnancll), preprava/skladovani (233 zaméstnancil), restaurace/bary (131
zaméstnancll), vefejna sprava (211 zaméstnancl), media (152 zaméstnanci) a

vyzkumné Ustavy (82 zaméstnancti) [62].

2.3.1 Analyzy vzorku slin norskych zaméstnancu

Vzorky slin byly odebirdny pomoci komeréné dostupné sady Statsure Saliva
Sampler™ (Statsure Diagnostic Systems, Framingham MA, USA). Cas potiebny pro
odbér vzorku a vyplnéni dotazniku byl zhruba 5 minut. Vzorky slin byly zmraZeny
béhem jednoho dne po odbéru a rozmraZeny ptfed analyzou [62]. Alkohol byl
analyzovan automatizovanou enzymatickou metodou [70].

Ptiprava vzorku pro analyzu EtG byla nésledujici: ke 200 pL smési slin a
konzervacniho pufru bylo pfidano 50 pL EtG-d5 a 1 mL vody. Zamichany vzorek byl
prekoncentrovany pies Hyper-SEP SAX kolonku (Thermo Fisher Scientific Inc.,
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Boston, MA, USA), ktera byla prekondicionovana methanolem (2 mL) a vodou (2 mL)
a vymyta vodou (2 mL). Analyt byl eluovan 2 mL smési methanol/mravenci kyselina
(98:2, v/v). Eluat byl odpaten do sucha pod proudem dusiku (50 °C), rozpustén v 60 pL
vody a umistén na 30 minut do mrazéku (—20 °C). Vzorek byl nésledn¢ rozmrazen a
centrifugovan (5251 x g, 15 min 4 °C) a ¢ira faze byla odpipetovana do vialek pro
analyzu. Ethylglukuronid byl analyzovan pomoci UPLC-MS/MS systému (Acquity
UPLC - Quattro Premier XE, Waters, Milford, MA, USA) na HSS T3 kolon¢ (1,8 pum
2,1 x 100 mm) s gradientovou eluci mobilni fazi (A) 0,1% mravenci kyselina ve vodé a
(B) methanol [68]. Kolona UHPLC C18 HSS T3 od firmy Waters obsahuje vysoce
odolné silikagelové (high strength silica; HSS) ¢astice uréené pro aplikace kolem 1000
bar; T3 (tribonding) oznacuje technologii navazani C18 skupin.

Vzorky pro zjisténi pfitomnosti vybranych 1é¢iv a drog (tabulka 2.1) byly pfipraveny
podle nasledujiciho postupu. 0,5 mL vzorku slin bylo smichédno s 50 pL ptisluSného
vnitiniho standardu a 250 pL 0,2 mol/L uhli¢itanu amonného pH = 9,3. Vzorky byly
extrahovany 1,3 mL ethylacetat:heptan (4:1) michanim po dobu 10 minut. Po
centrifugaci (1400 % g, 5 min) byla organickd faze pipetovana do vialek pro UPLC
analyzu a odpafena do sucha pod proudem dusiku (40 °C) (Zymark Turbovap).
Usazenina byla nésledné rozpusténa v 60 uL. smési acetonitril/voda (10:90, v/v) [64].
Vzorky byly analyzovany pomoci UPLC-MS/MS systému (Acquity UPLC - Quattro
Premier XE, Waters, Milford, MA, USA) s BEH C18 kolonou (1.7 pm 2.1 x 50 mm)
s gradientovou eluci mobilni f4zi (A) 5 mM hydrogenuhli¢itan amonny pH = 8,5 a (B)
methanol, s gradientem od 20 % do 90 % B béhem 9 minut. Hmotnostni spektrometrie
byla provadéna v ESI+ médu s tandemovou hmotnostni detekci [71]. Kolonu UHPLC
BEH C18 od firmy Waters (ethylene bridged hybrid; BEH) od firmy Waters lze
vzhledem k vnitini chemické stabilité diky technologii hybridniho sorbentu pouZit pro

Sir$i rozsah hodnot pH (1 -12).
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Tab. 2.1 Vybrana 1é¢iva a drogy* analyzované ve vzorcich slin

Latka

Popis

3,4-Methylendioxy-metamfetamin

(extaze)*
6-Acetylmorfin*
7-Aminoflunitrazepam
7-Aminoklonazepam
7-Aminonitrazepam
Alprazolam
Amfetamin*
Benzoylekgonin

Buprenorfin

Diazepam

Fenazepam
Fentanyl
Flunitrazepam

Klonazepam

Kodein
Kokain*

Kotinin

ilegdlni psychedelickd halucinogenni

droga

metabolit heroinu

metabolit flunitrazepamu
metabolit klonazepamu
metabolit nitrazepamu
benzodiazepin, anxiolytikum
stimulant

metabolit kokainu

opioid pouZivany zejména pro

opioidni zavislosti, také analgetikum

benzodiazepin, anxiolytikum,

antikonvulzivum, sedativum
benzodiazepin, anxiolytikum
opioidni analgetikum

benzodiazepin, anxiolytikum

benzodiazepin, antikonvulzivum,

anxiolytikum
opioidni analgetikum, antitusikum
stimulant

metabolit nikotinu
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Kyselina tetrahydrokanabinolova* kannabis
Metamfetamin™® stimulant

Methadon opioid pouzivany zejména pro

opioidni zavislosti, také analgetikum

Morfin opioidni analgetikum, také metabolit

kodeinu a heroinu

Nitrazepam benzodiazepin, anxiolytikum

Nordiazepam metabolit diazepamu

Oxazepam benzodiazepin, anxiolytikum,
antikonvulzivum a metabolit
diazepamu

Oxykodon opioidni analgetikum

Tramadol opioidni analgetikum

Zolpidem kratce pasobici hypnotikum

Zopiklon kratce pasobici hypnotikum

2.3.2 Uzivani alkoholu a drog zaméstnanci na vybranych pracovistich
v Norsku: studie za pouziti testovani slin a dotaznikl — komentar k
publikaci VII

Publikace je struné zminéna v této disertani praci, protoze néktera data pouzita

v tomto ¢lanku byla ziskdna béhem mé stdze na Norském institutu vefejného zdravi

v roce 2014. Byla zjiStovana ptitomnost EtG, vybranych 1é€iv a drog ve vzorcich slin

pomoci metod popsanych vysSe v kapitole 2.3.1.

Bylo analyzovano 14 sérii pro EtG se zhruba 532 redlnymi vzorky, dohromady

1 s kontrolami 672 vzorkii. Ani v mych méfenich, ani v ramci celé studie nebyly

nalezeny zadné pozitivni vysledky pro EtG. Podle studie z roku 2010 [69] je nutna
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konzumace velkého mnozstvi alkoholu, aby bylo dosazeno dostate¢né koncentrace EtG
pro stanoveni ve vzorcich slin nasledujici den.

Co se tyce analyz 1éCiv a drog, bylo zméteno 12 sérii se zhruba 456 redlnymi vzorky,
dohromady i s kontrolami 576 vzorkli. Dohromady se tohoto projektu zucastnilo 2437
zam¢stnancl, projekt byl realizovan jako pilotni a navazujici studie, kterd byla
ukoncena vroce 2014. Léciva byla detekovana castéji nez drogy. Nejcastéji
detekovanymi latkami byly: 1€k proti nespavosti zopiklon (43 zaméstanct), sedativum
diazepam (16 zaméstnancl), kannabis (16 zameéstnancll) a analgetikum kodein
(6 zaméstnanctli). Léciva byla detekovéana Castéji a drogy méné Casto ve vzorcich slin
u zaméstnanci ve zdravotnictvi nez u zaméstnancli v ostatnich odvétvich. Drogy byly
Castéji stanoveny ve vzorcich u pracovnikll v restauracich/barech nez ve vzorcich
z ostatnich odvétvi. Souhrnné Ize fici, ze pouze mala ¢ast zaméestnanct byla pozitivnich
pro pfitomnost drog a zadny zaméstnanec nebyl pozitivni pro EtG. Detailni vysledky

zahrnujici statistické zpracovani a vysledky dotaznik Ize nalézt v publikaci [62].
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Abstract A ncw CE mcthod for scparation of (R,S)-
aclidinium bromide enantiomers has been developed and
validated. In this method, sulphated y-CD 4.8% (w/v} in
acidic background electrolyte based on potassium dihy-
drogen phosphate (100 mM, pH = 3.0) buffer was used
for the determination in an uncoated fused silica capillary
with extended capillary light path. The effect on the resolu-
tion of the chiral selector concentration, of the pH of the
background electrolyte and also of other parameters was
studied. (R)-Aclidinium bromide has therapeutic properties
and, thus, a screening method is required for determination
of low concentrations of (5)-aclidinium bromide as an opti-
cal impurity. The proposed method enables determination
of 0.4% (S)-aclidinium bromide as an optical impurity in a
synthetic laboratory sample.

Keywords CE - Chiral separation - Sulphated CD -
Aclidinium bromide
Introduction

The significance of the stereochemistry of pharmaceuti-
cals is well defined as stereoisomers and, by extension,
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cnantiomers often differ in their pharmacological, toxico-
logical and/or pharmacokinetic profiles [1]. The CE tech-
nique has proven to be suitable for cnantiomcric purity
testing, for enantioselective analysis of drug products and
also for the analysis of chiral drugs and their metabolites in
biological samples [2]. The majority of separations employ
direct enantioseparation in the presence of a chiral selector
(C8). Since the separation times are rather short, a broad
spectrum of CSs can be screened within a short time. The
unsatisfactory injection precision and the lack of detection
sensitivity are drawbacks [3]. The most commonly used
chiral selectors are CDs due to their wide variety of cavity
size, side chain, degree of substitution and charge [4]. CDs
have already been successfully used for active pharmaceu-
tical ingredients (APIs) enantioseparations [5, 6]. Since
the introduction of CDs, native CDs have been chemically
modified by the inclusion of charged groups, hydrophilic
segments, hydrophobic moieties or both hydrophobic and
hydrophilic units to further modulate their physicochemical
properties and molecular recognition capability [7]. CDs
have the following advantages for use in chiral separations:
good enantiorecognition abilities, good water solubility,
low absorption at the UV wavelengths commonly used in
CE and the availability of a wide assortment of various
neutral, cationic and anionic CDs with different functional
groups [8]. The chiral recognition mechanism of CDs is
very often believed to occur via the inclusion of lipophilic
moieties of the analyte into the hydrophobic cavity of the
CD. In the case of charged CDs, ionic interactions will
also contribule Lo or may even dominate the complexation
mechanism [9].

