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1. Uvod

Predlozend disertacni prace patfi svym zaméienim do oblasti bioanalyzy farmak.
Cilem bioanalyzy je poskytnout validni analytické informace o pfitomnosti a
kvantitativnim zastoupeni léCiva a jeho metabolitli v organismu. Bioanalyza nalezla
uplatnéni v nejriiznéjsich praktickych aplikacich. V nésledujicich odstavcich si dovolim
Prvni oblasti, kde bioanalyza nachazi velmi Siroké uplatnéni je vyzkum a vyvoj novych
potencidlnich 1é¢iv. Béhem preklinického a nasledného klinického vyvoje se zkouma
osud nového farmaka po podani do organismu laboratornich zvitat a ¢lovéka. Jedna se
otzv. ADME studie (z akronymu Absorption-Distribution-Metabolism-Excretion).
Jak vyplyva z nazvu, sleduji tyto studie v zavislosti na ¢ase vSechny faze pohybu a
pfemén 1éciva v organismu (tj. farmakokinetiku 1éc¢iva), od jeho absorpce z mista
podani, pres jeho distribuci krvi do jednotlivych organi a kcilovym tkénim,
az po eliminacni fazi, kterd zahrnuje biotransformaci 1éciva a jeho postupnou exkreci
z organismu. Takovy vyzkum by byl nemyslitelny bez pouziti vhodné bioanalytické
metody, kterd umozni identifikovat 1é¢ivo a jeho metabolity v pomérné slozité
biomatrici a stanovit jejich koncentrace. Vysledky bioanalytickych studii pfinaseji
pottebné informace o koncentracich 1é€iva a jeho metabolitd v krevnim ob¢hu, o jejich
distribuci do jednotlivych ¢asti organismu a zejména do okoli receptort. Bioanalytické
studie umoziuji sledovat postupné premény parentni latky na metabolity 1. a 2. faze
biotransformace a jejich postupnou exkreci z organismu. Z farmakokinetickych
parametrll ziskanych na zakladé bioanalytickych studii se d4 odhadnout casové
rozloZeni farmakodynamického u¢inku a toxikologického zatiZzeni organismu.

In-line identifikace chemickych struktur metabolith nového potencidlniho 1éciva
sofistikovanymi pritokovymi detektory (PDA, MS-MS) béhem vlastni bioanalyzy je
pfedpokladem pro naslednou syntézu standardi téchto metabolitl v dostate€ném
mnozstvi, aby bylo moZné prozkoumat jejich farmakodynamicky a toxikologicky profil.
Diky kvalitativnim bioanalytickym vysledkim se mnohdy odhali, ze 1écivo je
ve skutec¢nosti ,,prodrug® a teprve metabolit je G€innou strukturou, nebo, Ze za urcity
toxicky efekt je zodpovédny metabolit a nikoli parentni latka. Bioanalytické vysledky
tak mohou zpétné ovliviiovat optimalizaéni modifikace struktury vyvijeného léc¢iva
vedouci k potlaceni tvorby nezddoucich metabolitli, ovlivnéni farmakokinetiky nebo

farmakodynamiky parentni latky.
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Rovnéz bilan¢ni studie se neobejdou bez bioanalytickych aplikaci. Bilan¢ni studii
porovnavame davku testovaného 1é¢iva podaného do organismu s molarnim mnozstvim
parentni latky a sumy vSech metabolit, které se hlavnimi cestami (moci, stolici)
vylouc¢i z organismu. Takto mtizeme odhalit nezddouci kumulaci parentni latky nebo

metabolitu v nékterych organech nebo tkanich.

Druhou aplikacni oblasti, kde intenzivné vyuzivdme bioanalytické metody, je vyvoj
novych generickych lécivych pripravki. Vyvine-li n¢jaka farmaceuticka firma nové
lé¢ivo a pfipravi znéj vhodnou lékovou formu, povazujeme tuto Iékovou formu
za original. Origindlni 1é¢ivy pfipravek je patentové chranén vétSinou 20 let
od ptihlaseni nové Gcinné latky. Cena originalniho 1é¢ivého piipravku byva znaéné
vysoka, protoze se do ni promitaji naklady na vyzkum a vyvoj nové chemické struktury
a jeji nasledné preklinické a klinické testovani. Po ukonceni patentové ochrany je
1ékova substance piistupnd jinym farmaceutickym firmam, které se zabyvaji vyrobou
generickych preparati. Cena generickych preparatll je oproti originalu podstatné nizsi
(0 30 - 50%), protoze zahrnuje pouze vyvoj nové lékové formy z nakoupené substance
ucinné latky. Soucéasti vyvoje nové generické 1ékové formy jsou takzvané
bioekvivalen¢ni studie, které vyuzivaji rovnéz bioanalytické metody. Bioekvivalen¢ni
studii se prokazuje, zda nové vyvinuty testovany genericky lékovy piipravek se chova
po podani dobrovolnikiim podobné jako referen¢ni originalni ptipravek (nebo referencni
piipravek jiné generické firmy, ktery uspésné prosel bioekvivalencni studii a nejméné
10 let je pouzivan v terapeutické praxi). Vhodnou bioanalytickou metodou mutzeme
zjistit, zda po podani testovaného i referenéniho ptipravku se dosdhne v organismu
srovnatelnd biologicka dostupnost (bioavailabilita) u¢inné latky. Pokud je srovnatelna
bioavailabilita prokdzana statisticky na dostatecné velkém souboru dobrovolniki
(naptiklad 24 - 36 dobrovolniki), mohou byt oba ptipravky (testovany a referencni)
povazovany za bioekvivalentni a firma mize po odevzdani privodni dokumentace
pozadat regulaéni autoritu (u nas Statni Gstav pro kontrolu 1é¢iv - SUKL) o povoleni

vyroby a uvedeni nov¢ otestovaného 1ékového piipravku na trh.

Tieti vyznamnou aplikacni oblasti bioanalyzy je terapeutické monitorovani léciv
(Therapeutic Drug Monitoring, TDM). Jeho vyznam pro individualizovanou 1é¢bu
vyplyvé z poznani, Ze jednotlivi medikovani pacienti mohou mit rizny funkéni stav

organu podilejicich se na absorpci, distribuci, metabolismu a exkreci 1é¢iva. Funkéni
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stav organli je ovliviiovan genetickymi faktory, stafim, patologickymi procesy,
souCasnou terapii jinymi léCivy a tfadou dalSich vlivi. Nizké koncentrace 1éciva
v cilovych tkanich mohou byt naptiklad dosahovany po peroralnim podani pacientim
s malabsorpénim syndromem. Lékova terapie v takovych piipadech neni dostatecné
ucinnd. U pacientl s poSkozenim jater nebo ledvin miizeme zaznamenat naopak vyssi
hladiny 1éc¢iva v disledku jeho snizené biotransformace a exkrece. Pokud by v dasledku
snizené eliminacni funkce dochazelo ke kumulaci 1éCiva v organismu pacienta, hrozi
mu lékova intoxikace. VSem témto staviim poddavkovani nebo piedavkovani léciva
muzeme zabranit pokud b&hem Ié¢by pacienta budeme v pravidelnych intervalech
monitorovat koncentrace léCiva ptipadné jeho metabolitl v krvi pomoci vhodné
bioanalytické metody. Na =zakladé¢ vysledkli bioanalyzy pak mizeme upravit
individualni medikaci konkrétniho pacienta tak, aby se koncentrace 1é¢iva v jeho

organismu pohybovala v pozadovaném terapeutickém rozmezi.

Kromé¢ vySe zminénych farmaceutickych aplikaci nachazi bioanalyza své uplatnéni i
v dalSich oblastech, které jiz budu komentovat jen ve zkratce. Forensni (soudni)
analyza vyuziva bioanalytick¢é metody v odhalovani toxikomanie a zneuzivani drog.
Bioanalytickym zkoumanim tkani a tekutin ziskanych post mortem se prokazuje, ¢im
byla zptsobena intoxikace a jaké byly diivody iimrti. VEasna toxikologicka bioanalyza
umoziuje odhalit pfiiny otravy postiZeného pacienta a nasadit rychlou a G¢elnou 1é¢bu,
kterou se odstrani nasledky intoxikace. Velmi citlivé a prikazné bioanalytické metody
se pouzivaji pii odhalovani dopingu ve vrcholovém sportu. Veterinarni a
potravinaiské laboratofe mohou bioanalytickymi metodami monitorovat lékova rezidua
V jateCnim mase. Aplikaci bioanalyzy by se dalo nalézt jesté vice, ty vySe zminéné

vvvvvv

povazuji za nejdulezitéjsi.

Bioanalyza (bioanalytika) ma urcita specifika, kterymi se lisi od klasické farmaceutické
analyzy. Farmaceutickd analyza pracuje sroztoky léCiv a jejich smési, piipadné
s extrakty z lékovych forem (tablet, ¢ipkd, masti). Pro icely bioanalyzy se odebiraji
reprezentativni vzorky biomatrice z Zivého nebo mrtvého organismu. Bioanalyticky
vzorek vétSinou vychazi z rizné komplexni biomatrice a vyzaduje specidlni upravy a
zplisoby zpracovani. Pii nich se snaZime analyty obsazené ve vzorku s Co nejvétsi
vytéznosti a pokud mozno bez kvalitativnich a kvantitativnich zmén (enzymatickych,

mikrobidlnich nebo zplisobenych nevhodnou tpravou) prevést do roztoku
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rozpoustédlem nebo smési rozpoustédel, kterd jsou kompatibilni s naslednou
instrumentalni analyzou. Soucasné se snazime, aby se do tohoto finalniho roztoku
dostalo co nejméné interferujicich endogennich latek (eobiotik) z biomatrice. Toho
dosahujeme tfadou operaci, mezi které fadime piidavek vnitiniho standardu, kterym se
kontroluji ztraty analytd behem néslednych operaci, denaturaci (deproteinaci)
biomatrice, centrifugaci, odpipetovani nebo dekantace supernatantu, piipadnou
derivatizaci analyti, extrakci, odpafeni rozpoustédla a naslednou rekonstituci extraktu
v rozpoustédlech kompatibilnich s vlastni instrumentalni analyzou (nejlépe rekonstituce
V pouzivané mobilni fazi).

Specifickou charakteristikou bioanalyz je potieba soucasného stanoveni parentniho
léCiva a fady metabolitl, které vznikly v Zivém organismu biotransformaci podané
latky. Musime tedy napted rozdé¢lit smés xenobiotik (parentniho 1é¢iva, jeho metabolitl
prvni a piipadné rovnéz druhé faze biotransformace a vnitfniho standardu) a zbytkovych
balasti (eobiotik) do nepfekryvajicich se koncentracnich zon a nésledné jednotlivé
koncentra¢ni zoény detegovat. Témto cilim dokonale vyhovuje vysoceucinna
kapalinova chromatografie (HPLC). HPLC je sestava propojenych pfistroju, které
zabezpecuji programovatelné miseni rozpoustédel Vv tzv. mobilni fazi, jeji pravidelny,
kontinualni pohyb chromatografickou kolonou se staciondrni fazi na jejiz zacatek se
specidlnim zafizenim vnasi vzorek (smés analytl). V koloné¢ dochdzi vzajemnymi
interakcemi analytl se stacionarni a mobilni fazi K rozdilné rychlosti pohybu riznych
typtt molekul a tim 1 k jejich dokonalé separaci do uzkych koncentracnich zon.
Koncentra¢ni zény opoustéjici kolonu vstupuji do pritokovych detektord, kde jsou
V nich obsaZené analyty detegovany. Vyhodou HPLC sestavy je, Ze miiZze tandemové
fadit nékolik detektori pracujicich na riznych detekénich principech za sebou. Takto je
mozné ziskat nejen kvantitativni informace o mnoZstvi analytu v kazdé protékajici
koncentraéni zoné (naptiklad pomoci ultrafialového nebo fluorescencniho detektoru),
ale i kvalitativni informace o typu chromoforu (PDA), o struktufe a molekulové
hmotnosti nezndmého analytu (MS, NMR), o redoxnich vlastnostech (elektrochemicky
detektor), ptipadné o chiralnich vlastnostech analyti (polarimetricky, CD-detektor).
Vsechny tyto analytické informace ziskané z HPLC analyz s tandemovym spojenim
nekolika detektorii Ize vyuzit zejména pfii identifikaci a stanoveni neznamych struktur

metabolitl novych potencidlnich 1éciv.
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2. Cil disertace

Cilem této disertacni prace bylo vyvinout a zvalidovat bioanalytickou HPLC metodu
pro studium osudu potencialniho antineoplastika dimefluronu v laboratornich zvifatech
(potkanech). Vyvinuta bioanalytickd HPLC metoda bude vyuzita v naslednych ADME
studiich preklinického vyzkumu tohoto potencialniho 1é¢iva.

Protoze dimefluron dosud nebyl vtomto sméru podrobnéji zkouman, bylo nutné
ke zminéné bioanalytické problematice zaujmout komplexnéj$i pristup. Naplni mé

disertacni prace bylo vyfeSeni nésledujicich tkolu:

» Na zaklad¢ chemické struktury dimefluronu a soudobych xenobiochemickych
znalosti o metabolismu podobnych latek odhadnout, jaké budou cesty jeho
biotransformace, a vytipovat struktury jeho pravdépodobnych metabolitt.

» Pripravit syntetické standardy ocekavanych metaboliti 1. faze biotransformace
dimefluronu, purifikovat je pro analytické uéely a potvrdit jejich strukturu
spektralnimi analyzami (PDA, NMR). Vybrat a pfipadné syntetizovat vhodny
vnitini standard pro HPLC analyzy.

» Spouzitim standardi dimefluronu, jeho pfipravenych metaboliti a vnitfniho
standardt vyvinout vhodnou HPLC metodu zarucujici dostatecnou separaci vyse
zminénych standardil a jejich selektivni a citlivou detekei.

» Vyvinout metodu zpracovani a extrakce moci a stolice potkand, kterym byl
podan oraln¢ dimefluron.

» S pouzitim photodiode-array a hmotnostni spektrometrické detekce identifikovat
dalsi metabolity dimefluronu (1. a 2. faze biotransformace), jejichZ syntetické
standardy nebyly dostupné.

» Navrhnout zakladni piehled biotransformace dimefluronu, prostudovat
elimina¢ni fazi farmakokinetiky dimefluronu po peroranim podani potkaniim a
provést bilan¢ni studii dimefluronu (porovnani podaného molarniho mnoZstvi
dimefluronu versus eliminovana suma dimefluronu a jeho metaboliti).

» Na zéklad¢é dosazenych vysledkt vytvoftit piehled zékladnich informaci o osudu
dimefluronu v savéim organismu jako predpoklad dalSich preklinickych studii

tohoto potencialniho 1éc¢iva.
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3. Teoreticka cast

Predkladana prace je zaméfena na bioanalyzu 1éCiv. Bioanalyza je komplexni obor
vyuzivajici instrumentalni analyzu k feSeni (xeno)biochemické a farmakologické
problematiky a zohlediujici tudiz (xeno)biochemické a farmakologické aspekty a
specifika v analytické praci. Identifikace a stanoveni analytli v biologickém materialu
piinasi analytikovi celou fadu problémt vyplyvajicich z povahy vzorku a potiebou
oddélit majoritni balasty od minoritné zastoupenych 1é¢iv a jejich metabolitu, které jsou
pfedmétem naSeho analytického zajmu. Odbér biologického materialu, zplsob jeho
uchovavani, specifické¢ vlastnosti vyplyvajici z pfitomnosti enzymatickych systému
(t€lu vlastnich nebo mikrobidlnich), problémy vyplyvajici zjiz zminéné slozitosti
biomatrice, ale i ponékud odlisny zptisob vyhodnocovani vysledkl jsou piekazkami,
s kterymi se bioanalytik musi vypotadat.

Ackoli se jednd o obor, ve kterém se v kazdém kroku prolinaji biologicko/biochemické i
analytické principy, je vhodné pro pichlednost a z didaktickych duvodd rozdélit
kapitolu 3 na dva bloky. Prvni se bude zabyvat xenobiochemii a bude zahrnovat i
informace o studovaném potencialnim 1é¢ivu dimefluronu. Druhy blok se bude zabyvat

instrumentalni analyzou a jejim vyuzitim v bioanalyze.

3.1. Bioanalytické aspekty xenobiochemie a ADME studii

Organismy, vetné lidského, se b&hem Zivota setkavaji nejen s chemickymi latkami,
které potiebuji pro svijj zivot, ale i s fadou latek, které nemohou vyuzit jako Ziviny, ale
S jejichz pritomnosti ve svém okoli se musi vyporadat. Takové latky oznacujeme jako
xenobiotika, a patii mezi n¢ i 1é¢iva. Osudem xenobiotik, jejich vlivem na organismus i
jejich  vzajemnymi interakcemi a interakcemi s makromolekulami se zabyva
xenobiochemie. Dilezitou naplni xenobiochemie je systematické sledovani vztahd
mezi chemickymi strukturami xenobiotik a typem jejich pfemény. Znalosti vztaht mezi
chemickou strukturou slouceniny a zplisobem jeji biotransformace oteviraji ¢asto nové
cesty k pochopeni mechanismu ucinku 1é¢iv. [1, 2]

Pro vyzkum osudu lé¢iva Vv organismu je dulezité ziskat pfesna analytickd data
z jednotlivych zkoumanych té€lesnych kompartmentl. ProtoZe xenobiochemie studuje
celou cestu xenobiotika organismem, setkava se bioanalytik s celou Skalou vzorkt rtizné

slozitosti i1 charakteru, které¢ je nutné zkoumat a vypracovat k nim vhodnou analytickou
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metodu, jiz by dokdzal stanovit i minimalni koncentrace studovaného lé¢iva stejné jako
jeho metabolitti v pfitomnosti vysokych koncentraci komponent biomatrice.

Nejjednodussi pokusy se provadeji na subcelularni arovni (s mikrosomalni frakci bunék
nebo jinych subbunéénych struktur), pfipadné na celularni arovni (hepatocyty,
enterocyty apod.). Analyza takovych biomatrici je pomérné jednoducha, ve vzorku je
pfitomno pomérné¢ malo balastnich latek. V jinych in-vitro experimentech se Iéc¢ivo
podava do perfundovanych orgdnt. Nejvice informaci nam zpravidla poskytne
experiment in-vivo, tedy podani léCiva zivému organismu. Zde je dulezité vybrat
k odbéru vhodnou biomatrici, jejiz analyza by nam poskytla potfebné informace. Dale
je dulezit¢é dokazat vybrany materidl zpracovat takovym zplsobem, aby pifi jeho
ptfipravé k analyze nedochdzelo ke ztrat¢ informaci. Odebrané vzorky mohou byt
jako je napriklad tkan organt. Pro rozhodovani je dilezité zmapovat tskali, ktera nas
pii praci s jednotlivymi materidly mohou potkat, a seznamit se s jednotlivymi moznymi

biologickymi materialy.

3.1.1. Absorpce a distribuce xenobiotika pfi rtiznych zpisobech
podani
Absorpci se rozumi prunik lé¢iva z mista podani do centralniho distribu¢niho
kompartmentu organismu, tedy krevniho fecisté. Absorpce zavisi na zptisobech podani
lé¢iva a na mechanismech jeho priiniku pfes biologické membrany.
Fyziologické cesty, kterymi miiZe organismus léCiva pfijimat, jsou v podstaté troji —
gastrointestinalnim traktem, dychacim traktem nebo transportem ptes kazi. Témto
cestam podani 1é¢iva odpovidaji vhodné vyvinuté 1ékové formy (napf. tablety, kapsle,
roztok, aerosol, transdermalni 1ékové formy obsahujici akceleranty penetrace, které
usnadnuji absorpci).
Dalsi moZnou cestou je invazivni vneseni xenobiotika pfimo do nékterého télesného
kompartmentu (intravendsni, intramuskularni, subkutanni ¢i intraperitonedlni podani).
Nejcastejsi cesta podani 1éCiv je gastrointestindlnim traktem. Touto cestou je podavana
vétsina farmak [3]. Touto cestou t€lo rovnéz piijima kromé 1€civ i dalsi xenobiotika
obsaZzena ve stravé jako jsou konzervanty a stabilizacni ptisady, rezidua hnojiv,
insekticidni a pesticidni residua a Vv neposledni fadé i rtzné potravni dopliky.

V gastrointestinalnim traktu dochazi k absorpci s vyjimkou hltanu a jicnu po celé jeho
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délce odustni dutiny az krektu. Kabsorpci muze dochazet prostou difuzi
pfes membranu, aktivnim i pasivnim transportem nebo endocytézou.

Vétsina 1é¢iv prochazi do distribu¢niho kompartmentu prostou difuzi pies membrany.
Ta je ovlivnéna jejich lipofilitou a hodnotou pK, (pKp) daného 1é¢iva a hodnotou pH
prosttedi na obou strandch membrany. Lipofilita [éCiva ovliviiuje transport
ptes lipidovou dvouvrstvu membrany. Hodnota aktualniho pH uréuje mnozstvi latky
V ionizované, respektive neionizované formé, podle Hendersonovy-Hasselbalchovy
rovnice (viz Rovnice 1). Hodnota pH je dulezity determinant absorpce, protoze prostou
difuzi mize prochazet 1éCivo jen v neionizované formé (jako neutrdlni molekula) a
dochdzi k ustalovani dynamické rovnovahy koncentraci neutrdlnich forem molekul

na obou strandch membrany.

Rovnice 1: Hendersonova-Hasselbachova rovnice

A
pK LT |Og —_— pro slabé kyseliny

P AH ]

B]
14 - pr + |Og _ pro slabé zdsady

BH]

pH

Legenda: pH - zdporny dekadicky logaritmus koncentrace vodikovych iontii, pKy - Zdporny dekadicky
logaritmus disociacni konstanty kyseliny, pKy, - zdporny dekadicky logaritmus disociacni konstanty baze,
[HA], [A] koncentrace nedisociované a disociované formy (sill) kyseliny pri daném pH vodného
prostiedi, [B], [BH"] koncentrace nedisociované a disociované formy (siil) baze pii daném pH vodného

prostredi

Facilitovany pasivni transport je zprostfedkovan enzymy v bunécné membrang.
Ptenos molekul je veden ve sméru koncentraéniho gradientu. Timto mechanismem
prochazeji membranou vétSinou minerdly a télu vlastni a potfebné latky jako je
naptiklad sodik, draslik a glukosa. [4, 5]

Dalsi formou pienosu latek pres sténu gastrointestinalniho traktu je aktivni transport.
Stejn¢ jako u pasivniho transportu se jedna o pienos zprostiedkovany enzymy

V bunécné sténé, které pfenaseji riizné latky za spotfeby energie proti koncentraénimu

13z 138



Disertacni prace

spadu. Je mozné takto prenaset i 1éCiva, ale jen ta, ktera jsou strukturné podobna latkam,
pro néz je transportni enzymaticky systém urcen.

Endocytéozou se pies sténu gastrointestinalniho traktu prenaseji latky vysoké
molekulové hmotnosti pomoci vezikul tvofenych z bunééné membrany. Pro zvyseni
efektivity se nékteré latky vazou na bilkoviny na povrchu bunééné membrany, ¢imz

dojde Kk jejich zakoncentrovani v misté tvorby vezikul.

Pii absorpci néjakého xenobiotika plicemi je hlavnim ovliviiujicim faktorem rozdil

parcialnich tlaka xenobiotika v krvi a ve vdechovaném vzduchu.

KiuiZe je znaéné neprostupna lipofilni bariéra, kterou prochdzi zejména lipofilni 1é¢iva
(vétsinou pomalu). Pii aplikaci 1é¢iv se proto vyuziva akcelerantli transdermalni

penetrace, které napomahaji prichodu 1é¢iv pies kozni bariéru [3, 6].

Specifickou kapitolou je injek¢éni podani lé¢iv. Pii intravendsni aplikaci se faze
absorpce plné obchazi, protoze dochazi k aplikaci rovnou do krevniho fecisté. Absorpce
po intramuskuldrnim a subkutannim podani zavisi na difuzi 1é¢iva konkrétni tkani,

ta maze byt urychlena pfidanim enzymu hyaluronidasy do injek¢niho bolu.

Po absorpci 1é¢iva dochazi k jeho distribuci krevnim fecistém do ostatnich télnich
kompartmentti (tkani, organd). V riznych kompartmentech, vcetné distribucniho,
se 1é¢ivo mize vyskytovat volné nebo vazané na bilkoviny. Distribuce do tkani je
zavisla na povaze 1é¢iva a na charakteru tkani (pH, lipofilita). Podle znamého principu
»similia similibus solvuntur® maji napiiklad lipofilni xenobiotika afinitu k lipofilnim
tkanim. Zavislost distribuce xenobiotika na pH kompartmentl 1ze opét popsat pomoci
Hendersonovy-Hasselbalchovy rovnice. Lécivo se kumuluje na té strané membrany,
kde se diky pH prostiedi nachazi ve vétsim mnozstvi v ionizované formé.

Lécivo absorbované z gastrointestinalniho traktu muze podléhat tzv. first-pass efektu
(efekt prvného prichodu jatry), kdy se ¢ast 1éiva metabolizuje nebo transportuje
do Zlucovych cest (nebo oboji). Pouze Zzily odvadéjici krev z ustni dutiny a ¢ast zil
z rekta obchazi priichod jatry, ¢ehoz se vyuziva u podani 1é¢iv podléhajicich vyraznému
first-pass efektu (nitroglycerin). Néktera 1é¢iva podléhaji tzv. enterohepatalnimu obéhu,

kdy 1écivo zpét vyloucené Zluci se znovu vstieba (metabolit se mize zpét metabolizovat
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pomoci stfevnich bakterii na plivodni 1é¢ivo) ze stieva do krevniho ob&hu a znovu
projde jatry.

Moznost podléhat first-pass efektu, poptipadé¢ podléhat enterohepatalnimu ob¢chu,
nektera léCiva diskvalifikuje, ale u jinych piinasi pozitiva, jako jsou prodlouzeni
setrvani v organismu diky zpozdéné absorpci nebo transformace prodrug na aktivni

formu.

3.1.2. Metabolismus a exkrece xenobiotika

Aby obnovil homeostazu naruSenou prunikem cizorodé latky, snazi se organismus
samoziejmé xenobiotikum odstranit. Tento tkol feSi eliminac¢ni fazi. Eliminace se
rozdéluje na metabolismus (biotransformaci) a exkreci z organismu. Pro rychlejsi
exkreci z organismu se lé¢ivo biotransformuje do hydrofilngjsich forem.

V 1. fazi biotransformace dochazi k vytvoteni nebo odkryti polarnich skupin tak, aby se
zvysila rozpustnost 1é¢iva ve vode. Ackoli poc€et chemickych sloucenin, kterd se jako
xenobiotika mohou dostat do organismu je neomezeny, jejich pfeména v organismu se
déje na zaklad¢ relativné malého poctu chemickych reakci. Jsou to nejcastéji reakce
oxidacni, reduk¢ni a hydrolytické.

V druhé fazi dochdzi ke konjugaci xenobiotik (vcetné 1éCiv a jejich metaboliti 1. faze
biotransformace) s nékterou endogenni (t€lu vlastni) polarni slouceninou, coz vede
k dalsimu rustu hydrofility xenobiotika. Takovymi endogennimi latkami mohou byt
kyselina glukuronova, kyselina sirova, glycin, glutathion a dalsi.

Po biotransformaci dochazi k exkreci hydrofilizovanych molekul z organismu. Vétsina
latek je vylu¢ovana moci. Nékteré jsou vyluovany Zluci do stfeva a nasledné odvedeny
ve formé¢ stolice z organismu, poptipade se vraceji zpét do organismu enterohepatalnim
ob&hem, jak uz bylo popsano vyse. V neposledni fadé se n€které latky mohou vylucovat
i dechem, slinami, matetskym mlékem a potem.

Pro biotransformaci miize t€lo vyuzit i hostujicich bakterii v gastrointestinalnim traktu.
Zde je casto ucelné zjistit zda konkrétni 1é¢ivo biotransformuje organismus, jemuz je
1€k podan, nebo hostujici bakterie. Pokud se biotransformace ucastni mikroorganismy
gastrointestinalniho traktu, dochazi Casto k tvorbé ucinnych forem léciva (naptiklad
pfeména sulfasalazinu na uc¢innou 5-aminosalicylovou kyselinu [7]) nebo ke stépeni
vazby mezi xenobiotikem a eobiotikem vzniklé pii 2. fazi biotransformace. Tento fakt

je nutné vzit v avahu zejména pii podani urcitych 1é¢iv soucasné nebo tésné po 1é¢bé
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oralné podavanymi Sirokospektrymi antibiotiky, jejichz béznym vedlejsim Gcinkem je

likvidace stievni mikroflory.

Metabolity 1. faze biotransformace mohou vykazovat biologicky ucinek. Pokud
farmakodynamicky efekt nevykazuje parentni podana latka, ale az metabolit,
povazujeme takovou latku za prolécivo (prodrug). Typickymi piiklady prolééiv jsou
nabumeton, ktery je transformovan v organismu na antiflogisticky ¢innou 6-methoxy-
2-naftyloctovou kyselinu [8], nebo jiz zminény sulfasalazin, ktery se redukuje
na ucinnou 5-aminosalicylovou kyselinu [7]. Metabolity 2. faze biotransformace byvaji
vétSinou biologicky neaktivni, mohou se vSak konvertovat hydrolyzou zpét na aktivni

metabolity 1. faze biotransformace.
3.1.2.1.Prvni faze biotransformace xenobiotika

3.1.2.1.1. Oxidace xenobiotika

Biotransformacéni reakce tohoto typu jsou nejcastéji katalyzovany mikrosomalnimi
oxidazami se smiSenou funkci (mixed function oxydases, MFO systems), kde jako
terminalni enzym figuruje bud’ cytochrom P 450 (vice jak 70 %) a nebo flavinova
monooxygenasa [2, 8, 9].

K reakcim katalyzovanym témito enzymy patii alifatickd a alicyklickda hydroxylace,
dealkylace, oxidace izolované dvojné vazby, oxidace aromatickych jader, N-oxidace,
deaminace, sulfoxidace a desulfurace.

Pfi dealkyla¢nich reakcich dochazi, u ether nebo amint, k ataku C-H vazby a-uhliku.
Pfes meziprodukt obecného vzorce R-O-CH,OH (R-NH-CH,OH) dojde k odstépeni
formaldehydu (aldehydu) a vzniku alkoholu, fenolu ¢i aminu s niz§im poctem
substituentu. Pfi této reakci mize samoziejmé dojit i k oxidaci nikoli koncového alkylu,
ale uhlovodikového fetézce mezi aminoskupinou a zbytkem molekuly I1é¢iva.
Pak na metabolitu 1é¢iva zustane aldehydicka skupina a oddéli se amoniak (respektive
amin). V tomto ptipadé mluvime o oxida¢nim desaminaci.

K oxidaci izolované dvojné vazby stejné jako k oxidaci aromatickych jader dochazi
pfes vysoce reaktivni meziprodukty epoxidy, které pusobenim epoxid-hydrolasy
poskytuji transdioly nebo se konjuguji s gluthathionem (viz 3.1.2.2). U aromatickych
jader se z epoxidu tvoii rovnéz fenoly. Epoxidy (arenoxidy) mohou atakovat dulezité

nukleofilni makromolekuly, jako jsou DNA, RNA ¢i bilkoviny.
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Oxidaci primarnich a sekundarnich aminié vznikaji hydroxylaminy, které jsou
meziprodukty dealkylace. Oxidace terciarnich aminu a heterocyklli obsahujicich dusik
vede ktvorbé N-oxidd. Také N-oxidy vznikajici z terciarnich amini mohou byt
meziprodukty dealkyla¢nich reakci. N-Oxidy vytvoiené z terciarnich aromatickych
aminti jsou pomérné stabilni polarni latky. Pokud jsou ve slouceniné dva rizné dusiky,

pak je oxidovan zpravidla jen jeden z nich.

V cytosolu bun¢k probihaji oxidace alkoholi, oxidace aldehydi a ketonti, oxidace alkyl-
a arylalkylamind a aromatizace alicyklického kruhu.

Oxidace alkoholi alkoholdehydrogenasou vede Kk tvorbé aldehydd. Mnohdy dochazi
k dal§imu zpracovani produkti pfedchozich biotransformacnich reakci.

Oxidace aldehydd vede k tvorbé karboxylovych kyselin (aldehyddehydrogenasou).
Ketony se Vv organismu biotransformuji redukci alkoholdehydrogenasou na alkoholy,
nebo dochazi k oxidaci na karboxylové kyseliny za odstépeni jednoho z alkylovych
fetézcu jako u methadonu nebo u nabumetonu, jenz se méni na Gc¢innou 6-methoxy-2-
nafthyloctovou kyselinu [10].

K oxidaci alkyl- a arylalkylamini monooxidasami dochazi i v krevni plazmé

(napf. pfi zpracovani tyrosinu).

3.1.2.1.2. Redukce xenobiotika

Redukeni reakce jsou pii biotransformaénich zménach podobné vyznamné jako reakce
oxida¢ni. Enzymy zprostfedkujici redukéni reakce muzeme délit do tfech skupin
dehydrogenéz/reduktdaz (nazvy uvadim v anglicting, aby byl zfejmy vyznam pouZitych
zkratek: aldo-keto reductases (AKR) [11], medium-chain dehydrogenases/reductases
(MDR) [12], short-chain dehydrogenases/reductases (SDR) [13]. K biotransforma¢nim
redukénim pfeménam patii redukce karbonylu, nitro a azoredukce, redukce N-oxidid a
sulfoxidi a redukéni dehalogenace.

Redukce karbonylu aldehydt vedou u aldehydi k tvorbé primarnich alkoholt. Ketony
se transformuji na sekundarni alkoholy. Pokud je keton nesoumérny, dochazi pti jeho
redukci ke vzniku chiralniho centra v molekule xenobiotika. Redukce byva casto
stereospecificka, preferuje se tvorba jednoho z enantiomerd. Tato stereospecificita je
druhové zavisla (viz 6.1.2).

Nitroslou€eniny se redukuji pies nitroso slouceniny a hydroxylaminy az na primarni

aminy. Slou€eniny s nitroskupinou mohou byt i produktem metabolismu mikrosomalni
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oxidace aminoskupiny. Redukce azoskupiny vede Kk substituovanému hydrazinu a
nasledn¢ ke dvéma aminiim.

N-oxidy vzniklé z parentniho 1é¢iva jsou vyluCovany z organismu Zlu¢i, dostavaji se
do stieva, kde jsou zpétn¢ redukovany na terciarni aminy a ty se vraceji portalnim
systémem zpét do jater. Tim dochazi k udrzovani plazmatické hladiny terciarniho aminu
a prodlouzeni trvani ucinku léciva.

Redukéni dehalogenace neni Casta. Dochézi pfi ni k zaméné halogenidu za vodik.
Vsechny halogeny reaguji prakticky stejné s vyjimkou fluoru (vazba C-F je pfilis
stabilni).

3.1.2.1.3. Hydrolyza xenobiotika

Hydrolyza esteru vede i k farmakologicky ucinnym produktim, jako napiiklad
hydrolyza kyseliny acetylsalicylové, ktera se transformuje na kyselinu salicylovou.
Dalsim ptikladem muze byt chloramfenikol sukcinat palmitat nebo pohlavni hormon
cyproteron acetat. Hydrolyza esterti je jedind biotransformacni reakce, ktera probiha
intenzivné i v krevni plazmé. Dulezitym aspektem je, ze S$tépi nékteré produkty
konjugace (2. faze biotransformace).

Schopnost 1é¢iv podléhat této pfeméné v organismu je vyuzivana pii ptipravé 1é¢iv, kdy
je predem pocitano s tim, Ze se esterova vazba rozstépi. Je vyuzito schopnosti esterové
formy léc¢iva prochazet ptes membranu.

Dalsimi hydrolytickymi reakcemi jsou hydrolyza amida a dehalogenace.

3.1.2.1.4. Chiralni inverze xenobiotika

Vroce 1976 byl popsan unikatni biotransformacni proces, chiralni inverze
(-)-enantiomeru 2-(9H-fluoren-2-yl)propanové kyseliny (genericky nazev cicloprofen)
na jeji (+)-enantiomer [10]. Tento biotransformaéni proces byl zaznamenan u potkant a
opic, u potkani probihal rychleji. Po podani jednotlivé ordlni davky 50 mg
(-)-enantiomeru cicloprofenu na kg vahy bylo v potkani plasmé nalezeno postupné 20 %
(+)-enantiomeru (5 hodin po podani), 50 % (po 22 hodinach) a dokonce 79 %

(+)-enantiomeru (po 48 hodinach) po podani (-)-enantiomeru).
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Obr. 1: Chemicka struktura R i S enantiomeri cicloprofenu

— — —

CHa HsC

COOH HOOC

R-cicloprofen S-cicloprofen

Také u latek, které maji ve své molekule vétsi pocet asymetrickych uhlikli, byla
zaznamenana  chiralni  inverze, pfipadn¢ konverze. Napiiklad kyselina
chenodeoxycholova (3o, 7a-dihydroxy-5B-cholan-24-ova kyselina, CDCA) se méni
vmalém mnozstvi uclovéka nasvij 7p-epimer, Kyselinu ursodeoxycholovou

(3a, 7B-dihydroxy-5B-cholan-24-ova kyselina, UDCA) [15].

Obr. 2: Chemické struktury chenodeoxycholové a ursodeoxycholové kyseliny

HsC, HaC,
CHs
COOH COOH
CHj CHj
é
\ /, 7
\ (/3 \ \\
HO™ “'OH HO™ OH
H H
chenodeoxycholové kyselina (CDCA) ursodeoxycholova kyselina (UDCA)

Poslednim piikladem je alkaloid galantamin izolovany z cibuli snéZenky Galanthus
woronowi, a pozdgji z rostlin Celedi Amaryllidaceae. Galantamin se pouziva jako
reverzibilni selektivni inhibitor acetylcholinesterasy a alostericky —modulator
nikotinovych acetylcholinovych receptori pti lé¢bé Alzheimerovy choroby.