Aclidinium bromide (AB) has a single stereoisomer
with the (3R) configuration with the structurc shown in

Fig. 1: ((3R)-3-{[hydroxy(di-2-thienyl)acetyl]oxy}-1-(3-
phenexypropyl)-1-azoniabicyclo[2.2.2]octanc bromidc).
@ Springer
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Fig, 1 The structure of aclidinium hromide

AB is a quite recently approved (2012 in both Europe and
the USA) long-acting inhalable muscarinic antagonist to
relieve the symptoms of chronic obstructive pulmonary dis-
ease (COPD) [10, 11]. COPD is characterised by airflow
limitation that is not fully reversible. It is associated with
an enhanced chronic inflammatory response in the airways
and the lung to noxious particles or gases [12].

To our knowledge, no analytical method for enantiosepa-
ration of AB is described in the literature. A number of clin-
ical studies have been published comparing inhalatory drugs
such as tiotropium, ipratropium, glycopyrronium and acli-
dinium [13-15]. The literature also contains HPLC/UHPLC
methods for determination of AB and its metabolites in
plasma. The determinations of aclidinium, tiotropium and
ipratropium in incubation samples from plasma stability
studies were conducted using UHPLC with MS detection.
Detection was performed on a triple quadrupole mass spec-
trometer with electrospray ion source operating in the posi-
tive ion mode [16]. Literature is also available related to AB
for possible COPD treatment [12, 13]. Tn vitro liver metabo-
lism of AB was studied by Alberti et al. An LC-MS system
was used for determination of AB and its metabolites. MS
was conducted with an electrospray ion source operating in
either the positive or negative ion mode depending on the
hydrolysis metabolites observed, coupled to a triple quad-
rupole analyser |17]. The determination of aclidinium and
its hydrolysis metabolite in incubation samples in plasma
stability studies was conducted by LC-MS. Hybrid triple
quadrupole linear I'T-MS was used [or detection; quantifica-
tion was performed using multiple reaction monitoring [18].

Fast chiral separation methods [or (R.S)-AB enantiom-
ers are required for QC of the synthesis procedure and for
pharmacological and pharmacokinetic studies. (R)-AB has
therapeutic properties and, thus, it is necessary to have a
screening method for determination of low concentrations
of (S)-AB as an optical impurity. Therefore, this work was
carried out to develop and validate a routine control method
for enantioseparation of (R,S)-AB in a synthetic sample.

@ Springer

Experimental
Apparatus

All the separations were performed on the HP3D CE sys-
tem {Agilent Technologies, Waldbronn, Germany) with
DAD operating in the range 190400 nm. Uncoated fused
silica capillaries (Agilent Technologies) 50 um TD, total
capillary length 48.5 cm, and effective capillary length
40.0 em either with or without extended capillary light path
(bubble factor 3) were used. The capillary was thermo-
stated from 25 to 35 °C; the separation voltage range was
selected from 4 to 15 kV to the anode, the applied pres-
sure was tested within the range 0—15 mbar. Samples were
injected by a pressure of 50 mbar for 4 s. The capillary was
washed daily before the experiments with deionized water
for 3 min, 0.1 M NaOH solution for 5 min, deionized water
for 5 min and then with background electrolyte (BGE) con-
taining CS also for 5 min. The capillary was flushed with
BGE containing CS alL an appropriale concentration for
2 min beflore each analysis sel.

Chemicals

Phosphoric acid and potassium dihydrogen phosphate
(KH,PO,) were purchased from Sigma (Czech Repub-
lic). (R)- and ($)-AB enantiomers were obtained from
Zentiva (Prague, Czech Republic). TRIS was obtained from
Merck (Czech Republic) and sodium hydroxide was pur-
chased from Penta {Czech Republic). Methanol was pur-
chased from J. T. Baker (BDL, Czech Republic). Impuri-
ties, namely: impurity 1 (3-phenoxypropyl-quinuclidinol),
impurity 2 (quinuclidinyl ester), impurity 3 (di(2-thienyl)
glycolic acid), impurity 4 (methyl 2.2-dithienylglyco-
late), impurity 5 (3-phenoxypropyl bromide) and impurity
6 (3-quinuclidinol) were obtained from Zentiva (Prague,
Czech Republic).

Sulphated «-CD (S-0-CD) degree of substitution %12,
sulphated B-CD (S,-B-CD) degree of substitution =13,
sulphated v-CD (S-y-CD) degree of substitution =14, all
as the sodium salts and hydroxypropyl-p-CD (HP-p-CD)
were obtained from Cyclolab (Budapest, Hungary).
Hydroxypropyl-y-CD (HP-y-CD) and sulphated B-CD
sodiom salt (S,-p-CD) were obtained from Sigma (Czech
Republic). All the chemicals were of analytical grade
purity.

BGEs were prepared by dissolution of the appropriate
amounts of TRIS or KH,PO, individually (TRIS solution
at a concentration of 31 mM, KH,PO, solution at concen-
trations of 5, 20, 50, 70, 80, 100 or 120 mM) in deionized
water (18 MQ ¢cm™h). The pH of the BGE solutions was
adjusted to the desired pH values using phosphoric acid.
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Charged CDs were added individually to the various
BGEs solutions. The standard stock solutions of (R)- and
(S)-AB were prepared at concentration of 1 mg mL™! by
dissolving the standard compound in 10% methanol. The
working solutions of limit concentrations were prepared
by proper dilution of stock standard solutions in deionized
water. The limit concentration to determine the presence or
absence of the impurity was set at 0.4% (5)-AB. Therefore,
the concentration of standard solution for this limit test was
0.4% (R)-AB.

Results and Discussion
Method Development and its Optimisation

First, S-a-CD, S,-p-CD, S,-p-CD and S-y-CD were tested
as potential sclectors Tor resolution (Rg) of (R.8)-AB. In
as much as they are negatively charged, these CDs also
undergo electrostatic interactions as another interaction
mechanism in addition to inclusion. In the preliminary
experiments, 31 mM TRIS pH = 2.5 buffer was used as the
BGE of first choice in our laboratory. An uncoated tused
silica capillary 50 um ID, total capillary length 48.5 cm,
and effective capillary length 40.0 cm were used for these
separations. S-u-CD, §,-B-CD and S,-B-CD yielded insuf-
ficient Ry values. The values were equal to approx. 1,
whereas Rg values higher than 1.5 are required for accu-
rate quantification of individual enantiomers. The use of
S-y-CD yielded high Rg with a value of 6.8. HP-p-CD and
HP-y-CD were also tested but without any success in the
separation. Despite the high Rg value when using 31 mM
TRIS pH = 2.5 bufTer, the peak shape was nol satisfaclory,
Therefore, a 20 mM KH,PO, pH = 2.5 solution was stud-
ied as the BGE. In the comparison of BGEs TRIS versus
KH,PQ,, the latter yielded better peak shapes and it was,
therefore, used as the BGE in the following experiments.
To obtain higher sensitivity, a capillary with the same
parameters as mentioned above, but with extended light
path (bubble factor 3), was chosen for further experiments.
Its application yielded three times higher peak areas and,
therefore, it enabled the use of lower working solution con-
centrations. The influence of the applied voltage (in the
range from 4 to 15 kV to the anode) and pressure (from 0 to
15 mbar) values was optimised under the following condi-
tions: 20 mM KH,PO, pH = 2.5 as the BGE, S-y-CD as
the CS§, capillary with the extended light path (bubble factor
3). With increasing applicd voltage, the R value between
two enantiomers increased; the opposile trend was observed
with increasing applicd pressure, The best results were
obtained for 8 kV to the anode and 10 mbar. The migra-
tion time was about 8 min and Ry = 4.7. During optimisa-
tion of the procedure, the injection time (from 3 to 5 s) and

capillary temperature (from 25 o 35 °C) were also studied.
Tt was found that the impact of these parameters on Ry is
smaller than the influence of changes in the applicd volt-
age or pressure. However, the trends were as follows: as the
injection time increased, Rg also increased; as the capillary
temperature increased, Rg decreased. The time of injection
was chosen as 4 s and the capillary temperature as 30 °C.

In the subsequent experiments, the influence of BGE
on the resolution was studied. Different molar concentra-
tions of KH,PO, buffer were investigated (in the range
5-120 mM). With increasing BGE concentration, Rg
increased. Finally, a concentration of 100 mM was cho-
sen, yielding Rg = 6.0. It was also important to study the
influence of the pH value on Rq in the 100 mM KH,PO,
buffer. The values were tested in the range of 2.0-4.0 with
a step of 0.5 pH. All the tested pH levels yielded sufficient
resolution; Rg = 5.3 was the lowest value for pH = 2.0 and
pH = 3.0 with the highest obtained resclution (Rg = 6.1)
was chosen as the most suitable.

Once having optimised the BGE parameters, it was nec-
essary to choose the composition of the separation elec-
trolyte. Therefore, various concentrations of S-y-CD were
examined in the range 2.4-7.0% wifv. It was observed that
Ry decreased with increasing S-y-CD concentration from
9.1 to 5.2. 4.8% wiv of S-y-CD was chosen as a compro-
mise amongst optimal migration times, Ry values, peak
heights and CD consumptions. The migration time of (R)-
AB was 8.2 min and Rg = 6.4 which is depicted in Fig. 2.

Validation of the Method

The method was validated in terms of repeatability, selec-
tivity and limit of detection (LOD) as a limit test. This
assay could be used for screening of enantiomer purity dur-
ing the API synthesis procedure; a more sensitive method
will be needed for API control.