V savéim organismu je jednim z hlavnich metabolitt epigalantamin [16], ktery vznika
enzymaticky vySe zminénou chiralni inverzi/konverzi.

Priklady dal$ich 1éc¢iv, které podléhaji chiralni inverzi, uvadi prehledny clanek [17].
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Obr. 3: Prehled biotransformace galantaminu v savéim organismu
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3.1.2.2.Druha faze biotransformace xenobiotika

Druhd faze biotransformace xenobiotika je konecnym procesem piemény IléCiva
v organismu. Pfi konjugaci dochazi vétSinou k biodeaktivaci 1é¢iva (xenobiotika)
konjugaci s nékterou télu vlastni molekulou. Produkt konjugace (konjugat) ma vétsinou
zcela jiné vlastnosti neZ matetské 1éCivo, zejména se odliSuje polaritou. Konjuga¢nim
reakcim podléhaji jak samotnd 1é¢iva (pokud maji vhodnou funkéni skupinu) tak i
produkty 1. faze biotransformace. Béhem 1. faze biotransformace dojde k odkryti nebo
vytvoreni skupiny, ktera teprve miize podléhat konjugaci.

Jedna z nejcastéjsich cest 2. faze biotransformace je glukuronidace, které se mohou
ucastnit latky s volnou skupinou obsahujici kyslik (alkoholy, fenoly, karboxylové
kyseliny), dusik (primarni a sekundarni aminy, amidy) ¢i siru (thioly). Byly nalezeny i
glukuronidy s vazbou C-C. Produkty glukuronidace, S-glukuronidy, jsou velmi dobie

rozpustné ve vodé, proto se vylucuji mo€i. Pro svou velkou molekulovou hmotnost se

také vyrazné exkretuji zluci. Ve stfevé pak dochdzi vlivem bakteridlnich glukuronidas
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k rozstépeni glukuronidové vazby a opétnému vstiebani 1é¢iva (xenobiotika) ¢i jeho
metaboliti 1. fdze. Miize tak dochéazet k prodlouzeni t¢inku v disledku enterohepatalni
cirkulace (viz vyse).

Druhou vyraznou konjugaéni cestou, ktera velice Casto doprovazi glukuronidaci, je
sulfatova konjugace; vazba sulfatu pres kyslik (O-sulfaty) ¢i dusik (N-sulfaty, neboli
sulfamaty). Produkty s vazbou pfes atom siry (S-sulfaty) nebyly dosud zaznamenany.
Dalsi cestou je vznik merkapturové kyseliny z gluthathionu. Tato cesta je téz né¢kdy
nazyvana cysteinova konjugace, protoze dochazi k navazani cysteinu. Pozorovéana byla
u halogenovanych alkyl- a aralkyl- sloucenin, nenasycenych alkenti, aromatickych
uhlovodiki (cestou pies epoxid) a N-aromatickych sloucenin. VétSina 1é¢iv nepodléha
tomuto typu konjugace, vice je tato reakce pozorovana pii expozici prumyslovymi
xenobiotiky (napf. u pracovnikti v chemickém prumyslu).

Methylace a acylace jsou jediné dvé reakce 2. faze biotransformace, které vedou
k mirnému zvySeni lipofility, na druhé strané vsak tyto reakce blokuji drazdivé funkéni
skupiny (-SH, -NH,) a maji tedy detoxika¢ni vyznam.

Methylace je reakce zprostiedkovana S-adenosyl methioninem. N-acetylderivaty
vznikaji acetylaci aminoskupin jako jsou aniliny, sulfonamidy (na N*), hydrazidy nebo
aminoskupiny v alicyklickém fetézci. Konjugace s glycinem (kyselina benzoova —
kyselina hippurova), ornithinem (plazi a ptaci) a glutaminem (Clovek, Simpanz, néktefi
dal§i primati) oznaCujeme jako peptidové. Existuje celd fada dalSich konjugacnich
reakci, které se uplathuji bud’ druhové specificky, nebo byly zaznamenany jen
U konkrétnich jednotlivych 1éCiv, ale neni cilem této prace seznamit se dopodrobna

s kazdou biotransformacni cestou.

3.1.3. Metody studia osudu xenobiotika v organismu

3.1.3.1.0dhad zpiisobi biotransformace xenobiotika a syntéza
standardi metaboliti 1. faze metabolismu

Se znalosti pfedchozich kapitol o biotransformaci se daji odhadnout moZné cesty
biotransformace. Je dilezit¢é mit na zfeteli, Ze pfi pfemeéné xenobiotika se miiZe
uplatiiovat 1 nékolik vySe popsanych cest metabolismu. Pfi syntéze standardl
pravdépodobnych metaboliti se vyuzivaji nékteré jednoduché a pokud mozno
jednoznaéné probihajici reakce modifikujici strukturu parentniho 1é¢iva (N-dealkylace,

O-dealkylace, N-oxidace, hydrolyza, karbonylredukce) a vzajemné kombinace téchto
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reakci. Checeme-li vSak naptiklad ziskat arylhydroxyderivat parentni latky s hydroxylem
v urCité konkrétni poloze na aromatické ¢asti molekuly, musime syntetizovat celou
strukturu takového metabolitu de novo, tedy z vhodné modifikovanych prekursori
podobnym postupem, jakym bylo syntetizovano 1éCivo. Takova syntéza muze byt
nékolikastupnova a tedy znacné naroc¢na. Proto se Casto vyuziva izolace metabolitu
Z biomatrice, ve které byl takovy metabolit vytvofen z parentniho 1é¢iva enzymatickou
cestou (inkubace sizolovanymi hepatocyty, produkce metabolitu izolovanymi
perfundovanymi jatry apod.). Pozadovany metabolit se ze smési izoluje naptiklad
preparativni TLC nebo semipreparativni HPLC pokud zname podminky separace
podobné struktury. Separované metabolity je mozné po purifikaci podrobit strukturalni
analyze pomoci NMR nebo MS.

Pravidelné se kombinuji v§echny vySe popsané principy.

3.1.3.2.Dekonjugacni experimenty a jejich vyznam pro identifikaci a
stanoveni metabolitu 2. faze biotransformace xenobiotika

Jak bylo fe¢eno vySe metabolity 2. faze biotransformace jsou vysoce polarni latky.
Jejich separace na reverznich fazich HPLC je diky tomu velice slozitd. Velkou ¢ast
jejich molekuly tvoii endogenni komponenta (napt. kyselina glukuronova), ktera
vyznamné ovliviiuje jejich polaritu. Dnes se pro analyzu konjugati Casto pouzivaji
HILIC (Hydrophilic Interaction Liquid Chromatography) kolony, které jsou schopné
separovat v pomérn¢ kratkém chromatografickém béhu parentni latku 1 jeji konjugaty
(morfin, morfin-6-glukuronid, morfin-3-glukuronid) [18].

Finan¢né i pfistrojové méné naro¢nou cestou je dvojita analyza téhoz vzorku. Nejprve
analyzujeme nemodifikovany vzorek, ve kterém oc¢ekavame metabolity 2. faze, tedy
konjugaty. V druhé analyze podrobime separaci vzorek inkubovany s vybranym
enzymem Stépicim vazbu vzniklou v 2. fazi biotransformace. Nardst pikli metabolitt
1. faze biotransformace v druhé analyze ukazuje na prekurzury, z nichZz konjugaty
vznikly. Druh pouZzitého enzymu odhaluje, kterou reakci konjugat vznikl. Mnohé
zenzymu jsou vSak madlo specifické a dokazi Sté€pit nckolik druhli vazeb vzniklych
konjugaci (ucinek p-glukuronidasy a arylsulfatasy z Helix pomatia je prakticky
identicky na O-glukuronidy 1éc¢iv).

Strukturu metaboliti 2. faze je mozné feSit pomoci hmotnostni spektrometrie, ale

pro prvotni identifikaci konjugati vySe zminéna metoda postaci.
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3.1.3.3.0dbér a uprava vzorku biomatrice, zpiisoby extrakce analyti

z biomatrice, derivatiza¢ni reakce

Ze 7zivého organismu lze odebrat vzorek krve, moce, trusu, synovialni tekutiny,
mozkomisniho moku, slin, potu a vlasti. Vzorek by mél byt reprezentativni. Naslednymi
operacemi se vzorkem by nemélo dojit k naruseni nebo zkresleni analytické informace.
Pokud se jedna o krev, odebirame vendzni krev, z které miizeme ziskat sérum, plazmu
nebo mizeme analyzovat plnou krev. Sérum se z krve pfipravi volnou sedimentaci
krevnich elementli bez pfitomnosti antikoagulacnich latek, zatimco plazma se ziska
odstfedénim po piridavku antikoagulacnich latek (heparin, Na;EDTA, lithné soli,
citraty). Pti odbéru krve je tedy nutné védét, zda budeme pozdéji analyzovat plazmu
(pfiddme antikoagula¢ni latky) nebo sérum. Rozdil obou typl vzorkil z analytického
hlediska je v zastoupeni bilkovin, jichZz sérum obsahuje vyrazné¢ méng, protoze vétsina
je sorbovana v koagula¢nim kolaci.

Mo¢ je ziskavana neinvazivni cestou, proto se ji pti analyzach v mediciné ddva pfednost
(pokud to Ize). Jeji odbér je spojen s nékolika rizika. Reprezentativnosti vzorkt moce,
1ze dosdhnout pouze analyzou vzorku ziskané¢ho z odbéru za urcitou ¢asovou jednotku
(vétsinou denni sbér), kdy je bran zietel na celkové mnozstvi moce. Pokud se odebira
moc¢ v jednom vzorku, miize byt ziskand informace znehodnocena mnoZzstvim ziskané
moce — pii nadmérném piijmu tekutin dojde k tvorbé vétsiho mnozstvi moce, a tim
nafedéni vzorku. Odbéry vzorkli moce u lidi je mozné svéfit do kompetence
zkoumaného objektu, nebo u pacientd inkontinentnich zavést katetr do mocového
méchyie. Pfi odbéru vzorkii moce pokusnych zvifat, 1ze t€émto zavést katetr stejné jako
lidskym objektim, ale je nutné v tomto ptipadé zvife narkotizovat (vneseni dal$iho
xenobiotika), protoZe v bdélém stavu by se snaZzilo katetru zbavit. Druhou moZnosti
ziskani moce od pokusného zvifete je jeho umisténi v metabolické kleci. Zvite je
umisténé na sitce, kterou propadava trus a protéka moc, trus a mo¢ jsou nasledné
samovolng separovany. V tomto pfipadé neni nutné zvife uspat.

Odbér trusu mize byt u pokusného zvifete realizovan v metabolické kleci nebo
prostym odbérem z kotce, v kterém je zvife umisténo. Stejné jako u moci je nutné
realizovat sbér v ¢asovych intervalech. U lidskych pokusnych objektii se stejné jako

U odbéru moce mizeme spolehnout na spolupraci zkoumanych objekti.
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Odbér synoviadlni tekutiny a mozkomisniho moku je invazivni. Z divodi nebezpeci
poskozeni michy se provadi odbér mozkomisniho moku vyluéné v terapeutickych
indikacich, a to lumbalni punkci.

Sliny, pot a vlasy jsou nereprezentativnimi biomatricemi. Vyhodou jejich odbéru je
neinvazivnost. Svyhodou se pouzivaji u screeningovych vySetfeni zejména
na pfitomnost zneuzivanych latek. Vzorek vlast 1ze analyzovat segmentalné. Vzhledem
k tomu, Ze se jedna v podstaté o mrtvou tkan je ve vlasech zachovana informace o stavu
organismu v dobé¢ vzniku konkrétniho segmentu.

Dalsi uprava vzorku po odbéru biomatrice spociva v fadé operaci: spikovani vnitinim
standardem, deproteinace, centrifugace, derivatizace (stability-increasing derivatization,
lipophilicity-increasing derivatization, detection-oriented derivatization a jejich
kombinace), extrakce (liquid-liquid extrakce (LLE), solid-phase extrakce (SPE), solid-
phase mikroextrakce (SPME)), pfipadné¢ pouziti selektivniho zachytu urcitého typu
molekul pomoci Molecularly Imprinted Polymers (MIPs). Podrobnosti k nékterym vyse
zminénym operacim sméfujicim ke zpracovani biomatrice a vynéti analytli z ni jsou

v kapitole 3.2.2.

3.1.3.4.Vyznam separacnich technik pri studiu biotransformace

xenobiotik v organismu

Pii biotransformaci xenobiotik vznikd fada metabolitd, které se velmi malo lisi
strukturalné od podaného xenobiotika. Separacni techniky, které dokazi oddélit
jednotlivé metabolity od parentni latky a balastl a zaroven stanovit mnoZstvi
jednotlivych analyta (tedy parentniho 1é¢iva i jeho metabolitl), jsou nezbytnou soucasti

vyzbroje kazdého bioanalytika.

3.1.4. Vyvoj benzo[c]fluorenovych antineoplastik

Koncem 70. a zacatkem 80. let minulého stoleti se Kiepelka a spol. [19 - 22] zabyvali
syntézou a testovanim antineoplastické aktivity fady derivatd vychazejicich z 4-aryl-
2,3-dikyano-1-naftolu (PD-1 na Obr. 4). Jak je ziejmé z Obr. 4, existuje zna¢na
strukturalni piibuznost PD-1 a PD-2 s podophyllotoxinem, antimitoticky uG¢innym
lignanem izolovanym z kofene noholistu Stitnatého (Podophyllum peltatum, L.)
[23, 24]. Hydrolyzou 4-aryl-2,3-dikyano-1-naftolu (PD-1) se tvofil anhydrid (PD-2) a
intramolekularni Friedel-Craftsova acylaci pak substituované benzo[c]fluoren-7-onové

derivaty (PD-3, resp. jeho dekarboxylovany produkt PD-4). Navazadnim bazického
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postranniho fetézce do polohy 5 benzo[c]fluorenové struktury vznikly derivaty
vykazujici znac¢nou strukturalni podobnost s antivirotikem a antineoplastikem tiloronem
[25] (srovnej Obr. 4 a Obr. 5).

Reprezentantem 1. generace bazickych derivati benzo[c]fluorenu s vyznamnym
antineoplastickym efektem na fadu experimentalnich nadort se stal benfluron,
hydrochlorid  5-(2-dimethylaminoethoxy)-7H-benzo[c]fluoren-7-onu (viz Obr. 5)
[21, 22, 26], ktery vykazoval zajimavé spektrum farmakodynamickych vlastnosti
V experimentech provedenych in vitro a in vivo [27 - 30]. Osud benfluronu po jeho
podani experimentalnim zvifatim byl studovan metodami tenkovrstvé chromatografie
(TLC) [31-34,36], vysoceucinné kapalinové chromatografie (HPLC) [35 - 37],
hmotnostni spektrometrie (MS) [38, 40] a nuklearni magnetické resonance (NMR) [39]
a porovnanim chromatografickych a spektralnich vlastnosti nalezenych metabolitl a
jejich syntetizovanych standardt [40 - 42]. Béhem xenobiochemickych studii byly
identifikovany biotransformac¢ni produkty arylhydroxylace, N-desmethylace, N-oxidace,
karbonyl redukce a také konjugaty s glukuronovou kyselinou [36, 37, 42 - 45]. Casteéné
byly rovnéZ charakterizovany enzymy podilejici se na biotransformaci benfluronu [46].
Studie eliminace benfluronu a jeho metaboliti po oralnim podani parentni latky
potkaniim ukézala, ze hlavnim a pfevazujicim metabolitem 1. faze biotransformace
benfluronu vestolici a mo¢i potkani je 9-hydroxybenfluron (9-hydroxy-
5-(2-dimethylamino)ethoxy-7H-benzo[c]fluoren-7-on),  ktery je  ve  2.fazi
biotransformace konjugovan s glukuronovou kyselinou [36, 37, 45].

Vzhledem k vyrazné tvorbé a zastoupeni 9-hydroxybenfluronu v organismu byly
testovany farmakodynamické w¢inky tohoto metabolitu benfluronu [27 — 30, 32].
V primarnim in vitro screeningu na bunikach mysi P388 leukemie i buiikach Ehrlichova
ascitického karcinomu byla prokézana dvakrat vySsi ucinnost
9-hydroxybenfluronu v porovnani s referenénim benfluronem [28]. Jantova a Horakova
[30] dokonce piedpokladaji na zakladé svych vysledkt, ze benfluron je prodrug

uc¢inného 9-hydroxybenfluronu.
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Obr. 4: Podophyllotoxin jako pFirodni predloha 2,3-dicyano-4-aryl-1-naftolu (PD-1), jeho
hydrolyza na anhydrid (PD-2) a intramolekuliarni Friedel-Craftsova acylace na substituovany
benzo[c]fluoren (PD-3). P¥ibuznost chemické struktury benzo[c]fluorenu (PD-4) s antineoplastikem
a antivirotikem tiloronem.
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Kromé riznych moznych mechanismii zdsahu do metabolismu rakovinné bunky, které
byly popsany ve vySe zminéné literatuie [27 - 30], byla zvazovana rovnéz moznost
interkala¢niho efektu benfluronu a jeho derivati. Neékterd antibiotika ze skupiny
antracyklini (daunorubicin, doxorubicin), aktinomycinti (daktomycin), chromomycint
(mitramycin) a bithiazold (bleomycin) [47] maji schopnost vytvafet stalé komplexy
s DNA interkalaci planarni ¢asti molekuly do dvojSroubovice DNA. Pozméiuji
stereochemickou konfiguraci DNA a stericky brani replikaci DNA blokadou
polymerasového DNA-DNA komplexu.

Benfluron ma, podobné jako vySe zminénd antibiotika, rozsahly planarni

benzo[c]fluorenovy aromaticky skelet, ktery by mohl byt schopen interkalace.

Obr. 5: Chemicka struktura benfluronu (R = -H) a dimefluronu (R = -OCHs)

R

HCI

Benfluron vSak rovnéz podléhd biotransformaéni redukci karbonylu v poloze 7
benzo[c]fluorenového skeletu. Zména sp2 hybridizace uhliku v poloze 7 na sp3
hybridizovany uhlik vybocuje planarni postaveni benzenového a naftalenového jadra
v benzo[c]fluorenovém seskupeni redukovaného benfluronu a snizuje interkala¢ni
schopnosti takové molekuly. Redukce karbonylu benfluronu vede tedy ke ztraté ucinku,
coz bylo experimentalné potvrzeno [19].

Experimenty s lidskou jaterni mikrosomalni a zejména cytosolovou frakci a s lidskymi
hepatocyty byla zjiSténa zna¢na aktivita karbonylreduktas, kterd zplsobuje, Ze tvorba

neucinného redukovaného benfluronu je preferencni biotransformaéni zménou
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u cloveéka. Alternativni arenoxidace Vv benzo[c]fluorenovém seskupeni, ktera vede
k tvorbé¢ 9-hydroxybenfluronu, je u c¢lovéka (na rozdil od potkana) minoritni
biotransformacni cestou. Tim by se dal vysvétlit fakt, ze klinické testovani na lidech
bohuzel nepotvrdilo zajimavé farmakodynamické vlastnosti benfluronu zjisténé
Vv invitro experimentech a v preklinickém in vivo vyzkumu. Navic u benfluronu byly
zjistény nékteré dalsi negativni farmakokinetické a distribucni vlastnosti. Proto byl dalsi
vyvoj benfluronu zastaven.

Pozornost byla proto orientovana na arylsubstituované derivaty benfluronu, které by
(podobné jako 9-hydroxybenfluron) mohly vykazovat farmakodynamicky efekt in vivo
a mit vyhodnéjsi farmakokinetické vlastnosti [48].

Jednim z nov¢é testovanych reprezentanti 2. generace benzo[c]fluorenovych
antineoplastik byl dimefluron, hydrochlorid 3,9-dimethoxy-5-(2-dimethylamino)ethoxy-
7H-benzo[c]fluoren-7- onu (Obr. 5). Tato latka byla syntetizovana Nobilisem na Ustavu
experimentélni biofarmacie AV CR jako jedna z moznych strukturdlnich modifikaci
benfluronu s piedpokladanym odlisSnym zptisobem distribuce, biotransformace a
farmakokinetiky [48].

Dvé methoxy skupiny v poloze 3 a 9 benzo[c]fluorenového seskupeni vytvaieji
predpoklad k biotransformacni O-desmethylaci, ktera by mohla byt vhodnou
alternativou k biotransformacni redukci karbonylu, ktera, jak jsem se jiz zminil, vede
ke ztraté pravdépodobného interkala¢niho efektu.

Dimefluron byl prozatim testovan na kralicich a jeho potencialni chronické vlivy
na srde¢ni funkci, biochemické, hematologické a ostatni fyziologické parametry byly
porovnavany s vlivy jiného interkalatné pusobiciho antineoplastika daunorubicinu
[49 - 53]. Dale byly studovany nékteré aspekty metabolismu dimefluronu in vitro a
in vivo [54, 55].

Predpokladem podrobnéjSich studii interakci dimefluronu s organismem je vyvoj a
validace bioanalytické HPLC metody, kterou bude sledovan osud tohoto potencidlniho

antineoplastika v organismu. To bylo ukolem této diserta¢ni prace.
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3.2. Analyticka cast

Proces analyzy biologickych vzorki mizeme rozd¢lit na dvé ¢asti - ptipravu vzorku a
vlastni instrumentalni analyzu. Vzorky jsou casto slozit¢é matrice, proto je tieba je
vetSinou upravit, abychom zbytecné nezatézovali instrumentalni analyticky systém a
nezkracovali Zzivotnost jeho komponent. V analytické c¢asti se s vyhodou pouziva
chromatografickych metod, které dovoluji rozdélit smés analytti a jednotlivé analyty
identifikovat a kvantifikovat v jednom kroku. Mezi chromatografickymi metodami

zastava Celni misto vysoceucinna kapalinova chromatografie (HPLC).

3.2.1. Vysoceucinna kapalinova chromatografie [56 - 59]

Objevitelem chromatografie byl rusky botanik M. S. Cvét, ktery publikoval prvni
¢lanek o této metodé jiz vroce 1903. Od ného také pochazi nazev chromatografie,
protoze pracoval s barevnymi latkami (z feckého chromos — barevny). Uz Cvét si vSak
byl védom, Ze je mozné touto metodou separovat i latky nebarevné. Cvétem navrZena
metodika pracovala na zakladé adsorpénich mechanismii a byla vyuzivana k separacnim
ucelim. Jeho objevy vSak nebyly v dobé publikovani docenény. Az 0 n¢kolik desitek let
pozdgji bylo navazano na jeho praci. Velky rozvoj chromatografickych metod byl
zaznamenan po 2. svétové valce. [60]

Prvni dvé povéle¢na desetileti byly rozvijeny zejména chromatografické metody
S planarnim uspofadani (papirova chromatografie [61], tenkovrstva chromatografie
[62]) a metody kolonové (plynova chromatografie, kapalinova chromatografie). Metody
Sriznym uspofddanim vyuzivali k separaci interakci, jez nebyly casto dostate¢né
objasnény. Za popis principu rozdélovaci chromatografie dostali Martin a Synge v roce
1952 Nobelovu cenu [63].

V 70. a zvlasté¢ 80. letech 20. stoleti doSlo k bouflivému vyvoji ve vysoceucinné
kapalinové chromatografii. Tento vyvoj byl zapfi¢inén vyraznym pokrokem
Vv technickych oborech, ktery zajistil vyrobu vhodnych komponent pro HPLC.
V 90. letech 20. stoleti se pak HPLC pIné¢ etablovala a stala se jednou
Z nejpouzivangjsich instrumentalnich analytickych metod.

HPLC se tak stala moderni analytickou metodou, kterd se velmi rozsifila v analyze
1é¢iv, coz Ize dokladovat na mnozstvi publikaci, v nichz je této metody vyuzito a fad¢

periodickych odbornych setkani na toto téma. Jako ostatni chromatografické metody je
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zalozena na déleni ¢asti vzorku mezi staciondrni a mobilni fazi, pfi¢emz mobilni fazi je
kapalina, ktera prochazi stacionarni fazi pod tlakem.

Vzorek se nejprve rozdéli na chromatografické koloné do koncentraénich zén
jednotlivych komponent, které pak postupné prochazeji detekéni celou. Metoda tak
spojuje separacni proces s analytickym hodnocenim.

HPLC je vysoce selektivni, citlivda a presna ve stanoveni a umoznuje vyhodnotit
vSechny detekovatelné komponenty vzorku v jedné analyze.

Z celé tady instrumentalnich analytickych technik je HPLC vysoce univerzalni. Oproti
plynové chromatografii neni limitovana teplotni stalosti vzorku a oproti metodam
elektroforetickym, kde je tok mobilni faze zavisly na stalosti elektrického pole, je
vysoce robustni. Z pohledu univerzalnosti naléza HPLC srovnani v technice MS-MS,
kdy prvni MS slouzi jako separator riznych molekulovych iontt a dalsi MS identifikuje
a kvantifikuje vybrané molekulové ionty. Ve spojeni HPLC-MS jsou znasobeny
prednosti obou metod, tedy separacni schopnosti HPLC se snoubi s detek¢ni silou MS.

(viz kapitola 3.2.1.6.3)

3.2.1.1.Princip HPLC

HPLC je analyticka separani metoda zaloZend na rozdilné distribuci latek mezi dvé
faze, znichz mobilni fazi je kapalina, kterd prostupuje pevnou stacionarni fazi
naplnénou v koloné. Velikost ¢astic stacionarni faze a jejich kompaktni uloZeni
Vv kolon€ nedovoluje volny priichod kapaliny a mobilni faze tedy musi byt v ptipadé
HPLC protlacovana kolonou pod tlakem.

Interakce analytu s mobilni a stacionarni fazi v HPLC systému jsou zaloZeny
na mechanismech adsorp¢nich a rozdélovacich rovnovah, vymeéné iontli, vytésnovani
nebo stereochemickych interakcich [64]. Dé€leni na vétSing€ stacionarnich fazi je dnes
popisovano jako adsorpcné-rozdélovaci chromatografie. Vétsinou se tedy pii separaci
uplatiiuje n€kolik vySe zminénych déja.

V koloné€ dochazi k dynamickému ustalovani rovnovahy. Latky, které maji vySsi afinitu
K stacionarni fazi jsou zpozd’'ovany a opoustéji kolonu pozdéji, nez latky s nizsi afinitou

Kk stacionarni fazi.
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Chromatograf je v principu slozen z té€chto asti (viz Obr. 6):
» zéasobniky mobilni faze

¢erpadlo (pumpa)

prostor k davkovani vzorku

separacni kolona

detektor (popft. detektory)

YV V V V V

vyhodnocovaci (a fidici) zatizeni

Obr. 6: Zakladni schéma kapalinového chromatografu [58]
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3.2.1.2.Cerpadla

Cerpadla zajistuji plynuly tok mobilni fize systémem. Casti ¢erpadel ptichazejici
do styku s mobilni fazi musi byt chemicky odolné vici komponentdm mobilni faze.
Pro reverzni faze, kde je mobilni faze hydrofilni, se jednd o jednoduchy pozadavek.
U normalnich fazi nastavaji problémy s plastovymi ¢astmi systému, které musi byt
odolné vii¢i organickym rozpoustédlim, nebo 1épe nahrazeny prvky z nerezové oceli ¢i
jiné chemicky odolné slitiny.

Dulezity pozadavek, ktery se jiz piimo dotykd analyzy, je zajiSténi stdlosti tlaku.
Cerpadla musi byt konstruovana tak, aby vykyvy tlaki (a tedy i pritoku) byly
minimalizovany. Kazdy vyrobce dodavajici chromatografické systémy ftesi tento
problém rizn¢, vétSinou vyuzivaji dvou pistovych Cerpadel se vzdjemné
komplementarnim rytmem sani a komprese. Pokles tlaku v horni nebo dolni tvrati
jednoho pistu je dorovnavan poéitadové fizenym pohybem druhého pistu. Cerpadla
muZeme rozdélit na jednoduchd, binarni a kvaternarni. Tento systém déleni 1ze uZit tam,

kde kazda ze slozek mobilni faze ma sviij vlastni Cerpaci systém (napif. Agilent) a
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znazornuje kolik Cerpacich jednotek obsahuje a zkolika nddob tedy muze nasédvat
mobilni fazi. K miseni mobilni faze pak dochézi az za systémem cerpadel. Jini vyrobci
mohou sani z vice zdrojii vyiesit systémem ventili pfed Cerpaci jednotkou, a potom

k miseni dochazi pted ¢erpadlem, které je jediné (napi. Waters, Thermo Electron).

3.2.1.3.Davkovaci zarizeni

Od jednoduchého vstiikovani do mobilni faze, kdy kvuli vysokym tlakim musel byt
vzdy pred nastiikem pratok zastaven, a pak opét Spustén, se pieslo k vyuziti
vicecestného ventilu (téZ oznaCovany jako Rheodyne, podle vyznamného vyrobce)
se smyckou 0 konstantnim objemu.

V dnesni dobé se pouzivaji tzv. autosamplery, které dovoluji programovat nastiiky
jednotlivych vzorkli za sebou tak, Ze analytik nemusi byt pfitomen pii kazdém
jednotlivém davkovani. Tato =zafizeni Setfi Cas a odstranuji nutnost pfitomnosti
operatora v noci a dnech pracovniho volna. VétSina autosampleri vyuziva systém
automaticky ovladanych vicecestnych ventili. LiSi se v poctu pozic, do kterych lze
vialky se vzorky ulozit, v objemu vzorku, ktery l1ze do systému injikovat a moznosti
jeho zmény bez fyzického zasahu do systému. Moderni autosamplery umoziiuji ohfev
(pro viskozni vzorky), chlazeni (pro tepelné nestale vzorky) a piipadné programovatelné
automatické manipulace se vzorky (automaticka fedéni, piepipetovavani, derivatizace,

ttepani apod.).

3.2.1.4.Stacionarni fiaze vyuZivané ve vysoce ucinné Kkapalinové
chromatografii [65 - 67]

Stacionarni fazi predstavuje chromatograficka kolona naplnéna sorbentem. Vybér
kolony je hlavnim determinujicim faktorem Usp&$né chromatografické separace.
V dneSnim dobé jsou chromatografické kolony komeréné vyrabény a dodavany
Vv deklarované kvalité.

Kolony muzeme d¢lit podle fady riznych hledisek. Podle materidlu obalu, délky,
vnitiniho priméru, velikosti a chemické podstaty Castic, architektury kolony a podle
povahy zakotvené faze.

Délka kolony determinuje piimo umémné i délku analyzy. Vnitini pramér kolony
ovliviiuje mnozstvi aplikovaného vzorku a rychlost pritoku mobilni faze (viz Obr. 7).

Niz8i pratoky mobilni faze vedou k Gspornéjsim analyzam, ale zatim nebyla uspokojiveé
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vyfeSena opakovatelnost takovychto systémi, protoze napiiklad zména relativni

smérodatné odchylky je Sestindsobné veEtsi pii snizeni priméru na polovinu.

Obr. 7: Vliv vnitfniho priméru na mnozstvi vzorku a jedno z navrZenych nomenklaturnich

rozdéleni (pFevzato z [68])

Open tubular ligquid chromatography = = 25 pm i.d. =2 25 nL/min
Manobore column HPLC 25 pum = i.d. = 100 pm 254000 nL/min
Capillary column HPLC 100 pm < id. < 1 mm 0.4-200 pLimin
Microbare column HPLC Tmm=id. = 2.1 mm 50-1000 pL/min
Marrow (small}-bore column HPLC 2 0mm < id <4 mm 0.3-3.0 mLYmin
MNormal-bore column HPLC dmm = id =5mm 1.0-10.0 mL/min
Semipreparative column HPLC 5.mm < i.d. = 10 mm 5.0-40 mLimin
Preparative column HPLC i.d. = 10 mm = 20 mL/min

Podle architektury mtzeme kolony rozdélit na dva druhy — Casticové a monolitické.
Diive se vyuzivaly jen kolony ¢asticové, kdy je sorbent v trubici uloZen ve formé ¢astic
o definovaném stfednim primeéru. U ¢asticovych kolon dochdzi k omezeni horni hranice
priatokovych rychlosti zvySenim zpétného tlaku systému [69, 70]. Novym typem
architektury je kolona monoliticka. Jednd se v podstaté¢ o inverzi ¢asticovych kolon.
Tam, kde je u ¢asticové kolony volny prostor, je u monolitické sorbent. Tam, kde byl
u casticové kolony sorbent, je u monolitické prazdny prostor. Jedna se 0 polymerni
sorbent valcovitého tvaru a houbovitého charakteru, ktery je vysraZen tak, aby tvofil
dutiny s velkym povrchem. Bud’ dochazi k vysrazeni pfimo ve valci kolony (kapilarni
kolony smalym vnitinim primérem), nebo je stacionarni faze ex post zalita
do plastového chemicky inertniho obalu, ktery pfilne k povrchu valce sorbentu a zamezi
obtékani mezi sténou trubice kolony a sorbentem. Pti srazeni ptimo v kapilafe lze
vyuzit UV zafeni jako iniciatoru procesu polymerace. Postupnym zakryvanim a
odkryvanim casti kapilary docilime kolony se segmenty rtznych polymert. Takto
muzeme vytvaret kolony S§it¢é na miru (tailor made) ur€itému analytu nebo smési
analyti. [69]

Ackoli monolitické kolony jsou novym pfistupem k stavbé chromatografické kolony,
casticové kolony zdaleka neztratily sviij vyznam. Dnes se v analytické chromatografii

pouzivaji kolony plnéné sorbentem o velikosti ¢astic vyhradné pod 5 um. Vyvijeji se
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sorbenty o mensich rozmérech (okolo 1 um), které umoznuji lepsi separaci, ale
nebezpecné zvysSuji zpétny tlak. Technicky se dnes fes$i hlavné sestaveni systému
S minimalnim mrtvym objemem a spojeni komponent odolavajici vysokym tlakiim.
Jednim z piikladi takového systému je Ultra Performance Liquid Chromatography
(UPLC) [71, 72].

Dalsim hlediskem, podle kterého mizeme stacionarni faze délit, je chemicka podstata
matrice. Stacionarni faze mohou byt tvofeny zrtznych materialti. Nejcastéji se
pouzivaji silikagel, oxid hlinity, aktivni uhli, oxid zirkoniCity a polymethakrylat (¢i jiné
polymerni slouceniny). NejpouzivanéjSim sorbentem je silikagel, jehoz vyvoj se
za uplynulych dvacet let nezastavil. Od pocatku se pouzivaly silikagely mleté.
Homogennost stacionarni fize byla zajisténa sitovanim. DneSni moderni silikagely se
vyrabéji srazenim z roztoku. Tento zpisob umoznuje ziskat Castice s uzSim rozptylem
velikosti, s 1épe definovanym tvarem a v neposledni fadé i ¢astice obsahujici vnesené
strukturni prvky jakou jsou naptiklad ethylenové mustky. Ethylenové mistky zajist'uji
vyssi stabilitu ¢astic proti vysokému tlaku a jsou vyuzivany zejména u kolon pro vyse
zminénou UPLC [72]. Dale je mozné ovliviiovat povrchové silanolové skupiny ¢astic ¢i
obsah tézkych kovu, které, pokud jsou pfitomny, mohou tvofit s analyty chelaty a
komplikovat analyzu naptiklad vyraznym chvostovanim pikda.

Z ostatnich jmenovanych sorbentii se tesi velkému zdjmu zejména nové sorbenty
z oxidu zirkonicitého. Jedna se o sorbenty odolné ve velkém rozmezi pH. Klasické
silikagelové sorbenty jsou odolné v rozmezi hodnot pH 2 - 8. Pod hodnotou 2 se $tépi
esterovd vazba chemicky véazané faze na sorbent, zatimco nad pH 8 dochazi
K rozpousténi silikagelovych zrn. Sorbenty na bazi oxidu zirkoni¢itého jsou odolné
v rozmezi pH 1 - 14. Stejné tak odolavaji 1 vysokym teplotdm a to az do 200 °C. Tyto
sorbenty tak ptiblizuji svymi vlastnostmi HPLC k plynové chromatografii, kde se Casto
vyuziva tepelné gradientové eluce. Zda se kolony se sorbentem z oxidu zirkonicitého
etabluji mezi bézn¢ uzivanymi kolony, je otazkou pro dalsi desetileti. Pfinaseji vSak
nové moznosti do HPLC analyz.

Sorbenty na bazi polymera jsou idealné hydrofobni bez dalsi povrchové upravy. Jsou
vhodné pro ptipravu kapilarnich monolitovych kolon. Polymery vznikaji az in situ
Vv kolon¢ piisobenim inicidtoru, kterym mize byt nejvhodnéji UV zafeni. Tim lze
vytvoftit kolony s pasy sorbentl riznych vlastnosti, jak jiz bylo popsano vyse.