R -enantiomer S - enantiomer

I

0 2 4 6 8 10
Migration time (min)

Detector response (mAU)

Bromide

0 e )

Fig. 2 Electropherogram of the solution for resolution of (R)- and
(5)-AB on the limit concentration in 100 mM KH,PO, pH = 3.0 with
4.8% (wiv) 8-y-CD
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System Suitability

The system suitability test was performed before each run
to ensure that the analytical method can be used with sat-
isfactory performance with the employed clectrophoretic
system. Repeatability of injections expressed as RSD %
of (R)-AB corrected peak area and Rg between (R)- and
(S)-enantiomers for five consecutive injections of the sys-
tem suitability test solution were limited to <5.0% and
Rg = 2.0, respectively. Rg values of more than 2.0 (6.4) and
RSD of corrected peak areas of <5.0 (4.1) % were achieved
for all the measurements performed during the validation.
The corrected peak area is the respective area (area units)
divided by its migration time in second.

Validated Parameters

Limit of Detection LOD was calculated for (§)-AB based
on signal-to-noise ratio (5/N). The baseline noise was meas-
ured in a blank experiment in the region of migration times
of (§)-AB using chromatographic software {(Chem-station
Agilent software). LOD was computed using the following
equation:

LOD — 337 X “lim

Clim

L]

where H, is the peak height of (S)-AB at the limit con-
centration, ¢y, is the limit concentration of (5)-AB and o
is the baseline noise in the electropherogram of the pla-
cebo solution or sample solvent (for medicinal products or
APIs) in the time interval corresponding (or close) to the
migration time of relevant analyte. LOD value was 0.15%

($)-AB.

Robusmess The solution for resolution at the limit con-
centration of (.4% (R)- and (5)-AB was used for robust-
ness measurements. The influence of the following param-
eters was verified during the validation: time of injection,
applied voltage, applied pressure, temperature of the capil-

Fig. 3 Electropherogram of
synthetic sample ol AB demon-
strating determination of 0.4%
(5)-AB in 100 mM KH,PO,
pH = 3.0 with 4.8% (w/v)

Detector response (mAU)

1004 R-AB
=)
T a0
=
@
2 60
8
n Bromide
L 40
= Impurity 1
2
S 20 Impurity 2
g Impurity 6
0 Impunty 4 Impurity 5 Impurity 3

5 10 15 20 25 30 3

Migration time (min)

Fig. 4 Electropherogram ol relevant AB impurities demonsirating
method selectivity. The conditions are described in Fig. 3

lary space, concentration of CS and type of capillary. Trends
observed during method development were confirmed dur-
ing the method validation.

Figure 3 depicts an electropherogram of synthetic sam-
ple with 0.4% (S5)-AB determined as an optical impurity.

Selectivity  All following impurities: impurity 1 (3-phe-
noxypropyl-quinuclidinol), impurity 2 (quinuclidinyl ester),
impurity 3 (di(2-thienyl)glycolic acid), impurity 4 (methyl
2,2-dithienylglycolate), impurity 5 (3-phenoxypropyl bro-
mide) and impurity 6 (3-quinuclidinol} were successfully
separated from the (R)- and (5)-AB enantiomers under the
conditions of the CE method (Fig. 4).

Conclusion

Various CDs such as S-a-CD, S-p-CD, S-y-CD, HP-§-CD
and HP-y-CD were investigated to resolve AB enantiom-
ers with higher resolution than 2.0 (necessary for accu-
rate quantification of individual enantiomers). The best
results were obtained for S-y-CD. Each selector employed
revealed different affinity for the analytes and resulted in
various migration times. The use of S-y-CD resulted in

S-y-CD Bromide . S - enantiomer
R - enantiomer
5
0 Nyumtenr W ‘ *
0 2 4 6 8 10 12 14 16

@ Springer

Migration time (min)



Enantiomeric Separation of (R,$)-Aclidinium Bromide with Negatively Charged Gamma-...

a favourable system in which the physiologically actlive
compound migrated as the last compound. 2.4% (w/v)
concentration of CD provided bascline scparation for AB
enantiomers. The method was validated as a limit test. This
method enables determination of 0.4% of the (§)-AB in a
synthetic laboratory sample, This assay could be used for
screening of enantiomer purity during the API synthesis
procedure but a more sensitive method is required for API
control. The final conditions were set at 100 mM KH,PO,
at pH 3.0 applying 4.8% (w/v) S-y-CD.
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A sensitive and specific high performance liquid chromatography methed for the separation and deter-
mination of tapentadol enantiomers has been developed and validated. Ten different chiral columns
were tested in a normal phase system. Excellent enantioseparation with the resolution more than 2.5 for
all enantiomers was achieved on Chiralpak AD-H using mixture of heptane-propan-2-ol-diethylamine
(980:20:1, v/v/v). The detection was carried out using fluorescence detectar at excitation wavelength of
295 nm and emission wavelength of 273 nm. The influence of mobile phase composition, namely organic
modifiers, additives, aliphatic alkanes and water content in mobile phase, on retention and enantiosep-
aration was studied. Validation of the developed method including linearity, limit of detection, limit of
quantification, precision, accuracy and selectivity was performed according to the International Con-
ference on Harmonization guidelines. The advantage of the method is a good enantioseparation, short
analysis time (less than 20 min) and therefore this method is suitable for routine determination of chiral
purity of (R,R)-tapentadol in enantiopure active pharmaceutical ingredient.
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1. Introduction

A range of analgesic drugs is currently available, but recent
guidelines recommend that NSAIDs and COX-2 inhibitors should
be prescribed cautiously. Chronic pain is multifactorial and this
approach ignores the fact that different causative mechanisms
may be involved. The presence of more than one causative
mechanisms means that chronic pain can seldom be controlled
by a single agent. This leads to combining different drugs
together, which raises the risk of drug interactions and possible
side effects [1]. Tapentadol hydrochloride (TAP) {3-[(1R,2R)-3-
(dimethylamino)-1-ethyl-2-methylpropyllphenol hydrochleride),
has been approved in 2008 by Food and Drug Administration as
an immediate release oral tablet for the relief of moderate to
severe acute pain. TAP molecule consists of a meta-substituted
phenol ring possessing an ethyl and aminopropyl residue at C7
and C10, respectively which results in four possible stereoisomers
{Fig. 1) and only the RR isomer is currently the clinically used
form [2].

Several analytical methods have been developed for determina-
tion of TAP. A procedure to determinate TAP and its main metabolite

* Corresponding author.
E-mail addresses: hplc@hplc.cz, michal.dousa@seznam.cz (M. Dousa).

0731-7085/% - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jpba.2012.10.017

(N-desmethyltapentadol) in urine and oral fluid using different
separation technique such as SPE-LC-MS-MS [3] or UPLC-MS-MS
method [4] has been published. The spectrofluorimetric detection
coupled with HPLC was used for quantification of TAP in canine
plasma [5]. Different types of chiral stationary phases have heen
developed and used; derivates of amylose and cellulose belong
to the most widely used chiral selectors in high-performance lig-
uid chromatography {HPLC). The polysaccharide derivate-based
chiral stationary phases (CSPs) are broadly applicable to many
compound types [6] providing rapid equilibration and fast sep-
arations [7]. Various combinations of CSPs with different chiral
recognition mechanisms can be tested to reach enantioseparation
of compounds of interest [3-10].

Two non-validated chiral methods have been described to
menitor chiral purity during TAP enantioselective synthesis.
In these methods, chiral profiles of the four TAP stereoiso-
mers was determined using a Chiralpak AD-H column and
hexane-tetrahydrofuran (85:15, v{v)[11] or hexane-diethylamine
(100:0.2, v{v) [12]. Hence the aim of the presented work is eval-
uation of the influence of some experimental parameters on
chiral recognition of R,R-TAP from their enantiomers. The devel-
opment and validation of a fast chromatographic method for the
determination of enatiometric purity of R,R-TAP is described. The
applicahility of the new method was successfully verified by anal-
ysis of commercial samples of active pharmaceutical ingredients
(API).
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Fig. 1. Structural formula of TAP enantiomers. I - §,S-TAP; Il - R,R-TAP; Ill - R.S-TAP; IV - S,R-TAP.

2. Experimental
2.1. Reagents and chemicals

Heptane, hexane, cyclohexane and propan-2-ol for HPLC
(Sigma-Aldrich, Czech Republic) were used for preparation of sam-
ples, solutions and mobile phases. All other chemicals used were
of analytical grade or pure grade quality (Sigma-Aldrich, Czech
Republic).

2.2, Sample and standard solution preparation

The standard of (R,R)-TAP (in house standard, purity 99.8%,
enantiomeric excess more than 99.9%) and (S,R)-TAP, (R,S)-TAP and
(5,5)-TAP (in house standard, purity more than 99.5%, enantiomeric
excess more than 99.8%) were dissolved in ethanol (EtOH) and
diluted using hexane in ratio 4:96 (vfv) to obtain standard stock
solutions (concentration of 0.1 mg/ml). 10mg of TAP sample was
weighed into a 100 ml volumetric flask and 4 ml of EtOH was added.
The sample was dissolved by sanication for 2min in an ultrasonic
bath UCC4 (TESON, Slovakia). The flask was filled to the mark by
hexane to obtain TAP preparation solution.

The system suitability test solution was prepared by spik-
ing of (R,R)-TAP standard stock solution with all relevant TAP
enantiomers to obtain concentration of 0.15% with respect to (R,R)-
TAP. All reference solutions were prepared by diluting of relevant
standard stock solutions to obtain final concentration of 0.15 wg/ml
(concentration of 0.15% with respect to (RR)-TAP sample
solution).

2.3, Instrumentation and chromatographic conditions

All chromatographic experiments were carried out using a
liquid chromatographic system consisting of Alliance 2695 separa-
tion module and fluorescence detector 2475 (all Waters, USA). The
system was controlled by data station using Empower software
{(Waters, USA).