Castice sorbentu mohou ziistat v pivodnim stavu, ale &astéji se piistupuje k jejich

pokryti chemicky vazanou fazi. Pak miizeme o Casticich prohlasit, Ze jsou vlastné jen
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nosic¢em, pro chemicky ukotvenou fazi. Silikagel samotny ma vysoce hydrofilni povahu,
proto se snim pouzivaji lipofilni mobilni faze (hexan, toluen, benzen). Prvnimi
chemicky vazanymi fazemi byly fetézce linearnich uhlovodika o délce 18 atomd uhliku
(C18). Takto ziskana staciondrni faze ma opacné vlastnosti nez ptivodni silikagel.
Je siln¢ hydrofobni a vede k pouzivani hydrofilnich mobilnich fazi (voda, methanol,
acetonitril). Tento zplsob analyzy rozsifil spektrum analyzovatelnych latek smérem
k hydrofilnim slouceninam, které jsou béZnou soucasti zivych organismi, a jez se
ireverzibilné zadrzovaly na silikagelu. Kromé vySe uvedenych vyhod piinasi i vyhody
ekologické a ekonomické: pouzivané chemikalie jsou lépe biodegradovatelné, méne
toxické, jak pro analytika tak Vv dopadu na zivotni prostfedi, a jejich vyroba
Vv deklarované kvalité¢ je mnohem levnéjsi. Po zkuSenostech s C18 vazanou fazi byly
zkouSeny dal$i fetézce o rizné délce jako C8, C12, C4, C2, ale i Cl. Komeréné
nejdostupnéjsi a nejrozsirenéjsi jsou vazané fetézce C18 a C8. Vyvoj vedl k zavadéni
dalsich struktur na povrch ¢astic sorbentu. Jednalo se zejména o kyano skupinu (CN),
amino skupinu (NHy), ale i dalsi struktury, které rozsitily spektrum separovatelnych
slouCenin. V jedné z naSich publikaci je pouzivana struktura pentafluorophenylpropyl,
ktera ma podle vyrobce vyssi selektivitu nez C18, zlepSuje tvar pikd, latky se na ni
zadrzuji déle. Podle vyrobce se vlastnosti kolony méni v zavislosti na sloZzeni mobilni
faze — se zvySujicim se mnozstvim acetonitrilu dochézi ke konverzi z médu reverznich
fazi do modu normalnich fazi. [65]

S chemicky vazanou stacionarni fazi souviseji nékdy urcité separacni problémy.
Ze stérickych divodi nemutze byt na kazdy silanolovy zbytek navazan ftetézec
stacionarni faze. N¢ckteré silanolové zbytky tedy zlstavaji volné a mohou interagovat
s analytem a vést k ruSeni separace. Tento problém se tyka zejména analyz bazickych
latek, které pak tzv. chvostuji. Byla vyvinuta fada feSeni, ktera vedou k zabranéni téchto
interakci (napfiklad endcapping silanolll nebo jejich dynamické blokada nonylaminem
[73] nebo triethylaminem pfidanym do mobilni faze). Silanolové zbytky mohou byt
zakryty krat$imi fetézci (C1l, C3 — viz jiz zminény endcapping), které nejsou tak
stericky mohutné. Samotnd faze se muze upravit tak, Ze na bazi fetézce je vloZena
mohutngjsi struktura, kterd zabrani pronikdni molekul analytu aZz k povrchu castice
(napt. dimethylethyl). Pokryti ¢astice vrstvou polymeru s reaktivnimi misty pro vlozeni
fetézcl stacionarni faze je dal$i z moznosti zakryti volnych silanolovych skupin. Tento

zplisob se bézné pouzivd u sorbentll na bazi oxidu zirkonic¢itého, jenz se pro zménu
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chové jako Lewisova kyselina, coz stejn¢ jako silanolové skupiny vede k naruSeni
Separace.

Kromé normalnich a reverznich fazi se objevil novy fenomén fazi HILIC (Hydrophilic
interaction liquid chromatography — kapalinova chromatografie s hydrofilnimi
interakcemi). Pfi pouziti gradientu mobilni faze na reverznich fazich se s Casem analyzy
zvysSuje obsah vice polarni ¢asti mobilni faze. Staciondrni faze ptitom obsahuje, bud’
klasické hydrofobni fetézce nebo fetézce nesouci ve své struktufe staly naboj. Tento
druh analyz se pouziva pro vzorky s vysoce hydrofilnimi komponenty, které se malo
zadrzuji na reverznich fazich. Velice vhodny je napiiklad k separaci smési peptidi nebo
jiz zminéné separaci 1€¢iv a jejich metabolitt 2. faze biotransformace [75].

Diive byla nejcastéjsi staciondrni fazi vyuzivanou v analyze 1é¢iv Casticova silikagelova
kolona svazanym C18 fetézcem. S rozvojem technologii a rozsifenim portfolia
dostupnych fazi dochézi k diferenciaci jejich uziti a zejména v bioanalytice se Casto
pouziva novych stacionarnich fazi. Dal§i vyvoj zfejmé povede k miniaturizaci a
k vyvoji kolon k jednomu uziti tzv. tailor made (Sitych na miru).

Samostatnou kapitolou jsou chiralni stacionarni faze. Jejich vyuziti, vyplyva jiz
Z nazvu, spociva v separaci a stanoveni enantiomerd. Conterganova (thalidomidova)
aféra v 60. letech minulého stoleti upozornila na nezbytnost provéfovat biologické
ucinky jednotlivych enantiomert a s tim souvisela i potfeba nalézt a vyuzivat analytické
metody umoznujici kontrolu zastoupeni jednotlivych enantiomerii v lékovych
substancich. 90. 1éta 20. stoleti oteviela otazku enantiospecificity biologicky aktivnich
latek, at’ uz se jedna o uCinnost nebo specificitu pii biotransformaci. Trend vede
K nachdzeni G¢innych enantiomeri mezi substancemi a jejich vyuzivani v terapii.
Ptikladem jsou enantiospecificka antihistaminika levocetirizin (Xyzal®) a desloratadin
(Aerius®) uvedena na trh. Zvyseni pozadavki na analyzu chirélnich latek vedlo k vyvoji
chiralnich stacionarnich fazi. Na silikagelové sorbenty se zacaly vazat chiralni latky
(vinkristin, vinblastin) nebo polymery (upravené dextriny, celuldza), které obsahuji
chirdlni centra nebo dutiny urcit¢ho tvaru. Teorie se zmifluje o trojbodovych
prostorovych interakcich, ale relevantni dikaz, ktery by vedl k logickému vybéru
vhodné chirdlni faze nebyl podan. VétSina chirdlnich fazi je testovana pro nékterou
skupinu analyt. Jak jsme vSak dokazali na zaklad¢ vlastnich experimenti, i drobna

zména struktury analytu vede k diametralné odlisné separaci (viz 6.1.2).
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3.2.1.5.Charakteristika a poZadavky kladené na mobilni faze

Vzhledem ktomu, Ze mobilni faze protékd riznymi c¢astmi chromatografického
systému, musi spliiovat celou fadu pozadavkii, aby byla kompatibilni s pfislusSnymi
¢astmi chromatografu. Protoze se jedna o analyzu za vysokého tlaku, musi byt kapalina
mobilni faze odplynéna. Pokud by nebyla zbavena plynnych komponent, mohlo by dojit
za kolonou po snizeni tlaku Kk tvorbé plynovych bublin, coz by narusilo linearitu toku
mobilni faze systémem a zplisobilo rusivé ohyby paprskii v optickém detektoru.
K odplynéni dochazi v degasseru na zakladé fyzikalnich principt. Degasser je zapojen
mezi nddoby na mobilni fazi a ¢erpadlo. Jedna se o trubici (trubice pro vice zasobniki),
kterd je propustna pro plyny, ale nikoli pro kapaliny. Tato trubice prochazi
evakuovanym prostorem, kde dojde na zékladé rozdilu tlakti k pfechodu plynu
Z kapaliny pfes sténu trubice. Tak dochazi k odplynéni mobilni faze tésné pred HPLC
heliem mély celou fadu nevyhod. Odplynéni vyvévou a ultrazvukem bylo zapojeno
off-line, pfi¢emz vyvévou nebylo mozné odplynovat mobilni fazi obsahujici souc¢asné
vodnou a organickou slozku, protoze dochéazelo k odsavani molekul té¢kavéjsi organické
sloZky, a tim k naruseni poméru komponent mobilni fdze. Probublavani heliem, které se
nerozpousti v kapalinach a strhava tak plynné Castice s sebou z kapaliny, je finan¢né
nakladné.

Z pohledu cistoty musi byt slozky mobilni faze vysoce ¢isté chemikalie, které se bézné
oznacuji jako cisté pro HPLC (purity for HPLC, HPLC grade). Necistoty mohou narusit
separaci bud’ tim, Ze budou reagovat s analytem (napf. vytvaret chelaty nebo dokonce
vést ke srazeni analytu).

Mobilni faze musi byt kompatibilni se vzorkem Musime vybirat mobilni faze,
ve kterych se vzorek plné rozpousti. Nejleps$im feSenim je vzorek injikovat rozpustény
vV mobilni fazi. Pokud je vzorek injikovan v jiném rozpoustédle, muze (ale nemusi) dojit
k naruSeni separace (napf. k takzvanému frontovani piki).

Slozeni mobilni faze a jeho omezeni ve vztahu ke stacionarni fazi bylo diskutovano
vySe (viz 3.2.1.4). Pfi modu normalnich fazi se pouZzivaji nepolarni rozpoustédla
na polarni staciondrni fazi. V modu reverznich fazi se pouzivaji vodné tlumivé roztoky
a polarni rozpoustédla (methanol, acetonitril) protékajici nepoldrni stacionarni fazi.
Nékdy je vyhodné, kdyz se do mobilni faze pfimisi aditivum pro zlepSeni tvaru piku

(nejcasteji 2-propanol, etanol, nonylamin). pH tlumivych roztokl na silikagelovych
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kolonach je omezeno horni i dolni hranici (viz 3.2.1.4). N¢kdy Ize misto tlumivych
roztokt pouzit K upravé pH slabou kyselinu (mravenci, octovou).

Pokud je celou dobu analyzy pomér slozek mobilni faze stejny, mluvime o izokratické
eluci. V piipadé, ze se pomér sloZzek mobilni faze v ¢ase méni, jedna se o gradientovou
eluci. Pfistupuje se k ni pro zrychleni analyzy. Nékdy mizeme pouzit teplotni gradient
(sorbent z oxidu zirkonicitého) nebo gradient rychlosti pritoku (monolitické kolony).
Pti gradientu zménou poméru slozek mobilni faze je tfeba zvySené dbat na cistotu
komponent — pouzivaji se chemikalie pro gradientovou eluci (gradient grade).

Po opusténi kolony prochdzi mobilni faze detektorem. Obecné lze fici, ze nesmi
poskytovat signal v detektoru, pti pouziti UV-VIS detektoru tedy musi byt opticky
transparentni. Jednotlivé aspekty budou diskutovany nize u jednotlivych druht
detektort.

Poslednim aspektem je zachédzeni s mobilni fazi po opusténi systému. Z ekologického i
ekonomického hlediska je lepsi, pokud je to mozné, pracovat v modu reverznich fazi a
vyuzivat ve vodé rozpustné slozky mobilni faze.

Dal$imi vlastnostmi, které mohou mobilni fazi charakterizovat, jsou pritok a teplota.
Opét jsou oba faktory zavislé na zvolené stacionarni fazi. Se vzrustajicim pratokem
vzrusta 1 tlak v systému, ktery je determinovan na horni hranici tlakovou odolnosti
kolony, i celého systému spoju kapilar ptipadné detekénich cel. Teplota ovliviiuje
separacni schopnosti a viskozitu mobilni faze, a tim zpétn¢ i tlak. Zavislost separa¢ni
ucinnosti chromatografické kolony na rychlosti pritoku mobilni faze je popséana

van Deemterovou rovnici.

3.2.1.6.Detekce ve vysoceucinné kapalinové chromatografii

Vybér detektoru pii HPLC analyze ovliviiuje §ifi detekovatelnych latek i limity detekce.
Sife detekovatelnych latek je zavisla na druhu detektoru a principu, pomoci kterého jsou
latky detekovéany. Limity detekce jsou ovlivnény typem detektoru 1 jeho technickym
provedenim.

Jednim z prvnich detektorii byl refraktometricky detektor, ktery méfi zmény lomu
svétla v detekéni cele. Tento detektor byl a je wuniverzalni z pohledu Sife
detekovatelnych latek. Kazda latka obsazend v roztoku ovliviiuje lom svétla, které
roztokem prochézi. Refraktometricky detektor mé ovSem vysoké hodnoty detekéniho
limitu a je vysoce citlivy vii¢i zménam teploty mobilni faze. Dalsi nevyhodou tohoto

druhu detektoru je, Ze reaguje i na zmény ve sloZeni mobilni fdze a nelze tedy vyuzit
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gradientovou eluci. V poslednich letech doslo k renesanci detekénich technik
zalozenych na ohybu a rozptylu svétla vyvojem tzv. Evaporating Light Scattering
Detector (ELSD). Ten mé&fi miru ohybu svétla na shlucich molekul analytu v proudu
plynu. Mobilni faze je nejprve zmlzena, odpaiena a vzorek je veden jako ,,paprsek*
plynu do detekéni cely. Tento zpisob detekce dovoluje detekovat Siroké spektrum latek.
Protoze dochazi k odstranéni mobilni faze, mizeme vyuzivat i gradientové eluce, avSak
mobilni faze musi byt t€kava stejné jako u hmotnostni detekce (viz 3.2.1.6.3).
Nevyhodou tohoto zptisobu detekce je jeho pomérné vysoka cena. Hmotnostni detektor

nam v porovnani s ELSD poskytne mnohem vice informaci. [75]

Dals$im typem detektorti je skupina elektrochemickych detektori. Ty jsou zalozeny
na sniméani redoxnich zmén analytl v protékajici mobilni fazi. Zkoumana latka by méla
mit redoxni vlastnosti (méla by obsahovat elektrofor). Pfi zaznamu elektrického proudu
a napéti je vyzadovano, aby se analyzovana latka redukovala nebo oxidovala. Dochazi
tedy k destrukci molekul analytu. Pii tomto druhu detekce dale musi slozeni mobilni
faze obsahovat velké mnozZstvi vodné slozky. Stejné jako u refraktometrického
detektoru je nezadouci gradientova eluce. Je také vyzadovana vysoka cCistota slozek

mobilni faze.

V dalSich kapitolach budou popsany pouze detektory, které souvisi s pfedkladanou

praci.

3.2.1.6.1. UV-VIS detektory

UV detektor je po refraktometrickém druhy nejuniverzalnéjsi. Je zalozen na méieni
absorbance mobilni faze v detek¢ni cele. Latky, které lze takto detekovat musi
absorbovat elektromagnetické zafeni v UV nebo VIS oblasti (musi obsahovat
chromofor).

Podle Lambertova-Beerova zakona je zavislost absorbance a koncentrace linearni jen
pro monochromatické zatreni a vzhledem k logaritmické zavislosti mezi absorbanci a
intenzitou zafeni jen v ur€itém rozmezi hodnot absorbance. Rozmezi, kdy je vztah
A=1f(c) linearni, je =zavislé na kvalit¢ a konstrukci kazdého jednotlivého
spektrofotometru [76]. U starSich typti UV spektrometrti Specord se udavala linearita
do A =1,4. Pro nov¢jsi piistroje se tato hodnota neudava, nahrazuje se rozsahem

meéfenych hodnot (az A =6) a rozsahem spravnosti (vétSinou do A =1) [77].
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V ptipadech, ze vzorek ma vyssi absorbanci nez spadd do rozsahu linearity, je vhodné
ho nafedit. Dal§$im omezenim je moznost absorpce slozek mobilni faze, které mohou
stejné jako analyzovana latka obsahovat chromofor a omezi tak Sifi spektra vinovych
délek, které je mozné vyuzit pro detekci - tzv. cut-off efekt. UV-cut-off
pro rozpoustédla pouzivana v HPLC-UV by mél byt pod 200 nm.

Obr. 8: Photo-diode array detektor

Diode array detektor Vi

Shutter

Sample gy

Tungsten
lamp

Deuterium
lamp

i} 1024-element
¥ diode array

Legenda: Tungsten lamp a Deuterium lamp - zdroje polychromatického zdreni, Lens — ¢ocka, Shutter —
clona, Sample — vzorek, Slit - stérbina, Grating - difrakcni miizka, 1024-element diode array - diodové

pole.

UV detektory byly ptivodné vyrdbény jen pro jednu fixni vinovou délku. Prvnim
pokrokem byla moznost méfit pfi vice vinovych délkach, jejichz vybér koreloval
Z absorp¢nimi maximy stanovovanych latek. Dalsi etapou ve vyvoji UV detektord bylo
zavedeni high-speed scanning detektort (rychle skenujicich detektord), které
umoznovali proméfeni ¢asti nebo celého spektra, ovSem za urcitou jasn¢ stanovenou
dobu. Rychlejsi skenovani omezuje piesnost odectu vlnovych délek. Pomalejsi
skenovani mtize vést ke zhorSeni vykresleni pikli nebo k odectu defektnich spekter.

Nejmodernéjsim typem UV detektoru je detektor s diodovym polem (photodiode-array
detektor, PDA), ktery umoziiuje zméfit celé spektrum v kazdém casovém okamziku

analyzy. K rozdé¢leni polychromatického paprsku dochédzi az po priichodu kyvetou se
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vzorkem (viz Obr. 8). | vtomto piipadé dochazi ke ztratam informace v disledku
nedokonalé elektroniky, kterd omezuje rychlost sbéru dat z diodového pole. U velmi
rychlych analyz je proto dulezité, aby rychlost sbéru dat byla co mozna nejrychle;jsi
(viz Obr. 9). Pokud analyt nema dostateéné absorbujici chromofor v molekule, mizeme
ho do molekuly wvnést derivatizaci vhodné reaktivni funkéni skupiny analytu

(-OH, -SH, -NH-, >C=0, -COOH...).

Obr. 9: Vliv rychlosti odeétu dat na tvar pika [78]
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) | | | "/
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’ PW=042 sec
ﬂ_ﬁ \ 'U iy 10 H 80 H
S |\ A . b LA L . S Zversus z
PW=057 sec + 120 % Peak width
< — 120 % Peak capacity
- 90 % Resolution
N PWVe12d mac
™\ ".-.\. N\ f \‘- £\~ ,',—"‘_/'\ SHz
S TR 260 % Apparent column
0 0.1 02 0.3 04 0.5 min efficiency

Legenda: Na uvedenych chromatogramech je zaznamenan vliv snizujici se rychlosti odectu dat (od 80 Hz
k 5 Hz) na tvar piku pri 0,6 minutové analyze. V pravé casti obrazku jsou vyjadreny procentudlni zmény
hodnot $tiky piku (peak width), kapacity piku (peak kapacity), rozliseni (resolution) a zddnlivé efektivity
kolony (apparent column efficiency) pro vybrané piipady 20 Hz a 10 Hz skenovaci rychlosti vztaZeno

k hodnotam namérenym pii skenovaci rychlosti 80 Hz.

3.2.1.6.2. Fluorescencni detektor

Fluorescen¢ni detektor vyuziva schopnosti nékterych latek po pfedchozim vystaveni
elektromagnetickému zafeni emitovat kvalitativn€ jiné zéafeni o niz§i energii. Zatimco

mnohé latky absorbuji (coz muZzeme usoudit z jejich struktury), jen nékteré z nich
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fluoreskuji. Odhaduje se, ze zhruba jen 10 % farmakologicky ucinnych substanci
vykazuje vlastni fluorescenci. Predikovat schopnost fluorescence ze struktury nelze,
i kdyz se o to fada autort pokousela [79]. Zakladni podminkou fluorescence je, aby
molekula elektromagnetické zatreni absorbovala. Nasledné¢ pak emituje zafeni s nizsi
energif.

Fluorescen¢ni detektor je tedy omezen na latky, které maji vlastni schopnost
fluoreskovat, nebo které lze derivatizaci pievést na fluoreskujici analyty. Schéma
fluorescenéniho detektoru je znazornéno na Obr. 10. Setkavame se zde S pojmy
excitacni a emisni spektrum. Excitaéni spektrum je méfeno pii vybrané vinové délce
vystupniho (emisniho) monochrométoru a zménach vilnové délky na vstupnim
(excitatnim) monochromatoru. Pfi méfeni emisniho spektra je vstupni (excitacni)
monochromator nastaven navybranou vinovou délku, zatimco vystupni (emisni)
monochromator skenuje zvoleny interval elektromagnetického spektra. Ve vétsing
piipadii se excitatni spektrum shoduje S absorpénim spektrem, které méfime
na UV spektrometru. Emisni spektra jsou oproti absorpénim spektrim jednodussi a
¢asto obsahuji jedno maximum odpovidajici vinové délce o niZsi energii nez je energie
excitac¢ni vinové délky. Pro analyzy vybirame nastaveni excitacni a emisni vinové délky

podle maxim v odpovidajicich spektrech. [80]

Obr. 10: Schéma fluorimetrického detektoru [82]

Legenda: Xenon lamp — zdroj zdreni (xenonova lampa), Beamsplitter — rozdélovacé paprskii, Reference
photodiode — referencni dioda, Excitation concave holographic grating — vstupni monochromdtor
izolujici zareni o excitacni vinové délce, Quartz tube flowcell — detekcni cela (v pripadé HPLC
pritokovd), Excitation (Emission) slit & lens — excitacni (emisni) clona s cockou, Emision concave
holographic grating — vystupni monochromdtor izolujici zdreni o urcité vinové délce z emitovaného

zareni, Programmable PMT slit — programovateind clona pred mérici diodou, PMT — méFici dioda
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Vyhodou fluorescenéniho detektoru je jeho schopnost zjednodusSit chromatograficky
zaznam. Pfi bioanalytickych studiich se setkdvame, jak uz bylo feceno vyse, s velice
slozitymi vzorky, které nutn¢ musi obsahovat ¢asti biomatrice. Celd fada komponent
obsazenych v biomatrici absorbuje v UV. Jedna se o hormony, aminokyseliny a jiné
latky, které ve své molekule obsahuji planarni (sp® hybridizované) seskupeni (a tedy i
chromofor). Maloktera ztéchto latek ma vSak schopnost fluoreskovat. Pokud tedy
zkoumané analyty fluoreskuji je fluorescen¢ni detektor idedlni volbou. Pfi derivatizaci,
ktera vede k fluoreskujicim produktim, dochéazi k dvojité selektivité; nejdiive
pfi specifické derivatizacni reakci, ktera je zavislda na pfitomnosti reakéniho mista
v molekule a nésledné pak i vybérem selektivnich vlnovych délek z excitacniho a
emisniho fluorescencniho spektra.

Vyznamnou modifikaci fluorescencni detekce je laserem indukovand fluorescenéni

detekce (LIF detekce), ktera zvysuje citlivost fluoresce¢ni odezvy o dva az tii fady [81].

3.2.1.6.3. VyuZiti hmotnostni spektrometrie ve spojeni s HPLC
Zakladnim technickym predpokladem HPLC-MS analyz je pouzivani organickych
pufrt (misto fosfatl se smi pouzivat ammonium acetat/octova kyselina nebo ammonium
formiat/mravenci kyselina), které jsou spolu s ostatnimi slozkami mobilni faze
odpaftitelné a nezanéseji iontovy zdroj vykrystalovanymi solemi.
Hmotnostni detektor je zaloZzen na zménach rychlosti a trajektorii letu nabitych Castic
Vv elektromagnetickém poli, které jsou zavislé na poméru hmotnosti ¢astice k jejimu
naboji (m/z).
Hmotnostni detektor je sloZen ze tii zakladnich ¢asti:

» iontového zdroje

» analyzatoru

> detektoru

Desorpce a ionizace

Iontovy zdroj slouzi k pfevedeni neutrdlnich molekul na nabité ¢astice. Prvni ionizaéni
technikou byla elektronova ionizace. Pfi ni dochazi prichodem urychleného elektronu
okolim &astice k ovlivnéni valenénich elektrontl a vzniku iontu M*". Tato technika je
nejvice prozkoumdana, ale neni vhodnd ke spojeni s HPLC. lontovy zdroj ve spojeni
s HPLC musi zajistit ionizaci 1 odstranéni mobilni faze (desorpci), ktera je oproti

analytu v mnohonésobném piebytku.
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Ve spojeni s HPLC se dnes prakticky pouzivaji ¢tyfi ionizacni techniky:

» lonizace elektrosprejem - Electrospray lonization (ESI)

» Chemicka ionizace za atmosférického tlaku - Atmospheric Pressure Chemical
lonization (APCI)

» lonizace zafenim za atmosférického tlaku - Atmospheric Pressure Photo
lonization (APPI)

» Desorpce laserem =za pfitomnosti matrice - Matrix Assisted Laser
Desorption/lonization (MALDI)

Prvni tfi uvedené ionizac¢ni techniky se pouzivaji s HPLC v zapojeni on-line a vzajemné
se doplnuji v rozsahu vyuziti pro rizné skupiny latek (viz Obr. 11). Technika MALDI
se uziva prakticky vyhradné ve spojeni s analyzatorem TOF (Time Of Flight) ke studiu
vysokomolekularnich latek (MALDI-TOF).

Obr. 11: MozZnost vyuziti ioniza¢nich technik ESI, APCI a APPI pro rizné skupiny analytu [83]
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Legenda: Na ose x je vyznacena polarita analytu — zleva od nepoldrnich latek K polarnim. Na ose y je

vynesena v logaritmickém méritku molekulova hmotnost.
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Pii ESI je eluent pfiveden kovovou kapilarou s vloZzenym napétim (3 —5KkV)
do iontového zdroje a za pomoci piivadéného dusiku zmlzen za vzniku aerosolu.
Kapicky aerosolu nesou velké mnozstvi naboje. V prostoru iontového zdroje dochazi
nasledné k odparovani komponent mobilni faze (resp. efluentu opoustéjiciho kolonu)
susicim plynem (zpravidla dusik), tim padem ke zmenSovani kapének a tedy i zvysSeni
hustoty naboje na povrchu zmensujicich se kapének. Po dosazeni urcité kritické hustoty
naboje dojde k tzv. Coulombické explozi a k uvolnéni kvazimolekularniho iontu
obecného tvaru [M+H;]"" (viz Obr. 12). ESI miZe byt zdrojem nékolikanisobné
nabitych Castic, ¢ehoz se hojné vyuziva pfi analyze vysokomolekularnich latek jako
jsou peptidy ¢i nukleové kyseliny. Z téchto vysokomolekularnich latek vlozenim
velkého mnozstvi naboji ziskdme Castice Snizkou hodnotou m/z a miZeme je
analyzovat i pomoci nejjednodussich typt analyzatorti (viz nize). Tento typ meékké
(soft) desorpcni a ionizaéni techniky umoznuje bez destrukce vyjmout z mobilni faze a
ionizovat takové typy molekul, jakymi jsou konjugaty xenobiotik. Pro (bio)analytickou
praxi byla technika ESI tak pfevratnym objevem, Ze jejimu autorovi, Johnu B. Fennovi

byla udé¢lena v roce 2002 Nobelova cena. [84]

Obr. 12: Schéma elektrospreje [83]

Evaporation w=e==>  Analyte ion ejected

+
lons - o 0 /
Nebulizer gas \l.l \‘

Heated nitrogen drying gas

Solvent spray s

Dielectric capillary entrance

Legenda: Nebulizer gas — zmlZujici plyn, Solvent spray — sprejovany solvent, Dielectric capillary
entrance — kapilarni vstup, Heated nitrogen drying gas — susici proud teplého dusiku, Ions — ionty,

Evaporation — odparovani, Analyse ion ejected — tvorba iontu analytu
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U APCI je eluent vnasen spolecné s mlzicim plynem do prostoru iontového zdroje,
ve kterém je kovova jehla na niz vnesenym napétim (3 — 4 kV) dochdzi ke koronarnimu
vyboji. Puasobenim koronarniho vyboje dochazi k ionizaci molekul mobilni faze a
nasledné k intermolekularnimu pfenosu naboje na molekuly analytu (viz Obr. 13).
Vzniklé ionty byvaji podobné& jako v ESI ve tvaru [M+H,]", kde n dosahuje vsak
maximaln¢ hodnoty 2. Mnohdy dochazi k tvorbé aduktt s alkalickymi kovy pfitomnymi
v mobilni fazi ([M+Na]®, [M+K]"). Piitomnost adukti alkalickych kovii usnadiiuje
interpretaci spekter a urCeni molekulového iontu, protoze pouze molekulovy iont tvoii
adukty se sodnymi a draselnymi ionty a je ve spektru doprovdzen ionty s niz$i
intenzitou s charakteristickymi hmotnostnimi rozestupy.

APPI je analogii APCI. V technickém provedeni dochédzi k nahrazeni koronarniho
vyboje zdrojem UV zafeni s energii fotoni 10 a 10,6 eV. Vybérem této hodnoty je
dosazeno selektivity ionizace jen na analyt, protoze vétsina béznych slozek mobilni faze
se touto energii neni schopna ionizovat. Vyuziti APCI a APPI se v mnohém piekryva,
ale zaroven i dopliiuje.

MALDI technika ionizace je ze své podstaty vhodna pouze pro piipadné off-line
spojeni s HPLC, protoze musi dojit k vytvofeni smési analytu a matrice (zpravidla
derivaty benzoové a skoficové kyseliny v silném prebytku 1:10%). Tato technika je
Pouziva se k ur€ovani molekulovych hmotnosti biomolekul, monitorovani procesi
Vv biologickém materialu a zjiStovani sekvenci peptidi a oligonukleotidl (proteomika a
genomika). Metoda umoznuje vypafit a ionizovat netékaveé biologické vzorky ptfimo
z pevné faze lokalizované na desticce ozafované pulsnim laserem. Energii laserového
impulsu zachyti pravé zminéna matrice a ta ji v Setrné form¢ predd makromolekulam.
Ty se pak uvoliuji pfevazné ve formé molekulovych iontd [M+H]" v prostoru
nad destickou (ve form¢ iontového oblaku). Ionty jsou extrahovany extrakénimi
miizkami s vysokym napétim do analyzatoru, kterym byva v ptipadé MALDI témét
vzdy analyzator doby priletu (Time Of Flight, TOF). Pomoci MALDI je moZné
generovat molekulové piky u molekul s relativni molekulovou hmotnosti dosahujici
az 10°. Vyhodou je moZnost nckolikandsobného vyuZziti nanesené stopy, protoze
laserem je ozafena jen jeji mald c¢ast. Objev techniky MALDI-TOF Franzem
Hillenkampem kolem roku 1989 byl opét revolu¢nim pocinem v oblasti bioanalyzy
makromolekul. Nobelova cena byla trochu nespravedlivé udélena pouze Koichi

Tanakovi v roce 2002. [84]
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Obr. 13: Schéma konstrukce APCI [83]

HPLC inlet

. Nebulizer (sprayer)

Nebulizing gas TR
Vapurizer heater,

Drying gas

Corona
discharge
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Legenda: HPLC inlet — vstup z HPLC, Nebulizing gas — zmlzujici plyn, Nebulizer (sprayer) - zmlzovac,
Vaporizer (heater) — odparovaé, Corona discharge needle — jehla s korondrnim vybojem, Drying gas —

susici plyn, Capillary - kapilara

Obr. 14: Schéma konstrukce APPI [83]

HPLC inlet

4 Nebuli
Nebukzing e o _~ Nebu izer (sprayer)

E Vaporizer (heater)

UV lamp Drying gas

Capillary

Legenda: HPLC inlet — vstup z HPLC, Nebulizing gas — zmiZujici plyn, Nebulizer (sprayer) - zmlZovac
Vaporizer (heater) — odpaiovaé, UV lamp — zdroj UV zdieni urcité hy, Drying gas — susici plyn,

Capillary - kapildra
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Separace iontii a analyzatory
Po ionizaci analytu dochazi k separaci vzniklych iontl na zdkladé m/z. Sektorové
analyzatory, které byly pouzivany pii vzniku hmotnostni spektrometrie se zpravidla
nehodi pro spojeni s HPLC. V dalsim textu se budu vénovat jen analyzatorim, které se
pouzivaji ve spojeni s HPLC.

» kvadrupol (Q), trojity kvadrupdl (QqQ)

» iontova past (ion trap, IT)

» analyzator doby letu (Time-of-Flight, TOF), reflexni TOF

» iontova cyklotronova rezonance s Fourierovou transformaci (FT-ICR)
Ty se daji rozdélit do dvou skupin. Na ty jez dé€li ionty v prostoru (Q, QqQ) a ty jez déli

ionty v ¢ase (IT, TOF). Samostatnou kapitolou je iontova cyklotronova rezonance.

Kvadrupél se sklada ze ctyt kovovych ty¢i 30 - 50 cm dlouhych kruhového nebo
hyperbolického prufezu. Na dvé protilehlé tyce je vlozeno kladné stejnosmérné napéti,
na druhé dvé je vloZeno stejné velké zaporné stejnosmérné napéti. Na vSechny Ctyfi tyce
je zaroven superponovano vysokofrekvencéni stiidavé napéti. Do stiedu osy kvadrupdlu
jsou privedeny ionty a zacinaji oscilovat. V zavislosti na vlozeném poméru U/V jsou
oscilace stabilni pouze pro ¢astici s urcitou hodnotou m/z, ktera projde kvadrupdlem az
k detektoru. VSechny ostatni ionty jsou zachyceny na tyCich kvadrupodlu. Plynulou
zménou (skenovanim) poméru stejnosmérného napéti a amplitudy U/V jsou postupné
propustény na detektor vSechny ionty (jedna se vlastné o hmotnostni filtr). Pro béznou
analyzu je mozné nastavit jedinou hodnotu superponovaného stfidavého napéti a
zachytit jen zdznam jedné hodnoty m/z (stejné jako u UV detektoru je mozné vybrat
jedinou vlnovou délku). Tento pfistup je vhodny zvlast’ u stopovych analyz, kdy zndme
m/z hledané latky. Nedochazi tak ke ztratdm iontl hledaného analytu pii skenovani
»prazdnych® casti spektra (rezim Selektivni zaznam iontd - SIM — Selected lon
Monitoring).

Trojity kvadrupél je soustavou za sebou jdoucich jednoduchych kvadrupéli. 1. a 3.
slouzi jako analyzatory. Prostfedni kvadrupol je urcen k sraZkdm separovaného iontu

s koliznim plynem (helium) a jeho dal§imu $tépeni na fragmenty.

Tontova past se nékdy popisuje jako trojrozmérny kvadrupol. Sklada se z jedné kruhové

elektrody a dvou koncovych elektrod, na néz je podobné jako u jednoduchého
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kvadrupolu vkladano napéti. lonty jsou vneseny do pasti, kde se diky vkladanému
napéti zakoncentruji v jejim stfedu. Zmény napé€ti na koncovych elektroddch mohou
zpusobit destabilizaci drah iontl v pasti a tim jejich nasledné vypuzeni na detektor.
Takto mizeme V iontové pasti izolovat jednotlivy iont a ndslednym vnesenim kolizniho
plynu (helium) zptsobit jeho dalsi Stépeni. Tak muZzeme pokracovat teoreticky az
na desatou droven (zna&i se MS™). Praktické moznosti iontové pasti viak vétsinou
dovoluji maximalné MS® az MS®. Toto omezeni je dano zivotnosti ionti a jejich
limitnim mnozstvim, které se kazdym Stépenim snizuje.

Novym analyzatorem na principu iontové pasti je linedrni iontova past. Jedna se
0 jednoduchy kvadrupél, jehoz tyce jsou rozdéleny do tii sekci. Krajni segmenty
zastavaji funkci koncovych elektrod, jak je zndme u iontové pasti. Vypuzovani iontil se
déje, bud’ ve sméru plivodniho letu, pak vSak (stejné jako u sférické IT) polovinu ionth
ztratime vypuzenim na opacnou stranu, nez na které se nachazi detektor, nebo
v radialnim sméru, kdy na kazdé stran¢ se nachazi jeden detektor k zaznamenani
vypuzenych iontl. Linearni iontova past se zafazuje misto tfetiho kvadrupodlu u trojitého
kvadrupolu. Vyhodami linedrni iontové pasti jsou jeji vysoka kapacita, vysoka G€innost
zachytu, stabilizace a detekce iontl, dostatecné rozliSeni pii vysoké skenovaci

rychlosti. [85]

Analyzator doby letu vyuZziva vlastnosti iontd, které se pfi stejné kinetické energii
pohybuji rozdilnou rychlosti, ktera je zavisla na jejich m/z. Zjednodusené¢ malé ionty
leti rychleji. Jedna se o pulzni detektor. Nejprve jsou ionty kratkym pulzem urychleny, a
nasledné se pfesné méfi Cas, za ktery dolétnou na detektor. Pro sjednoceni kinetickych
energii a zpfresnéni méfeni se dnes pouzivaji TOF analyzatory siontovym zrcadlem
(reflektronem) — r-TOF. Protoze se jedna o pulzni analyzator, je Casté jeho pouziti
S pulznim iontovym zdrojem MALDI. TOF je také, kromé& iontové cyklotronové
rezonance s Fourierovou transformaci (FT-ICR), jedinym analyzatorem, ktery nema
shora omezen interval hodnot m/z. I proto je vhodny k analyze vysokomolekularnich
latek. Pokud se tedy ostatni zminéné analyzitory pouzivaji k analyzam
vysokomolekularnich latek, jednd se vyhradn€ o spojeni s ESI, ktery je zdrojem
vicenasobné nabitych iontli a hodnota m/z je diky tomu snizena. Pro analyzu s TOF
analyzatorem je principialné mozZné pouzit jakykoli iontovy zdroj. NejcastéjSim
spojenim je vsak spojeni s MALDI. Ob¢ pulzni metody se idealné dopliuji a neni tieba

zapojovat pulzni interface
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lontova cyklotronova rezonance s Fourierovou transformaci je nejmodernéjsi z MS
analyzatort. Jeji princip spociva ve vlozeni iontil do silného magnetického pole. Ty se
V tomto poli zacnou pohybovat po cykloidalni trajektorii s cyklotronovou frekvenci, jez
je nepiimo umérna poméru m/z.

Kazda hodnota m/z ma charakteristickou cyklotronovou frekvenci a Fourierovou
transformaci se nasledné zaznam téchto frekvenci prepocte do skaly m/z — tim ziskame
hmotnostni spektrum. Jedna se o finan¢né nakladny analyzator s vysokymi naroky
na kvalitu vakua. Také zajisténi zdroje silného magnetického pole neni technicky ani
finanén& jednoduché. Proto jeho rozdifeni v sou¢asné dobé neni velké (v Ceské
republice se jednd pouze o jediny pfistroj umistény v Mikrobiologickém ustavu

Akademie véd Ceské republiky, v pééi docenta Havlicka).

Detekce ionti

K detekei iontli v hmotnostni spektrometrii se pouzivaji:
» Faradayova klec
» Elektronovy néasobic¢

» Fotonasobi¢

S vyvojem novych ioniza¢nich technik (ESI, APCI) mohlo dojit ke spojeni kapalinové
chromatografie s hmotnostni spektrometrii. Toto spojeni klade vysoké pozadavky, jak
na podminky analyzy tak 1 na schopnosti analytika, ktery musi porozumét kapalinové

chromatografii 1 byt schopen ¢ist hmotnostni spektra.

MS lze vyuzit i bez spojeni s HPLC jako samostatnou analyticko-separa¢ni metodu.
Pti vyuziti MS" metod mlize byt prvni krok vyuZit jako separaéni, kdy izolujeme ionty
m/z odpovidajici hledanému, abychom je déale analyzovali pomoci MS. Nevyhodou je
zne€iStovani hmotnostniho spektrometru slozkami matrice, které se v prvnim kroku

ionizuji spolecné s analytem, vi¢i némuz jsou v né€kolikanasobném nadbytku.

3.2.1.7.Zpusoby stanoveni analytu pomoci HPLC

VysoceuCinnd kapalinova chromatogratie je analytickd metoda, kterd dovoluje
identifikaci 1 stanoveni. Pro vétsSinu detektort (prakticky pouze s vyjimkou ELSD) je

vztah mezi koncentraci a odezvou piimo umérny. Pro HPLC ztoho plyne, Ze
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koncentrace je u vétSiny detektord pfimo zdvisld na ploSe nebo vySce piku. Zda
pouzivat plochu nebo vysku je vétSinou narozhodnuti analytika. Vybér plochy je
vhodny u pikt Sirokych s tendenci k chvostovani. VySka je vhodna u piku Stihlych a
symetrickych. Vnesena chyba je tak mensi. Dale se vySky miize vyuzit u stopovych
analyz, kdy jsou ziskané piky pftili§ male. Zde je vnesena chyba ve vySce mensi nez
v plose. [59]

ProtoZe se pii vypocétu koncentrace vychazi z plochy, resp. vysky, je tfeba si stanovit
hodnotu Sumu pozadi. Daji se rozeznat tii typy Sumu — short-term noise, long-term
noise a baseline drift (terminy se do Cestiny jiz vétSinou nepiekladaji). Short-term noise
1ze definovat jako Sum detektoru, elektronicky Sum integra¢niho systému nebo pulzace
systému. VétSinou se nedd ovlivnit. Pficinou long-term noise jsou vnéjsi zdroje a
problémy systému, které Ize odstranit nebo minimalizovat. Jedn4 se o Spatné michani
mobilni faze, zmény teploty, bleeding (krvaceni) stacionarni faze nebo interference
latky eluujici se z pfedchozi analyzy. Baseline drift je specidlnim typem long-term
noise. Mlize se jednat napft. o rist zdkladni linie v zavislosti na gradientu mobilni faze.
Ptikladem muze byt pouziti gradientu kyseliny octové a nizké vlnové délky
UV detekce.

Pro méfeni je dalezité stanovit mez, kdy mizeme odecitat presné a spravné vysledky.
Tato mez je Casto stanovena (napi. v I€kopisné literatuie) hodnotou poméru signalu
k sumu (viz Rovnice 2). Pro stanoveni je pozadovana hodnota S/N alespon 10.
Pro identifikaci piku sta¢i S/N s hodnotou 3 [64]. V této praci jsou meze detekce
stanoveny jako body kalibra¢ni kiivky s dostate¢nou mirou spravnosti (hodnoty + 20 %

od spravné hodnoty) a pfesnosti (max 15 %).

Rovnice 2: Pomér signalu k Sumu

2H
N

Legenda: S/N je pomér signalu k Sumu, H je vyska piku, h je zjednodusené sSirka Sumu zakladni linie

V miste méreni signdlu.

Samotné stanoveni muzeme provadét Ctyimi zpisoby. Prvnim znich je metoda
normalizovaného piku (normalized peak). Jde o vztazeni velikosti piku k celkové
ploSe vSech piku v chromatogramu (nebo vztazeni k nejvétSimu piku). Hodi se

pro limitni analyzy necistot, kde se porovnava velikost pikd k hlavnimu piku

517138



Disertacni prace

chromatografu (jako tfeba zkousky na P¥ibuzné latky Cesky 1ékopis 2005). Absolutni
hodnota koncentrace nds v tomto piipadé nezajima. Také se zanedbava rtiznd odezva
jednotlivych analytu.

K pfesnéjSimu stanoveni lze pouzit druhy zplGsob, metodu vnéjSiho standardu
(external standard method). V tomto piipadé musime mit standard stanovovaného
analytu deklarované specifikace. Vytvotfime sadu vzorkli o rostouci koncentraci
standardu. Vytvofime z nich kalibra¢ni kiivku nebo vypoéteme responsni faktor

(viz Rovnice 3).

Rovnice 3: Responsni faktor pro vnéjsi standard

RE - Plocha
koncentrace

Legenda: RF - responsni faktor (jednd se o smérnici, neboli 0 tangens uhlu kalibracni krivky k 0se X)

Po dosazeni plochy z nasledné analyzy vzorku a Gipravé rovnice vypocteme koncentraci.
Z predchoziho je patrno, ze se tato metoda hodi tam, kde zpracovanim nedochazi
K ztratam vzorku.

V bioanalytickych stanovenich, kde dochazi k rozsahlému zpracovani vzorku
pted analyzou, je vhodnéjsi pouzivat metodu vnitiniho standardu (internal standard
method). K homogenizovanému vzorku se pied zpracovanim piida definované
mnozstvi vnitiniho standardu (Internal Standard, IS). Nasledné se provedou veskeré
upravy vzorku a vlastni analyza. Vnitini standard by mé¢l byt vybran tak, aby
napodoboval chovani analytu. Jeho extrahovatelnost z biomatrice i odezva v detektoru
by mély byt podobné s extrahovatelnosti a odezvou analytu. Mél by se dobfe separovat
od ostatnich pikli analyzy a retence v chromatografické koloné¢ se tedy musi liSit
od ostatnich analyti (1é¢iva a jeho metabolitl), jeho pik nesmi kolidovat s piky
ostatnich analyti nebo balastd.. Pfi uprav€ a analyze vzorku by nemél reagovat
se vzorkem ani mobilni fazi. Neodmyslitelnou vlastnosti je i komeréni dostupnost
vnitiniho standardu v deklarované vysoké cistoté. Jelikoz se vnitini standard cCasto
pouziva pro slozité matrice, méla by se zvaZzit moznost jeho pfirozené pfitomnosti
ve vzorku naptiklad ve formé& metabolitu. Jako vhodné se jevi vybirat vnitini standardy
jako vyssi (¢i niz§i) homology analytu. Vneseni methylenové skupiny zplsobi
na obvykle pouzivanych reverznich fazich delsi retenci, nez ma analyt a jeho metabolity

(ty jsou vétSinou hydrofilngjsi) [86]. Biotransformacni reakce nevedou k produktim
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tohoto typu [8, 86, 87]. Zajimavou moznosti vybéru vnitiniho standardu pftineslo
masivnéj§i vyuziti detekce pomoci hmotnostniho spektrometru. Jako vnitinich
standardd se vyuziva deuterovanych analyti, které maji stejné retenéni vlastnosti, ale
lisi se v hodnoté m/z na hmotnostnim spektru. Znaceni musi byt n¢kolikanasobné, aby
doslo k vyraznému odd¢€leni hodnot m/z.

Vyhodou vnitiniho standardu je, Ze koriguje ztraty vzniklé béhem pftipravy vzorku.
Posledni moznosti stanoveni v HPLC je metoda standardniho pridavku (standard
addition metod). Jako standard je zde pouzit analyt, respektive jeho chemicky standard.
Vytvotime kalibracni kiivku s matrici bez vzorku a nésledn¢ i se vzorkem. Kalibra¢ni
pfimka bude v druhém ptfipadé rovnobézna s prvnim jen bude posunuta o urcitou
hodnotu na ose y. Pokud chceme zjistit koncentraci analytu ve vzorku sta¢i vyfesit,
Vv kterém misté protne pfimka osu X (bud’ vypoctem nebo graficky). Tuto hodnotu je
samoziejme tieba odecist v absolutni hodnoté. Metoda standardniho ptidavku je ¢asto

pouzivana pii stopovych analyzach (viz Obr. 15).

Obr. 15: Stanoveni metodou standardniho pridavku

1.2 A

-150 -100 -50 (¢ 50 100 150

Legenda: Modra kiivka znazornuje kalibracni krivku bez analytu. Fialova kiivka zndazornuje kalibracni
krivku vzorku obsahujiciho analyt. Jednd se jen o ilustracni obrazek. Nameérené hodnoty by byly jen

od hodnoty 0 do kladnych hodnot x.
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3.2.2. Priprava biologického vzorku k analyze

Pfed analyzou biologického vzorku pomoci vysoceucinné kapalinové chromatografie je
tteba vzorek upravit v zavislosti na jeho povaze. Nejcastéji se jako zkoumany
biologicky materidl pouzivaji derivaty krve — plasma a sérum. DalSim nejvice
odebiranym materidlem je mo¢. Ale samoziejm¢ je mozné pouzit jakykoli biologicky
material — trus, zlu¢, tkané, vlasy, sliny a hleny. VétSina téchto materiali obsahuje
bilkoviny a tuky a celou fadu dalSich endogennich latek, které je tfeba odstranit, aby
neru$ili stanoveni. Izolace zkoumanych struktur z biologické matrice Ize docilit
nekolika zplisoby - extrakci do kapaliny nebo na pevnou fazi nebo deproteinaci pomoci
chemickych ¢inidel. Kazda z téchto metod ma své vyhody a nevyhody, které budou dale

diskutovany.

3.2.2.1.Extrakce z kapaliny do kapaliny

Liquid-liquid extrakce (extrakce z kapaliny do kapaliny, LLE) je jedna z dé&licich
metod. Jeji prvotni uspofadani bylo jednoduché. Dvé nemisitelné kapaliny mezi néz se
podle svych fyzikalné-chemickych vlastnosti déli analyt na zaklad¢ rozpustnosti
v organické a vodné fazi. Tento jev lze popsat rozdélovacim koeficientem, ktery je

jednou ze zakladnich charakteristik latek. (Rovnice 4)

Rovnice 4: Rozdélovaci Koeficient

Cu

P

Legenda: Corq je koncentrace analytu v organické fazi a C,, je koncentrace analytu ve vodné fazi

Pro analytické tcely bylo upraveno technické provedeni metody od vyuziti délici
nalevky k provedeni ve zkumavce, ale princip zustal zachovan. Je vhodné vybrat
rozpoustédlo, do které¢ho se eluuje minimalni mnozstvi dalSich latek, ale maximalni
mnozstvi ndmi analyzovanych. Pro zvySeni extrakce se upravuje pH vodné faze
k ptevedeni analytu z iontového stavu do stavu neutralni molekuly. Pro kyselé analyty
se pH snizuje aspon o dvé jednotky nize nez je pKa analytu, pro zasadité¢ se stejnym
zpusobem  zvySuje, coz vyplyva s Hendersonovy-Hasselbalchovy  rovnice

(viz Rovnice 1 a Obr. 16). N¢kdy se k procisténi vzorku vyuziva zpétné reextrakce
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do vodné faze, pticemz ovSem dochazi k vneseni vyssi chyby. Vzdy je nutné zvazit

vyhody (Cistsi zaznam) a nevyhody (vnesenda chyba).

Obr. 16: Schéma liquid-liquid extrakce
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Legenda: Cervené tecky — analyt, zelené tecky — slozky matrice, 1. krok — smés analytu a matrice, 2. krok
— pridavek organického rozpoustédla, 3. krok — po zatrepani se oddéli vrchni vrstva organického

rozpoustedla a 4. krok — oddéleny analyt v organickém rozpoustédle, matrice ziistala ve vodné fazi

Vyhodou LLE je jeji jednoduchost a nendronost na vybaveni laboratofe.
Pfi nejjednodussim uspotfadani nevnasi vyraznou chybu pokud nedojde k vytvoteni
tzv. mezifaze (tu je mozno odstranit centrifugaci). Po provedeni extrakce ziskavame
vzorek v nepolarnim rozpoustédle, které 1ze snadno odpatit. Vodna faze se da jednoduse
odd¢lit zmrazenim, pokud pouzijeme nepolarni rozpoustédlo leh¢i nez voda, lze
organické rozpoustédlo dekantovat od zmrzlé vodné faze do jiné zkumavky.

Nevyhodami LLE je slozitéj§i automatizace. Ale 1 tato nevyhoda byla jiz odstranéna
zavedenim LLE kolonek. Ty jsou naplnény porézni hmotou (dnes rozsivkova hornina,
kifemelina, ale vyvoj jist¢ najde i jiné druhy naplni), ktera do sebe zachyti kapalinu
vzorku. Naslednym promyvanim nepolarnim rozpoustédlem dojde ke kontinudlni
extrakci na sty¢nych plochach, pficemz vodna matrice je pevné zachycena v porech
diky povrchovému napéti [88]. Druhou vyraznou nevyhodou je pouzivani nepolarnich
Casto toxickych rozpoustédel, které stejn¢ jako u normalnich fazi na HPLC pfinasi

ekologické i ekonomické problémy (viz 3.2.1.5).
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3.2.2.2.Extrakce na pevnych fazich

Solid phase extraction (SPE) — extrakce na pevné fazi pracuje na podobném principu
jako kapalinovéa chromatografie. Kolonka nebo disk jsou naplnény sorbentem s vazanou
fazi o velikosti ¢astic 5 — 10 krat vétSich nez podobné sorbenty urcené pro kapalinovou
chromatografii. Na kolonku pro SPE se (po jeji aktivaci zpravidla methanolem) nanese
vzorek. Po jeho prichodu by mél analyt zistat zachycen na sorbentu kolonky, zatimco
balastni latky by mély kolonku opustit. Vyplaveni balastnich latek podpoiime
naslednym promytim vodnou fazi. Pak nahradime zkumavku s balasty novou c¢istou
zkumavkou a naslednym promytim SPE kolonky organickym rozpoustédlem (methanol,
acetonitril) dojde k uvolnéni analytu z vazby na sorbent a k jeho vyplaveni z kolonky.
Odpareni rozpoustédla a naslednou rekonstituci v mobilni fazi ziskdme vhodny vzorek
pro HPLC. Pritok kapalin kolonkou je zajistén tlakem, a to bud’ pietlakem nebo
podtlakem. Na kvalitu analyzy ma vliv 1 rychlost pritoku kolonkou.

Vyhodou SPE je jeji jednoduchd automatizace. Jednou z moznosti, kterou mize
analytik s uspéchem vyuzit je uskladnéni vzorku v SPE kolonce napfiiklad pro transport,

nebo k pozd¢jsi analyze.

3.2.2.3.Mikroextrakce na pevné fazi

Obdobou SPE extrakce je mikroextrakce na pevné fazi (Solid Phase MicroExtraction,
SPME). Z nazvu by se zdalo, Ze se jedna o jednoduchou miniaturizaci SPE, ale neni
tomu tak. SPME vyuziva schopnosti sorbentu navazat na sebe analyt ze svého okoli.
Konstrukéné se jednd o vlakno obalené sorbentem, které je mozné skryt do jehly. Toto
vlakno se vysunutim z jehly vystavi ptsobeni kapaliny nebo plynu po ur¢itou dobu.
V tomto kroku dojde k vytvoteni rovnovahy mezi koncentracemi analytu na sorbentu a
Vv jeho okoli. To je vyrazna zména oproti SPE, kde je teoreticky moZzné zachytit veskeré
mnozstvi analytu. Po extrakéni fazi je mozné jehlu vlozZit do vstupniho prostoru
plynového chromatografu a jednoduchym vysunutim vldkna dojde k termalni desorpci
zachycenych latek a k zapoceti analyzy. Jde o jednoduché a elegantni zjednoduSeni
jinak slozité cesty vzorku od extrakce k samotné analyze. Pouhym dvojim vysunutim
extrakéniho vlakna dosdhneme extrakce a nasledné desorpce rovnou do analytického
systému. Tato metoda vSak pfinasi nové problémy i vyzvy. Mezi problémy miiZeme
fadit rozdilnost sorpce latek na vlakno SPME. Mnohé latky (i strukturné podobné) se

sorbuji na vldkno vrizném poméru k vnéjSi koncentraci, coZ piinaSi problémy
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s naslednou kvantifikaci. Stejn¢ tak velkym problémem dlouho bylo spojeni s jinymi
analytickymi metodami, napf. S HPLC. Jak je zfejmé u HPLC nemulze dochazet
k termalni desorpci. Byl vyvinut interface, ktery dovoluje rychlou desorpci mobilni fazi,
bud’ v proudu vedoucim rovnou na kolonu, nebo v Case, kdy je ve smycce vldkno
omyvano a az po ¢asovém zpozdéni nasttiknut eluent na kolonu. [89]

Dulezité je absolutni zjednoduseni analyzy. Pokud 1ze na vlakno extrahovat ze vzduchu
nebo z kapaliny, je mozné na néj extrahovat rovnou z biologického materialu? Nebo je
mozné na vlakno extrahovat z zivého pokusného objektu? Z bioanalytického hlediska se
jedné o zajimavou otazku proto, ze mize dochazet ke zménam analyzovaného vzorku
po smrti pokusného objektu nebo ve vzorku po jeho vyjmuti z pokusného objektu.
| tento problém byl nakonec vyfeSen a byly provedeny prvni pokusy nejdiive
na rostlinnych a posléze 1 Zivocisnych télech. Neni bez zajimavosti, Ze pfi pokusech
na rostlinnych objektech byli zaznamenany rozdily mezi analyzami vzorkii na zivych

rostlinach a na ¢astech rostlin ptedem oddélenych. [90 - 92]

3.2.2.4.Deproteinace [93] a [94]

Zménou nativniho stavu konformace bilkovin — denaturaci — dojde K naruSeni
sekundarni, terciarni ptipadné kvarterni struktury bilkovin, tim k odhaleni lipofilnich
¢asti molekuly a jejimu vysrazeni z vodného roztoku (vytvoreni ,,ndhodného klubka®).
Po odstfedéni roztoku ziskdme Ciry, bilkovin prosty supernatant, V némz stanovujeme
analyty.

Denaturaci lze obecné¢ provadét fyzikalnimi i chemickymi postupy. Fyzikalni
denaturace lze provadét pusobenim teploty po urcitou dobu (90 °C, 5— 15 minut).
Denaturacni ¢inidla, kterd se pouzivaji, lze rozdélit do 3 skupin, podle principu
denaturace. Silné kyseliny a zasady (trichloroctova kyselina, HC1O4, H,WO,, NaOH) a
soli t€Zkych kovu (ZnSO,) rusi iontové vazby v molekule bilkoviny. Nepolarni vazby
jsou ruSeny organickymi rozpoustédly rozpustnymi ve vod€ (methanol, acetonitril,
ethanol, aceton) nebo tenzidy (dodecylsulfat sodny). Tvorbou novych vodikovych
mustkli méni konformaci bilkovin mocovina a guanidin.

Pti vybéru denatura¢niho ¢inidla je tfeba brat v uvahu moZznost reakce se stanovovanou
latkou nebo takzvaného ,,cut-off* efektu u ¢inidel absorbujicich v UV oblasti spektra
(viz kapitola 3.2.1.6.1). Nejvyrazné€jsi problém, ktery je spoleény pro vsechna
denaturacni Cinidla, je nafedéni vzorku, proto se tento postup nedoporucuje pro stopové

analyzy.
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Pti denaturaci dochdzi k uvolnéni 1é¢iva z vazby na bilkoviny. Zatimco u jinych
postupu ptipravy vzorku pracujeme jen s 1é¢ivem (stanovovanou latkou), které je volné
rozpusténé v roztoku, u denaturace stanovujeme celkovy obsah vcetné¢ Casti vazané
na bilkoviny. S timto faktem je tfeba pocitat pfi interpretaci vysledkli a porovnani
namétenych dat s rozdilnymi postupy ptipravy vzorku. Vyhoda tohoto postupu piipravy
vzorku se mize projevit u stanoveni 1€¢iv vazanych na krevni bilkoviny ve vysoké mife.
Uvolnénim ¢asti vazané na bilkoviny je mozné zvysit koncentraci 50 az 100 krat.

Pti rychlé denaturaci, nebo Spatném postupu, mize dojit k tvorb¢ precipitatu, na ktery
se nespecificky sorbuji analyty (Ié¢ivo a jeho metabolity). Pfirychlé denaturaci je
mozné uzavieni ¢asti molekul 1é¢iva do kavity v precipitatu.

Pies zminéné problémy je deproteinace s naslednou (ultra)centrifugaci rychla a
jednoduchéd metoda odstranéni makromolekul z biologického vzorku, kterou je mozné

pouzivat i v kombinaci s jinymi metodami Gpravy vzorku.

3.2.2.5.PFimy nastrik

U biologického materialu, ktery obsahuje minimum nebo vibec zadné proteiny, je
vyhodné pouzit metodu ptfimého nastiiku. VéEtSinou se tato metoda pouziva pro analyzu
moci, protoze ta za fyziologickych podminek neobsahuje zddné proteiny. Vyhodou je,
ze nedochazi ke ztratam pii piipravé vzorkl jako u jinych metod, dale je metoda
pfimého nastiiku vhodna pro identifikaci a stanoveni metabolith 2. faze biotransformace
(glukuronidu, a jinych polarnich konjugatu, které se neextrahuji nebo obtizné extrahuji).
Nevyhodou je, ze mo¢ obsahuje velké mnozstvi soli a dalSich latek, které komplikuji

analyzu.

3.2.3. Validace bioanalytické metody

Konecnou fazi vyvoje bioanalytické metody je jeji validace. Jednd se o provéteni
metody, nalezeni jejich slabych mist a stanoveni podminek, za kterych lze metodu
pouzivat, aby byly zajiStény pfesné a spravné vysledky stanoveni. JiZ béhem vyvoje je
vhodné testovat a zaznamenavat limity, které by mohly narusit pribeh validace.

Pokud chceme mluvit o validaci, musime se nejprve zamyslet, co to je a k ¢emu ma
slouzit. Odpovéedi na takové otazky otviraji cestu k pochopeni validace jako procesu.
Validace by méla zajistit opakovatelnost procesu, stanovit podminky, které musi byt

splnény, abychom mohli akceptovat vysledky.
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Odpovédné reguladni autority (jako SUKL, FDA, ICH) stanovily podminky
pro validace rtiznych typt analyz. Dulezitymi parametry jsou piesnost, spravnost,
linearita, rozsah, specificita, robustnost a stabilita. Ne vzdy musi byt testovany vSechny

parametry. Podle ucelu analyzy autority stanovuji parametry, které musi byt testovany

(viz Obr. 17).

Obr. 17: Parametry poZadované pro jednotlivé typy analyz podle FDA [95]

TYPE OF IDENTIFICATIO | TESTING FOR ASSAY;
ANALYTICAL N IMPURITIES dissolution
PROCEDURE; (measurement
CHARACTERISTICS only);
content/potenc
Quantitation Limit y P
Accuracy - + - +
Precision
Repeatability - + - +
Intermediate
Precision - +! - +!
Specificity? + + + +
Detection Limit - 2 + -
Quantitation Limit - + - -
Linearity - + - +
Range - + - +
NOTE: - signifies that this characteristic is not normally evaluated; + signifies that this characteristic is normally evaluated.

! In cases where reproducibility (see Glossary) has been performed, intermediate precision is not needed.

: Lack of specificity of one analytical procedure could be compensated by other supporting analytical procedure(s).

3 May be needed in some cases.

Legenda: V prvnim sloupci jsou uvedeny analytické procedury, 2. sloupec se tykad identifikacnich metod,

3. sloupec metod na testovani necistot, limitnich i kvantifikacnich, 4. sloupec metod kvantifikacnich

Piesnost (Precision) se jednodusSe vyjadii jako hodnota relativni smérodatné odchylky
vétSinou Sesti po sobé jdoucich analyz vzorkil, které byly zpracovany validovanou
metodou. Takovyto jednoduchy pohled na pifesnost nazyvame opakovatelnost
(repeatibility). Vyssim pojmem souvisejicim s pfesnosti je intermediate precision. Jde
o vyjadieni zmény, respektive stalosti, vysledkl ziskanych nékolikrat po sobé ve stejné
laboratofi, ale srlznymi pfistroji, provedené rtiznymi analytiky, v rGznych dnech.

Nejvyssim pojmem souvisejicim s presnosti je reproducibility. Jedna se o stanoveni
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pfesnosti pfi pfevodu mezi laboratofemi. Repeatibility je nejniz§im pozadavkem.
Intermediate precision je nutné stanovit vlastné vzdy, protoze nelze zajistit stalost
komponent. Pfi jejim stanoveni mizeme najit rtizna omezeni naptiklad 1 v kvalité
rozpoustédel riznych vyrobcl. Je vhodné testovat pouze moznosti, které mohou nastat,
proto se reproducibility urcuje jen u metod, které predpokladaji méteni na vice mistech,
jako v ptipadé mezinarodnich multicentrickych studii.

Spravnost (Accuracy) vyjadiuje vztah ziskanych hodnot k spravné hodnoté. Pokud se
nejedna o vzorek ve slozité matrici, je mozné ho porovnat se standardem.
V bioanalytickych studiich se témét vzdy vyskytuji slozité matrice, proto se spravnost
vyjadiuje jako analyte recovery. Mnozstvi ziskané po provedeni celé analyzy véetné
pfipravy. V piipadé, ze analyzujeme latky, k nimz nelze ziskat Cistou matrici (bez
analytu), pouzivdme metodu standardniho ptidavku.

Pozadavek linearity zdanlivé jednoduSe stanovuje, Ze zavislost odezvy detektoru
na koncentraci musi byt linearni v celém rozsahu validované metody. Nejsnazsim
testem linearity je stanoveni regresniho koeficientu. Na kazdé urovni je pfitom nutné
méfit alespon tii vzorky.

Rozsah (Range) metody je interval mezi nejmensi a nejvétsi koncentraci, pro které je
mozné metodou méfit spravné, piesné a s linearni odezvou. Rozsah, kterého je nutno
dosahnout, je zavisly na ucelu validované metody. S rozsahem tizce souvisi stanoveni
limit detekce a kvantifikace. Rozsah je v podstaté vymezen spodnim (LLOQ) a hornim
(ULOQ) limitem kvantifikace. Mezi t€émito dvéma limity kvantifikace je pro biologické
vzorky vyzadovéna ptesnost do 15 % (s vyjimkou blizkého okoli LLOQ, posledni bod,
kde je povolena presnost 20 %). Analogicky spravnost vyjadiend jako relative standard
bias smi v rozsahu dosahnout hodnoty maximalné + 15 % (s vyjimkou blizkého okoli
LLOQ, kde je povolena spravnost & 20 %). Spolu s limity kvantifikace (LLOQ, ULOQ)
je vyZadovano také stanoveni limitu detekce (LOD).

Specificita HPLC analyzy se dokladuje vétSinou porovnanim chromatogramu prazdné
blankové biomatrice a chromatogramu blankové biomatrice, ke které byly ptidany
standardy analytl (Stanovovana latka, jeji metabolity a vnitini standard). Takto je
dokladovéno, Ze v okoli reten¢nich ¢asti, kde se eluuji jednotlivé analyty nejsou v Cisté
(,,blankové nespikeované‘) biomatrici pfitomny Zadné interferujici balastni piky.
Robustnost bioanalytické metody je dokladovana stabilitou (odolnosti) metody vici

malym zménam fyzikalné-chemickych veli¢in (teplota, pH....). Pokud je metoda
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robustni, neméla by mala zména nékteré veli¢iny vyrazné ovlivnit kvalitu analytickych
vysledkd.

Stabilitni studie provadéné béhem validace maji prokazat, jak se méni koncentrace
analytu pfitomného v roztoku nebo biomatrici v zavislosti na case (Long-Term
Stability, Stock Solution Stability, Post-Preparative Stability. Prokazuje se rovnéz
stabilita analytt v biomatrici pfi jejim opakovaném rozmrazeni a zmrazeni z — 70 °C

do + 20 °C a zpét (Freeze and Thaw Stability).

Test zpusobilosti (System Suitability Test, SST) je nedilnou soucasti kazdé validace.
Jedna se o soubor podminek, které musi byt splnény, abychom mohli provést analyzu.
Test zpusobilosti stanovi podminky, pfi kterych je mozné prohlésit, Ze systém pracuje
za stejnych podminek jako v Case validace. Jde o ovéfeni zpusobilosti systému, které je
provadéno s roztoky standardnich latek. Bézné uvadénymi parametry jsou symetrie
piku, rozliSeni (pocet teoretickych pater pro analyzy s jednim pikem), pomér signalu
k Sumu a opakovatelnost. Ne vzdy musi byt uvedeny vSechny. Vybér parametri zavisi
na ucelu, ke kterému ma metoda slouzit, a na uvazeni vyvojového analytika, ktery zna
limity metody. Napiiklad pro limitni zkousky neéistot je nutné uvést pomér signalu
k Ssumu, ktery vSak neni nezbytny u stanoveni obsahu Cisté substance. SST se provadi
pfed zahajenim kazdé véEtsi série analyz s pouzitim modelového namichaného vzorku

k ovéteni kvality separace a citlivosti detekce.
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4. Experimentalni éast a vysledky

4.1. Pristroje a chemikalie
4.1.1. Chemikalie

4.1.1.1.Standardy a prekurzory piipravené pro ucely disertace

Dimefluron, 3,9-dimethoxy-5-(2-dimethylaminoethoxy)-7H-benzo[c]fluoren-7-on
hydrochlorid (C2sH24CINO,, M = 413,89 g'mol ™)

9-O-Desmethyldimefluron, 9-hydroxy-3-methoxy-5-(2-dimethylaminoethoxy)-7H-
benzo[c]fluoren-7-on hydrochlorid (C,,H2,CINO,, M = 399,87 g'mol™)
3-0O-Desmethyldimefluron, 3-hydroxy-9-methoxy-5-(2-dimethylaminoethoxy)-7H-
benzo[c]fluoren-7-on hydrochlorid (C,,H2,CINO,, M = 399,87 g'mol™)

3,9-0-Didesmethyldimefluron, 3,9-dihydroxy-5-(2-dimethylaminoethoxy)-7H-
benzo[c]fluoren-7-on, baze (C21H19NO4, M = 349,38 g'mol™)
N-Desmethyldimefluron, 3,9-dimethoxy-5-(2-methylaminoethoxy)-7H-

benzo[c]fluoren-7-on hydrochlorid (C,,H2,CINO,, M = 399,87 g'mol™)

Dimefluron N-oxid (C23H23NOs, M = 393,43 g'mol™)

C;-Reduced dimefluron, 3,9-dimethoxy-5-(2-dimethylaminoethoxy)-7H-
benzo[c]fluoren-7-ol (C,3HosNO4, M = 379,45 grmol™)

Homodimefluron, 3,9-dimethoxy-5-(2-dimethylaminopropoxy)-7H-benzo[c]fluoren-7-
on, baze (C24Hz5NO4, M = 391,46 grmol™)
3,9-Dimethoxy-5-hydroxy-7H-benzo[c]fluoren-7-on (C19H1404, M = 306,31 g'mol™)
byly syntetizovany v laboratofich Farmaceutické fakulty a Ustavu experimentilni

farmacie AV CR.

4.1.1.2. Komerc¢né ziskané chemikalie

3-Dimethylaminopropy! chlorid hydrochlorid (M = 158,07 g'mol™, Sigma-Aldrich)
Acetonitril a methanol (oba HPLC grade, Merck, Darmstadt, Némecko)

Amoniak (Lachema Brno, Ceska republika)

Diethyl azodikarboxylat (Fluka Chemie AG, Buchs, Svycarsko)
Dihydrogenfosfore¢nan draselny (Lachema Brno, Ceska republika)
Dimethylsulfoxid-D6 (Armar AG, Némecko)

Ethylacetat (Lachema Brno, Ceské republika)
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Hydrid sodno-bority (praskovy, 98+%, Janssen-Chimica, Belgie)

Hydroxid amonny (26 % vodny roztok NHs, Lachema Brno, Ceska republika)
Hydroxid sodny (Lachema Brno, Ceska republika)

Chlorid sodny nespecifikované kvality pro ptipravu chlorovodiku

Chloroform (purum, Lachema, Brno )

Chromatografické desky (200x200x0,5 mm silikagelova vrstva na sklenéné desce)
pro preparativni tenkovrstvou chromatografii byly piipraveny nanesenim suspenze
Silica gel 60 HF,s, for thin-layer chromatography (Merck, Darmstadt, Némecko)
ve smési methanol-triethylamin (1:1, v/v).

Koncentrovana Kyselina sirova (Lachema, Brno, Ceska republika)

Kyselina bromovodikova (48 % vodny roztok)

Kyselina chlorovodikova (35 % vodny roztok HCI, Lachema Brno, Ceska republika)
Kyselina mravenéi (87 % p.a., Lachema Brno, Ceska republika)

Kyselina octova (99 %, analytical grade, HiChem s r.o., Praha, Ceska republika)
Kyselina octova (99,8 %, p.a., Lachema Brno, Ceska republika)

Kyselina o-fosfore¢n4 (85 % p.a., Lachema Brno, Ceska republika)

Nonylamin (purum; >97%, Fluka Chemika)

Octan amonny (Fractopur®, Merck, Darmstadt, Némecko)

Peroxid vodiku (30 % vodny roztok, Lachema Brno, Ceské republika)

Sulfatasa (Supelco, Bellefonte, Pennsylvania, USA)

Triethylamin (Merck, Darmstadt, Némecko)

Triethylamin (purum; >98%, Fluka Chemika)

UHQ voda (pfipravena pomoci Elgastat UHQ PS apparatus, Elga Ltd., Bucks, Anglie)
v praci jen voda

p-Glukuronidasa (Supelco, Bellefonte, Pennsylvania, USA)

4.1.1.3.Zasobni roztoky

Zasobni roztoky standardii metaboliti byly pfipraveny o koncentraci 10° mol-1™,
V ptipadé, Zze se jednalo o standardy bazi (v pfipadé¢ redukovaného dimefluronu,
3,9-O-desmethyldimefluronu a homodimefluronu), bylo do roztoku pfidano
ekvivalentni mnozstvi kyseliny chlorovodikové.

Pro vyvoje analytickych metod a jejich validace byli pfipraveny roztoky jednotlivych

metaboliti o koncentraci o fad niz§i véetné roztoku smési dimefluronu a jeho Sesti
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metabolitil, respektive roztoku smési dimefluronu, jeho Sesti metaboliti a vnitiniho

standardu, v kterych byla kazd4 komponenta obsaZena v koncentraci 10 mol-1™.

4.1.1.4.Pouzité tlumivé roztoky (pufry)

Nonylaminovy pufr byl pfipraven smichanim 1,83 ml nonylaminu s 990 ml vody,
hodnota pH byla upravena na hodnotu 7,4 pomoci roztoku kyseliny o-fosfore¢né
(2 mol'I'"). Roztok byl doplnén vodou do 1000 ml.

Triethylammonium acetatovy pufr byl piipraven jako 10 mmol1™ roztok
triethylaminu ve vodé¢, jehoz pH bylo upraveno na hodnotu 7,4 pomoci kyseliny octové
(2 mol1™Y).

Fosfatovy pufr (50 mmoll* o pH 3) byl pfipraven rozpusténim 6,81 g
dihydrogenfosfore¢nanu draselného v 990 ml vody. Roztok byl nasledovné upraven
na hodnotu pH 3 roztokem kyseliny o-fosfore¢né (2 mol'l*) a doplnén na 1000 ml
vodou.

Ammonium acetatovy pufr (5 mmoll* o pH 3) byl pfipraven stejnym zptsobem,
rozpusténim 0,385 g octanu amonného v 1000 ml vody. Hodnota pH byla upravena

kyselinou mravengi.

4.1.2. Pristrojové vybaveni

Fluorimetr — LS 50-B Luminiscence Spectrometer (PerkinElmer, Boston, MA, USA)
Nanase¢ TLC desek - Camag Automatic TLC Plate Coater (Muttenz, Svycarsko)
Centrifuga - Mikro 22, Hettich Centrifugen (Tuttlingen, Némecko)

Centrifuga - K80, refrigerated centrifuge (VEB MLW Medizintechnik, Leipzig,
Némecko)

NMR spektrometr - Varian Mercury-Vx BB 300 NMR spectrometer (Varian, Palo
Alto, CA, USA)

Vakuova odparka - Laborota 4000 (Heidolph Instruments, Scwabach, Némecko)

4.1.2.1.Chromatografické systémy

Systém Thermo Separation

Thermo Electron (dfive Thermo Finnigan) chromatograf (San Jose, CA, USA),
SCM1000 solvent degasser, P4000 kvarternarni gradientové cerpadlo, AS3000
autosampler se 100-ul smyckou, UV6000 LP photodiode array detektor s Light Pipe
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technologii (totalni reflexe paprsku v 5 cm optické draze kyvety), SN4000 systémovy
modul.

Pfipojeny na osobni pocita¢ (Intel-Pentium 4CPU 1,6 GHz, RAM 256 MB,
HDD 40 GB) vybaveny analytickym softwarem ChromQuest 4 (Thermo Electron, Inc.,
San Jose, CA., USA) pracujici pod operacnim systémem Windows 2000 (Microsoft
Corporation).

Systém Agilent

Agilent 1100 Series Chromatograph (Agilent Technologies, Palo Alto, CA, USA)
slozeny z Vacuum Degasser, Binary Pump, Autosampler, Thermostated Column
Compartment, Variable Wavelength Detector a ovladany pocitatem (x86 Family
6 Model 8 Stepping 3, RAM 128 MB) s chromatografickym softwarem ChemStation
for LC (Rev. A.08.03 [847]) (Agilent Technologies, Palo Alto, CA, USA) pracujicim
pod opera¢nim systémem Windows NT (Microsoft Corporation).

HPLC-MS

Systém vyuzity pro HPLC-MS analyzy se skladal z Esquire 3000 ion trap analyzer
(Bruker Daltonics, Bremen, Germany) a kapalinového chromatografu slozeného
z kvaternarni pumpy model 616, photodiode array detektoru model 996, autosampleru
model 717+, termostatovaného kolonového prostoru. Cely systém byl fizen softwarem

Millennium chromatography manager (Waters, Milford, MA, USA).