Ten chromatographic columns (all Daicel, Japan) were
employed, namely Chiralcel OD-H (tris-[3.5-dimethylphenyl]
carbamoyl cellulose, 250 mm x 4.6 mm, 5 pm), Chiralpak AD-H
(tris-[3.5-dimethylphenyl]carbamoyl amylose, 250 mm x 4.6 mm,
5pm and 150mm x 4.6mm, 3 pm), Chiralpak AY-H (tris-[5-
chlore-2-methylphenyl]carbamoyl amylose, 250mm x 4.6 mm,
5 m) Chiralcel QJ-H (tris-[4-methylphenyl]carbamoyl

cellulose, 250mm x 4.6mm, 5pm), Chiralcel OA (cellulose
acetate, 250mm x4.6mm, 10um), Chiralcel OG (tris-[4-
methylphenyl]carbamoyl cellulose, 250mm x 4.6mm, 10um),
Chiralcel OK (cellulose tricinnamate, 250 mm x 4.6 mm, 10 mj},
Chiralcel OC (tris-[phenyl]carbamoyl cellulose, 250 mm x 4.6 mm,
10 wm), Chiralcel OF (tris-[4-chlorophenyl]carbamoyl cellulose,
250mm x 4.6 mm, 10 wm) and Chiralcel OZ-H (tris-[3-chloro-4-
methylphenyl] carbamoyl cellulose, 250 mm x 4.6 mm, 5 pm). The
mobile phases were prepared by mixing of appropriate compo-
nents in corresponding volume ratios. The flow rate was changed in
range from 0.2 to 1.4 ml/min, the injection volume was 5 plinall the
experiments. The temperature of the column was controlled with
the precision +0.5“C over narrow temperature range (15-45°C).
The fluorescence detection was carried out at wavelength of
295 nm and 273 nm for excitation and emission, respectively.

2.4. Evaluation and validation of method

The efficiency (expressed as plate number N), resolution R,
retention factor k and selectivity o were used for the evaluation
of separation quality. The final chromatographic conditions were
optimized to obtain retention factor k = 2, efficiency N = 4000 and
to achieve baseline separation (resolution R=2.0). The hold-up
time was determined from the first perturbation of the baseline.
All chromatographic data were calculated according to the Euro-
pean Pharmacopeia (Ph. Eur.) [13]. The method was fully validated
in compliance with International Conference on Harmonization
Q2(R1) guideline (linearity, limit of detection, limit of quantifica-
tion, accuracy, precision, selectivity and robustness) [14].

3. Results and discussion
3.1. Development and optimization of the method

3.1.1. Mobile phase composition study

The strategy of chiral method development in the normal-phase
liquid chroematography defined by Matthijs et al. [15] was applied.
In the current study, hexane was replaced by heptane because of
its lower toxicity and because retention and resolution data are
very similar. Initial investigations using previously described CSPs
was focused on a heptane mobile phase with propan-2-ol (i-PrOH)
as the polar alcoholic modifier. Diethylamine (DEA) in initial
concentration of 0.02% was added to improve the peak shape of
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TAP, which is a tertiary amine. Mobile phase i-PrOH concentrations
less than 3% were necessary to provide adequate retention and
baseline separation of all isomers.

No chiral separations for S,R-TAP/R,S-TAP and R,R-TAP/S,S-TAP
were obtained on Chiralcel OD-H, Chiralpak AY-H, Chiralcel OZ-H,
Chiralcel OA, Chiralcel OG, Chiralcel OK, Chiralcel OC and Chiralcel
OF column. No chiral separations for S,R-TAP/RS-TAP and partial
separation between R,R-TAP and $,S-TAP was observed on Chiral-
cel O]-H column. The Chiralpak AD-H column showed satisfactory
chiral selectivity therefore this column was used for following
experiments,

The resolution and retention of all isomers were very sensitive
to the amount of i-PrOH in the mobile phase. The retention
and selectivity decreased with higher amount of i-PrOH in the
mobile phase which is in agreement with theory [16]. The
satisfactory enantioseparation and acceptable retention time
(k=2 and R=>2.0) were achieved using mobile phase containing
2.0% i-PrOH. In order to investigate the influence of the organic
modifier on enantioseparation and retention, eight aliphatic
alcohols have been used namely EtOH, n-propanol (n-PrOH),
n-butanol (n-BuOH), 2-butanol (2-BuOH), 2-methylpropan-2-ol
(tert-BuOH), 2-methyl-propan-1-cl (iso-BuOH) and 2-methyl-
2-butanol (tert-AmylOH). These modifiers are tested because it
is difficult to predict the optimal organic modifier for a given
column and it can affect also the enantioseparation [17]. The
study indicates that with the use of different alcohol moedifiers
in mobile phase, the retention factors (k) showed in the order
of  kgon < Rn-pron < Ki-pron < Kn-BuoH < Kisa-sucH < Keere-BuoH < k2-puoH
<Kier-amylon- The elution order of all enantiomers remained the
same. The results also show that no enantioseparation in presence
of EtOH and n-PrOH was obtained. When n-BuOH, iso-BuOH
and tert-AmylOH were used, no enantioseparation between R,R-
TAP/S,S-TAP was observed. The poor enantioseparation between
S.R-TAP/RS-TAP (R=0.89) and RR-TAP/RS-TAP (R=1.53) was
obtained in case of tert-BuOH use. The acceptable enantiosepa-
ration for all enantiomers was obtained using 2-BuOH but the
resolution between S5,R-TAP/RS-TAP was somewhat lower for
2-BuOH (R=1.99) compared to i-PrOH (R=2.64). This probably
was the result of poorer column efficiency (N=6373 for 2-BuOH;
N=9003 far i-PrOH).

The impact of the aliphatic alkanes nature on the enantiosep-
aration was studied using mixture of alkanes, namely n-hexane,
n-heptane, n-octane and 2,2,4-trimethylpentane (iso-octane), with
2.0% i-PrOH and 0.02% DEA. The use of various aliphatic alkanes in
the mobhile phase had negligible impact on the retention while the
efficiency increased with shortening of the aliphatic chain length
(N=8567 for n-octane; N=11,191 for n-hexane). Also, it resulted in
a decrease of selectivity when n-octane and ise-octane were used
{S5,R-TAP/R,S-TAP resolution< 1.75).

The additive nature can have a significant influence on the pealk
shape [18,19]. To optimize peak shape, the effect of four amines
{diethylamine (DEA), triethylamine (TEA); ethylendiamnie (EDA};
dibutylamine (DBA)), added to the mobile phase containing 2%
of i-PrOH was examined. TEA, one of the most commonly used
amine additives, had very little effect on retention and selectivity
compared to DEA. The use of TEA showed experimental prob-
lems related with stability of the baseline and the negative peaks
appeared on chromatogram [20]. On the other hand, the addition
of EDA or DBA in the mobile phase led to loss of selectivity and the
efficiency drastically decreased (N (R,R-TAP)= 1564 for EDA; N(R,R-
TAP)=3470 for DBA). Higher concentration of additives can also
have positive influence on enantioselectivity and efficiency [17].
The influence of DEA concentration in the range from 0.02% to 0.2%
was investigated. The effect of DEA content on the enantiosepara-
tion was inconspicuous. The retention decreased with DEA content
increase (k (R.R-TAP)=5.36 for 0.02% DEA; k (RR-TAP)=4.55

for 0.2% DEA). Optimal concentration of DEA was found to
be 0.1%.

The influence of flow rate on selected chromatographic data
(er, N and R) was investigated. The mobile phase flow rate was
varied from 0.2 to 1.4 ml/min. The flow rate has significant influ-
ence on efficiency which is in agreement with theory [21]. Hence
the contribution of efficiency has dominant influence on resolu-
tion. The highest efficiency corresponds to N (R,R-TAP}=13,000
at 0.6 ml/min. However, sufficient efficiency (N (R,R-TAP)=10,557)
and resolution is achieved for 1,0 ml/min flow rate which results in
shorter analysis time,

3.1.2. Temperature study

It has reported improved enantioresolution on polysaccharide-
based CSP when column was operated at sub-ambient temperature
[22,23]. Study of the effect of temperature can also provide insight
into separation mechanism and enable the design of optimum
conditions for analysis. In this study, the effect of temperature
on the retention factor and the resolution was studied in the
range of 15-45°C, The temperature dependence of retention can
be expressed using van't Hoff's equation [24,25]. The van't Hoff
plots (Ink against 1{T) showed nonlinear behavior for tapen-
tadol stereoisomers (correlation coefficients were between 0.14
and 0.96, data not shown} which indicates the multiple types of
interaction were making significant contributions to either the
overall interaction or the chiral recognition [26,27]. The above
mentioned situation does not allow simple prediction of tapenta-
dol stereoisomers retention depending on temperature in studied
chromatographic system. The decrease of temperature resulted
in lower efficiency and selectivity as well. On the other hand,
the resolution significantly increased with column temperature
decrease, especially between R,R-TAP/S,S-TAP from R=4.75 (at
15°C) to R=3.95 (at 40-C). The results are shown in Fig. 2. In
fact, column temperature 35°C represented a good choice for
robust enantiometric separation insensitive to small temperature
variations.

The final composition of mobile phase was a mixture of:
heptane-i-PrOH-DEA (980:20:1, v/v/v). The mobile phase flow
rate was 1.0ml/min and column temperature was maintained
at 35°C. The separation of TAP enantiomers is shown in
Fig. 3.

3.1.3. Effect of water content and injection solvent on separation

It was described that the presence of trace amounts of water in
the mobile phase of normal phase chromatography does have pos-
itive impact on the separation of enantiomers [28,29]. The effect
of trace amounts of water on chromatographic characteristics was
investigated by deliberate addition of controlled, trace amounts
of water into the mobile phase for the separation of TAP and its
enantiomers. Commercial i-PrOH (water content of 0.01%) was pre-
mixed with 0.5% (v/v) water and then used for preparation of the
mobile phase. Unfortunately, low amount of water in -PrOH led
to a deterioration of chromatographic performance. The influence
of trace amounts of water in the mobile phase is demonstrated in
Fig. 3.