4.1.2.2.Chromatografické kolony

piedkolona LIChroCART® 4-4 se stejnou stacionarni fazi (Merck, Darmstadt,
Némecko)

LiChroCART® 125-4 mm kolona plnéna LiChrospher®100 RP-C18, 5um,
LiChroCART® 125-4 mm kolona plnéna LiChrospher® RP select-B 250-4 mm,
5um, (Merck, Darmstadt, Némecko)

Discovery 250-4 mm HS-F5, 5 pm (Supelco, Bellefonte, Pennsylvania, USA)
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4.2. Priprava standardu

K HPLC stanoveni dimefluronu a jeho metaboliti v biologické matrici bylo nutné
ptipravit chemické standardy oc¢ekavanych metabolitti a vhodného vnitiniho standardu.
Purifikované standardy jsou nezbytné jednak pro vyvoj chromatografické metody, ktera
ma zajistit jejich dostateCnou vzéjemnou separaci i separaci od balastnich latek, jednak
pro valida¢ni studie, ve kterych pouzitim riiznych koncentraci jednotlivych standardt
vySetfujeme prakticky rozsah pouzitelnosti kalibra¢nich kiivek, vytéznost extrakéni
metody a dalsi valida¢ni parametry potiebné pro charakterizaci metody soucasné¢ho
HPLC stanoveni parentni latky i jednotlivych jejich metabolith v odebrané biologické
matrici.

Chemické referencni latky (CRL) 1ékopisnych 1é¢iv ziskdvame zpravidla zakoupenim
substance (Institut de Physique et Chimie des Matériaux de Strasbourg nebo SUKL),
u vyvijenych 1é€iv od ptisluSnych firem, které se jejich vyvojem zabyvaji.

V naSem pfipadé S§lo o potencidlni 1éCivo vyvijené na akademickém pracovisti,
standardy jednotlivych metabolitii a vnitiniho standardu dimefluronu jsme tedy museli
pfipravit, purifikovat a Cistotu a strukturu potvrdit vlastnimi silami a vyuzitim HPLC,
NMR a MS.

Jak bylo naznaceno v kapitole 3.1.3.1, vybér syntetizovanych struktur vychazel
z odhadu zptisobu biotransformace dimefluronu béhem 1. faze biotransformace. Dalo se
predpokladat, ze hlavni biotransformaéni pochody povedou k preméné dimefluronu
na oxidacni produkty (O-desmethylované metabolity, N-desmethylované metabolity,
N-oxid) a redukované metabolity (zejména C;-redukovany metabolit dimefluronu). Jako
vnitini standard (vzhledem k prevaze 7-0x0-derivatli mezi metabolity) byl zvolen vyssi

homolog dimefluronu.

4.2.1. Dimefluron

Dimefluron (3,9-dimethoxy-5-(2-dimethylaminoethoxy)-7H-benzo[c]fluoren-7-on
hydrochlorid) byl parentni latkou podavanou v naSich biotransformacnich studiich
laboratornim zvifatim za Ucelem poznani jejitho osudu (absorpce, distribuce,
metabolismu a exkrece) v organismu. Byl syntetizovan na Ustavu experimentalni
biofarmacie AV CR v Hradci Kralové (Nobilis, 1998). Protoze modifikaci jeho

struktury pfipadné struktury jeho fenolického prekursoru byly pfipraveny vSechny nize
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uvedené standardy, povazuji za nutné tivést alespont v prehledu jeho totalni syntézu, i

kdyz nebyla predmétem zajmu mé dizertacni prace.

Obr. 18: Totalni syntéza dimefluronu
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Syntéza dimefluronu vychazi z 4,4’-dimethoxybenzofenonu (A). Stobbeho
kondenzaci (1) s jantaranem ethylnatym a tert-butoxidem draselnym v bezvodém
tetrahydrofuranu ziskame lakton kyseliny B a po hydrolyze pak Kkyselinu
bis 4,4-(p-methoxyfenyl)-itakonovou (B). Intramolekularni Friedel-Craftsovou acylaci
ve vychlazené kyseliné sirové (2) dojde k uzavieni péticlenného kruhu za tvorby
kyseliny  6-methoxy-3-(4-methoxyfenyl)-2-indenyloctové (C), kterd pak varem
v prostiedi acetanhydridu (3) poskytne 5-acetoxy-3,9-dimethoxy-7H-benzo[c]fluoren-7-
on (D). Jeho alkalickou hydrolyzou (4) ziskame 5-hydroxy-3,9-dimethoxy-7H-
benzo[c]fluoren-7-on (E). Williamsonovou syntézou (5) dokon¢ime z tohoto prekursoru
syntézu dimefluronu (F), jehoz baze se pfevede na hydrochlorid, formu rozpustnou
ve vod¢. Fenol (E) a dimefluron (F) se pouzivaly k pfipravé dalSich nize zminénych

standarda.

4.2.2. O-Desmethylace dimefluronu

O-Desmethylace dimefluronu byla provadéna varem dimefluronu s 48 % vodnym
bromovodikem v prostiedi kyseliny octové (podrobnosti viz 6.1.1). Za téchto podminek
vznikla  reakéni  sm&s  obsahujici  dimefluron,  9-O-desmethyldimefluron,
3-0 -desmethyldimefluron a 3,9-O,0’-didesmethyldimefluron (viz Obr. 19). Tato smés
byla separovdna preparativni tenkovrstvou chromatografii (sklenéné¢ desky
200 x 200 mm s 0,5mm vrstvou Kieselgelu 60H nanesenou na sklo v suspensi
Kieselgelu ve smési methanol-triethylamin) pfistrojem Camag. Po naneseni pruhu
zahus$téné reakéni smeési na start byla kazdd deska vyvijena v soustavé chloroform-
methanol-triethylamin (70:10:5 az 80:5:5, v/v/v).

Jak je patrné z TLC chromatogramu, reakéni smés se velmi dobie rozdé€lila na ¢ervenou
koncentra¢ni  zoénu  dimefluronu, fialovou zénu  9-O-desmethyldimefluronu,
¢ervenohnédou zoénu 3-O’-desmethyldimefluronu a zelenosedou koncentracni zonu
3,9-0,0-didesmethyldimefluronu. Pruhy silikagelu obsahujici jednotlivé barevné
rozdélené latky byly separatné seSkrabany do kadinek, vyextrahovany methanolem
S pouzitim sintrového filtru 4. Filtr&t byl odpafen do sucha. Izolované
O-desmethylované derivaty dimefluronu byly podrobeny HPLC (kontrola cistoty) a
NMR a MS analyze (potvrzeni identity). Pak byly rozpustény v etheru a probublanim
suchym chlorovodikem ptevedeny a krystalické, dobie vazitelné soli, které byly
pouzivany pii vyvoji a validaci HPLC metody stanoveni dimefluronu a jeho metabolitti.

Vysledky NMR a MS analyz jsou uvedeny publikaci v kapitole 6.1.1.
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O-Desmethylace dimefluronu pomoci 1 M roztoku BBr; v dichloromethanu za nizké
teploty (-50°C) byla hife regulovatelna, poskytovala nejvice
3,9-0,0-didesmethyldimefluronu jako finalniho produktu O-desmethylace.

Obr. 19: Preparativni TLC chromatogram reakéni smési z O-desmethylace dimefluronu
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4.2.3. N-Desmethylace dimefluronu

K selektivni N-desmethylaci dimefluronu byl pouzit diethyl azodikarboxylat, reakce
probéhla podle reak¢niho schématu na Obr. 20.

Dimefluron byl rozpustén v methanolu, byl pfidan diethyl azodikarboxylat (piesné
podminky viz 6.1.1). Po hodinovém michéani byla smés kratce povafena pod zp&tnym
chladicem, smé&s byla okyselena pfidanim 10 ml 1 M kyseliny chlorovodikové a
povafena 30 minut pod zpétnym chladi¢em. Methanol byl ze smési oddestilovan,
reakéni smés byla po zvysSeni pH na 10 vyextrahovana do octanu ethylnatého.

Jak je patrné ze schématu, jde o oxidacni reakci na methylu. Dimefluron vytvofi
s diethyl azodikarboxylatem komplex, pficemz azoseskupeni se redukuje
na hydrazoseskupeni a methyl, ptes ktery je dimefluron spojen s ¢inidlem, se oxiduje a
po hydrolyze komplexu chlorovodikovou kyselinou odstupuje ve form¢ formaldehydu.
N-Desmethylovany dimefluron se opét purifikuje preparativni TLC (viz kapitola 4.2.2),
Cistota byla testovana pomoci HPLC, identita pomoci NMR a MS (viz vysledky
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Vv publikaci 6.1.1). Pro snadnéj$i manipulaci a navazovani byla baze pievedena na stl

(hydrochlorid, viz 4.2.1).

Obr. 20: N-desmethylace dimefluronu ethyl azodikarboxylatem
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4.2.4. N-Oxidace dimefluronu

Pro N-oxidaci dimefluronu se osvédcila oxidace peroxidem vodiku v bazickém
prostiedi pii 40 °C. Reakce probéhla jednoznacné, surovy N-oxid dimefluronu byl
vyjmut do chloroformu, vysuSen nad siranem sodnym a purifikovan preparativni TLC

(chloroform — methanol — triethylamin, 70:30:5, v/v/v).

Obr. 21: Priprava dimefluron N-oxidu
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4.2.5. C,-Redukce karbonylu dimefluronu

Redukovany dimefluron (3,9-dimethoxy-5-(2-dimethylaminoethoxy)-7H-benzo[c]-
fluoren-7-ol) byl piipraven michanim baze dimefluronu v methanolickém roztoku
borohydridu sodné¢ho za pokojové teploty po dobu 1 hodiny a naslednym kratkym
povaifenim. Methanol byl oddestilovan, surovy produkt byl po alkalizaci vyjmut
do ethylacetatu, vysuSen nad siranem sodnym, zfiltrovan a odpatfen do sucha. Pti pouziti
trojndsobného molarntho mnozstvi borohydridu reakce probéhla kvantitativné a

jednoznacné, nebyla tedy nutné purifikace TLC.

Obr. 22: Piiprava redukovaného dimefluronu

OCH3

methanol, NaBH,
H3C
\

Obr. 23: TLC extrakti metaboliti p¥i osvétleni UV zaienim o vinové délce 254 nm (vlevo) a 366 nm

(vpravo)

Legenda: Na obou chromatogramech je zleva doprava nanesen standard dimefluronu. standard
redukovaného dimefluronu, a nasledné extrakty z trusu odpovidajici vzorkiim odebranym 24, 48, 72, 96,

120 a 144 hodin po podani.
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Obr. 23 demonstruje nékteré spektralni vlastnosti redukovaného dimefluronu a jeho
chromatografické chovani v TLC. V levé ¢asti obrazku je TLC chromatogram ozafeny
vlnovou délkou 254 nm. Chromatograficka deska meéla fluoreskujici svétle zelené
pozadi. V pravé Casti obrazku vidime tentyz TLC chromatogram ozafeny vinovou
délkou 366 nm.

V prvni stop€ obou chromatogramil je zfejma zhasejici skvrna standardu dimefluronu,
Vv druh¢é stopé pak modie fluoreskujici skvrna standardu redukovaného dimefluronu.
Treti az osma stopa v obou chromatogramech jsou separace extrakti stolice potkana
shromazdéné vzdy za 24 hodin po 1.-6. dni po peroralnim podani dimefluronu.
Ztéchto analyz je patrna ptfitomnost pomérné malého mnozstvi metabolitu
redukovaného dimefluronu ve stolici (viz zluty rdmecek). Vice jsou zastoupeny

O-desmethylované metabolity a N-oxid (viz zhaSejici skvrny pod Zlutym rameckem).

4.2.6. Homodimefluron (vnitini standard pro HPLC stanoveni)

Sodik byl rozpustén za bezvodych podminek v nadbytku tert-butanolu, pak byl ptidan
fenolicky prekursor dimefluronu (3,9-dimethoxy-5-hydroxy-7H-benzo[c]-fluoren-7-on).
Reakéni smés zmodrala. V  nékolika porcich byla pfiddna suspense
3-dimethylaminopropyl chlorid hydrochloridu a reakéni smés byla zahfivana a michana
za neptistupu vzdu$né vlhkosti cca 1,5 hodiny. Pribéh reakce byl sledovan opticky,
modra barva reak¢éni smési (zpusobena sodnym fenolatem 3,9-dimethoxy-5-hydroxy-
7H-benzo[c]-fluoren-7-onu) postupné piechazela do tmavé Cervené (barva finalniho
pozadovaného produktu). Tert-Butanol byl po skonceni reakce oddestilovan,
po alkalizaci 5% vodnym hydroxidem sodnym byl surovy produkt vyextrahovany
do ethylacetatu, vysuSen nad siranem sodnym. Nasledovala purifikace produktu

(3,9-dimethoxy-5-(3-dimethylaminopropyl)-7H-benzo[c]-fluoren-7-on).
Obr. 24: Williamsonova syntéza vys$§iho homologu dimefluronu
OCHs tert-butanol OCHs
‘ tert-butoxid sodny ‘
CI/\/\N(CH3)2.HCI /
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4.2.7. Prevedeni na hydrochlorid

Ptevedeni na hydrochlorid bylo provadéno zavedenim proudu suchého chlorovodiku
do roztoku pfislusné latky v tetrahydrofuranu. Vzniklé chloridy se z roztoku vysrazely a
byly z n¢j ziskany filtraci.

Proud chlorovodiku byl ziskén jednoduchou reakci vytésnénim ze soli (NaCl) pomoci
koncentrované kyseliny sirové.

Redukovany dimefluron, 3,9-O,0'-didesmethyldimefluron a homodimefluron nebyly

ptevedeny na hydrochlorid.

4.2.8. NMR

NMR analyzy syntetickych standardi metaboliti dimefluronu byly méfeny
pfi 300 MHz pro *H spektra a 75 MHz pro *C spektra. Chemicky posun & byl udavan
V ppm a couplingova konstanta v Hz.

Analyzovany vzorek (15 — 20 mg) byl rozpustén v deuterovaném dimethylsulfoxidu
(0,7 ml) a roztok byl pipetou pienesen do NMR kyvety (203 mm délka, 5 mm prumér).
Vysledky NMR analyz jsou popsany v publikaci v kapitole 6.1.1.

4.2.9. MS

Hmotnostni spektra ptipravenych standardi byla méfena v rozsahu m/z 15 - 1000
V pozitivnim i negativnhim iontovém moddu za ionizace elektrosprejem. Spektra byla
méfena metodou piimeé aplikace do elektrospreje. Pritok suSiciho plynu byl 4 I'min™ a
tlak 10 psi (68 948 Pa). Jeho teplota byla 300 °C. Vzorek byl rozpustén ve smési
acetonitrilu a vody (1:1, v/v).

Vysledky MS analyz jsou podrobné popsany v publikaci uvedené v kapitole 6.1.1.
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4.3. Analyticka cast

Hlavni c¢ast analytické prace této disertace byla vénovana vyvoji a validaci
bioanalytické metody stanoveni dimefluronu a jeho metabolitd. Prace na této metod¢ je
popsana v publikaci v kapitole 6.1.1., proto dale uvedu jen shrnuti vyvoje metody a

budu se soustiedit na ¢asti vyvoje, které byly v praci zminény okrajové.

4.3.1. Vyvoj bioanalytické metody

Vyvoj bioanalytické metody zapocal za chromatografickych podminek, které byly uzity
pfi stanoveni benfluronu, jenz je ptedchiidcem dimefluronu. Pro nevyhovujici vysledky
byly béhem vyvoje ménény chromatografick¢é podminky. Béhem téchto zmén byly
testovany i dalsi chromatografické kolony. Chromatogramy smési dimefluronu a jeho
metaboliti na testovanych kolonach, které nejsou soucasti publikace jsou ukdzany
na nasledujicich obrazcich (Obr. 25 a Obr. 26). Slozeni mobilni faze se gradientove

ménilo. Schéma gradientové eluce popsané v kapitole 6.1.1. je znazornéno na Obr. 27.

Obr. 25: HPLC zaznam chromatogramu dimefluronu a jeho Sesti metaboliti na koloné

LiChrospher 100 RP-18 uzivané pro benfluron

©
@
8
9]

N-demethy
dimefluron

-

Legenda: Uzitd kolona LiChrospher 100 RP-18 5 mm, 125 mm x 4 mm, Merck, Darmstadt,; mobilni faze
nonylaminovy pufr o pH 7,4 : acetonitril (1:2; v/V); objem smycky 100 ul; pritok 1 mil/min;
UV detekce (317nm)
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Obr. 26: 3D chromatogram realného vzorku trusu potkana ziskany na koloné Discovery HS F5

hromGuestiData flabilis

Minutes

Legenda: Kolona Discovery HS F5 250 x 4 mm, 5 um (Supelco),; mobilni faze acetonitril a fosfatovy pufr
(0,05 M KH,PO4, pH = 3), v linearné gradientovém médu viz Obr. 27; priitok 1 ml-min’™; detekce UV
317 nm a 367 nm a ve skenu 195 — 400 nm

Obr. 27: Gradient mobilni faze
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Pro detekci byl vybran UV detektor s diodovym polem. Dimefluron poskytuje UV-VIS
spektrum s fadou vyraznych maxim. Jeho C; redukované derivaty maji spektrum
chudsi. Obé spektra jsou zobrazena v Kapitole 6.1.1. (Fig. 2). Vyhody UV detektoru
sdiodovym polem jsou jasné patrné na obrazku Obr. 26, kde jsou zietelné
rozpoznatelné piky latek s 7H-benzo[c]fluoren-7-on i 7H-benzo[c]fluoren-7-ol
skeletem.

Byla testovana moznost vyuziti fluorescen¢niho detektoru. Spektra C; redukovaného
dimefluronu jsou zobrazena viz Obr. 28. Dimefluron a jeho metabolity s oxo skupinou

V poloze 7 neposkytuji fluorescenéni spektra.

Obr. 28: Fluorescen¢ni spektrum C; redukovaného dimefluronu
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Legenda: Modrd — excitacni spektrum, hlavni maxima 245, 360,67 nm, Cervenad - emisni spektrum, hlavni

maxima 427,40 a 736 nm
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Nasledna validace vyvinuté metody byla provadéna podle norem americké Agentury
pro potraviny a léky (FDA). Pii validaci byla hodnocena piesnost, spravnost, rozsah a
linearita.

Vyvinuta metoda byla mirné modifikovana pro vyuziti se zapojenym MS detektorem.
Zejména byl snizen pratok a s nim byl upraven gradient. Fosfatovy pufr byl nahrazen

s MS detekci kompatibilnim pufrem s octanu amonného.
4.3.2. Priprava vzorku k analyze

4.3.2.1.Extrakce z trusu

Trus potkanti byl tfikrat extrahovan 20 ml ethylacetatu. Filtrat byl vysuSen
nad bezvodym siranem sodnym a opét zfiltrovan. Vody zbaveny filtrat byl odpafen
do sucha na vakuové odparce. Odparek byl rekonstituovan v methanolu a pteveden
do zabrusové zkumavky, ve které byl odfoukan dusikem a uskladnén v mrazaku lednice

az do doby zpracovani a analyzy.

4.3.2.2.Vodny extrakt z trusu

Pfi odbéru samicim potkana byly dvé pétiny denni produkce trusu extrahovany
10 ml vody UHQ. Trus byl rozdroben a rozmichan magnetickou michackou. Vznikla
suspenze byla pieplnéna do centrifuga¢nich zkumavek a odstfedéna 15 min pii 3600 g.
Vznikly supernatant byl pifeveden po 1 ml do mikrozkumavek a centrifugovan 10 min
pii 10 000 g. Supernatant byl ptepipetovan po 950 pul do novych mikrozkumavek a
nechal se zamrazit v mrazédku lednice. Takto pfipraveny vzorek byl pfichystan

k dal$imu zpracovani.

4.3.2.3.Mo¢

Denni produkce moce byla odebrana z metabolické klece do odmérné zkumavky, bylo
zaznamenano jeji mnozstvi v mililitrech. Nasledné byla doplnéna vodou UHQ

do celého mililitru a rozplnéma do mikrozkumavek po 1 ml. Vzorky byly zamrazeny.

4.3.2.4. Inkubace

Casti vzorkli moce a vzorki ziskanych vodnou extrakci byly ped analyzou podrobeny
pusobeni enzymi. K 250 ul rozmrazené moci, respektive vodného extraktu trusu, bylo

ptidano 100 pl acetatového pufru o pH 5 a 8 ul bud’ stejného pufru (vzorek A), nebo
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p-glukuronidasy (vzorek B), nebo sulfatasy (vzorek C). 18 hodin byly vzorky
inkubovany pii 36 °C. Inkubace byla ukoncena ptiddnim 30 pl amoniaku. Dale bylo
ke vzorku pfidano 50 pl zasobniho roztoku vnitfniho standardu (10 M). Po pridani
3 ml ethylacetatu byl roztok 50 sekund tfepan na ru¢ni tfepacce. Pak byl odstiedén
(2600 g, 12 min) a zamrazen (-34 °C, 1,5 hod). Ethylacetatova vrstva, ktera ziistala
nezmrazena nad ledem vodné vrstvy, byla slita a odfoukdna do sucha proudem dusiku.
Odparek byl rozpustén ve 2 ml pocatecni mobilni faze (25:75, acetonitril:fofatovy pufr

0 pH 3), centrifugovan (10 000 g, 10 min) a pfenesen do vialky k nastiiku.

4.4. Biotransformacni studie

Dimefluron byl podan potkantim typu Wistar. Vsichni jedinci pochazeli ze Slechtitelské
stanice v Konarovicich u Kolina. Potkanim byl dimefluron podavan per os Zalude¢ni
sondou v davce odpovidajici 250 mg na kg zivé vahy ve formé nasyceného vodného
roztoku.
Pro prvni pokusy popsané v publikaci 6.1.1. byli vybrani samci.
Hmotnosti potkanti a hmotnosti podaného mnozstvi dimefluronu jsou vypsany
V nésledujicim odstavci.

» Samec 1: 290 g (72,6 mg dimefluronu)

» Samec 2: 290 g (72,5 mg dimefluronu)

» Samec 3: 270 g (67,6 ,g dimefluronu)
Po aplikaci byl kazdych 24 hodin odebiran trus. Samci potkana byli drzeni Vv klecich
vystlanych dfevénymi hoblinami. Experimentalni zvifata méla volny piistup k potrave a
vodé¢.
Pti dalSim pokusu byl dimefluron aplikovan samicim, aby mohli byt zmonitorovany
ptipadné intersexualni rozdily v metabolismu.
Hmotnosti samic potkanti a hmotnosti podaného mnozstvi dimefluronu jsou vypsany
V nasledujicim odstavci.

» Samice 1: 265 g (66,5 mg dimefluronu)

» Samice 2: 285 g (71,2 mg dimefluronu)

» Samice 3: 275 g (68,7 mg dimefluronu)
Pti této studii byli odebirany trus a mo¢ kazdych 24 hodin po podani. Pro ziskdni moci
byly samice po dobu experimentu drZzeny v metabolickych klecich za volného piistupu
K vode¢ i strave.

Ziskané vzorky trusu a moce byly pfipraveny k analyze, jak je popsano v Kapitole 4.3.2.
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Data z analyz prvnich vzorkid ziskanych z potkanich samct byla popsana v kapitole
6.1.1. Pomoci MS bylo ve vzorcich identifikovano n¢kolik dal§ich metaboliti 1. faze.
Tabulka s identifikovanymi znamymi i novymi metabolity je také soucasti publikace

v kapitole 6.1.1. Table 1.

4.4.1. Biotransformace u samic

Po podani dimefluronu potkanim samicim byl sbirdn trus i mo¢. Vzorky moce i trusu
byly rozdéleny podle Obr. 29. Mo¢ byla analyzovana pfimym nastiikem. Vybrané
vzorky moce s odbérti z nejvys$im obsahem metabolitli byly podrobeny inkuba¢nim
reakcim s enzymy podle postupu 4.3.2.4. Trus byl extrahovan stejné jako trus samci
ethylacetatem. Cast trusu byla extrahovana vodou. Extrakt byl stejné jako vzorek mode

rozdélen na ¢ast k pfimému nastiiku a cast, kterd byla inkubovana s enzymy.

Obr. 29: Rozdéleni vzorki ziskanych od samic potkana

Pufr

Samice potkana

Glukuronidasa
Sulfatasa

Legenda: Déleni vzorkii bylo provddeno podle obrazku, pokud bude cten zleva doprava.

Ethylacetatovy extrakt trusu odpovidal slozenim i analyzou vzorkim ziskanym
od samcti potkana. Stejné jako u vzorku ziskanych od samcl je maximum metaboliti
eliminovano v druhém az tfetim dnu. Proto byly pro analyzu piimych nastiikii moce a

inkubaci s enzymy vybrany vzorky v téchto odbérech.
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Obr. 30: Eliminace dimefluronu a jeho hlavnich metabolitii v ¢ase u samci potkana
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Legenda: Na ose x jsou vyneseny hodiny odbérit vzorku po poddni. Na ose y jsou vynesena ldatkovd

mnozstvi.

Obr. 31: Eliminace dimefluronu a jeho hlavnich metaboliti v ¢ase u samic potkana
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Legenda: Na ose x jsou vyneseny hodiny odbérii vzorku po poddni. Na ose y jsou vynesena ldatkovd

mnozstvi.
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Obr. 32: Chromatogram piimého nastiiku moce
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Legenda: Oznacené piky v case 4,075 a 6,708 minuté jsou identifikovany podle UV spekter jako

metabolity dimefluronu, podle retencniho casu predpokladané metabolity 2. faze

Obr. 33: Chromatogramy vzorki moce podrobené enzymové inkubaci
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Legenda: Pro ndzornost jsou vzorky inkubované s pufrem, glukuronidasou i sulfatasou vlozeny

do jednoho obrdzku. Odspodu nahoru vzorek inkubovany s pufrem, glukuronidasou a sulfatasou.
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5. Diskuse a zaveér

Vétsina vysledku je diskutovana v piiloZzenych publikacich, proto v této kapitole shrnu
jen kratce.

Nejprve byly navrzeny ptedpoklddané cesty biotransformace dimefluronu na zakladé
ptredchozich zkusenosti s biotransformaci benfluronu.

S vyuzitim pomérn¢ jednoduchych chemickych modifikaci struktury dimefluronu a jeho
prekurzoru 3,9-dimethoxy-5-hydroxy-7H-benzo[c]fluoren-7-onu popsanych detailné
v kapitole 4.2 bylo pfipraveno 6 standardi potencidlnich metabolitd (produkti
N-desmethylace, O-desmethylace, N-oxidace a karbonylredukce) a vnitini standard
(vyssi homolog dimefluronu). VSechny tyto standardy byly charakterizovany NMR a
MS spektry a Cistota kontrolovana HPLC a TLC analyzami.

S pouzitim téchto standardd byla vyvinuta a zvalidovana nova gradientova
bioanalytickd metoda stanoveni dimefluronu a jeho metabolith pomoci HPLC
vyuzivajici pentafluorophenylpropyl kolonu, photodiode-array, fluorescenéni a
hmotnostné spektrometricky detektor. Experimenty prokazaly analytickou silu
hyphena¢niho spojeni chromatografie s photodiode-array (PDA) a hmotnostné
spektrometrickym (MS) detektorem, kdy pouze kombinace retenc¢nich charakteristik a
spektralnich udaja (UV, MS) umoznila jednoznacné prokazat strukturu urcitého
metabolitu. Napiiklad 3-O-desmethyldimefluron a 9-O-desmethyldimefluron maji
identicka UV a MS spektra, rozliSit se daji pouze chromatograficky (rizné retencni
charakteristiky v HPLC a TLC, odlisnd absorpce ve viditelné oblasti na TLC,
viz Obr. 19). V UV spektralni analyze se daly rozlisit pouze dva typy chromofort
[3,9-dimethoxy-5-(2-alkoxy)-7H-benzo[c]fluoren-7-on a 3,9-dimethoxy-5-(2-alkoxy)-
7H-benzo[c]fluoren-7-ol, viz UV spektra v 6.1.1] v porovnani se C&tyfmi typy
chromofort, které byly identifikovany u benfluronu a jeho metaboliti [96].
Pro identifikaci dalSich (nesyntetizovanych) metaboliti dimefluronu tedy byla
hyphenacni kombinace HPLC-PDA-MS velmi dtlezita.

Celkem se podafilo identifikovat ve stolici a moc¢i potkani deset metabolitt 1. faze
biotransformace a zatim dva metabolity 2. faze biotransformace dimefluronu.
Na identifikaci dalSich metabolith 2. faze biotransformace se pracuje. Byly rovnéz
nalezeny podminky pro chirdlni separaci racemického redukovaného dimefluronu a

prokazala se enantiospecificita v redukci dimefluronu (viz 6.1.2).
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Obr. 34: NavrzZené schéma biotransformace dimefluronu

OH OMe

ol "
HOON " Ho O oNN-Me

o OMe / ¥

H
3,9-O-didesmethyldimefluron R N. . .
om o O.' o e 9-O-desmethyldimefluron
o

9-0O-desmethyl-N-desmethyldimefluron

H

0
MeO Qi.ﬁlﬁ‘l" o7 )

N-desmethyldimefluron
OMe

0 "
Ho“l.!'ﬁii[of\J )

OH HO H
OMe

N-we O Me
r~ N'Me
MeO " o —~
MeO o

reduced 9-O-desmethyldimefluron

o
3-O-desmethyl-N-desmethyldimefluron
dimefluron

OMe

o
(9 e
~ Me
MeO " o
|
0

OMe
OH OH

Me
() " () v dimefluron N-oxide (o N-ve
et
Msoo~ MEOON oL
HO H
o HO H
3-O-desmethyldimefiuron reduced 3-O-desmethyldimefluron reduced dimefluron

Vyvinutd achirdlni metoda stanoveni dimefluronu a jeho metaboliti byla pouzita
ke studiu osudu dimefluronu po podani potkantim v davce 250 mg/kg. Ziskané vysledky
byly zpracovany do ptrehlednych grafii. Pii srovnani grafi byly nalezeny intersexudlni
rozdily v metabolismu a exkreci dimefluronu a jeho metaboliti. U obou pohlavi je
zaznamenana tendence vylucovat trusem nezménény dimefluron. Hlavnimi metabolity
jsou produkty O-desmethylace, pficemz u samcl je preferovana O-desmethylace
Vv poloze 3, zatimco u samic dochazi k O-desmethylaci vice v poloze 9. Nasledné je
mozné Z grafii odecist, Ze maximalni mnozstvi metaboliti se eliminuje stolici V prvnich
ttech dnech po podani. Pficemz u samic dohazi k 24 hodinovému zpozdéni. Tento efekt
muze byt zplsoben volnym podévanim stravy béhem pokusu. Vliv by mohlo mit i
umisténi potkanl, kdy umisténi v metabolickych klecich mohlo byt pro samice
stresujici. Hypotézy by vSak bylo nutné podpofit dalSimi vyzkumy na vétSim souboru
jedinct obou pohlavi.

Pii analyzach vzorkd moce a experimentech s enzymovou inkubaci téchto vzorkl bylo
zjiSténo, Ze nalezené metabolity 2. faze biotransformace vznikly pfeménou

3-O-desmethyldimefluronu, respektive jeho v poloze 7 redukované formy. Protoze
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hlavni biotransformacni reakci je glukuronidasace, piedpokladam, Zze nalezené
metabolity jsou glukuronidy (glukuronova kyselina ve druhém vzorci v Obr. 35 mutze
byt alternativné vazana pres sekundarni alkoholovou skupinu). K této domnénce mne
vede také fakt, Ze sulfatasa neni dostateCné specificky enzym a S§tépi 1 nckteré

glukuronidy.

Obr. 35: Struktura nalezenych metabolitii 2. faze biontransformace
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Zavérem bych chtél konstatovat, ze syntetizované standardy metabolitd dimefluronu a
vyvinuta a zvalidovana metoda LLE-HPLC-PDA-MS budou pouzity k dal$im
farmakokinetickym a biotransforma¢nim studiim potencidlniho antineoplastika
dimefluronu. Bude nyni nezbytné potvrdit pfedpoklad, Zze na trovni mikrosomalni
frakce lidskych jater nebo na urovni lidskych hepatocytli probihaji preferenéné
O-desmethylace dimefluronu a nikoli redukce karbonylu znamé z lidské
biotransformace benfluronu. Teprve pak by se mohl dimefluron stat zajimavou
strukturou, ktera biotransformaci neztraci své potencidlni interkalacni vlastnosti
zminéné v kapitole 3.1.4. Postupy navrzené k syntéze dimefluronovych metabolitl
budou vyuzity k syntéze vétSiho mnozstvi téchto metabolitl, aby mohl byt testovan

farmakodynamicky a toxikologicky profil téchto latek (véetné parentniho dimefluronu).
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J. Klimes

Journal of Pharmaceutical and Biomedical Analysis, Volume 37, Issue 5, 2 April 2005,
Pages 1059-1071

Prvni a nejrozsahlejsi predkladand publikace se zabyva dimefluronem a jeho osudem
V zivém organismu. Prace za¢ina syntézou standardi majoritnich metabolitt, které byly
ptipraveny a jejich struktura byla potvrzena pomoci NMR i MS technik.

Na tuto syntetickou ¢éast navazuje vyvoj HPLC stanoveni. Béhem hledani vhodnych
podminek bylo vyzkouSeno nékolik druhii chromatografickych kolon. Vyvoj podminek
zapocal na podminkéach, které byly pouZivany pro stanoveni benfluronu a jeho
metaboliti. Jak bylo popsano v ptechozich kapitolach, benfluron je piedchidce
dimefluronu, ktery obsahuje dvé methoxy skupiny v polochach 3 a 9 na planarnim
benzo[c]fluorenovém cyklu. Jako nejvhodngjsi se jevilo pouziti kolony s vazanymi
pentafluorophenylpropyl skupinami.

Vyvinutd a zvalidovana metoda byla uzita k studiu biotransformace dimefluronu
po podani potkantim. Dimefluron byl poddvan ve vodném roztoku perordlné zaludecni
sondou a nasledné byl sbiran trus potkanii po dobu sedmi dni od podani.

V HPLC analyzach extraktl trusu byly identifikovany porovndnim retencnich Cast a
UV spekter predpokladané metabolity, které byly piedem pfipraveny a pouzity
pii vyvoji validaci. S vyuzitim UV diode-array detektoru mohly byt v zdznamu
identifikovany i piky i dalSich metaboliti dimefluronu. K vyfeSeni jejich konecné

struktury bylo vyuzito spojeni HPLC-MS. Takto bylo identifikovano deset metabolitu.
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Abstract

The disposition of a new potential antincoplastic drug dimefluron after an oral administration to rats was investigated. Dimefluron, 3.9-
dimethoxy-3-(2-dimethylaminoethoxy)-7H-benzo| ¢|fluoren-7-one hydrochloride, was administered in a single oral dose (250 mgkg™" of
body weight) in the form of an aqueous solution via a gastric probe. Dimefluron metabolites were being searched for in rat facces. Synthetic
standards of the expected phase [ metabolites (the products of O- and N-desmethylation, N-oxidation and carbonyl reduction of dimefluron)
were prepared and used together with dimefluron and internal standard in the development of two HPLC bioanalytical methods based on
different separation principles. The first separation of dimefluron and the phase I metabolites was tested on a 250 mm x 4 mm chromatographic
column with LiChrospher 60 RP-selectB 5 um (Merck) using an isocratic mobile phase containing 0.01 M nonylamine buffer (pIH 7.4) and
acetonitrile in the 1:2 ratio (v/v). The second separation was performed ona 250 mm x 4 mm chromatographic column Discovery HSF5, 5 um
(Supelco) using a linear gradient mode with the mobile phase containing acetonitrile and phosphate buffer (0.05 M KH,PO,, pH 3). The flow
rate was | mImin~" in both cases. UV detection was performed in the dual wavelength mode, with 317 nm having been used for dimefluron
and all 7H-benzo[c[fluoren-7-one metabolites, 367 nm for 7H-benzo|c]fluoren-7-ol metabolites. A higher homologue of dimefluron served
as an internal standard. The identity of the dimefluron metabolites in biological samples was confirmed using HPLC-MS experiments.

The elimination study showed that the concentration maximum for dimefluron and its metabolites in rat facces was reached 48 h after the
administration of the parent drug. O-Desmethylated derivatives of dimefluron prevailed among the phase I metabolites.

2004 Elsevier B.V. All rights reserved.

Keywords. Potential antineoplastic dimefluron; Metabolites in facces; HPLC with UV and MS detection

1. Introduction in the laboratories of Institute of Experimental Biopharma-
ceutics in Hradec Kralové as one of the proposed structural

A potential antineoplastic agent dimefluron [3.9-dime- modifications of benfluron [1].
thoxy-5 - (2 -dimethylaminoethoxy)-7H-benzo|c|fluoren-7- The starting structure from the group of basic
one hydrochloride, see Fig. 1, compound 1] was synthesized benzo|c|fluorene derivatives, benfluron (5-(2-dimethylam-
inoethoxy)-7H-benzo|c|fluoren-7-one hydrochloride [2—-4]),

* Corresponding author. Tel.: +420 49 5514771: fax: +420 49 5512719.
E-mail address: nobilisi@uebf.cas.cz (M. Nobilis).

0731-7085/$
doi:10.1016/]

ee front matter © 2004 Elsevier B.V. All rights reserved.
Jpba.2004.09.031

exhibited an interesting spectrum of pharmacodynamic prop-
erties in experiments carried out in vitro and in vivo [5-8].
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Compound X R4 Rz Rs
1 Cc=0 -CHs -CHs -N(CHa)>
2 c=0 -H -CHa “N(CHs)»
3 C=0 -CHs -H -N(CHs)2
4 Cc=0 -H -H -N(CHa)2
5 c=0 -CHg -CHg -NH(CHa)
6 c=0 -CHs -CH; -N(CH,).0
7 CH-OH -CH; -CHs -N(CH3).
8 c=0 -CHs -CHs -CH2N(CHs)

Fig. 1. Chemical structures of benzo|c|fluorene derivatives under study:
dimefluron (DMF) (compound 1): 9-0O-desmethyl-DMF (compound 2): 3-O-
desmethyl-DMF (compound 3): 3.9-O-didesmethyl-DMF (compound 4): N-
desmethyl-DMF (compound 3): DMF N-oxide (compound 6): C7-reduced-
DMF (compound 7): higher homologue of DMF (compound 8).

The disposition of benfluron in experimental animals was
studied by TLC [9-12], HPLC [13-15], MS [16] and NMR
[17] methods using a comparison of the metabolites with
their synthesized standards [18,19]. During xenobiochemi-
cal studies, the biotransformation products of arylhydrox-
ylation, N-desmethylation, N-oxidation, carbonyl reduction
and also of conjugation with glucuronic acid were identified
[14,15,20-23] and the enzymes involved in their biotrans-
formation were characterized [24]. The elimination study of
benfluron in rats showed that the principal phase I metabolite
in faeces was 9-hydroxy-benfluron and that this metabolite
was eliminated in the form of a conjugate with glucuronic
acid [14,15,23].

Unfortunately, the preclinical tests of benfluron revealed
certain negative pharmacokinetic, distribution and xenobio-
chemical properties, for which its further research and devel-
opment was terminated. Attention was paid to some structural
analogues of benfluron, including its 3,9-dimethoxy deriva-
tive, dimefluron.

Dimefluron was tested on rabbits and its potential chronic
effects on the cardiac function, biochemical, haematolog-
ical and other physiological parameters were compared
with another intercalating antineoplastic agent, daunorubicin
[25-28]. Only some aspects of dimefluron metabolism in
vitro and in vivo have been studied so far [29,30].

The goal of this study was to develop chromatographic
methods for the disposition studies of dimefluron, since in-
sufficient amount of information about the pharmacokinet-
ics and metabolism of dimefluron in experimental animals
has been published to date. For this purpose, chemical refer-
ence standards of six expected metabolites of dimefluron and
a higher homologue of dimefluron (internal standard) were
synthesized and various bioanalytical HPLC methods based

on ultraviolet diode-array and mass spectrometry detection
were developed. The most promising of these methods was
validated and used for the identification and determination
of dimefluron metabolites in biomatrices (extracts from rat
facces).

2. Experimental
2.1. Chemicals, preparations and materials

Dimefluron, 3,9-dimethoxy-5-(2-dimethylaminoethoxy)-
7H-benzo[c]fluoren-7-one hydrochloride (Ca3HoyCINOy,
MW =413.89gmol~!, Fig. 1, compound 1); 9-O-desme-
thyldimefluron, 9-hydroxy-3-methoxy-5-(2-dimethylamino-
ethoxy)-7H-benzo[c]fluoren-7-one hydrochloride (CanHoo-
CINOy, MW:399.87gmol*', Fig. 1, compound 2); 3-
O-desmethyldimefluron, 3-hydroxy-9-methoxy-5-(2-dime-
thylaminoethoxy)-7H-benzo|c|fluoren-7-one hydrochloride
(C22H22CINQy, MW=399‘87gmol*' ,Fig. 1, compound 3);
3,9-0-didesmethyldimefluron, 3,9-dihydroxy-5-(2-dimethy-
laminoethoxy)-7H-benzo|c|fluoren-7-one, base (CyiHjo-
NO4, MW =349.38 gmol~', Fig. I, compound 4); N-desme-
thyldimefluron, 3.9-dimethoxy-5-(2-methylaminoethoxy)-
TH-benzo|c|fluoren-7-one hydrochloride (C22H22CINO4,
MW =399.87 gmol~!, Fig. 1, compound 5); dimefluron
N-oxide (Ca3Ha3NOs, MW=39343gmol~!, Tig. I,
compound 6); Cr-reduced dimefluron, 3,9-dimethoxy-5-(2-
dimethylaminoethoxy)-7H-benzo|c|fluoren-7-ol  (Ca3Hss-
NOs;, MW=379.45gmol~!, Fig. 1, compound 7) and
a higher homologue of dimefluron, 3,9-dimethoxy-5-
(2-dimethylaminopropoxy )-7H-benzo[ c]fluoren-7-one base
(C24H25NO4, MW:391.46gmol*1, Fig. 1, compound
8) were synthesized in our laboratories and used as the
standards in the elimination study. Hydrobromic acid (48%
in water) and acetic acid (99.8%, p.a., both Lachema Brno,
Czech Republic) were used for the O-desmethylation of
dimefluron. Sodium borohydride (powder, >98%, Janssen-
Chimica, Belgium) was employed in the carbonyl reduction
of dimefluron. Diethyl azodicarboxylate (Fluka Chemie
AG, Buchs, Switzerland) was used for N-desmethylation
of dimefluron. Hydrogen peroxide (30% water solution,
Lachema Brno, Czech Republic) was used for N-oxidation of
dimefluron. 3,9-Dimethoxy-5-hydroxy-7H-benzo|c¢|fluoren-
7-one (C9H 305, MW=306.31 gmol~!, synthesized in
our laboratory) and 3-(dimethylaminopropyl chloride hy-
drochloride (MW =158.07 gmol™!, Sigma—Aldrich) were
used for the preparation of the internal standard. Acetonitrile,
methanol (both HPLC grade, Merck, Darmstadt, Germany),
acetic acid (99%, analytical grade, HiChem s r.0., Prague,
Czech Republic), ammonium acetate (Fractopur®, Merck,
Darmstadt, Germany), ammonium hydroxide (26% aqueous
solution of NH3, all Lachema Brno, Czech Republic), ethyl
acetate, formic acid (87% p.a.). hydrochloric acid (35%
water solution of HCI, analytical grade), orthophosphoric
acid (85% p.a.), potassium dihydrogenphosphate, sodium
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hydroxide (all analytical grade, Lachema Brno, Czech
Republic), nonylamine (purum; >97%), triethylamine
(purum; >98%, both Fluka Chemika), ultra-high-quality
(UHQ) water (prepared using Elgastat UHQ PS apparatus,
Elga Ltd., Bucks, England) were used for the liquid-liquid
extraction of biomatrices and chromatography of dimefluron
derivatives. Dimethyl sulfoxide-dy (Armar AG, Germany)
was used in NMR experiments.

Nonylamine buffer was made by mixing 1.83 ml of nony-
lamine with 990 ml of UHQ water, adjusting to pH 7.4 with a
solution of orthophosphoric acid (2 mol =) and making up
to 1000 ml with water.

Triethylammonium acetate (ammonium acetate) buffer
was prepared from a 10mmol 1=! solution of triethylamine
(ammonium hydroxide) in UHQ water, pH was adjusted to
7.4 by 2mol 17! acetic acid.

Phosphate buffer (50 mmol I=!, pH 3) was made by mixing
6.81 g of KH2PO4 with 990 ml of UHQ water, adjusting to
pH 3 with a solution of orthophosphoric acid (2 mol 1=1) and
making up to 1000 ml with water.

Ammonium acetate buffer (Smmoll~!, pH 3) was pre-
pared in an analogous way from 0.385 g CH;COONH,y per
liter, pH was adjusted to the required value by the addition
of formic acid (consumption ca 1.8 ml per liter).

Chromatographic plates (200mm x 200 mm x 0.5 mm
silica gel layers on glass plates) for the preparative thin-layer
chromatographic separations of the synthesized standards of
dimefluron metabolites were made on a Camag Automatic
TLC Plate Coater (Muttenz, Switzerland) using a suspense
of Silica gel 60HF 354 for thin-layer chromatography (Merck,
Germany) in a methanol-triethylamine mixture (1:1, v/v)
poured on glass plates.

Preparative thin-layer chromatography (TLC) with a mo-
bile phase of chloroform—methanol-triethylamine (70:10:5,
v/v/v) was used for the separation of the reaction mixtures.
The reaction mixture was dissolved in a minimum volume of
the mobile phase, the solution was then transferred onto the
start of a chromatographic plate and developed. The colour
bands of silica gel, containing individual compounds were
scraped off from the chromatogram. Each silica gel por-
tion containing an individual compound was suspended in
methanol and silica gel from the suspension was filtered off
on a sintered glass filter with porosity under 40 pm. The
filtrate (methanolic solution of an isolated compound) was
evaporated to dryness. The purity of each individual com-
pound was evaluated by HPLC with ultraviolet photodiode-
array detection (HPLC-DAD), HPLC-MS and NMR
experiments.

2.2. NMR analyses

A Varian Mercury-Vx BB 300 NMR spectrometer was
used for the NMR analyses of the synthetic standards of
dimefluron metabolites. The NMR spectra were recorded at
300MHz for 'H, and 75 MHz for '*C. Chemical shifts are
given as § values in ppm, the coupling constants are given in

Hz. Analytical sample (15-20 mg) was dissolved in deuter-
ated dimethyl sulfoxide (0.7 ml) and the solution was trans-
ferred via pipette into an NMR tube (203 mm length, 5 mm
diameter).

2.3. HPLC-MS analyses

High-performance liquid chromatography—mass spec-
trometry (HPLC-MS) analyses were performed on an Es-
quire 3000 ion trap analyzer (Bruker Daltonics, Bremen,
Germany) and a liquid chromatograph consisting of a model
616 pump with a quaternary gradient system, a model 996
photodiode array detector, a model 717+ autosampler, a ther-
mostated column compartment and a Millennium chromatog-
raphy manager (all from Waters, Milford, MA, USA). Mass
spectra were recorded in the range m/z 15-1000 using the
positive-ion and negative-ion electrospray ionization (ESI).
The pressure and flow rate of the nebulising gas were 70 psi
and 12 1min~", respectively. The temperature of the drying
gas was 365 “C. The mass spectrometer was tuned to give
an optimum response for m/z 350. The extracts from the rat
facces or synthetic compounds were separated using a lin-
ear gradient elution: 0 min—40% A and 60% B, 20 min—80%
A and 20% B, 60 min—80% A and 20% B, where A is ace-
tonitrile and B is ammonium acetate buffer (C =5 mmol =,
pH 3). The samples were dissolved in the mobile phase
and 100 pl of the solution was injected into HPLC-MS
system.

The positive-ion and negative-ion electrospray ionization
mass spectra of all compounds were also measured using
the direct infusion technique under the following conditions:
the flow rate and pressure of the nebulising gas 4 Imin—! and
10 psi, respectively, temperature of the drying gas 300 °C. For
direct infusion ESI experiments, the samples were dissolved
in acetonitrile—water (1:1, v/v).

2.4. Syntheses of the standards of expected phase |
dimefluron metabolites

2.4.1. O-Desmethylation of dimefluron (preparation of’
compounds 2—4 in Fig. | and in Section 2.1)

Dimefluron (1.3 g, 3.36 mmol) was dissolved in a mix-
ture of hydrobromic acid (5ml) and acetic acid (100 ml)
and the solution heated under reflux for 1.5h. The acids
were then evaporated and the reaction mixture was sepa-
rated by preparative thin-layer chromatography (see Section
2.1). The retention factors and colours of individual sepa-
rated compounds were as follows: 3,9-O-didesmethyl-DMF
(Rr=0.35, gray green); 3-O-desmethyl-DMF (Ry=0.53, red
brown); 9-O-desmethyl-DMF (Rp=0.61, violet); dimefluron
(DMF; Ry=0.89, red); the isolated bases of compounds 2 and
3 were converted to hydrochlorides and recrystallized.

2.4.1.1. 9-O-Desmethyldimefluron, hydrochloride of com-
pound 2 (C2oH>CINO,, MW =399.87 gmol~!). "H NMR
(300 MHz, DMSO-ds) § 10.10 (s, 1H, OH), 10.01 (bs,
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1H, N.HCI), 8.41 (d, IH, /J=9.34Hz, Hl), 7.86 (d, 1H,
J=8.24 Hgz, H11), 7.65 (d, 1H, J=2.75Hz, H4), 7.33 (dd,
1H, /=9.34 Hz, J=2.75Hz, H2), 7.07 (s, |H, H6), 6.97 (d,
1H, J=2.47Hz, HY), 6.86 (dd, 1H, J=8.24 Hz, J=2.47 Hz,
H10), 4.579 (t, 2H, J=4.67 Hz, OCH2), 3.96 (s, 3H, OCH3),
3.66 (t, 2H, NCHy), 2.89 (s, 6H, NCHj3)

B3C NMR (75 MHz, DMSO-dg) § 193.7, 159.3, 158.1,
152.5,137.3,136.3,134.6,130.8, 128.9,127.2, 124.1, 123.6,
120.5, 119.7,111.9, 103.1, 100.2, 63.2, 55.9, 55.4, 42.9.

Positive-ion ESI mass spectra of 9-O-desmethyl-
dimefluron base, C22H>NO4, MW =363; MS: m/z 402,
[M+K]", 5%: m/z 386, [M+Na]", 2%; m/z 364, [M+H]*,
100%. MS? of 364: m/z 319, [M+ H — CH3;NHCH;3 [, 100%.
Negative-ion ESI mass spectra: MS: m/z 362, [M—H]|~,
100%:; m/z 290, [M — H-(CH3),NCH,CH->]~", 36%. MS? of
362: m/z 317, M — H-CH3NHCH;] ™, 2%; m/z 290, |M — H-
(CH3)2NCH2CH2 =", 100%:; m/z 275, [C17H704]~. 15%.

2.4.1.2. 3-O-Desmethyldimefluron, hydrochloride of com-
pound 3 (C22H2:CINO,, MW =399.87 gmol™!). "H NMR
(300 MHz, DMSO-dg) 6 10.48 (bs, 1H, OH), 8.39 (d, 1H,
J=9.07Hz, H1),7.94 (d, 1H,J=8.25Hz, HI1),7.58 (d, 1H,
J=2.20Hz, H4), 731 (dd, 1H, J=9.06 Hz, J=1.97 Hz, H2),
7.07 (d, 1H, J=2.20 Hz, H8), 7.02 (s, 1H, H6), 6.99 (dd, 1H,
J=8.24Hz, J=2.20Hz, H10), 4.63—4.54 (m, 2H, OCHa»),
3.82 (s, 3H, OCHj3), 3.70-3.60 (m, 2H, NCH>), 2.92 (s, 6H,
NCHj3).

BC NMR (75 MHz, DMSO-ds) § 193.3, 159.7, 158.1,
152.4, 137.2, 136.5, 136.2, 131.3, 128.3, 1274, 123.8,
122.9, 1209, 118.1, 110.5, 105.9, 99.6, 63.1, 55.9, 55.6,
43.1.

Positive-ion ESI mass spectra of 3-O-desmethyl-
dimefluron base, C22HyNOy4, MW =363; MS: m/z 402,
[M+ K], 6%; mi= 386, [M+Na]~, 3%; m/z 364, [M+H]",
100%. MS? of 364: m/z 319, [M+H — CH3;NHCH3 ", 100%.
Negative-ion ESI mass spectra: MS: m/z 362, |[M—H]|~,
100%. MS? of 362: m/z 317, [M — H-CH3NHCH;]~, 3%;
mfz 290, [M—H-(CH;)»NCH,CH,]~*, 100%; m/z 275,
[C17H704]7, 10%.

2.4.1.3. 3,9-O-Didesmethyldimefturon, base of compound 4
(C21H1oNOy, MW =349.38 gmol™'). 'H NMR (300 MHz,
DMSO-dg) § 8.35 (d, 1H, J=9.21 Hz, Hl), 7.83 (d, 1H,
J=8.10Hz,H11),7.50(d, 1H,J=2.75 Hz,H4),7.23 (dd, 1H,
J=9.21Hz, J=2.75Hz, H2), 6.96 (s, 1H, H6), 6.92 (d, 1H,
J=2.47THz,H8),6.83 (dd, 1H,/=8.10 Hz,J=2.47 Hz, H10),
4.29 (t, 2H, J=5.21 Hz, OCHz), 2.89 (t, 2H, J=5.22 Hz,
NCH,), 2.37 (s, 6H, NCH3).

3C NMR (75 MHz, DMSO-dg) § 193.8, 157.9, 157.9,
152.9,137.1,136.6,134.9,131.5,128.3,127.4,123.9,122.9,
120.7,119.4, 111.7, 105.6, 99.3, 66.2, 57.6, 45 .4.

Positive-ion ESI mass spectra of 3,9-O-desmethyl-
dimefluron  base, CoHjgNOy, MW=349; MS:
mlz 350, [M+H]", 100%. MS?> of 350: m/z 305,
[M+H — CH3NHCH;3]", 100%. Negative-ion ESI mass
spectra:MS: m/z 697, [2M — H|~, 4%; m/z 348, [M—H]~,

100%. MS? of 348: m/z 303, [M— H-CH;NHCH;]~, 3%;
miz 276, [M — H{CH3)2NCH2CHa ] =", 100%.

2.4.2. N-Desmethylation of dimefluron (preparation of
compounds 5 in Fig. | and Section 2.1)

Dimefluron base (1.5g, 4.7mmol) was dissolved in
methanol (40 ml), diethyl azodicarboxylate (1.5 g, 8.6 mmol)
was added and the reaction mixture was stirred at ambient
temperature for 1 h. The temperature was then shortly ele-
vated to the boiling point of methanol. The reaction mix-
ture was acidified by 100 ml of 1 M HCI, heated and main-
tained at reflux for half of an hour. Methanol was evaporated
and pH of the reaction mixture was adjusted to value of 10
with 1 M NaOH. The reaction mixture was extracted into
ethyl acetate, the organic layer filtered, dried over anhydrous
Na> SOy, and the solvent removed under reduced pressure. N-
Desmethyldimefluron was isolated from the reaction mixture
using preparative TLC (see Section 2.1) and then converted
into the corresponding hydrochloride.

2.4.2.1. N-desmethyldimefluron, hydrochloride of com-
pound 5 (C>2H»>CINO,;, MW =399.87 gmoi~!). "H NMR
(300 MHz, DMSO-dp) § 9.25 (bs, 2H, NH.HCl), 8.49 (d, 1H,
J=9.34Hz H1),7.99(d, 1H,/=8.51Hz HI11),7.77 (d, 1H,
J=1.95Hz, H4), 7.42-7.32 (m, 1H, H2), 7.15-7.06 (m, 2H,
H6,H8), 7.06-6.98 (m, 1H, H10), 4.57-4.45 (m, 2H, OCH,),
3.99 (s, 3H, OCH3), 3.84 (s, 3H, OCHj), 3.55-3.42 (m, 2H,
NCH>), 2.68 (bs, 3H, NCH3).

BC NMR (75 MHz, DMSO-dg) § 193.3, 159.8, 159.4,
153.0,136.8,136.3,136.2,130.9,129.2,127.2,123.9,123.8,
120.6,118.4,110.6, 103.7,100.0, 64.3,56.0,55.9,47.4, 33.0.

Positive-ion ESI mass spectra of N-desmethyldimefluron
base, C2oHa NOg, MW =363; MS: m/z 727, [2M+H]", 2%;
mfz 364, [M+H]*, 100%:; m/z 333, [M+H — CH;NH,]*,
5%. MS? of 364: m/z 333, [M+H-—CH;NHy]|",
100%; m/z 321, [M+H — CH3;N=CH,|", 5%; m/z 307,
[AM/+H — CH3N=CHCH;]", 17%.

2.4.3. Reduction of the carbonyl function into a
secondary alcoholic group (preparation of compound 7
in Fig. 1)

The base of dimefluron (1g, 2.65 mmol) was dissolved
in methanol (40 ml), sodium borohydride (0.3 g, 7.94 mmol)
was added to the solution and the reaction mixture was stirred
under ambient temperature for 1 h and then heated at reflux
for half of an hour. The solvent was removed under reduced
pressure, the residue diluted by 5% aqueous NaOH (20 ml),
and the product extracted into ethyl acetate. The organic layer
was dried over anhydrous Na>SOy. After solvent removal,
the base of 3,9-dimethoxy-5-(2-dimethylaminoethoxy)-7H-
benzo[c|fluoren-7-ol was obtained.

2.4.3.1. Cr-reduced dimefluron, base of compound 7
(C23H25NOy, MW =379.45gmol~"). "H NMR (300 MHz,
DMSO-ds) § 8.51 (d, 1H, J=9.34, Hl), 8.04 (d, IH,

89z 138



Disertacni prace

P. Cisar et al. / Journal of Pharmaceutical and Biomedical Analysis 37 (2005) 10591071 1063

J=8.51Hz, H11), 7.59 (d, 1H, J=2.75Hz, H4), 7.30 (dd,
1H, J=9.34Hz, J=2.75 Hz, H2), 7.22 (s, 3H, H6), 7.20 (d,
1H, J=2.61 Hz, H8), 6.94 (dd, 1H./=8.51 Hz, J=2.61 Hz,
H10), 5.87 (bs, 1H, OH), 5.39 (s, 1H, CH), 4.34-4.23 (m,
1H, OCH>), 3.88 (s, 3H, OCH3), 3.81 (s, 3H, OCH3), 2.82
(t, 2H, J=5.27Hz, NCH;), 2.30 (s, 6H, NCHj3).

13C NMR (75 MHz, DMSO-dg) § 158.1, 156.7, 152.8,
149.9,143.6,133.3,126.9,126.6,125.7,124.2,122.1, 119.1,
113.5,111.2,103.6,102.0, 74.1, 67.1,57.9,55.5,55.2,45.9.

Positive-ion ESI mass spectra of C7-reduced dimefluron,
C23H25NO4, MW =379; MS: m/z 380, [M+H]", 100%:; m/z
362, [M+H —H20]", 4%. MS? of 380: m/z 362, [M+H—
H>O[", 100%; m/z 319, [M+H—H,0— CH;N —CH;]|",
47%; m/z 305, [M+H — H,O — CH;N=CHCH;[", 55%; m/z
289, [M+H — H>0 — CH;N=CH, — CH>O[", 29%. Nega-
tive-ion ESI mass spectra: MS: m/z 378, [M — H]|~, 100%.
MS? of 378: m/z 363, [M—H— CHz]™*, 30%; m/z 350,
[M—H-CO|~, 93%; m/z 335, [M—H — CH3;N=CHa|~,
5%; m/z 318, [M—H —CO— CH3;0H]|~, 10%; m/z 306,
[M—H — (CH;3),NCH,CHz |~ *, 100%; m/z 291, [M—H —
(CH;),NCH=CHOH]~, 15%; m/z 277, [M—H—-CO —
(CH3)2:NCH>CH; ], 21%; m/z 260, [M — H — CO — (CH3),
NCH,;CH,0]~*, 5%; m/z 247, [M—H—CO —(CHs)
NCH;,CH; — CH,0]~, 16%.

2.4.4. N-Oxidation of dimefluron (preparation of
compounds 6 in Fig. | and Section 2.1)

Dimefluron hydrochloride (0.2 g, 0.48 mmol) was dis-
solved in ethanol (20ml) and 7ml of concentrated am-
monium hydroxide and 7ml of hydrogen peroxide were
added to the solution. The reaction mixture was stirred at
40°C for 3 h. Ethanol was then distilled off and the prod-
uct was extracted into chloroform and the solution dried
over anhydrous Na>SQy. After solvent removal, the crude
N-oxide of 3,9-dimethoxy-5-(2-dimethylaminoethoxy)-7H-
benzo|c|fluoren-7-one was purified by preparative TLC
(chloroform—methanol-concentrated ammonium hydroxide,
70:30:5, v/v/v).

2.4.4.1. Dimefluron N-oxide, compound 6 (C>3H3NO5,
MW =393.43gmol™!). "HNMR (DMSO-ds) & 8.43 (d, 1H,
J=9.21Hz, H1), 7.96 (d, 1H, J=8.24 Hz, H11), 7.51 (d, 1H,
J=2.61Hz, H4), 7.33 (dd, 1H,/=9.21 Hz, J=2.61 Hz, H2),
7.11 (s, 1H, H6), 7.10 (d, 1H, J=2.61 Hz, H8), 7.01 (dd, 1H,
J=8.25Hz, J=2.61 Hz, H10), 4.83-7.70 (m, 2H, NCH>),
3.90 (s, 3H, OCHj3), 3.83 (s, 3H, OCH3), 3.75-3.63 (m, 2H,
CHa), 3.15 (s, 6H, NCH3).

IBCNMR (DMSO-de) 8 193.3,159.7,159.3, 153.0, 136.4,
136.3,130.9,129.4,127.3, l 3.8,123.8,120.7,118.4,110.6,
102.3,99.9, 72.8, 68.6, 63.3, 60.1, 55.9, 55.5.

Positive-ion ESI mass spectra of dimefluron N-oxide,
Cax3Hp3NOs, MW=393; MS: m/z 809, [2A/+Na] ,
36%; miz 787, [2M+H]*, 43%; m/z 432, [M+K],
15%; mf/z 416, [M+Na]", 100%; m/z 394, [M+H]",
42%. MS? of 394: m/z 377, [M+H—OH[™, 2%;
m/z 333, [M+H-—(CH3);NOH]|", 5%; m/z 305,

[M+H —(CH3)NOCH>CH3]",  100%.  Negative-ion
ESI mass spectra: MS: m/z 820, [2M+Cl|~, 57%; m/z 428,
[M+Cl]~, 100%.

2.4.5. Higher homologue of dimeflturon (preparation of
compound 8 in Fig. | and Section 2.1)

Sodium (0.5 g, 21.74 mmol) was dissolved in 50 ml of 2-
methyl-2-propanol (zert-butyl aleohol) and 3,9-dimethoxy-
5-hydroxy-7H-benzo|c]fluoren-7-one (1g, 3.26 mmol) in
tert-butyl alcohol was added to the solution with stir-
ring. When the reaction mixture turned blue, a suspen-
sion of 3-dimethylaminopropylchloride hydrochloride (1.5 g,
9.5 mmol) in a small amount of rerz-butyl alcohol was added
in several portions. The reaction mixture was stirred and
heated at reflux under unaqueous conditions for half of an
hour. When the colour turned red, the reaction was complete.
tert-Butyl alcohol was distilled off, the reaction mixture di-
luted by 5% aqueous NaOH, the product extracted into ethyl
acetate and the extract dried over anhydrous Na;SOy. Af-
ter solvent removal, the crude base of 3,9-dimethoxy-5-(2-
dimethylaminopropoxy )-7H-benzo| ¢ |fluoren-7-one was pu-
rified by preparative TLC (see Section 2.1).

2.4.5.1. Homo-dimefluron,  base  of  compound 8
(C34HysNOy, MW =391.46 gmoi~'). "H NMR (300 MHz,
DMSO-ds) & 8.34 (d, 1H, J=9.21 Hz, Hl), 7.87 (d, IH

J=8.24Hz, H11), 745 (d, 1H, J=2.74 Hz, H4), 7.28 (dd,

1H, /=921 Hz, J=2.74Hz, H2), 7.04 (d, 1H, J=2.48 Hz,
HS8), 6.96 (dd, IH, J=8.24Hz, J=2.47Hz, HI0), 6.93
(s, 1H, H6), 4.19 (1, 2H, J=6.32Hz, OCH;), 3.89 (s,
3H, OCHj), 3.81 (s, 3H, OCHjs), 2.48 (t overlapped, 2H,

J=6.33 Hz, NCH>), 2.20 (s, 6H, NCH3), 2.05-1.92 (m, 2H,

CHy).

3C NMR (75 MHz, DMSO-dg) § 193.4, 159.6, 159.2,
153.6,136.4,136.3,136.0,130.9,129.4,127.2,123.7, 123.7,
120.5,118.2,110.5, 102.2, 99.6, 66.7, 56.0, 554 453,355

26.8.

Positive-ion ESI mass spectra: MS: m/z 392, [M+H]",
100%; m/z 347, [M+H—CH3;NHCH;[", 3%. MS?> of
392: miz 347, [M+H — CH3NHCH;]™, 100%; m/z 319,
[M+H — (CH3)2NCH2CH5 ", 25%.

In addition, the NMR, APCI-MS and ESI-MS spectra of
dimefluron were measured for the sake of comparison:

'"H NMR (300 MHz, CDCl3) § 2.92 (6H, s CH3N), 3.67
(2H, bt, J=4.5Hz, CH,N), 3.81 (3H, s CH30), 3.94 (3H, s
CH;0), 4.56 (2H, bt, J=4.5 Hz, CH,0), 6.97 (1H, dm over-
lapped, J=8.2Hz, Ar), 6.95-7.10 (2H, m, Ar), 7.30 (1H,
dm, J=92Hz, Ar), 7.55-7.65 (1H, m, Ar), 7.88 (1H, dm,
J=8.2Hz, Ar), 8.35 (1H, dm, J=9.2 Hz, Ar).

IBCNMR (75 MHz, CDCl3) § 193.5, 159.9, 159.5, 152.8,
137.0,136.4,136.3,130.9,129.3,127.3,124.0,123.8, 120.7,
118.4,110.7, 103.2, 100.3, 63.2, 55.99, 55.95, 55.5, 43.0.

Positive-ion ESI mass spectra of dimefluron base,
Cr3H23NOy, MW =377; MS: m/z 400, [M+Na]", 4%; m/z
378, [M+H]", 100%; m/z333, [M+H — CH;NHCH; ", 3%.
MS? of 378: m/z 333, [M+H — CH;NHCH3]", 100%.
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2.5. Rats and biological material

Dimefluron was administered in a single oral dose of
250mgkg—! of body weight to three male rats (Rattus
norvegicus var. alba, Wistar type, weighing 270-290 g, from
the Konarovice breeding station) in the form of a saturated
aqueous solution via a gastric probe. These experiments were
approved by the institutional ethics committee. The rats were
placed individually into cages in which they had free access to
water and food pellets before and during the experiment. Fae-
ces of individual rats were collected each 24 h (in the intervals
0-24,24-48,48-72,72-96,96-120, 120-144, 144-168 h af-
ter the administration). The collected facces were processed
immediately.

2.6. Extraction of faeces and sample preparation

Each portion of faeces was triturated and extracted re-
peatedly (three times) with small volumes of ethyl acetate
containing 5% of triethylamine (10-25ml of mixture ac-
cording to the amount of faeces eliminated during 24 h). For
the homogenization of faeces, a vigorous stirring of faeces
with the above-mentioned extraction mixture was used (mag-
netic stirrer, 40 °C for a few minutes). The extraction medium
containing benzo[c]fluorene derivatives was filtered off from
the dispersed biomatrix and the filtrate dried over anhydrous
NaySOy. The ethyl acetate extract was then evaporated in a
glass tube (stream of nitrogen, max. 40 °C) to dryness. The
dry extract in the glass tube was dissolved in 2 ml of methanol.
Fifty microliters of this methanolic mixture were spiked by
50 w1 of 10~3 M aqueous solution of homodimefluron (1.S.),
diluted with 1900 pl of the mobile phase, vigorously mixed
and centrifuged (10000 x g for 10 min). One hundred mi-
croliters of the supernatant were injected onto the chromato-
graphic column.

2.7. HPLC with ultraviolet photodiode-array detection

Routine chromatographic analyses were performed us-
ing a Thermo Electron (formerly Thermo Finnigan) chro-
matograph (San Jose, CA, USA). The chromatographic
system was composed of an SCM1000 solvent degasser,
P4000 quaternary gradient pump, AS3000 autosampler with
a 100-pl sample loop, UV6000 LP photodiode array detec-
tor with Light Pipe Technology, FL3000 fluorescence de-
tector, SN4000 system controller and a data station (Intel-
Pentium 4 CPU 1.6 GHz, RAM 256 MB, HDD 40 GB) with
the ChromQuest 4 analytical software (Thermo Electron Inc.,
San Jose, CA, USA) working under the Windows 2000 op-
erating system (Microsoft Corporation).

The efficiency of two chromatographic systems was eval-
uated in the separation of dimefluron, its phase I metabolites
and internal standard in the extracts from the facces.

System A consisted of a LiChroCART® 250-4 mm chro-
matographic column with LiChrospher 60 RP-selectB, 5 um
(Merck) and a mobile phase containing 0.01 M nonylamine

buffer (pH 7.4) and acetonitrile in the 1:2 ratio (v/v), and the
column was rinsed in the isocratic mode.

Svstem B consisted of a Discovery 250-4mm chro-
matographic column containing a HS-F5, 5 pm stationary
phase (Supelco) and a mobile phase containing 0.05M
KH>PO,4 buffer pH 3 and acetonitrile. The chromato-
graphic analysis started with the mobile phase composition
acetonitrile—0.05 M KH> POy buffer pH 3 (25:75, v/v). A lin-
ear gradient, increasing the proportion of acetonitrile in the
mobile phase gradually to 60% over 20 min was applied, and
an isocratic mobile phase composition of acetonitrile—0.05 M
KH,PO4 buffer pH 3 (60:40, v/v) was used in the time in-
terval of 2028 min in the analysis. After equilibration (time
interval of 28-33 min) preceding the initial chromatographic
conditions, the next sample could be analysed.

The flow rate was 1 mlmin~' in both chromatographic
systems. UV detection was performed in the dual wavelength
mode, with 317 nm having been used for dimefluron and all
7H-benzo[c]fluoren-7-one metabolites, 367 nm for all 7H-
benzo[c]fluoren-7-o0l metabolites (see Fig. 2). In recording
the UV spectra, a photodiode-array mode (in the range of
195-380 nm with a 1 nm distance) was used. The identity of
the dimefluron metabolites in biological samples was con-
firmed using HPLC-MS experiments (see Section 2.3).

2.8. Calibration

Standard 1073 M stock solutions (41.4 mg of dimefluron,
40.0 mg of 9-0O-desmethyl-DMF, 40.0 mg of 3-O-desmethyl-
DMEF, 34.9mg of 3,9-O-didesmethyl-DMF (base), 40.0 mg
of N-desmethyl-DMF, 39.3 mg of DMF N-oxide, 37.9 mg of
C7-reduced-DMF (base) and 39.1 mg of homoDMF (base),
each in 100 ml of the respective UHQ-water solution were
prepared. The compounds used in the form of bases were
dissolved in UHQ-water containing an equimolar amount of
hydrochloric acid. Lower concentrations (1074 M, 107 M)
of each compound were obtained by the dilution with
UHQ water. A calibration series of dimefluron + its metabo-
lites/fhomodimefluron (IS) mixtures with the concentrations
of 0.05, 0.25, 0.5, 2.5, 10, 17.5, 25 and 35 nmol/ml of each
analyte, and with the same homodimefluron concentration
(25 nmol/ml) was made. Six individual samples were pre-
pared at each calibration level. The same concentrations were
used to make a calibration curve with a drug-free faeces ex-
tract spiked with dimefluron, its metabolites and homodime-
fluron (using appropriate concentrations in order to keep the
volumes at a minimum). This calibration series was mea-
sured using the UV detector under the conditions mentioned
in Section 2.7. The extraction procedures were the same as
described in Section 2.6.

2.9. Testing and statistical evaluation of the analytical
procedure

As mentioned in Section 2.8, eight-level calibration series
with six analyses at each concentration level was measured.
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Fig. 2. (a) UV spectra of 3.9-dimethoxy-7H-benzo[¢|fluoren-7-one chro-
mophore (dimefluron and all 7-one metabolites, maxima: 209, 240, 264 and
317 nm). (b) UV spectra of 3.9-dimethoxy-7H-benzo[c|fluoren-7-ol chro-
mophore (C7-reduced dimefluron and all 7-ol metabolites, 201, 223, 232,
247.299. 309. 354. 367 nm).

On-line statistical processing of the calibration analyses by
the least-squares method was performed automatically using
the ChromQuest software. The linearity of the calibration
curve from the aqueous solutions of dimefluron, its metabo-
lites and homodimefluron (IS) and from the drug-free fae-
ces extracts spiked with the above-mentioned analytes was
tested and evaluated [y = kx + ¢, where x is the concentration
ratio of dimefluron (or one of its metabolites, respectively) to
homodimefluron (IS) and y is the corresponding peak—area
ratio of dimefluron (one of its metabolites)/homodimefluron
(1.S.)] and the correlation coefficient () was expressed. The
accuracy was determined as a relative error (%) found on the
standard curve. The precision of the method, expressed as
the relative standard deviation (percentage of coeflicients of
variation; R.S.D. =100 S.D./mean), was also assessed. Both
statistical parameters were calculated for each concentration
level. The range of the applicability of the HPLC method was

enclosed within the lower limit of quantification (LLOQ) and
the upper limit of quantification (ULOQ). The lower limit of
quantification (LLOQ) was determined as the lowest concen-
tration on the standard calibration curve which was measured
with a precision of 20% and accuracy of 80 or 120%. Upper
limit of quantification (ULOQ) was equal to the highest con-
centration in the eight-level faeces extract calibration. The
recovery of dimefluron and its six metabolites was also cal-
culated [31,32].

3. Results and discussion
3.1. Syntheses of the standards and their NMR spectra

For the development of new HPLC methods and for
the preparation of calibration samples, the standards of
the expected dimefluron metabolites and a suitable inter-
nal standard were required. Consequently, simple synthetic
and degradation methods starting from dimefluron and its
precursor (3,9-dimethoxy-5-hydroxy-7H-benzo| ¢]fluoren-7-
one) were employed. Given the functional groups present in
dimefluron and our previous experience with the biotrans-
formation of benfluron, the following pathways in phase I
dimefluron metabolism were expected: O-desmethylation,
N-desmethylation, N-oxidation and carbonyl reduction. The
products of these metabolic reactions could be identi-
fied in various biomatrices after the administration of
dimefluron, hence their standards had to be synthe-
sized.

O-Desmethylation, N-desmethylation, N-oxidation and
carbonyl reduction were performed by the above chemi-
cal modifications of dimefluron (see Sections 2.4.1-2.4.4).
Under the conditions described in Section 2.4.1, three O-
desmethylated products (compounds 2—4 in Fig. 1) arose
from the parent compound 1 and were separated by prepar-
ative TLC (see Section 2.1). The other reaction led to
relatively pure final products, but for analytical purposes,
all these compounds (5-7 in Fig. 1) were purified by
preparative TLC as well. Some of the basic products were
converted into their salts (hydrochlorides) for a better crys-
tallization.