The influence of the injection solvent on production of chro-
matographic artifacts has been reported [30,31]. The effect of
amount of EtOH in sample solvent (hexane) in the range from 4 to
20% was examined. Increasing of EtOH amount in sample solvent
resulted in peak distortion. This peak distortion becomes dramatic
when a concentration of EtOH is more than 6%. Relative to low
solubility of TAP in hexane, the optimal concentration of EtOH in
sample solvent is 4-5%. It is a critical step in method with aregard
to separation and efficiency.
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Fig. 3. The chiral separation of TADP sterecisomers. Mabile phase: heptane-i-PrOH-DEA (980:20:1, v/v/v); column: Chiralpak AD-H; column temperature: 35°C; flow rate:
1 ml{min; fluorescence detection at 295 nm {excitation wavelength of 273 nm). The chromatogram of the influence of trace amounts of water in the mobile phase on separation

is inserted.

3.2, Validation of the method

3.2.1. System suitability

The systemn suitability test was performed before each run to
assure that the analytical method can be used within the employed
chromatographic system with a satisfactory performance. Repeat-
ability of injections expressed as relative standard deviation (RSD%)
of (R,R)-TAP peak area and resolution between {R,R)-TAP/(S,5)-TAP
for the five consecutive injections of a system suitability test solu-
tion were limited to <1.0% and R > 3.0 respectively. For all the
measurements performed during the validation, the resolution
more than 3.0 and RSD of peak areas <0.9% was achieved.

3.2.2. Limit of detection (LOD), limit of quantification (LOQ) and
linearity

LOD and LOQ were calculated for all TAP enantiomers based
on signal-to-noise ratio (S/N). The baseline noise was measured in
a blank experiment in the region of retention time of tapentadol
enatiomers using chromatographic software. The LOD (S§/N=3)and
LOQ (5/N=10) are summarized in Table 1.

A set of five TAP enantiomers solutions at the concentration
range from LOQ to 120% of the general specification limit (LOQ -
0.18 jug/ml) was prepared. The calibration curves were constructed
by plotting the peak area of the given analyte against its concen-
tration and the calibration equations were calculated using linear
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Tahle 1
The validation parameters of methods.

Validation parameter TAP sterecisomers

RS- S.R- S.5-
LOD (pgfml) 0.004 0.0032 0.01¢
LOQ (pg/ml) 0011 0.010 0.031
Linearity
Intercept 282,739 135,159 55,157
Slope 11,808,693 10,808,623 6,093,107
Correlation coefficientr 0.9998 09999 0.9996
Precision (%, RSD)
API batch 1 <0011 <0010 0.048 (2.2)
APl batch 2 <0.011 <0.010 0.051(1.9)
APl batch 3 <0,011 <0,010 0.042 (2.5}
Accuracy
Recovery (%) a8.7 98.8 98.2
RSD (%) across all level 14 12 0.7

regression analysis. The results show a satisfactory linearity of all
TAP enantiomers (Table 1).

3.2.3. Precision, accuracy and determination in commercial
preparations

The precision of TAP enantiomers determination was evaluated
by analysis of six independent preparations of the same homoge-
nous sample under the prescribed conditions. Table 1 shows the
results of TAP enantiomers content in three APl batches of tapen-
tadol. RSDs between 1.9 and 2.5% for a content of TAP enantiomers
close to 0.05% demonstrate good precision.

Accuracy of the all TAP enantiomers was evaluated in triplicate
at three concentration levels (0.05, 0.15 and 0.18 pg/ml which is
equivalent to 0.05, 0.15 and 0.18% with respect to tapentadol) in
(R,R}-TAP.The average total recoveries of TAP enantiomers are sum-
marizedinTable 1.1tcan be concluded that the developed analytical
method gives accurate and precise results for determination of TAP
enantiomers.

3.24. Selectivity of the method

The starting materials, intermediates and related substances of
TAP are not detected due to use of selective fluorescence detection.
This fact demonstrates selectivity of the developed method.

4. Conclusion

Allenantiomers of tapentadol were successfully separated using
one of ten tested CSPs in normal phase mode. Firstly, the method
was thoroughly optimized and fully validated. The selectivity of
method was demonstrated for all available known impurities. Sec-
ondly, the applicability of chiral method for routine enantiopurity
control was demonstrated using analysis of APl samples of routine
production.
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Abstract

Background: Alcohol or drug use and associated hangover may reduce workplace safety and productivity and also
cause sickness absence. The aims of this study were to examine () the use of alcohol and drugs, and (i) reduced
efficiency at work and absence due to such use among employees.

Methods: Forty-four companies were invited; half of them agreed to participate. Employees filled in a questionnaire
and provided a sample of oral fluid, which was analysed for alcohol, 12 psychoactive medicinal drugs and 6 illicit
drugs. Participation was voluntary and anonymaous.

Results: Two thousand four hundred thirty-seven employees in eight business areas agreed to participate (92 % of
those invited). By combining questionnaires and oral fluid testing, we found that 5.2 % had used psychoactive
medication during the last couple of days, 1.4 % had used illicit drugs, 17.0 % had used alcohol during the last 24 h
but only one person (0.04 %) was positive for alcohol in oral fluid. About 25 % reported reduced efficiency at work,
and 5 % reported absence from work due te alcohol use during the past 12 menths, The use of illicit drugs and
binge drinking resulting in reduced efficiency and absence was most common among restaurant and bar workers
and mere common among men than women, whereas use of psychoactive medication was most common among
healthcare, transportation and storage workers.

Conclusion: Impairment at work due to alcohol or drugs was rare, whereas reduced efficiency due to drinking was
reported by a fairly large proportion. There were marked differences between some business areas, and across gender.

Keywords: Alcohol drinking, Illicit drugs, Prescription drugs, Workplace, Prevalence

Background

Use of alcohol or drugs and associated hangover effects
may reduce workplace safety and productivity [1-3] and
also cause sickness absence [4, 5]. Little is known about
the use of alcohol and drugs that may affect safety and
efficacy at work in Norway. A study published in 2004
found that 4 % reported having been under the influence
of alcohol or drugs at work and 4 % had been absent
from work because of alcohol and drug use [6]. Of the
participants, 2.6 % reported having used illegal drugs
and 18 % prescribed drugs during the past 12 months.

* Correspondence: hallvard.gjerdesihino

Norwegian Institute of Public Health, P. O. Box 4404, Nydalen NO-0403 Oslo,
Norway

Full ist of author infermation is available at the ond of the article

( - BioMed Central

While few studies have addressed the prevalence of
both alcohol and drug use and the consequences of such
use in a work setting, the alcohol use-sickness absence
association have been addressed in a number of studies.
A recent review of 28 studies applying individual-level
survey data to study a total of 48 associations between
various measures of alcohol use and sickness absence,
showed that there is strong empirical evidence for an as-
sociation between alcohol use and both short- and long-
term sickness absence [7]. One of the studies included in
that review was conducted among young employees in
Norway, where 8.1 % reported that they had been absent
from work due to alcohol use the past 12 months [8].
This study found that the proportion of young male em-
ployees who reported having alcohol-related sickness ab-
sence was nearly twofold that of women, ie, 10.5 and

& 2015 Edvardsen ct al. Open Access This article is distributed under the terms of the Creative Commons Attributicn 4.0
Interratonal License (hitpe/creativocemmons.crg/iconses/by4.04, which pornivts unrestriczes wse, distribution, and
reproduction in any medium, provided you give appropriate crealt to the orginal author(s) ard the source, provide a hm #)
the Creative Commons Teense, and indicate if changes were made. Tae Creat!
{http/fcreativecommons.org/oublicdomain/zera/1.0/) apslies to the cata made availaole in this arlicle, unless atherwise statea.

tive Commans Public Domein Dedication w

or



Edvardsen et al. Journal of Occupational Medicine and Toxicology (2015} 10:46

5.7 %, respectively. This finding is consistent with results
in other studies [7]. However, less is known about gen-
der differences with respect to drug use and conse-
quences of such use in a workplace setting.

Results from workplace drug testing (WDT) in
Norway for the period 2000-2006 showed that 2.9 % of
the analysed samples were positive for drugs; only 1.0 %
for illicit drugs [9]. However, WDT is used only within
few business areas in Norway, primarily in shipping, oil
industry and transportation, and it is likely that random
workplace drug testing reduces the incidence of drug
use among employees. Therefore, WDT findings do not
accurately reflect the incidence of drug use among
Norwegian employees in general.

The use of alcohol and drugs varies between countries
and different business areas. American studies found that
heavy alcohol use and illicit drug use was most prevalent
among employees within the construction industry, arts,
entertainment, recreation, mining, accommodation and
food services and least prevalent among healthcare, social
assistance and educational services [10, 11]. Differences
between business areas have previously not been studied
in Norway.

Research on the use of alcohol or drugs in relation to
work has in most cases been performed using question-
naires or interviews. However, the use of alcohol and
drugs is commonly under-reported [12-14]. A number
of studies have found that analysis of biological samples
may provide more accurate data than self-reports on
alcohol and drug use during the last days or months
[15-17]. However, drug testing cannot reveal alcohol
and drug using habits and consequences of such use, so
a combination of drug testing and questionnaires or in-
terviews provides more data than using a single method
alone [18-21].

The aims of this study were: (i) to examine the use of
alcohol and drugs using a combination of self-report
through questionnaires and testing of oral fluid (mixed
saliva}, and (ii) self-reported sickness absence and re-
duced efficiency or hangover at work due to such use
among employees in eight business areas in Norway, and
across gender,

Methods

We first performed a pilot study that included 526 em-
ployees during 2008-2009 [22], and a follow-up study
with 1911 employees was conducted during 2011-2014.
We present the total findings from both studies in this
article.

Ethics

The study was approved by the Regional Committee for
Medical and Health Research Ethics. The dataset was
completely anonymous.
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Consent
Oral informed consent was obtained from the partici-
pants for publication of reports.