Before the development of the chromatographic condi-
tions for the HPLC bioanalyses of dimefluron and its phase
I metabolites, a suitable internal standard had to be identi-
fied. In some of our previous papers [33-35], good experi-
ence with the structural homologues of the drugs under study
was made. Consequently, a higher homologue of dimefluron
(homodimefluron, compound 8 in Fig. 1), possessing an ad-
ditional methylene group in the side chain of molecule was
prepared by the Williamson synthesis from the dimefluron
precursor (3,9-dimethoxy-5-hydroxy-7H-benzo| ¢|fluoren-7-
one) and 3-dimethylaminopropyl chloride.

The structure and purity of individual compounds 2—8 (see
Fig. 1) was confirmed by NMR, HPLC-DAD and HPLC-MS
experiments.
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3.2. Mass spectra of the dimefluron derivatives

The individual compounds in real samples were unam-
biguously identified using the following HPLC-MS ap-
proach. First, the first-order and MS™ spectra of all standards
were measured and interpreted both in the positive-ion and
negative-ion electrospray ionization mode (see Section 2.3).
A mixture of all standards was then analysed by HPLC-MS
and HPLC-MS-MS to verify that the mass spectra are iden-
tical to those obtained in the direct infusion experiments. The
following step was the analysis of real samples of three rat fae-
ces. No significant differences were found among individual
samples, and the results are therefore discussed together. All
synthetic standards (see Section 2.4) were clearly identified
in the rat faeces extracts, but the concentration of compound
4 (3,9-O-didesmethyl-DMF) was very low.

The comparison of observed ions with the structures
showed the characteristic fragmentation behaviour for indi-
vidual functional groups, which enabled us the identifica-
tion of other metabolites, the standards of which were not
synthesized, based on the following rules. The molecular
weights (MW) were determined according to [M+H]" ions
in the positive-ion and [M —H]™ ions in the negative-ion
ESI mass spectra, which was further confirmed by the less
abundant [M+Na]" and [M+K]" ions in some cases. The
compounds without a hydroxy group (compounds 1, 5, 8 and
13 in Table 1) did not provide any signal in the negative-ion
mode except for the N-oxide (compound 6), where the adduct
ions [M+Cl]™ and [2M+CIl]™ were found, but with very
low sensitivity. The presence of the dimethylamino group
was indicated by the neutral loss of CH3NHCH; (Am/z 45)
or CH3N=CH> (Am/z 43), while the presence of the methy-
lamino group corresponded to the loss of CH3sNH» (Am/z31)
together with aminor loss of CHoN=CH>CH3 (Am/z57). The

presence of N-oxide was characterized by the neutral losses
of CH3N(OH)CH3 (Am/z61)and (CH3 )2NOCH>CH3 (Am/z
89), by a slightly increased relative abundance of molecular
adducts with alkali metal ions and dimeric ions [2A/+H]"
as well as by an increased fragmentation in the first-order
mass spectra. When the 7-carbonyl group was reduced to the
secondary hydroxy group, the loss of water (Am/z 18) was
the base peak in the MS/MS spectrum unlike other com-
pounds containing 7-carbonyl function. The other typical
neutral losses were observed after the primary loss of water.
Compounds with the primary hydroxy group in positions 3-
or 9- could be easily distinguished from the 7-hydroxy deriva-
tives, because the loss of water in the first case occurred after
the loss of alkylamines and was not a predominate peak in
the spectrum.

All information valuable for the characterization of phase [
metabolites is summarised in Table I together with the iden-
tification of new metabolites (compounds 9-15), the stan-
dards of which were not prepared. The MWs, fragmenta-
tion behaviour and retention order of compounds 9—15 are in
agreement with the proposed structures depicted in Table 1.
In addition to phase [ metabolites, there is certain evidence
of phase II metabolites with lower retention times as well,
but their concentrations in our extracts were too low and the
chromatographic resolution must also be improved for their
positive identification.

3.3. Sample preparation procedure

As mentioned in our previous study [14], the principal
route of elimination of phase [ benfluron metabolites was the
gastrointestinal tract of rats. With a view to the similarity
of benfluron and dimefluron, it was expected that prevail-
ing amounts of the phase I dimefluron metabolites would

Table |
List of compounds identified in the extracts of rat facces by HPLC-MS and HPLC-MS-MS
Compound no.* fr (min)P MW Hydroxy! group (position)* Alkylamino group (substituent Ry in Fig. 1)
I 50.5 377 B (CH3)N—
2 283 363 Yes (9) (CH3 ) N—
3 325 363 Yes (3) (CH3),N—
4 16.3 349 Yes (3.9) (CH3)2N—
5 45.2 363 — CH3NH=—
6 47.0 393 - (CH3)2NO—
7 354 379 Yes (7) (CH;3 )2 N—
8 55.8 391 - (CH3 oNCHy—
9 33.8 397 Yes (3 or 9) (CH3)2N—
10 294 349 Yes (3) CH3;NH—
11 24.6 349 Yes (9) CH3NH—
12 28.3 393 Yes (unknown) (CH3)N—
13 24.6 379 — CH3NH=—
14 20.1 365 Yes (3.7) (CHj3)2N=—
15 18.7 365 Yes (7. 9) (CH3)2N—

49:  3-0-desmethyl-chlordimefluron  or  9-O-desmethyl-chlordimefluron:  10:  3-O-desmethyl-N-desmethyldimefluron:

9-0-desmethyl-N-

desmethyldimefluron; 12: hydroxydimefluron; 13: N-desmethyl-C7-reduced -7-methoxydimefluron; 14: 3-O-desmethyl-C7-reduced dimefluron; 15:

9-0-desmethyl-C7-reduced dimefluron. See
b Retention times in HPLC-MS system (see Section 2.3).

¢ Compounds without hydroxy groups do not provide signal in the negative-ion ESI mode.

g. 1 for structures of 1-8 and Fig. 6 for structures of 10-11 and 13-15.
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be found in the faeces as well. For this reason the primary
search for phase I dimefluron metabolites was oriented to-
wards this solid, relatively worse extractable biomatrix. Ethyl
acetate with triethylamine was found to be a good extraction
medium for phase 1 dimefluron metabolites of various po-
larity. A small amount of triethylamine (proton scavenger)
in this medium served to convert the possibly present salts
of dimefluron metabolites in the excrements into their better
extractable bases.

Ethyl acetate and triethylamine were evaporated {rom the
extracts and the dry extract was dissolved in methanol, which
is compatible with the mobile phase used in the HPLC de-
termination. The methanolic solution was spiked with the
internal standard. In accord with our assumptions, the fae-
ces contained a large number and amounts of colour phase
I dimefluron metabolites and had to be repeatedly diluted
before the HPLC analysis.

3.4. Chromatography

The development of chromatographic conditions, which
would be suitable for the separation of dimefluron and its
phase [ metabolites, started by testing chromatographic sys-
tem used in the separation of benfluron derivatives [13—15].
Benfluron and its metabolites were separated on various re-
versed phase columns Cig, using a mobile phase contain-
ing nonylamine buffer (pH 7.4), acetonitrile and 2-propanol
2:2:1,v/v/v). These conditions were sufficient for the resolu-
tion of all benfluron derivatives during 30 min. The employ-
ment of these chromatographie conditions for dimefluron and
its metabolites failed due to an unsatisfactory resolution of
isomeric 3-O-desmethyl-DMF and 9-O-desmethyl-DMF. In
addition, most of the peaks in the chromatogram were asym-
metric which was result of the interaction of the basic analytes
with the residual silanols on the surface of non-endcapped

3000

octadecylsilyl silica gel. Hence, new chromatographic con-
ditions for dimefluron derivatives were being searched for.

In the chromatographic system A (see Section 2.7), a chro-
matographic column LiChrospher RP-selectB (Merck) with
the chemically bound octylsilane (Cg) on the silica gel sur-
face was tested. The starting silica material was optimized to
suppress the undesirable interactions with the basic analytes.
The mobile phase used for the separation of benfluron deriva-
tives was simplified by the elimination of 2-propanol, and its
composition was optimized to achieve a satisfactory resolu-
tion ofall dimefluron derivatives under study (see compounds
in Fig. 1). Fig. 3 shows a chromatogram of dimefluron deriva-
tives in the mobile phase containing 0.01 M nonylamine
buffer (pH 7.4) and acetonitrile in the 1:2 ratio (v/v). The
chromatographic analysis of compounds 1-7 lasted 45 min
with the resolution of individual compounds being satisfac-
tory, but the peaks were asymmetric to a high degree. The
most fundamental limitation of this chromatographic system
was a very long retention time (more then 120 min) of the
internal standard (homodimefluron, compound 8 in Fig. 1)
under the above-mentioned conditions and such a chromato-
graphic system was unsuitable for serial analyses.

In the chromatographic system B (see Section 2.7), a chro-
matographic column containing an HS-F5, 5 pm stationary
phase (pentafluorophenylpropyldimethylsilyl silica gel) was
used. The composition of an acidic mobile phase based on
a mixture of acetonitrile and a phosphate buffer of pH 3
was being changed using a linear gradient during the first
20 min of the chromatography and then maintained in the
isocratic mode until the completion of the analysis. As ap-
parent from Fig. 4a, the whole analysis lasted 28 min, all eight
dimefluron derivatives including the internal standard (com-
pounds 1-8 in Fig. 1) were well separated and, importantly,
the shape of all peaks exhibited a much higher degree of sym-
metry than those in the chromatographic system A. Hence, the
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Fig. 3. Chromatographic separation of dimefluron and its metabolites on a RP-selectB (octylsilyl silica gel) column using an isocratic mobile phase containing

nonylamine buffer (pH 7.4)-acetonitrile in the 1:2 ratio (v/v).
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Fig. 4. (a) Chromatographic separation of dimefluron and its metabolites on a Discovery HS-F5 (pentafluorophenylpropyldimethylsilyl silica gel) column
using a gradient mobile phase containing phosphate buffer (pH 3)—acetonitrile (see Section 2.7, system B). Extract from drug-free rat facces spiked with the
individual metabolites. dimefluron and homodimefluron (1.8.). (b) Chromatographic separation under the same conditions (see Section 2.7, system B). Extract
from the rat facces collected in the interval 24-48 h after the oral administration of dimefluron: the sample was spiked with homodimefluron (I.S.).

chromatographic system B was validated and chosen for rou-
tine analyses.

Photodiode-array UV-vis detection (DAD) under the con-
ditions described in Section 2.7 was employed not only
for the determination of dimefluron and those metabo-
lites, the synthetic standards of which were available, but
also in the search for and preliminary identification of all
other benzo[c]fluorene derivatives discovered in the ex-
tracts. Spectral analysis of the acquired 3D-chromatograms
(spectrochromatograms) enabled us to identify two types
of benzo[c]fluorene compounds (7H-benzo|c|fluoren-7-one
and 7H-benzo[c|fluoren-7-0l) according to their character-
istic UV-spectra displayed in Fig. 2. In this way, some new
minor metabolites, having the 7H-benzo|¢|fluoren-7-one and
7H-benzo|c|fluoren-7-0l chromophore were discovered in
the spectrochromatograms. Their final structure was eluci-
dated by HPLC-DAD-MS experiments.

The possibility of the fluorescence detection employ-
ment was also tested. It was observed that only 7H-

benzo|c|fluoren-7-ol derivatives exhibited fluorescence at the
excitation maxima of 245 and 361 nm and the emission max-
ima were found at the wavelengths of 427 and 736 nm.

The developed bioanalytical method for the determination
of dimefluron derivatives involving a liquid—solid extraction
of faeces and based on the ultraviolet photodiode-array detec-
tion was validated. The validation parameters are summarised
in Table 2. The calibration curves were found to be linear in
the range of 0.05-35 nmol/ml. The value of LLOQ varied in
dependence on a particular compound (0.05-2.5 nmol/ml).
The recovery for different metabolites ranged between 75
and 89%.

3.5. Elimination of dimefluron and its metabolites via
gastrointestinal tract of rats

The developed and validated bioanalytical method was

used for the study of dimefluron disposition inrats. The aim of
this study was to elucidate the structures of individual phase
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Table 2
Validation results of the bioanalytical LSE-HPLC-DAD method for dimefluron and its metabolites
Compound (no. in Fig. 1 Regression equation r Precision (%) Accuracy (%) LLOQ ULOQ
and Table 1) (nmol/ml) (nmol/ml)
3.9-0-Didesmethyl-DMF y=0.9517x+0.0155 0.9988 1.15-7.18 97.94-106.41 0.5 35
9-0-Desmethyl-DMF y=0.9502x+0.0122 0.9997 1.68-5.80 99.49-114.31 0.5 35
3-0-Desmethyl-DMF y=0.9211x+0.0103 0.9998 0.79-3.53 99.24-101.98 25 35
Reduced DMF y=0.2954x+0.003 0.9999 0.55-4.62 99.57-108.81 25 35
N-Desmethyl-DMF y=0.9128x+0.019 0.9978 3.94-14.53 98.44-110.79 0.5 35
DMF y=0.9729x+0.0133 0.9996 1.02-5.27 98.33-114.17 0.5 35
DMF N-oxide »=0.9833x+0.0528 0.9997 0.49-4.62 89.79-114.43 0.05 35

I dimefluron metabolites and to evaluate their elimination
from the organism from the viewpoint of time dependence
and total balance dependence (administered molar amount
of dimefluron versus the sum of eliminated molar amounts
of dimefluron and its metabolites).
9-0-Desmethyldimefluron and 3-O-desmethyldimefluron
were identified as the principal phase I metabolites (see
Fig. 4b). In an analogous elimination study of benfluron [14],
9-hydroxybenfluron was found to be the principal phase I
metabolite of benfluron in faeces. With a view to the fact
that the biotransformation precursors of phenolic metabolites
(9-hydroxybenfluron in this case) are nucleofilic arenoxides

(epoxides), which may be very toxic for the organism given
their possible influence on nucleic acids and proteins, the
dimefluron phase [ metabolism leading to O-desmethylation
products seems less hazardous for the organism than the aryl-
hydroxylation of benfluron.

The other expected or newly found phase 1 dimefluron
metabolites (products of N-desmethylation, N-oxidation and
carbonyl reduction) were eliminated in minor amounts, as
shown in Fig. 5 and Table 1.

The elimination of dimefluron and its phase I metabo-
lites culminated in the time interval of 24-48 h following the
administration of the parent compound (see Fig. 5) and the
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Fig. 5. (a) Average molar amount of dimefluron and its four principal phase I metabolites in the extracts from rat facces. (b) Percentage of the total elimination

of dimefluron and its phase I metabolites in the extracts from rat facces.
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major amount of unconjugated benzo|c|fluorene derivatives
(89.4%, average from three rats) left the organism over the
first three days. Presumptive survey of the phase I dimefluron
biotransformation based on the results of HPLC-DAD-MS
analyses is given in Fig. 6. In addition to the metabolites,
whose synthetic standards were available (see compound
1-8 in Table 1), some new benzo[c]fluorene structures were
discovered in the extracts from rat faeces: the products
of a consecutive O- and N-desmethylation (compounds 10
and 11 in Table 1) and products of O-desmethylation and
C7-carbonyl reduction (compounds 14 and 15 in Table 1).
Also small amounts of hydroxydimefluron (compound 12,
position of hydroxyl unknown) were identified. The find-
ing of compounds 9 (3-O-desmethyl-chlordimefluron or
9-0-desmethyl-chlordimefluron) and 13 (N-desmethyl-C5-
reduced-7-methoxydimefluron) is according to the actual
xenobiochemical knowledge hardly explicable.

The balance study showed that only 7.3% of dimefluron
and its phase [ metabolites (of the administered molar amount
of dimefluron = 100%) left the rat organism via the gastroin-
testinal tract during the next 7 days after the administration.
This percentage corresponds to a similar total amount of ben-
fluron and its phase [ metabolites found in our former exper-
iments [14]. The remaining amount could have been elimi-
nated via another route (by uropoietic system) or in the form
of phase Il metabolites (conjugates), which were not investi-
gated in this study because they are not extractable into ethyl
acetate.

4. Conclusions

Two chromatographic systems differing in the stationary
phases used, in the pH value of the mobile phase and in the
mode of elution (isocratic versus gradient) were tested in
the development of a new bioanalytical method involving
the liquid—solid extraction of animal facces and subsequent
high-performance liquid chromatographic determination of
dimefluron and its phase I metabolites based on the ultravi-
olet and mass spectrometric detections. Better results were
achieved using a pentafluorophenylpropylsilyl silica gel col-
umn rinsed with the mobile phase of acetonitrile—phosphate
buffer pH 3 in a gradient mode. After the validation of the
bioanalytical method, this chromatographic system was ap-
plied to the disposition study of dimefluron in rats. The
elimination of dimefluron and its phase I metabolites in
the faeces was studied after an intragastric administration
of dimefluron to three male rats. Maximum concentrations
of dimefluron derivatives in the excrements were achieved
in the time interval of 24—48 h after the administration. 9-
O-Desmethyldimefluron and 3-O-desmethyldimefluron were
the major metabolites found in the rat faeces, while the
metabolic products of N-desmethylation, N-oxidation and
carbony! reduction were found in lower concentrations. Ac-
cording to the balance study, only 7.3% of the administered
molar amount of dimefluron were eliminated in the form of an
unchanged parent compound and its phase I metabolites by
the gastrointestinal tract, the fate of the remaining amount of
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benzo|c|fluorene derivatives will be elucidated in our further
studies.
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Fig. 6. Presumptive survey of the phase I dimefluron biotransformation (the numbering of individual compounds is the same as in Fig. | and Table 1).
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6.1.2. Use of chiral liquid chromatography for the evaluation
of stereospecificity in the carbonyl reduction of potential
benzo[c]fluorene antineoplastics benfluron and dimefluron

in various species

R. Kucera, M. Nobilis, L. Skalova, B. Szotakova, P. Cisaf, Th. Jira, J. Klimes, V. Wso6l
Journal of Pharmaceutical and Biomedical Analysis, Volume 37, Issue 5, 29 April 2005,
Pages 1049-1057

Benfluron i dimefluron se biotransformuji mimo jiné redukci v poloze 7 na sekundarni
alkohol. Tato redukce vede k tvorbé dvou enantiomerti. Pomér vzniklych enantiomert
je zavisly na testovaném species.

Pro analyzu poméru vzniklych enantiomerid byla vyvinuta metoda chiralni HPLC. Bylo
testovano né¢kolik chirdlnich kolon. Nasledné byly optimalizovany podminky
umoznujici separaci enantiomeri metabolitu benfluronu a dimefluronu na vybrané
koloné. Optimalizované podminky pro chiralni separaci enantiomerii redukovaného
benfluronu a redukovaného dimefluronu byly pouzity pro studium biotransformace
zakladnich latek. Biotransformace benfluronu a dimefluronu byly studovany v jaternich
mikrosomalnich frakcich vybranych species — potkan, kralik, prase, morce, koza a
¢lovék. Byly pozorovany mezidruhové rozdily i rozdily vramci jednoho druhu
Vv biotransformaci obou latek. Tyto diference je mozno vysvétlit na zékladé vlivu
sterickych efektt, které se uplatituji pfi vazbé substratu na apoenzym, nebo piichazi
vV uvahu moznost, ze je karbonylova skupina obou latek redukovéna u rliznych species
riznymi redukujicimi enzymy (karbonylreduktasy, aldoketo-reduktasy,
11-p-hydroxysteroiddehydrogenasa typ 1 apod.).

Ackoli jsou si struktury benfluronu a dimefluronu velice podobné, byla béhem prace
pozorovana ruznd mira separace enantiomerd redukovaného benfluronu oproti

enantiomertim redukovaného dimefluronu za stejnych separacnich podminek.
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Abstract

Benfluron (B) [5-(2-dimethy laminoethoxy )-7H-benzo| c|fluorene-7-one hydrochloride] is a potential antineoplastic agent. In the organism.
B undergoes a rapid phase 1 biotransformation through oxidative and reductive metabolic pathways. The carbonyl reduction of B leads to
reduced benfluron, red-B, this is one of the principal pathways for the deactivation of this compound.

The structure of B was modified to suppress itsrapid deactivation via the carbonyl reduction on C;. Dimefluron, D (3.9-dimethoxy-benfluron)
is one of the derivatives of B. in which an alternative metabolic pathway (O-desmethylation) prevails over the carbonyl reduction.

The goal of this study was to develop HPLC methods enabling chiral separations of the red-B and -D enantiomers. The separation of
red-B enantiomers was successful done on a Chiralcel OD-R column (250 mm x 4.6 mm ID, 5 pm) using a mobile phase acetonitrile—1 M
NaClOy (40:60, v/v). Another mobile phase, methanol-1 M NaClO, (75:25, v/v). had to be employed for the sullicient resolution of red-D
enantiomers. Flow rate was 0.3 mlmin~" in both cases. Red-B was detected at 340 nm. red-D at 370 nm.

The above chiral HPLC methods were used for the study of the biotransformation of B and D in the microsomal fractions of liver homogenates
prepared from various species (rat., rabbit. pig, guinea pig. goat and human). The enantiospecificity of the respective carbonyl reductases was
evaluated and discussed for both prochiral compounds, B and D.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Chiral HPLC: Potential antineoplastics; Benfluron and dimefluron; Carbonyl reduction metabolites

1. Introduction regards to their oxidation. Less attention has been paid to
their reductive metabolism, although it is well known that a

Drug metabolism studies belong to the fundamental items variety of pharmacologically important substances undergo

to be resolved in the research and development of new drugs. reductive reactions in their biotransformation [1]. Carbonyl
The metabolism of drugs is usually extensively studied with reaction is a significant step in the phase I biotransformation
of a great variety of aromatics, alicyclic and aliphatic car-

* Corresponding author. Tel.: +420 495 067 446: fax: +420 495 512 423. bonyl compounds, including pharmacologically active sub-

E-mail address: kucerar@faf.cuni.cz (R. Kucera). stances [2,3]. Carbonyl reduction has always been shown to

0731-7085/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpba.2004.10.005
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be of significance in various inactivation processes of drug
containing a carbonyl group, such as warfarin, haloperidol,
daunorubicin and doxorubicin [4,5].

Benfluron (B) [5-(2-dimethylaminoethoxy)-7H-benzo
[¢]fluorene-7-one hydrochloride], first prepared in the Re-
search Institute for Pharmacy and Biochemistry in Prague,
is a typical representant of the first generation of potential
antineoplastic agents exhibiting the activity against a broad
spectrum of experimental tumors in vitro and in vivo [6]. The
metabolism of B has been studied extensively in vivo as well
as in vitro [7-21]. B undergoes a rapid phase | biotransfor-
mation through oxidative and reductive metabolic pathways
[8,12,16]. The carbonyl reduction of B leads to Cy-reduced
benfluron, 5-(2-dimethylaminoethoxy)-7H-benzo|c|fluoren-
7-ol (red-B), this is one of the principal pathways for the
deactivation of this compound [8,12,16,20,21].

In recent years, the chemical structure of B has been mod-
ified with the aim to suppress its disadvantageous pharma-
cokinetic properties (low accessibility from the gastrointesti-
nal tract and strong binding to tissue proteins) and to prevent
from deactivating through carbonyl reduction.

Dimefluron (D) [3,9-dimethoxy-5-(2-dimethylaminoe-
thoxy)-7H-benzo[¢|fluorene-7-one hydrochloride], is one
of the developed derivates of B, in which an al-
ternative metabolic pathway (O-desmethylation) prevails
over the carbonyl reduction, although the Cy-reduced
metabolite, 3,9-dimethoxy-5-(2-dimethylaminoethoxy)-7H-
benzo[c¢]fluoren-7-ol (red-D), was also detected [20-24].
Higher antineoplastic efficiency of D (in comparison with B)
could be expected in vivo [25-27] and the respective studies
have been done or are currently in progress.

As mentioned above, both B as well as D undergoes in or-
ganism the metabolic changes leading to reduced derivatives.
The substituents on the carbon atom bearing the carbonyl
group are different, thus this carbon is a prochiral centre.
The reduction of such a carbonyl group produces then two
enantiomers of red-B (red-D, respectively). The carbonyl re-
ductases tend to be stereospecific [4].

The goal of this study was to develop an HPLC method
enabling chiral separations of the red-B and -D enantiomers.
The enantiospecificity of the respective carbonyl reductases
was evaluated and discussed for both prochiral compounds,
B and D in various species.

2. Experimental
2.1. Chemicals, solutions and material

Benfluron [5-(2-dimethylaminocthoxy)-7H-benzo|c|flu-
oren-7-one hydrochloride], Ca1Hao CINO;, MW =353.84 ¢
mol~!, racemic  5-(2-dimethylaminoethoxy)-7H-benzo-
[e]fluoren-7-0l  hydrochloride  C5 HpCINO,, MW=
355.86 gmol™', dimefluron [3.9-dimethoxy-5-(2-dimethyl-
aminoethoxy)-7H-benzo[c|fluoren-7-one  hydrochloride];
C23H24CINOy, MW :413.89gmol*1, racemic 3,9-dimeth-

oxy-5-(2-dimethylaminocthoxy)-7H-benzo|c|fluoren-7-ol
hydrochloride, C23H6CINOu, MW:415.91gmol*1 (see
Fig. 1) were synthesized in the laboratories of Institute of Ex-
perimental Biopharmaceutics and characterized using NMR
experiments. Acetonitrile (ACN), chloroform, methanol
(MeOH), ethanol (EtOH), hexane (Hex), 2-propanol, triethy-
lamine (HPLC grade, Merck, Darmstadt, Germany), diethyl
ether (analytical grade, Merck, Germany), hydrochloric
acid 35%, sodium perchlorate (analytical grade, Lachema,
Czech Republic), sodium borohydride (powder, 98+%,
Janssen-Chimica, Belgium), ultra-high-quality (UHQ) water
(prepared using Elgastat UHQ PS apparatus, Elga Ltd.,
Bucks, England) were used for the liquid-liquid extraction
of biomatrices and chiral chromatography. Kieselgel 60H
(Merck, Darmstadt, Germany) was used for preparative
TLC.

2.2. Preparation of synthetic rac. 5-(2-dimethylaminoet-
hoxy)-7H-benzo[c [fluoren-7-ol and rac 3,9-dimethoxy-3-
(2-dimethylaminoethoxy)-7H-benzo/c [fluoren-7-ol

Base of benfluron (0.84 g, 2.65 mmol) or dimefluron (1 g,
2.65mmol) was dissolved in methanol (40ml). Sodium
borohydride (0.3 g, 7.94mmol) was added and the reac-
tion mixture was stirred under ambient temperature for 1 h
and then refluxed for half of an hour. Methanol was re-
moved under reduced pressure, the residue was diluted by
5% aqueous NaOH (20ml), and Cy-reduced dimefluron
was extracted into ethyl acetate. The organic layer contain-
ing the product was dried over anhydrous Na;SOy. After
ethyl acetate removal, the crude base of rac. 3,9-dimethoxy-
5-(2-dimethylaminoethoxy)-7H-benzo|c|fluoren-7-0l (base
of rac. 5-(2-dimethylaminoethoxy)-7H-benzo|c|fluoren-7-
ol, respectively) was obtained.

Preparative thin-layer chromatography was used for iso-
lation of red-B and -D from reaction mixtures. Chro-
matographic layers of Kieselgel 60H (0.3 mm thick on
20 x 20 glass plates) were prepared from a suspension in
triethylamine-methanol 1:1 (v/v) using a Camag Automatic
TLC Plate Coater (Muttenz, Switzerland) and left to dry
for about 20 min. The reaction mixture was dissolved in a
minimum volume of the mobile phase and the solution was
transferred onto the start of a chromatographic plate and
developed in a chloroform—methanol-triethylamine mixture
(80:10:5, v/v). After chromatography, the individual fluores-
cence bands appertaining to red-B or -D were scraped off
from the silica gel. Each individual purified product was elu-
ated from silica gel with methanol using a sintered-glass filter
(No. 4, porosity 40 pm) and filtrate was evaporated to dry-
ness. The identity of the compounds was confirmed by NMR
analysis.

A Varian Mercury-Vx BB 300 NMR spectrometer was
used for the NMR analyses of the synthetic standards of red-
B and -D metabolites. The NMR spectra were recorded at
300 MHz for 'H, and 75 MHz for '3C. Chemical shifts are
given as § values in ppm, the coupling constants are given in
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reduced benfluron
H OH

Fig. 1. Structures of the compounds under study.

Hz. Analytical sample (15-20 mg) was dissolved in deuter-
ated dimethylsulfoxide (0.7 ml) and the solution was trans-
ferred via pipette into an NMR tube (203 mm length, 5mm
diameter).

2.2.1. NMR analysis of red-B

"H NMR (300 MHz, DMSO) § 8.65 (11, d, J=8.51 Hz,
H1), 8.28 (1H, dd, /=8.51 Hz, J=1.10 Hz, H4), 8.20 (I1H,
d, /J=7.69Hz, H11), 7.73-7.65 (1H, m, H2), 7.62 (1H,
d, J=7.69Hz, H8), 7.60-7.53 (1H, m, H3), 7.46-7.38
(1H, m, H10), 7.31-7.22 (2H, m, H6, H9), 5.90 (1H, d,
J=7.42Hz, OH), 5.47 (1H, d, J=7.41 Hz, H7), 4.39-4.25
(2H, m, OCH»), 2.83 (2H, t,/=5.49 Hz, NCH»), 2.30 (3H, s,
CH3).

BBCNMR (75 MHz, DMSO) 8 154.6, 147.6, 147.3, 140.6,
129.5, 128.7, 127.8, 126.1, 125.6, 125.6, 1252, 124.7,
124.0123.1, 121.7, 102.8, 74.3, 66.9, 57.9, 45.9.

2.2.2. NMR analysis of red-D

'H NMR (300 MHz, DMSO) § 8.51 (d, 1H, J=9.34 Hz,
H1), 8.04 (d, 1H,J=8.51 Hz, H11),7.59 (d, 1H, J=2.75 Hz,
H4), 7.30 (dd, 1H, J=9.34 Hz, J=2.75 Hz, H2), 7.22 (s, 3H,
H6), 7.20 (d, 1H,J=2.61 Hz, H8),6.94 (dd, 1H, J=8.51 Hz,
J=2.61Hz, H10), 5.87 (bs, 1H, OH), 5.39 (s, 1H, CH),
4.34-4.23 (m, 1H, OCHa), 3.88 (s, 3H, OCHj3), 3.81 (s, 3H,
OCH3),2.82(t,2H, J=35.27 Hz, NCH>), 2.30 (s, 6H,NCH3).

I3CNMR (75 MHz, DMSO) § 158.1,156.7, 152.8, 149.9,
143.6,133.3,126.9,126.6, 125.7,124.2,122.1,119.1,113.5,
111.2,103.6,102.0, 74.1, 67.1, 57.9, 55.5, 55.2,45.9.

2.3. Biological material

Young adult intact males, sexually matured, 3-5 ani-
mals from each species, were used for experiments. All an-
imals used were healthy and have not been subjected to any
pharmacological treatments. Wistar rats (Rattus novergicus

var. alba, 10-14 weeks old) and guinea pigs (Cavia aperea
var. porcellus, weight 450-500 g) were fed a standard diet
and sacrificed by decapitation under ether anaesthesia. Rab-
bits (Oryetolagus cuniculus f. domesticus, Chinchilla race)
were fed a standard diet and sacrificed by cervical spine dislo-
cation at the age of 4 month. Farm animals, boars (Sus scrofa
f. domestica, Landrace breed) and bucks (Capra aegagrus f.
hircus, Czech white goat breed), were bred under the usual
farm conditions in Czech Republic. They were slaughtered
at the age of 7-9 months. All species were subjected to an
overnight starvation with free access to tap water. The liver
(without any macroscopic alterations) was removed immedi-
ately after death of animal. The whole liver or lobus sinister or
dexter lateralis were cut into small pieces, and stored frozen
in liquid nitrogen. The human liver samples from three male
donors (49, 56 and 64 years old) were obtained from the Ca-
daver Donor Programme of Transplant Centre of Faculty of
Medicine, Charles University, Hradec Kralové. Cut part of
liver (lobus hepatis sinister) in ice-cooled Eurocollins solu-
tion was transported from the hospital to the laboratory and
after that it was stored in the freezer (—80 °C) till preparation
of subcellular fractions.

2.4. Preparation of subcellular fractions

Frozen liver samples were thawed at room temperature (up
to 15 min) and homogenised at the w/v ratio of 1:6 in 0.1 M
sodium phosphate buffer, pH 7.4, using a Potter-Elvehjem
homogeniser and sonication with Sonopuls (Bandeline, Ger-
many). The microsomal fractions were isolated by fractional
ultracentrifugation of the liver homogenate with the same
buffer. A re-washing step (followed by a second ultracen-
trifugation) was included at the end of the microsome prepa-
ration procedure. Microsomes were finally resuspended in the
same buffer containing 20% glycerol (v/v) and were stored
at —80°C. Protein concentrations were assayed using the
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bicinchoninic acid method [28]. Concentrations of protein
ranged between 6 and 8 mgml~'.

2.5, Incubation of hepatic microsomal fraction with
benfluron and dimefluron

Suitable conditions for biotransformation assays (sub-
strate and coenzyme concentrations, time of incubation) were
chosen according to previous experiments [23]. The microso-
mal or cytosolic suspensions (0.1 ml in 0.1 M Na-phosphate
buffer, pH 7.4) were incubated with 0.6 umol of coenzymes
(mixture NADPH and NADH) and with 0.5 pmol of sub-
strates (benfluron or dimefluron, respectively). The total vol-
ume of reaction mixtures was 0.3 ml. First type of blank
samples did not contain substrates, while in second types of
blanks the buffer was added instead of microsomes. The in-
cubations were carried out at 37 “C for 30 min under aeration
and were terminated by addition of 0.1 ml of 26% aqueous
ammonia solution.

2.6. Sample preparation of the incubates

When the in vitro enzymatic reaction (see Section 2.5)
was accomplished by addition of aqueous ammonia solution,
ethyl acetate (0.7 ml) was added into the incubation mixture
and the content of the tube was vortexed-mixed for 1 min.
After centrifugation (2000 x g, 12 min), the tubes were stored
in a deep freezer (—75 °C for 30 min) until the lower aqueous
layer froze to ice. The upper ethyl acetate layer containing
the analytes was decanted into another clean 3-ml tube. The
extraction of aqueous layer was repeated once more with the
same volume of ethyl acetate as described above. Both ethyl
acetate extracts were poured together and the solvent was
evaporated (water bath 45 “C, stream of nitrogen). The dry
extract in the glass tube was reconstituted in 600 wl of the
mobile phase and transferred into the vial of autosampler.
An amount of 100 pl of the sample was injected into the
chromatographic column.

2.7. Chiral chromatography of benzo/c¢ [fluorene
derivatives in the incubation mixtures

Routine chromatographic analyses were performed using
a Thermo Electron (formerly Thermo Finnigan) chromato-
graph (San Jose, CA, USA). The chromatographic system
was composed of an SCM 1000 solvent degasser, P4000 qua-
ternary gradient pump, AS3000 autosampler with a 100 l
sample loop, UV6000 LP photodiode array detector with
Light Pipe Technology, SN4000 system controller and a data
station with the ChromQuest 4 analytical software (Thermo
Electron, Inc., San Jose, CA, USA) working under the Win-
dows 2000 operating system (Microsoft Corporation). Dur-
ing the development of an HPLC method, a polarimetric
detector Chiralyser (IBZ MeRtechnik, Hannover, Germany)
was used for identification of (+)- and (—)-enantiomer of re-
duced metabolites of benfluron and dimefluron.

A polysaccharide, cellulose-based reversed phase chiral
column 250 mm x 4.6 mm packed with Chiralcel OD-R,
10 pum (Daicel Chemical Industries, Ltd., Tokyo, Japan), pre-
column LiChroCART® 4-4 (Merck, Darmstadt, Germany)
with a C-18 achiral reversed phase.

A mixture of | M aqueous NaClOy and acetonitrile (60:40,
v/v) was applied to the separation and determination of ben-
fluron and its phase I metabolites, including C;-reduced ben-
fluron (red-B) enantiomers. Benfluron and its metabolites
were separated over 50 min.

Likewise, a mixture of 1 M aqueous NaClO4 and methanol
(25:75, v/v) was applied to the separation and determination
of dimefluron and its phase 1 metabolites, inclusive of Cs-
reduced dimefluron (red-D) enantiomers. Dimefluron and its
metabolites were separated over 90 min.

Flow rate was 0.5mlmin~—! in both cases. Red-B was de-
tected at 340 nm, red-D at 370 nm.

2.8 Calibration

Standard 10~ M stock solutions [31.9 mg of red-B (base)
and 37.9 mg of red-D (base)] and each in 100 ml of the re-
spective UHQ-water solution containing equimolar amount
of hydrochloric acid were prepared. Lower concentrations
of each compound were obtained by dilution with UHQ wa-
ter. A calibration series of C7-reduced benfluron (C7-reduced
dimefluron, respectively) with the concentrations 2.5, 10.0,
17.5, 25.0, and 35.0nmolml~" of each analyte was made.
All points of calibration curve were made in six replicates.
This calibration series was measured using the UV detector
under the condition mentioned in Section 2.7 and evaluated
using an external standard method.

2.9. Testing and statistical evaluation of the analytical
procedure

On-line statistical processing of the calibration analyses
by the least-squares method was performed automatically us-
ing the ChromQuest 4, software. The linearity of the calibra-
tion curve from the aqueous solutions of rac. C7-reduced ben-
fluron (rac. C7-reduced dimefluron, respectively) was tested
and evaluated for each of the enantiomers [y = kx+ g, where
x is the half concentration of rac. C7-reduced benfluron (rac.
C7-reduced dimefluron) and y the corresponding peak-area of
each enantiomer of C7-reduced benfluron (C-reduced dime-
fluron). The correlation coeflicient (r) was also expressed.
The accuracy was determined as a relative error (%) found on
the standard curve. The precision of the method, expressed as
the relative standard deviation (percentage of coefficients of
variation; R.S.D.=100 S.D./mean), was also assessed. Both
statistical parameters were calculated for each concentration
level. The range of the applicability of the HPLC method was
enclosed within the lower limit of quantification (LLOQ) and
the upper limit of quantification (ULOQ). The lower limit of
quantification (LLOQ) was determined as the lowest concen-
tration on the standard calibration curve, which was measured
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with a precision of 20% and accuracy of 80 or 120%. Up-
per limit of quantification (ULOQ) was equal to the highest
concentration in the 5-level calibration. The recoveries of in-
dividual enantiomers of red-B and -D were also calculated
[29,30].