Study design and setting

The recruitment of companies was performed during
2008-2013. Forty-four companies and business chains
were invited to participate, and a general call for participa-
tion was published in magazines and on websites. In total,
21 companies agreed to participate, and the Norwegian
Public Roads Administration agreed to let us recruit truck
drivers at control stations for heavy traffic; thus, altogether
22 businesses participated.

Information about the upcoming study was distributed
to all employees except truck drivers several weeks be-
fore the recruitment of employees was performed. The
date for recruitment was not announced. First, the study
days were selected for each company; then, either a ran-
dom selection or all employees who were present in the
building were contacted. Occupational drivers were re-
cruited at a heavy vehicle checking station during sched-
uled controls.

For all companies except one, and for all occupational
drivers, each employee was approached individually by
one project assistant from the Norwegian Institute of
Public Health (NIPH) and asked to participate. Written
and verbal information about the project was given, and
oral informed consent was obtained from all partici-
pants. Those who agreed to participate filled in a ques-
tionnaire in an area shielded from view and provided an
oral fluid specimen. The questionnaire and the sample
of oral fluid were placed in an unlabelled envelope that
was closed and sealed and collected by a project assist-
ant within approximately an hour.

For one company, an envelope containing the ques-
tionnaire and sampling device for oral fluid, including
instructions for use, was given to random employees
when entering the company facilities in the morning.
The employees were asked to deliver the questionnaire
and the oral fluid sample in closed and sealed, unlabelled
envelopes at specified sites before noon.

The recruitment of employees was completed in 2014.
In total, 2639 employees were invited and 2437 agreed to
participate (92 %). The included business areas were
healthcare (917 employees), finance (457 employees),
manufacturing (254 employees), transportation/storage
(233 employees), restaurants/bars (131 employees), public
administration (211 employees), media (152 employees;
questionnaires only), and research institutes (82 em-
ployees). Participation rates and socio-demographic char-
acteristics for business areas with two or more companies
and more than 100 participating employees are presented
in Table 1. Data for employees in public administration,
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Table 1 Employee participation rates, age and gender of all participants (W= 2437) across business areas

Healthcare Finance Industry Transportation and storage Restaurants and bars  Other Total
No. of participants 917 457 254 233 131 445 2437
Participation rate, % 983 964 91.0 95.9 929 782 923
Gender, % (n)
Women 795 (729) 47.9(219) 193 (49) 64 (15) 473 (62) 546 (243)  540(1317)
Men 185 (170) 490 (224)  772(1%¢)  77.7(181) 51.1(67) 388 (173)  41.5(1011)
Not reported 20018) 31{(14) 35(9) 159 (37) 15(2) 6.5 (29) 45(109)
Age distribution, % ()
<30 years 147 (135) 9.4 {43) 11.8 (30) 23.2 (54) 786 (103) 146 (65) 17.6 (430)
30-39 years 268 (246) 282129 150 (38) 18.0 (42) 16.8 (22) 281 (125) 247 (602)
40-49 years 267 (245) 247 (113) 307 (78) 22.7 (53) EARC)] 228 (102) 244 (595)
50-59 years 220 (202) 280(128) 287 (73) 21.5(50) 0.0 ) 216 (56) 228 (549)
60+ years 82 (75) 8.5 {39) 11.0 (28) 7.307) 08 () 11.0 (49) 8.6 (209)
Not reported 1.5 (14) 1.1 (5) 28(7) 73(17) 08 () 1.8 (8) 2.1 (52)

media and research are presented in the column named
“Other”,

Data collection

For most of the companies, the data collection was per-
formed during weekdays only. Oral fluid was collected
using Statsure Saliva Sampler™ (Statsure Diagnostic Sys-
tems, Framingham MA, USA). The time required for
sample collection and filling in the questionnaire was
about 5 min.

The samples of oral fluid were frozen within cne day
after collection and thawed once before the analysis. Al-
cohol was analysed by an automated enzymatic method
[23]. Medicinal and illicit drugs were analysed by liquid
chromatography-tandem mass spectroscopy; two similar
analytical methods were used during the project period
[24, 25]. The analysed compounds and cut-off concen-
trations (above which a sample was regarded as positive)
are presented in Table 2,

Two versions of the questionnaire were used. The
questionnaire used for the pilot study in five businesses
within transportation/storage, public administration,
media and research did not include questions on drug
use during the last 12 months; this question was added
based on a request from one of the participating com-
panies and was used for 17 businesses included after the
pilot study had been finished.

Statistical methods
Possible differences between the prevalence of medicinal
or illicit drugs in oral fluid samples from different busi-
ness areas were initially assessed using Pearson’s chi-
square test for categorical data.

Adjusted odds ratios (OR} with 95 % cenfidence inter-
vals (95 % CI) were calculated using multivariate

unconditional logistic regression using SPSS Statistics
Version 22 (IBM Corporation, Armenk, NY). Drug find-
ings or self-reported data were included as dependent
variable (with 2 categories; 0 =negative; 1 = positive).
Independent variables were gender, age group (5 cat-
egories) and business areas (6 categories).

Results

The participation rate among invited businesses was
50.0 %. Among the employees in the participating busi-
nesses the average participation rate was 92.3 %; when
using the regular recruitment procedure 95.6 % {range
80.0-100.0 %) and 67.8 % when the participation when
employees were asked to deliver the envelope with ques-
tionnaire and oral fluid sample on specified sites.

Oral fluid

Positive alcohol and drug findings are presented in
Table 2 and summarized in relation to business area and
gender in Table 3. Only one employee (0.04 %) was posi-
tive for alcohol; this might be due to alcohol drinking
the day before or due to a small alcohol intake during
the working day, e.g. at lunch. Few employees were posi-
tive for illicit drugs (0.9 %) compared to medicinal drugs
(3.0 %). The most frequently detected substances were
the sleeping agent zopiclone (1.9 %), the sedative diaze-
pam (0.7 %), cannabis (0.7 %), the analgesic substance
codeine (0.3 %) and methamphetamine (0.1 %). The me-
dicinal drugs that were found can in most cases be de-
tected in oral fluid for more than 12 h after using a
single dose, perhaps more than 24 h in some cases; am-
phetamine, cannabis (THC) and the cocaine metabolite
benzoylecgonine may also be detected for more than
12 h, rarely longer than 48 h, whereas cocaine can be de-
tected for less than 12 h after use [26].
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Table 2 Substances analysed in oral fluid, cut-off concentrations and prevalence above cut-off concentrations
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Compound Description Cut-off* ng/mL Prevalence % (n)
6-Acetylmorphine Metabolite of heroin 1.3 0.0 {0)
Alcohol 10 g/L 0.04 (1)
Alprazolam Benzadiazeping; anxiolytic 0.62 000
7-Aminoclonazepam Metabolite of clonazepam 0.71 0.0 {0)
7-Aminoflunitrazepam Metabolite of flunitrazepam 017 0.0 {0)
7-Aminonitrazepam Metabolite of nitrazepam 0.63 0.0 {0)
Amphetamine Stimulant? 24 0.09(2)
Benzoylecgonine Metabolite of cocaine 28 0.04 (1)
Clonazepam Benzodiazepine; anticonvulsant, anxiolytic 0.63 0.0 {0)
Cocaine Stimulant” 18 0.04 (1)
Codeine Opiold analgesic, antitussive 75 03 {e)
Diazepam Benzodiazepine; anxiolylic, anlicanvulsant, sedative 040 0.7 (16)
Flunitrazepam Benzodiazepine; anxiolytic .31 Q00
34-Methylenedioxy-metharmphetamine (MDMA) Psychedelic hallucinogenic drug® 26 0.0 {0
Methadone Opioid used mainly for opioid dependence, 11 Q.0 (0
but also for analgesia
Methamphetamine Stimulant” 15 013
Morphine Opicid analgesic, also metabolite of codeine and heroin 71 0.2 {4)
Nitrazepam Benzodiazepine; anxiolytic 0.56 0.0 {0)
Nordiazepam Metabolite of diazepam 0.68 036
Oxazepam Benzodiazepine; anxiolytic, anticonvulsant, 49 004 (1)
and metabolite of diazepam

A9-Tetrahydrocannabinol (THC) Cannabis” 063 0.7 {16)
Zolpidem Short acting hypnatic 12 009 (2)
Zopiclone Short acting hypnotic 1.6 1.9 {43)

*Mostly used illegally in Norway
Plllegal in Norway

“Concentrations in neat cral fluid above which the analytical findings were regarded as positive

Medicinal drugs were detected more frequently (p
<0.001) and illicit drugs less frequently (p<0.001) in
samples of oral fluid from healthcare workers than in
samples from employees in other business areas.

icit drugs were detected more frequently (p <0.001)
in samples from restaurant/bar workers than in samples
from employees in other business areas.

Of the 16 employees who were found to be positive
for cannabis, the THC concentrations were above 2 ng/
mL in native oral fluid (calculated using sample weight)
in 14 cases; this concentration has been proposed as
limit in the USA when oral fluid samples are used in
workplace drug testing [27]. Four had concentrations be-
tween 25 and 300 ng/mlL, suggesting cannabis smoking
within a few hours before sampling. For two of the three
employees who were positive for methamphetamine,
concentrations were higher than the proposed limit of
50 ng/mL in the USA [27]. The concentrations were
more than 1000 ng/mL, suggesting intake of moderate

doses within the last 24 h or large doses 1-3 days ago.
Those two individuals had combined methamphetamine
with diazepam, which is a commonly used drug combin-
ation among problematic drug users. For five of the 43
employees who were positive for the sleeping agent zopi-
clone, the concentrations were above 50 ng/mlL. Those
high concentrations suggest that the medication might
have been taken less than 6 h before sample collection.
One of the diazepam users had 34 ng/mlL in oral fluid,
which indicates very recent drug intake or high concen-
tration in blood. The other drug findings were of low
concentrations that were unlikely to affect safety and
efficacy.

Questionnaires

The results from the questionnaire are presented in
Table 3. Self-reported use of psychoactive medication
was fairly similar across business areas (ranging from 3.5
to 5.3 %). However, large differences were observed for
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self-reported use of illicit drugs. The proportion who re-
ported using illicit drugs during the last 48 h among res-
taurant/bar workers was 11.5 % compared to 1 % or less
in other business areas.

Employees in four business areas were asked about the
use of illicit drugs and the non-therapeutic use of psy-
choactive medication (recreational use to get intoxicated
or high) during last 12 months. More than 25 % of the
restaurant/bar workers reported illicit drug use, less than
4 % in other business areas. Less than 2 % reported rec-
reational use of psychoactive medication.

Self-reported alcohol use during the last 24 h, binge
drinking, reduced efficiency or hangover and absence
from work due to drinking was also most frequently re-
ported by restaurant/bar workers, and was also fairly fre-
quently reported by finance workers and workers in the
group called “Other”, which included media, research
and public administration employees.

Comparing oral fluid and questionnaires

Some under-reporting of drug use was observed when
comparing drug findings in oral fluid and self-reported
drug use. Of those who were positive for illicit drugs in
oral fluid (7=20), 45.0 % reported using illicit drugs
during the last 48 h; whereas among those who were
positive for medicinal drugs (# = 67}, 61.2 % reported in-
take during the last 48 h.

When adding drug findings in oral fluid to self-
reported drug used during the last 48 h, the number of
medicinal drug users increased by about a quarter and
the number of illicit drug users increased by about the
half when compared to self-reported use only. When in-
cluding either analytical findings or self-reported use, re-
cent use of psychoactive medication was most prevalent
among transportation and storage workers, whereas re-
cent use of illicit drugs was most prevalent among res-
taurant/bar workers.

Differences across business areas

The data presented in Table 3 suggest that there were
marked differences between business areas. However,
there were also significant differences between genders
and age groups, making evaluation of the prevalence
data more complicated. In order to study differences be-
tween business areas while adjusting for differences in
the distributions of age and genders, we performed lo-
gistic regression analysis using drug findings or self-
reported data as dependent variable, and business area,
age and gender as covariates. The regression analyses for
the detection of medicinal or illicit drugs in samples of
oral fluid and self-reported inefficiency or absence due
to drinking are presented in Table 4.
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Due to the fact that illicit drugs were detected among
employees in only some business areas and only one per-
son above 40 years of age, the restaurant business were
compared with non-restaurant business employees in
total, and the employees were disaggregated into three age
groups. Employees in the restaurant business had high
odds ratio for being positive for illicit drugs (p = 0.002)
when adjusting for gender and age group, compared to
employees in other business areas.

Employees within the finance business and the group
of businesses called “other” had significantly lower odds
for being positive for medicinal drugs than healthcare
employees. If comparing healthcare workers with em-
ployees within non-healthcare businesses in total, they
were found to have higher odds ratios for being positive
for medicinal drugs (p = 0.001} compared to other busi-
ness areas (results not shown).

When compared with employees in the healthcare
business, employees in the finance, restaurant and
“other” businesses had significantly higher odds ratios
for reporting reduced efficiency or hangover at work at
least once during the previous 12 months (p <0.001) and
sickness absence (p<0.001) due to drinking. Highest
odds ratios were found for restaurant/bar workers.

Gender differences

The results presented in Table 3 show that illicit drugs
were detected more frequently among male employees
than females, and self-reported binge drinking, reduced
efficiency or hangover at work and sickness absence
from work due to drinking was also more frequent
among males.

Logistic regression analysis was performed adjusting for
age group and the six business areas (Table 4}. Female em-
ployees had statistically significantly lower odds ratios
compared to men to report reduced efficiency or hangover
at work during previous 12 months (p <0.001) and ab-
sence from work due to drinking during previous
12 months (p =0.010). The difference observed between
the genders for the detection of medicinal drugs in sam-
ples of oral fluid when adjusting for age group and busi-
ness area were not statistically significant. However, the
odds ratio for detection of illicit drugs was statistically sig-
nificantly lower for females than males when adjusting for
age group and business area when disaggregated into res-
taurant and non-restaurant businesses (p = 0.004).

Discussion

In this study, we combined the use of questionnaires
and oral fluid testing to compare alcohol and drug use,
as well as sickness absence and reduced efficiency due to
such use, across eight business areas in Norway, and
across gender.
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Table 4 Logistic regression analysis

Univariate analysis Multivariate analysis
OR 95 % C P OR 95 9% Cl o

Detection of lllicit drugs in cral fluid

Naon-restaurant/bar employees (referent)

Restaurant/oar 13.70 557 3369 <0.001 500 182 1372 0.002

Females 019 0.06-05/ 0.003 Q19 0.06-0.59 0.004

Age < 30 years (referent)

Age 30 39 years 0.51 020 1.28 0151 077 028 215 0.622

Age 40+ vears 0.03 000 0.1 0.001 005 001 043 0.006
Detection of medicinal drugs in oral fluid

| lealthcare employees (referent)

Finance 0.23 0.08-059 0.002 0.24 0.09-0.63 0.003

NManufacturing 034 0.12-095 0.0£0 035 0.11-1.05 0.062

Transporlalion/slorage 076 034-173 D516 092 0.35-241 0872

Reslauranl/bar 048 015-157 0.224 Q.77 0.20-293 0.700

Qrher lines of business (.29 0.15-100 0.050 .39 £.15-1.00 0.050

Females 166 098-281 0.058 127 067-242 0462

Age < 30 years (referent)

Age 30-39 years 071 0.28-179 0464 Q.75 029-211 0637

Age 40-19 years 132 058-2.98 0512 150 061-368 0.375

Age 50 59 years 1.83 083 4105 0131 218 091 522 0.082

Age 601 years 23/ 0.95-554 0.066 243 1.05-/63 0.0£0
Reported reduced efficiency or hangover at work last 12 months due to drinking

Healthcare cmployees (reforent)

Finance 282 366-6.35 <0001 510 379-6.87 <0.001

Manufacturing 037 0.20-068 .00 0.3 0.16-0.58 <0.001

Transportation/storage 0./4 044-125 0.265 045 0.26-0./9 0.006

Reslauranl/bar 1£18 9.35-21.52 <0.001 5.75 3.66-9.05 =0.001

Other lines of business £85 367-642 <0.001 496 369-6.67 <0.001

Fermales 075 062-050 0.003 063 0.50-079 <0.001

Age < 30 years {referent)

Age 30-39 years 047 0.36-061 <0.0m .41 £.30-056 <0.001

Age 40-49 years 030 0.73-040 <0001 031 022-043 <0.001

Age 50-59 years 020 0.15-027 <0001 018 0.13-02& <0.0071

Age 60+ years 016 0.10-026 <0001 0.13 008-072 <0.001
Reported sickness absence last 12 months due to drinking

| lealthcare employees (referent)

Finance 1193 5.55-25.60 <0.001 11.04 5.06-2407 <0.001

Wanufacturing 092 019-436 0916 080 0.17-386 0778

Transportation/storage £22 1.51-11.79 0.006 273 0.94-797 0.066

Restaurant/bar 2922 1293-66.02 <0001 1376 578-3277 <0.001

Other lines of business 10.92 5.04-2367 <0.001 9492 £54-7169 <0.001

lemales 052 0.36-0.75 0.001 059 039-088 0.010

Age < 30 years {referent)

Age 30-39 vears 0.68 044-1.05 0.080 0.75 045-1.24 0.259

Age 40-49 years 023 0.13-042 <0001 031 016059 <0.001

Age 50-59 years 0.22 0.12-041 <0.001 0.28 0.14-0.55 <0.001

Age 60+ vears 013 0.04-047 0.001 0.14 0.04-048 0002
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More detailed results from one business area (health-
care) have been published in an separate article [28]. In
this article we present the total findings from the pilot
and main studies, which included 2437 employees from
eight business areas. Data from the pilot study are in-
cluded to enable the comparison between all included
business areas; this has not been reported for the pilot
study previously.

Few employees were impaired by alcohol or drugs at
the time of collection of oral fluid. One employee had
concentration of alcohol of about 0.2 g/L in oral fluid
(the concentration in blood is about the same as in oral
fluid), which either may be caused by drinking one glass
of beer or wine within the last hour, or residual alcohol
after heavy drinking the day before. For drugs, it is im-
possible to accurately estimate concentrations in blood
based on concentrations in oral fluid due to large indi-
vidual variation [29]. However, about 10 persons (0.4 %)
had drug concentrations in oral fluid that might be asso-
ciated with recent drug use that may affect the perform-
ance at work.

In a U. S. survey, 8.1 % reported workplace use of al-
cohol during the last 12 months, 0.99 % reported weekly
use, 0.78 % reported alcohol-related impairment weekly,
and 9.23 % reported being hungover at work during the
last 12 months [30]. In Europe, the situation varies a lot
between different countries; in some countries the use of
alcohol during the working day has been very common.
The proportion of workers who consumed alcohol dur-
ing the working day was reportedly 11 % in Austria,
14 % in Denmark, 8.2 % in Poland; whereas in the
Netherlands, 4 % of the workers who drank alcohol
sometimes drank before going to work or at work [31].
Thus, the use of alcohol in relation to work seemed to
be very much less common in our study than in some
European countries.

In a study based on data from a U.S. National Survey per-
formed in 2002-2003, a total of 14.1 % of the workforce re-
ported having used illicit drugs during the last 12 months,
3.6 % at least once a week, and 1.25 % reported use 6-7
days a week [32]. Thus, the use of illicit drugs was signifi-
cantly more common among employees in the USA than
in Norway. There is little information about drug use in re-
lation to work for other European countries [31]. However,
there is large variation in the use of illicit drugs in general
between European countries [33].

The results show large differences between some busi-
ness areas. Restaurant/bar workers reported more often
alcohol use during the last 24 h. This is partly due to the
fact that for those businesses the data collection included
weekends, when approximately 70 % of drinking situations
occur [34]. A larger proportion of restaurant/bar workers
also reported binge drinking during the past 12 months
compared to employees in other business areas as well as
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being less efficient at worlk and absence from work due to
alcohol use during the last 12 months. Drug use during
the last 48 h was also more common among restaurant/
bar workers.

The findings among restaurant/bar employees are
partly related to the large proportion of employees below
30 years of age, who are expected to use more alcohol
and illicit drugs than older age groups. However, when
adjusting for age and gender distributions, significantly
more drug use and alcohol-related hangover and ab-
sence were found among restaurant/bar employees than
among employees in most other business areas. Also the
fact that they are working in an environment with high
availability of alcohol and work-related norms that are
supportive of after-work drinking and hangover at work
may have influenced their drinking habits [35].

Also previous studies have found high alcohol con-
sumption or high prevalence of hazardous drinking
among restaurant workers, both in Scandinavia and else-
where [10, 35-38]. Previous American studies have also
found that restaurant workers more often reported use
of illicit drugs than employees in many other business
areas [10, 11].

The proportion of workers within finance and the
“Other” category (i.e., media, research and public admin-
istration employees) who reported reduced efficiency
and sickness absence due to alcohol was alsc fairly high.

It has previously been reported that problematic alcohol
and drug use may be common among health professionals
[39], particularly because of their easy access to prescrip-
tion medication. In our study, binge drinking, reduced ef-
ficiency and drinking-related absence was less common
among healthcare workers than the other business areas.
However, the use of psychoactive medication, both self-
reported use and findings in samples of oral fluid, was
higher among health professionals. Morecver, we found
that use of psychoactive medication was more common
among employees within transportation and storage than
in other business areas.

Studies in the USA have found that in addition to
hotel, restaurant and bar workers, employees within
construction, building and grounds maintenance, arts,
entertainment, sports and media businesses had higher
odds ratios for illicit drug use and illicit drug impair-
ment [10, 11, 32, 40] as well as working under the influ-
ence of alcohol and hangover at work [30]. An Australian
study found that alcohol use at work was most common
among hospitality, construction and financial services,
whereas working under the influence of alcohol was most
common among hospitality employees; in total, more than
5 % of the Australian workers admitted to having worked
under the influence of alcohol and almost 2 % under the
influence of drugs [41]. Another Australian study found
that the risk of workers frequently drinking at levels
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associated with short-term harm was Iowest in the educa-
tion industry and significantly higher in the hospitality,
agriculture, manufacturing and construction industries
[42]. Alcohol-related absenteeism was also most common
among hospitality and manufacturing employees in
Australia [43]. Our study did not include the same busi-
ness areas, but our findings are similar for employees
within restaurant/bar and finance industries.

Finally, this study showed that the proportion who re-
ported alcohol-related sickness absence was about twice as
large as for men compared to women, a finding which is
consistent with results from previous studies [8, 43],
whereas reduced efficiency or absence due to drinking was
reported about 60-70 % more often among men. A plaus-
ible explanation of this finding is that men drink more fre-
quently than women and that they more often drink to
intoxication than women, in all societies surveyed [44].

Limitations

The participating employees do not represent a random
selection from the total working population or the in-
cluded business areas. There might have been geograph-
ical differences between urban and rural areas as well as
between different parts of the country regarding the use
of alcohol and drugs. Geographical areas could not be
used as covariates in the statistical analysis due to low
number of companies within each business area.

It is possible that some employees who had recently used
alcohol or drugs refused to participate in the study because
this information is regarded as sensitive. As shown above
and previously (22, 34], underreporting of alcohol and drug
use on the questionnaires also occurred in spite of the fact
that the project team members told that the study was
anonymous.

A positive drug finding in oral fluid most likely represents
drug intake during the last 48 h. However, use of some
drugs more than 48 h ago might also give a positive result,
particularly repeated use more than a couple of days before
sample collection. On the other hand, a negative oral fluid
sample does not prove that drugs were not taken during
the last 48 h; intake of a single dose of cannabis, cocaine or
medication will in most cases cause positive oral fluid sam-
ple for less than 24 h.

One of the companies within the finance sector required
that the recruitment of employees should occur in the large
entrance hall. This made it possible for some employees to
deliberately avoid being asked to participate; thus, the selec-
tion of participants in this company might have been some-
what biased. For all other companies, it was not possible to
avoid being asked for participation.

Conclusions
Overall, a small proportion of employees were positive for
alcohol or drugs in samples of oral fluid but a significant
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proportion of the employees reported absence or hangover
at work due to drinking. Of the studies business areas, res-
taurant/bar workers most often reported frequent binge
drinking, reduced efficiency or absence from work due to
drinking. Many of them also reported use of illicit drugs.
Thus, the restaurant workers comprise a high-risk group
regarding alcohol and drug use. Employees within the fi-
nance industry often reported reduced efficiency or absence
because of drinking. Larger proportions of male than fe-
male workers reported binge-drinking each month, reduced
efficiency or hangover at work or absence from work due
to drinking during the past 12 months.
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3 ZAVER

V prvni Casti této disertacni prace jsou shrnuty vysledky tykajici se vlivu vybranych
latek na fertilizacni schopnosti spermii. Pro studium vlivu BE2 na kapacitaci mySich
spermii in vitro byla vypracovana novda HPLC-MS/MS metoda, pomoci niz se méfily
koncentrace celkového nevdzaného PE2 ve spermiich. Kapacitace byla provadéna se
tfemi pocatecnimi koncentracemi BE2 (200, 20 a 2 pg/L). Pokusy byly realizovany se
dvéma kmeny laboratornich mysi (BALB/c a C57BL/6Nvel). U obou kmenti mysi byl
pro vSechny testované koncentrace pozorovan obdobny trend zdvislosti koncentrace
nevazaného PE2 na Case kapacitace. Koncentrace BE2 se snizovala, aby dosahla svého
minima a poté se opct zvySovala. Pozice minima se liSila pro jednotlivé testované
koncentrace BE2. V rdmci jednotlivych testovanych koncentraci BE2 byly pozorovany
pouze mirn€ odlisné rozsahy poklesu mezi spermiemi obou kment mysi.

Experimentalni vysledky ziskané pro koncentracni zmény BE2 v rGznych casech
kapacitace byly podrobeny kinetické analyze. Kiivky prolozené experimentalné
stanovenymi body vykazovaly autokatalyticky charakter. Pfi hledani rGznych
kinetickych modeli bylo zjisténo, ze pro shodu mezi kiivkami ziskanymi prolozenim
experimentalnimi body a teoreticky vypocitanymi kiivkami je nutné piedpokladat, Ze
prvnim krokem je adsorpce BE2 na povrch spermii fizend Langmuirovou izotermou.
Jiné modely (bez adsorpce) vedly ke zcela odliSnym vysledklim. Je dulezité, ze
teoretické kiivky jsou v dobré shod¢ s experimentalné ziskanymi body pro oba
testované typy mysi, coZ doklad4 nalezeni teoretického mechanismu, ktery vyhovuje
druhové specifickym modifikacim.

Ziskané poznatky ukazuji, Ze mnoZzstvi BE2 dostupné pro mysi spermie béhem
kapacitace in vitro, nezavisle na kmenovém ptvodu, mize byt kvantifikovano HPLC-
MS/MS metodou. Vyvinutd metoda predstavuje diilezity, obecné pouzitelny nastroj pro
studium mnozstvi biologickych latek, v tomto ptipadé BE2.

Vysledky kinetické studie pouzité pro studium plisobeni fluoridii a fluorohlinitych
komplexti na kapacitaci mySich spermii vykazuji velmi dobrou shodu experimentalnich
dat s teoreticky ziskanymi kiivkami. Casové zavislosti pTyr vyhovuji rovnici, kterd je
platnd pro tvorbu nestabilniho intermediatu ve dvou naslednych reakcich 1. fadu.
Navrzené kinetické rovnice objevuji existenci urcitych center ve spermiich a jejich

nestabilni aktivni formy; pouze tyto nestabilni aktivni formy mohou byt fosforylovany a
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nasledné se rozpadaji. Cas odpovidajici maximalni produkci nestabilniho intermediatu

je pro spermie pravdépodobné nejvhodnéjsi k ziskani schopnosti oplodnit vajicko.

Ve druhé ¢asti této prace je shrnut vyvoj metod pro chirdlni separaci AB a TAP. Pro
enantioseparaci (R,S)-AB byla pouzita metoda CE. Pro rozdéleni obou enantiomerti
byly vyzkouseny riizné CD (sulfatované a-CD, B-CD a y-CD a hydroxypropyl B-CD a
v-CD) jako potencialni selektory. Nejlepsich vysledkii bylo dosazeno pii pouziti
sulfatovaného y-CD. Béhem vyvoje metody byl studovan vliv zmén v experimentélnich
parametrech na enantioseparaci (R,S)-AB. Pro stanoveni (S5)-AB jako optické necistoty
v syntetickém laboratornim vzorku bylo pouzito 4,8% (w/v) sulfatovan¢ho y-CD
v kyselém zakladnim elektrolytu dihydrogenfosfore¢nanu draselného (100 mM, pH =
3,0) na nepokryté kiemenné kapilafe s rozsifenou optickou drdhou. Metoda byla
validovana jako limitni test.

Pro chiradlni separaci cCtyi stereoizomeri TAP bylo pouzito NP-HPLC. Bylo
vyzkouSeno 10 rtznych chirdlnich kolon, z nichZ kolona Chiralpak AD-H poskytla
dostate¢nou chirdlni selektivitu. Béhem vyvoje byl studovan vliv slozeni mobilni faze
(konkrétné vliv alkoholu jako modifikatoru, pouzitého n-alkanu, aditiv a obsahu vody
v mobilni f4zi) a dalSich parametrl na retenci a enantioseparaci. Chiralni separace Ctyf
stereoizomert. TAP metodou NP-HPLC s rozliSenim vé&t$im nez 2,5 pro vSechny
z enantiomert bylo dosazeno pii pouziti kolony Chiralpak AD-H s mobilni fazi
heptan/propan-2-ol/diethylamin (980:20:1, v/v/v). Vyvinuta metoda byla validovéana dle

pozadavkl smérnice International Conference on Harmonisaton (ICH).
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