3. Results and discussion

3.1. Chiral chromatography of benzo[c|fluorene
derivatives

The carbonyl reduction of a prochiral 7H-benzo
[c]fluorene-7-one derivative (B or D) leads to the formation
of two enantiomers. Their enantiomeric ratio is dependent on
the conditions of the respective reaction. Reduction of B or D
using sodium borohydride in methanol (see Section 2.2) gave
a racemic mixture of both enantiomers (enantiomeric ratio
1:1), because the access of hydride anion to the electrophilic

carbon of carbonyl group is possible from both sides of 7H-
benzo|c|fluorene-7-one molecule with the same probability.

On the other hand, in an enzymatically catalyzed reduc-
tion, when a planar 7H-benzo[c]fluorene-7-one molecule is
fixed on the surface (or in some cavity) of apoenzyme and
the prochiral carbonyl is accessible preferentially from one
side of the planar molecule, the enantiomeric ratio could be
shifted in favour of one of the enantiomers. These differences
could be observed using chiral separation methods.

For these purposes, suitable chiral chromatographic
columns (chiral selectors) had to be searched for and new bio-
analytical chiral HPLC methods were developed, validated
and used for the evaluation of interspecies differences in the
stereospecificity of reductive metabolism of B and D.

Eleven various chiral columns were tested in the develop-
ment of the optimal conditions for enantiomeric separations
ofred-B and -D. Solutions of racemic red-B (¢ =0.2 mg mI~")
and racemic red-D (¢ =0.4 mg mI~") in 2-propanol were in-

jected into the chiral column and the resolution factor was

Table 1
Results of the enantioselective separation of red-B
Column Parameters Particle Mobile phase (v/v) Flow rate (mlmin~"), Commentary
size (pum) temperature (“C)
Chiraleel OD-R 250 mm x 4.6 mm 10 ACN-1 M NaClOy (60:40) 0.5. 40 Partly separated
ACN—=1 M NaClOy (40:60) 0.5, 40 Baseline separated, analysis
time about 20 min
ACN=1 M NaClOy (40:60) 0.5.25 Baseline separated: optimal
condition
ACN-0.5M NaClOy (40:60) 0.5. 40 Decrease of resolution
ACN-0.25 M NaClOy 0.5.40 Decrease of resolution

(40:60)
ACN-0.5M NaClOy (39:61) 0.5.40

ACN-0.5M NaClOy4 (30:70) 0.5.40

Bascline separated, analysis
time about 20 min
Bascline separated. analysis
time about 30 min

Chiraleel OD-H 250 mm x 4.6 mm 10 Hex—2-propanol (90:10) 1.0. 40 No separation. analysis time
about 23 min
Hex—2-propanol (75:25) 1.0. 40 No separation, analysis time
about 8.5min
Hex—EtOH (80:20) 1.0. 30 No separation. analysis time
about 13 min
Chiralcel OB-H 250 mm x 4.6 mm 10 Hex—2-propanol (65:35) 0.7, 40 No scparation, analysis time
about 22 min
Caltrex Chiral R IV 250 mm x 4.0 mm 5 Hex—EtOH (40:60) 0.9. 40 No separation
Caltrex Chiral R VIII 250 mm x 4.0 mm 5 Hex-EtOH (30:70) 0.7, 40 No separation
Caltrex Chiral R X 250 mm x 4.0 mm 5 Hex—2-propanol (75:25) 1.0, 30 No separation
Chiral AGP 100 mm x 4.0 mm 5 12mM 0.8. 25 No separation
Nay HPO4—2-propanol (95:5)
pH=7.03
2mM Na; HPO4—MeOH 0.6, 25 Partly separated
(88:12) pH=7.03
Chiral HSA 150 mm x 4.0 mm 5 12mM Na> HPO4~MeOH 0.6, 25 No separation
(88:12) pH=7.03
(R.R) Whelk-0-1 250 mm x 4.0 mm 5 1.0. 40 No separation
Kromasil KR 100-5CHI 250 mm x 4.6 mm 5 1.0. 40 No separation, analysis time

—DMB

o

250 mm x 4.6 mm

w

Chiraspher 250 mm x 4.0 mm

Hex-EtOH (50:50
Hex—EtOH (

about 3.8 min

Hex—EtOH (95:5) 1.0. 40 No separation. analysis time
about 3.8 min
) 0.6. 30 No separation
5:25) 0.6. 30 No separation
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Table 2
Results of the enantioselective separation of red-D

Column Parameters Particle Mobile phase (v/v) Flow rate (ml min“') Commentary
size (pum) temperature (°C)
Chiraleel OD-R 250 mm x 4.6 mm 10 ACN-1M NaClOy (40:60) 0.5. 40 No separation
Gradient elution” 0.5, 40 Without effect
EtOH-1 M NaClOy4 (29:71) 0.5.25 Partly separation, low
resolution
(McOH-EtOH (7:3))-1M 0.5. 40 Partly separation. low
NaClOy (75:25) resolution
(McOH-EtOH (8.5:1.5))-1 M 0.5, 40 Partly separation. low
NaClOy (75:25) resolution
(MeOH-EtOH 9:1)-1M 0.5. 40 Partly separation. low
NaClOy (75:25) resolution
MeOH-1 M NaClOy (75:25) 0.5. 40 Sufficient separation
MeOH-1 M NaClOy (75:25) 05,25 Sufficient separation.
optimal condition
Chiraleel OD-H 250 mm x 4.6 mm 10 —2-propanol (70:30) 1.0. 40 No separation
propanol (75:25) 1.0. 40 No separation
Hex—EtOH (80:20) 0.8, 30 No separation
Chiraleel OB-H 250 mm x 4.6 mm 10 Hex—2-propanol (60:40) 0.5. 40 No separation
Hex—2-propanol (75:25) 0.5. 40 No separation
Caltrex Chiral R IV 250 mm x 4.0 mm 5 Hex—EtOH (40:60) 0.9, 40 No separation
Caltrex Chiral R VIII 250 mm x 4.0 mm 5 Hex—EtOH (30:70) 0.7. 40 No separation
Caltrex Chiral R X 250 mm x 4.0 mm 5 Hex—2-propanol (75:23) 1.0, 30 No separation
Hex—2-propanol (10:90) 1.0. 30 No separation
Chiral AGP 100 mm x 4.0 mm 5 10mM CH3COOH, pH=4.51 0.8.25 No separation
10mM CH;COOH-2- 0.8. 25 No separation
propanol (95:5) pH=4.51
12mM Nax HPO4—2-propanol 0.8, 25 No separation
(95:5) pH=6.58
12mM Nay HPO4~ACN 0.6, 25 No separation
(82:18) pH=17.03
12mM Na; HPO4,~ACN 0.6, 25 No separation
(95:6) pH=6.58
12mM Na, HPO4~MeOH 0.6, 25 No separation
(82:18) pH=6.58
Chiral HAS 1530 mm x 4.0mm 5 12mM Na,HPO4~MeOH 0.6, 25 No separation
(82:18) pH=7.03
(R.R) Whelk-0-1 250 mm x 4.0 mm 5 Hex—2-propanol (95:5) 1.0. 40 No separation
Hex—2-propanol (60:40) 1.0. 40 No separation
Gradient elution™ 1.0. 40 Without effect
Kromasil KR 100-5CHI 250 mm x 4.6 mm 5 Hex—2-propanol (40:60) 1.0, 40 No separation
—-DMB
Hex—2-propanol (60:40) 1.0. 40 No separation
Hex—2-propanol (90:10) 1.0, 40 No separation
Hex—EtOH (95:5) 0.7. 40 No separation
Chiraspher 250 mm x 4.0 mm 5 Hex—EtOH (50:50) 0.6. 30 No separation
Hex—EtOH (75 0.6. 30 No separation

* 0-20min ACN-1M NaClOy (30:70, v/v); 20-40 min ACN-1M NaClOy4 (10:90, v/v): 40-50 min ACN-1M NaClOy4 (10:90, v/v); 50-70 ACN:1 M

NaClOy =30:70; 70-90 min ACN—1 M NaClOy4 (50:50, v/v): 90-120 min ACN—1 M NaClOy (50:50, v/v).

0 min Hex—2-propanol (100:0. v/v): 30 min Hex—2-propanol (0:100, v/v).

evaluated as a principal criterion for the selection of suitable
conditions of enantioselective separation of red-B and -D.
The results are shown in Table 1 for red-B and in Table 2 for
red-D, respectively.

The best separation of enantiomers in racemic red-B were
achieved on a Chiralcel OD-R column, with cellulose tris
(3,5-dimethylphenylcarbamate) as chiral selector using a mo-
bile phase acetonitrile—1 M aqueous NaClOy4 (40:60, v/v).
Flow rate was 0.5 mI mI~! and the separation was performed
at ambient temperature (see Fig. 2). Increase of the temper-

ature led to the acceleration of analysis but the resolution of
enantiomers was worse. An analogous effect was observed
after the decrease of natrium perchlorate concentration in the
mobile phase. From the whole spectrum of chiral selectors
(see Tables 1 and 2), also the AGP-column seemed to give
promising results, but the peak symmetry and resolution was
not sufficient on this column. The separation properties of the
other columns tested were not appropriate for our purpose.
Reduced dimefluron differs from the structure of reduced
benfluron by the presence of two methoxy groups on C3 and
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Fig. 2. Chiral separation of red-B under optimal conditions (sec Table 1).

Cy carbons. These methoxy groups seems to be promising for
the pharmacokinetic and xenobiochemical properties [22,23]
but the chiral separation of red-D is negatively influenced by
this substitution. When the same conditions as for red-B had
been applied on chiral separation of red-D, the separation of
red-D enantiomers failed. The organic component of mobile
phase was by sequel replaced with ethanol and then with
methanol. In first case, the enantiomers were only in part
resolved. Better results were achieved with methanol as an
organic modifier. The mobile phase was then optimised to
the final composition methanol-1 M aqueous NaClO4 (75:25,
v/v); flow rate was 0.5 mlmin~! at ambient temperature (see
Fig. 3).

The peak identity and purity was tested using UV6000
diode-array detector, the same very characteristic UV spec-
tra were obtained for both enantiomers of each com-

pound (red-B or -D). Optical rotation was characterized us-
ing a Chiralyser polarimetric detector. (—)-Enantiomer of
both compounds left the column as first (g = 18.685 min
for red-B, g =20.405min for red-D) followed by (+)-
enantiomer (fg =22.820 min for red-B, tg =22.702 min for
red-D).

Although only the percentual enantiomeric ratio of red-
B (red-D, respectively) after the incubation of the microso-
mal fractions of various species was evaluated, the valida-
tion of an external standard method for both enantiomers
of red-B (red-D, respectively) was performed. The calibra-
tion curve was found to be linear [y=1.43 x 10°x-8.4 x
10* for (—)-enantiomer of red-B; y=1.43 x 10°x-8.9 x 10*
for (+)-enantiomer of red-B; y=9.89 x 10°x=7.2 x 10 for
(—)-enantiomer of red-D; y=1.09 x 10°x—5.7 x 10* for (+)-
enantiomer of red-D] in the range of 5.0~17.5 nmol mI~! with
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Fig. 3. Chiral separation of red-D under optimal conditions (sec Table 2).
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r=0.999 for both red-B and -D. The accuracy and preci-
sion for red-B and -D ranged in the intervals 81.9—-103.7%
and 0.04—4.0%. LLOQ for red-B (red-D) was 2.5 nmol ml~!.
ULOQ was in both cases 17.5 nmolmlI~!. Recovery ranged
in the interval (72.9-74.5%).

3.2. Enantiomeric ratios of red-B and -D in the
incubation mixtures of various species

The extracts from the incubation mixtures were analysed
under the optimal conditions for each enantiomer. Differ-
ences among species in the metabolism of both compounds
(B and D) were observed. The carbonyl reduction of B led
predominantly to (+)-red-B in all species except rat. The
amount of (—)-red-B was inconsiderable in comparison with
(+)-enantiomer, whereas in the metabolisms of rats prevailed
(—)-red-B. In some cases, the enantiomeric excess was not

R. Kucera et al. / Journal of Pharmaceutical and Biomedical Analysis 37 (2005) 10491057

Table 3
Comparison of the enantiomeric excess of red-B
Species (—)-Red-B (+)-Red-B e.e. (—)-red-B vs.
(+)-red-B
Red-B
Rat Prevalent Minor 90.2% vs. 9.8%
Guinea pig Minor Prevalent -
Rabbit Not detected Prevalent 0% vs. 100%
Goat Minor Prevalent -
Pig Minor Prevalent -
Human Not detected Prevalent 0% vs. 100%

specified exactly, because some small amounts of interfering
peaks were co-eluted with red-B (see Table 3).

Different results have been found out for red-D. Rat me-
tabolized B mainly to (—)-red-B as D was metabolized to
(+)-red-D. More interesting was the comparison of metabo-
lites by rabbits, B was converted completely to the (+)-red-B
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Fig. 4. Chromatogram of benfluron after incubation in rabbit’s microsomes.
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Fig. 5. Chromatogram of dimefluron after incubation in rabbit’s microsomes.
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Table 4 References
Comparison of the enantiomeric excess of red-D
Species (—)-Red-D (+)-Red-D e, (—)red-D vs. [1] B. Testa, J. Caldwell, Biochemistry of Redox Reactions. Academic
(+)-red-D Press. London, 1995.
[2] R. Felsted. N.R. Bachur, Drug Metab. Rev. 11 (1980) 1-60.
Red-D [3] B. Wermuth, Prog. Clin. Biol. Res. 174 (1985) 209-230.
H - - o O 9/, 0/ m .
Rat Minor Prevalent 19.3% vs. 80.7% [4] 1.I.R. Hermans, H.H.W. Thijssen, Adv. Exp. Med. Biol. 328 (1993)
Guinea pig Minor Prevalent 23.6% vs. 76.4% 351-360.
Rabbit Prevalent Not detected 100% vs. 0% [5] E. Masser. Biochem. Pharmacol. 49 (1995) 421-440.
Goat Minor Prevalent 28.2%vs. 71.8% [6] M. Miko, J. Kiepelka. M. M&lka, Biochem. Pharmacol. 42 (1991)
Pig Comparable Comparable 47.0% vs. 53% 214-216.
Human Prevalent Minor 64.6% vs. 35.4%

(see Fig. 4), but D was converted completely to the (—)-red-
D (see Fig. 5). Pig’s reductase seems to be not stereospecific
in conversion of D to the red-D metabolite, the enantiomeric
excess was nearly 1:1, but B undergoes the conversion largely
to the (+)-red-B. Results summary is shown in Tables 3 and 4.

4. Conclusions

Optimalized chromatographic conditions for chiral sepa-
ration of red-B and -D were searched out. The best separation
was achieved on column Chiralcel OD-R, with cellulose tris
(3,5-dimethylphenylcarbamate as chiral selector). The red-
B enantiomers were separated successfully using a mobile
phase acetonitrile—1 M aqueous NaClO4 (40:60, v/v). An-
other mobile phase, methanol-1 M aqueous NaClOy (75:25,
v/v), had to be employed for the sufficient resolution of red-D
enantiomers. Flow rate was 0.5 mImin~" at ambient temper-
ature in both cases. Red-B was detected at 340 nm, red-D at
370 nm.

The developed analytical procedures were successfully
applied to in vitro study of the biotransformation of B and
D in the microsomal fractions of liver homogenates prepared
from six species (rat, rabbit, pig, guinea pig, goat and human).

Variances in the reductive metabolism were found out in
the biotransformation of both parent compounds, i.e. B and
D. Interesting results gave the comparison of all species un-
der study. The carbonyl reduction was stereospecific in all
cases and led predominately to one enantiomeric form. Only
carbonyl-reductase of pig seems not to be stereospecific, if D
was used as substrate. The amounts of both enantiomers are
comparable in this case.
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6.1.3. Comparison of different stationary phases for bioanalytical

studies of biologically active compounds

Anna Zerzanova, Pfemek Cisar, Jifi Klime$
Journal of Separation Science, Volume 29, Issue 14, September 2006, Pages 2126 -
2135

Chromatografické chovani ctyf smési latek bylo testovano na kolonach riznych
vlastnosti. Kokain, dimefluron, nabumeton a tramadol ve smésich se svymi hlavnimi
metabolity byli vybrany jako testované latky. VySe zminéné modelové smési latek byly
separovany na kolonach s vazanymi fetézci ¢tyt druhti — C18, C8, palmitamidopropyl a
pentafluorophenylpropyl. Nejlepsi podminky pro separaci jednotlivych latek ve smési
S jejich metabolity byly vybrany na zékladé porovnani hodnot rozliSeni, retenc¢nich cCast
a symetrie pika.

Ctyfi vybrané smési byly vybrany, aby reprezentovali nékolik typa latek sjejich
metabolity. VSechny maji ve své struktufe vétsi ¢i mensi aromatickou planarni cast.
Nabumeton je neutralni sloucenina pfeménovana na kyselé metabolity. Tramadol,
kokain a dimefluron jsou latky bazického charakteru, pticemz kokain je
biotransformovan na amfoterni benzoylekgonin. Tramadol i dimefluron obsahuji ve své
struktufe methoxyskupinu vdzanou na aromatické jadro. Pfi biotransformaci se tato
skupina méni na fenolickou. Srovndni tramadolu s jednim benzenovym jadrem a
dimefluronu s rozsahlym benzo[c]fluorenovym skeletem se zdalo byt zajimavé.

Ze ziskanych dat vyplyva, Ze pro smés dimefluronu a jeho metabolitli je nejvhodné;si
stacionarni faze s pentafluorophenylpropyl vazanym fetézcem, na které jsou hodnoty
symetrie nezdvislé na zméné struktury vedouci k vyssi polarite.

Pro smés nabumetonu a jeho metaboliti byl zaznamenan nejuzsi rozptyl hodnot
symetrie u kolony s palmitamidopropyl vazanym fetézcem. Bohuzel z pohledu ostatnich
parametri bylo nutno tuto kolonu zavrhnout, protoze se nepodatilo rozdélit jednotlivé
metabolity. Struktura s naftalenovou planarni strukturou by vedla k domnénce, Zze bude
dobré pouzit kolonu s pentafluorophenylpropyl planarni stacionarni fazi. Hodnoty
symetrie piki jsou ovSem natéto koloné distribuovany v Sirokém rozmezi.
Ptedpokladame, ze v tomto piipad¢ je symetrie ovlivnéna odkrytim fenolické skupiny
(O-desmethylace) na aromatickém jadfe. Ztohoto divodu bylo zajimavé studovat

hodnoty symetrie nakolon¢ s pentafluorophenylpropyl vazanou fazi pro smeés
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tramadolu a jeho metabolitt, kde také u nékterych metabolitt dochazi k odkryti
fenolické skupiny naaromatickém jadfe. A predpoklad se nam potvrdil,
O-desmethylovany metabolit se na rozdil od ostatnich metabolitd vyznamné rozmyva
vpredu.

Smés kokainu a jeho metabolitu byla pfidana k potvrzeni této domnénky a v podstaté ji
potvrdila.

Hlavnim piinosem na$i prace bylo, ze vlastnosti kolon byly studovany na smésich
ptibuznych latek (1é¢ivo — metabolity), coz nebyva pravidlem pii prezentaci vlastnosti

kolon.
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R In this study, the chromatographic behaviour of four mixtures of compounds was

tested on columns possessing various surface properties. Cocaine, dimefluron, nabu-
metone, and tramadol were chosen as the test compounds. Cocaine is a tropane
alkaloid, which is relatively often abused as a drug. This is why many papers have
already been written about its determination in human biological samples. Dime-
fluron, a derivative of benzo|c|[fluorene, is a new perspective drug being investigated
for its potential antineoplastic effects. Nabumetone is a non-steroidal anti-inflam-
matory prodrug used for treatment of inflammatory and degenerative rheumatic
diseases. Tramadol, derived from an opioid structure is used as an anodyne for treat-
ment of severe pain. As a medicament it is usually determined either in biological
samples or in pharmaceuticals. The above-mentioned model drugs were separated
using chromatographic columns with C18, C8, palmitamidopropyl, and pentafluo-
rophenylpropyl chains. The best conditions for separation of the individual com-
pounds and their metabolites were chosen on the basis of resolution, retention
times, and peak symmetry.
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included bonded C18 or C8 chains. These are made from
highly porous monolithic rods of high-purity polymeric
silica gel with a revolutionary bimodal pore structure
(http://pronet-internet. merck.de/Attachment/18571.Pro-
Net.pdf?file, 28/02/2006: http://www.phenomenex.com/
phen/products/onyx/t_bimodal_pore.htm, 28/02/2006).

1 Introduction

Numerous HPLC columns with different bonded station-
ary phases are nowadays available, and producers con-
tinue to expand the range of columns they offer. New
trends lead to size minimization and to decreased flow
resistance. However, HPLC of classical dimensions is still
used for routine analyses in laboratories. The particle-packed columns included new stationary
phases — pentafluorophenylpropyl (HS F5) and palmita-

Interactions between molecules of predominantly neu-
tral character and the classical types of bonded stationary
phases (C18 and C8) can be described mainly in analogy to
a lipophilicity distribution between n-octanol and water.
The other interactions are asserted above all in the case
of ionogenic compounds or in the case of different types
of stationary phases in dependence on bonded chains.
New column architectures permit reduction of analysis
time by increasing the flow rate. Various analytical HPLC
columns were tested in this study: two particle-packed
and two monolithic columns. The monolithic columns
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Czech Republic.
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midopropyl (RP-Amide) chains. According to the manu-
facturer, HS F5 (Fig. 1) gives excellent retention and reso-
lution of polar compounds, as well as better selectivity,
peak shape, and efficiency. Generally, bases are retained
longer on HS F5 than on a C18 phase.

H,
O—Si— (CH, )3 F
CH;, F F
Figure 1. Structure of the bonded chain of Discovery HS
F5, 250 x4 mm, 5um (Supelco) column (http://www.sig-
maaldrich.com/Brands/Supelco_Home/Spotlights/Discovery

_HPLC/HS_F5.html, 28/02/2006).
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H,

O—Si— (CH,),— NHCO —(CH,),,— CH,

CH,

Figure 2. Structure of the bonded chain of Ascentis™ RP-
Amide, 250 x 4.6 mm, 5um Supelco) column (http:/www.
sigmaaldrich.com/Brands/Supelco_Home/Spotlights/Disco-
very_HPLC/Discovery_RP_Amide_C16_HPLC_Columns.
htm, 28/02/2006).

Ascentis RP-Amide (Fig. 2) is a polar embedded RP phase
that provides unique selectivity and increased resolution
for HPLC analyses of polar compounds.

Cocaine, dimefluron, nabumetone, and tramadol were
chosen as test compounds. The two drugs (nabumetone
and tramadol), the habit-forming substance (cocaine),
and the potential drug (dimefluron) were studied after
administration in a biological sample where they were
determined together with their metabolites. These four
mixtures of compounds were chosen for comparison
of stationary phases.

Cocaine (Fig. 3), belonging to the group of tropane alka-
loids, is a drug that is relatively often abused. It is meta-
bolized in the human body to form benzoylecgonine as
major metabolite, regardless of the mode of administra-
tion, and this compound is most commonly used for ana-
lytical determination of cocaine abuse. Immunochem-
ical and TLC methods have been developed for proof of
the presence of cocaine in biological systems. Many

,CHz ?\
N C—OH
NN 0
—C o
/7
i [¢]
lidocaine benzoylecgonine

0
/CHJ \\ :
N CcC—O0
%0
¢
7
o
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instrumental techniques such as HPLC, GC, CE, etc
(usually coupled with an MS detector) are used for its
determination and determination of its metabolites [1,
2]. UV detection is commonly used in HPLC. Fluorescence
and mass spectroscopy can also be used to increase sensi-
tivity [3]. In HPLC, which is the focus of our interest, vari-
ous chromatographic columns have been used, mostly
classical C18 and C8 columns. A column with bonded
cyanopropyl is an example of a phase at an interface
between RP and NP. Use of an internal standard is wide-
spread. Lidocaine, bupivacaine, higher esters of benzoyl-
ecgonine, or deuterated cocaine or benzoylecgonine
serve this purpose (MS) [1, 4].

Dimefluron (Fig. 4) is one of a set of basic derivatives of
benzo|c|[fluorene which are being investigated for their
potential antineoplastic effect. It is altered primarily
to O-desmethyl, N-desmethyl, N-oxide, and in position C,
reduced metabolites. These six principal metabolites
were chosen with dimefluron for this study. Homodime-
fluron (the higher homologue of dimefluron) was used
as internal standard. Three types of columns with differ-
ent mobile phases were tested in previous papers where
dimefluron was studied. A column with bonded penta-
fluorophenylpropyl chain was selected for its best prop-
erties. UV (at 317 nm for dimefluron and metabolites
and at 367 nm for reduced dimefluron) [4] and fluores-
cence detection |5] were used. The HPLC-MS method was
developed for identification of the other minority pha-
se I metabolites and phase I metabolites [4].

CH,

-

cocaine

Figure 3. Structures of lidocaine (used as IS), benzoylecgonine, and cocaine.
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i
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reduced dimefluron
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Figure 4. Structures of dimefluron, its studied metabolites, and homodimefluron (used as IS).
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[o]
HO

6-HOnphBu=0

o CH, OH o]
H,C-g H,C-g OH HC-o H,C-o

6-MNA naproxen

6-MeOnphBuOH

nabumeton

Figure 5. Structures of nabumetone, its studied metabolites, and naproxen (used as 1S).
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Tramadol direSa

Figure 6. Structures of tramadol, its studied metabolites, and diMeSA (used as IS).

Nabumetone (Fig. 5) is a relatively new nonsteroidal anti-
inflammatory prodrug, which undergoes extensive first
pass metabolism to 6-methoxy-2-naphthylacetic acid (6-
MNA). Only nabumetone and 6-MNA are usually deter-
mined [6-8]. The other effective and non-effective meta-
bolites are generated in the body. The determination of
nabumetone and its five metabolites has also been
described [9]. The same working group solved the deter-
mination of phase II metabolites. The structures of these
phase II metabolites were solved by HPLC with MS detec-
tion [10]. Naproxen is generally used as internal stan-
dard. UV, fluorescence, or mass spectrometric detection
are described in previous papers. Columns with bonded
C18 chain were usually employed |7-10]. A C8 bonded
chain column has been used once [6]. Mobile phases var-
ied. The use of acetonitrile and an aqueous component of
low pH value was the only common feature.

Tramadol (Fig.6) is a centrally-acting analgesic agent
used in the treatment of more severe pain. In an organ-
ism it is preferentially metabolized by 0-and N-desmethy-
lation to O-desmethyl- (M1) and N,N-didesmethyltrama-
dol (M3). Also other metabolites of tramadol, which
occur in rat and in dog, were elucidated with the aid
of MS [11]. Three major metabolites M1, M3, M5 were
chosen for our study. All three major separation tech-
niques GC, CE, and HPLC have been used for determina-
tion of tramadol and its metabolites [12]. Many detection
techniques have been coupled with HPLC for this pur-
pose: UV, fluorescence, electrochemical, and MS [12]. N-
Acetylprocainamide |13}, diMeSA [12], the O-ethoxy deriv-
ative of tramadol [14-17], metoprolol [18], fluconazol
[19], *H, and N tramadol (MS) |20] were used as internal

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

standards. Methods using C18 columns with diverse
mobile phases were developed for determination of tra-
madol and its metabolites [18, 21, 22|. An RP select B col-
umn was also used [12]. A method for determination
of tramadol and its two monodesmethyl metabolites on
a column with a monolithic architecture [23] was also
developed. In the majority of cases simple mixtures of
the studied compounds, internal standard, and at most
one or two metabolites were separated. Often the deter-
mination was performed only as a separation of O-des-
methyltramadol and tramadol with internal standard.
These four groups of compounds have been chosen
because each of them represents a different type of ana-
lyte. One of them (nabumetone) is neutral with acid and
neutral metabolites. The others are basic. All of them
contain a planar structure in their molecule. These are
important properties for studying their behaviour on the
various types of HPLC columns.

The aim of this study was to compare the behaviour
of different compounds on various chromatographic col-
umns. The following analytical columns were tested:
Chromolith Performance RP-18e, 100 x 4.6 mm, mono-
lith; Onyx Monolithic C8, 100 % 4.6 mm, monolith; Dis-
covery HS F5, 250 x 4 mm, 5 um and Ascentis RP-Amide,
250 x 4,6 mm, 5 um.

2 Experimental
2.1 Chemicals and materials

Cocaine  hydrochloride,  (-)methyl{3B-benzoyloxy-
2B(1aH,50H)tropanecarboxylate| hydrochloride
(Cy,H,,NO,, M, = 303) (Sigma-Aldrich, St. Louis, Missouri,

www.jss-journal.com
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USA): benzoylecgonine anhydrous, (-)}3p-benzoyloxy-
2B(1eH,50H)tropanecarboxylic  acid] (CigHsNOy, M, =
289) (Alltech, Applied Science, Pennsylvania, USA) and
lidocaine, 2-diethylamino-2’,6-dimethylacetanilide
(CsH2,N,O, M, =234), used as IS, (AppliChem GmbH,
Darmstadt, Germany) were used in our study.

Dimefluron, 3,9-dimethoxy-5-(2-dimethylaminoethoxy)-
7H-benzo|c[fluoren-7-one hydrochloride (C;3Hz,CINO,,
M, =414); 9-0O-desmethyldimefluron, 9-hydroxy-3-meth-
0xy-5-(2-dimethylaminoethoxy)-7H-benzo|c|fluoren-7-one
hydrochloride (C;,Hz:CINO,, M, = 399.87); 3-O-desmethyl-
dimefluron, 3-hydroxy-9-methoxy-5-(2-dimethylamino-
ethoxy)-7H-benzo|c|fluoren-7-one hydrochloride
(Cy:H2,CINO,, M, =400); 3,9-0-didesmethyldimefluron,
3,9-dihydroxy-5{2-dimethylaminoethoxy)-7H-benzo|c|-
fluoren-7-one, base (C;;H;sNO,, M, = 349); N-desmethyldi-
mefluron, 3,9-dimethoxy-5-(2-methylaminoethoxy)-7H-
benzo|c|fluoren-7-one hydrochloride (Cy:H,;CINO,,
M, =400); dimefluron N-oxide (C;;H3NOs, M,=393); C;-
reduced dimefluron, 3,9-dimethoxy-5-2-dimethylami-
noethoxy)-7H-benzo|c|fluoren-7-01 (Cy:H,sNO,, M, =379)
and homodimefluron (a higher homologue of dime-
fluron), 3,9-dimethoxy-5-2-dimethylaminopropoxy)-7H-
benzo[c]fluoren-7-one base (CyHsNO,, M.=391) were
synthesized in our laboratories. Their structures were
confirmed by NMR and MS. Their syntheses have been
described in a previous paper [4].

Nabumetone, 4-(6-methoxy-2-naphthyl)-butan-2-one
(CisHi602, M, =228) was obtained from PRO.MED.CS
Praha a.s., Czech Republic. Naproxen, (+}6-methoxy-o-
methyl-2-naphthaleneacetic acid (Sigma Aldrich, Prague,
Czech Republic) was used as IS for HPLC determination.
6-Methoxy-2-naphthylacetic acid (C,;H,;0;, M, =216, 6-
MNA);  6-hydroxy-2-naphthylacetic  acid  (C,;H;,0s,
M, =202, 6-HNA); 4{6-methoxy-2-naphthyl}butan-2-ol
(CsHy50,, M,=230, 6-MeOnphBuOH); 4-(6-hydroxy-2-
naphthyljbutan-2-one  (C,,H,,0,, M,=214, 6HOn-
phBu=0); 4-6-hydroxy-2-naphthyljbutan-2-ol (C,sH;0.,
M,=216.28, 6-HOnphBu-OH) were synthesized in the la-
boratories of the Institute of Experimental Biopharma-
ceutics and used as the standards of nabumetone meta-
bolites. Their structures have been confirmed by HPLC
and MS |9, 10].

Tramadol,  (RS,RS)2-<{(dimethylaminomethyl)-1-(3-meth-
oxyphenyljcyclohexanol  (CisHasNO2,  M.=267), was
obtained from PRO.MED.CS Praha a.s. (Prague, Czech
Republic). 0-Desmethyltramadol, (RS,RS)-2-(dimethylami-
nomethyl}1-(3-hydroxyphenyljcyclohexanol (C;sH»;NO-,
M, =249, M1); N,N-didesmethyltramadol, (RS,RS)-2-(amino-
methyl)-1-(3-methoxyphenyljcyclohexanol  (C4H.,NO,,
M,=235, M3), and O-desmethyl-N-desmethyltramadol,
(RS,RS)-2-(methylaminomethyl)-14{3-hydroxyphenyljcyclo-
hexanol (C,H;;NO,, M,=235, M5) were synthesized at

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The R.W. Johnson Pharmaceutical Research Institute
(Spring House, Pennsylvania, USA) [11]; diMeSA, N'.N'-
dimethylsulfanilamide (CsHi2:N,O,S, M, =204) was
synthesized in the laboratory of The Institute of Experi-
mental Biopharmaceutics [12].

Acetonitrile (HPLC gradient grade, Supelco, Bellefonte,
Pennsylvania, USA), orthophosphoric acid (85% p.a.) and
potassium dihydrogenphosphate (both analytical grade,
Lachema Brno, Czech Republic), and ultra-high-quality
(UHQ) water (prepared using an Elgastat UHQ PS appara-
tus, Elga, High Wycombe, England) were used.

Phosphate buffer pH 3 (50 mmol/L, pH = 3) was prepared
by mixing 6.81 g of KH,PO, with 990 mL of UHQ water,
adjusting to pH =3 with a solution of orthophosphoric
acid (2 mol/L)and making up to 1000 mL with water.

Phosphate buffer pH 2.8 (50 mmol/L, pH = 2.8) was pre-
pared by mixing 6.81 g of KH,PO,; with 990 mL of UHQ
water, adjusting to pH=2.8 with a solution of ortho-
phosphoric acid (2 mol/L), and making up to 1000 mL
with water.

Stock solutions of studied compounds were prepared at
a concentration of 107*mol/L from the appropriate stan-
dard. Sample solution, mixtures of cocaine, benzoylecgo-
nine, and lidocaine, of tramadol, its three metabolites,
and internal standard, respectively, were prepared at
a concentration of 10~ “ mol/L. The same procedure was
used for preparation of a mixture of seven nabumetone
and a mixture of eight dimefluron standards.

2.2 Columns

Chromolith Performance RP-18e, 100 x 4.6 mm, mono-
lith (Merck KGaA, Darmstadt Germany); Onyx Monolithic
C8, 100 x 4.6 mm, monolith (Phenomenex, Torrance,
California, USA); Discovery HS F5, 250 x4 mm, 5um
(Supelco, Bellefonte, Pennsylvania, USA) and Ascentis RP-
Amide, 250 x 4.6 mm, 5 um (Supelco, Bellefonte, Pennsyl-
vania, USA) were tested in this study.

2.3 Chromatographic system

An Agilent 1100 Series chromatograph (Agilent Technol-
ogies, Palo Alto, California, USA) consisting of vacuum
degasser, binary pump, autosampler, thermostated col-
umn compartment, variable wavelength detector, and a
data station (x 86 Family 6 Model 8 Stepping 3, RAM
128 MB) with the ChemStation for LC (Rev. A.08.03 (847))
analytical software (Agilent Technologies, Palo Alto, Cali-
fornia, USA) running under the Windows NT operating
system (Microsoft Corporation) was employed for this
research.

Mixture with cocaine was detected with the aid of a UV
detector at a wavelength of 230 nm. The mobile phase
consisted of phosphate buffer pH 3 and acetonitrile. Vari-
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ous ratios were tested and then the mobile phase with
18% of acetonitrile was chosen as the best one for further
analyses. The flow rate was 1 mL/min.

Dimefluron and its metabolites were detected with a UV
detector at 317 nm. The flow rate was 1 mL/min for anal-
yses on particle-packed columns. Experiments at higher
flow rates (1, 2, 3, and 4 mL/min) were pursued on mono-
lithic columns. The mobile phases used for separations
of dimeflurons contained acetonitrile and phosphate
buffer pH 3 (KH,PO,). A linear gradient mode was used.
For particle-packed columns, the chromatographic anal-
ysis started with a mobile phase composed of acetoni-
trile-phosphate buffer pH 3 (25:75, v/v). The proportion
of acetonitrile in the mobile phase was gradually
increased up to 60% in 20 min, and an isocratic mobile
phase composition of acetonitrile—phosphate buffer
pH 3 (60:40, v/v) was used for analysis in the time interval
from 20 to 28 min. After equilibration (time interval:
28-33 min) establishing the initial chromatographic
conditions, the next sample could be analysed. The gradi-
ent time profile was reduced in analyses on monolithic
columns.

The UV detection of nabumetone with its metabolites
was performed at a wavelength of 325 nm. The mobile
phases used for nabumetone separations contained acet-
onitrile and 1% aqueous solution of acetic acid in iso-
cratic mode. The ratio of component varied from 25:75
to 55:45 (acetonitrile —acidified water, v/v). The flow rate
was 1 mL/min.

Tramadols were detected at 275 nm and the composition
of the mobile phase was: acetonitrile and phosphate buf-
fer pH 2.8 in a ratio of 30:70. The flow rate was 1 mL/min.

3 Results and discussion

Four groups of compounds with different properties
were chosen: cocaine as a basic compound with ampho-
teric metabolite benzoylecgonine (carboxylic acid and
tertiary amine), dimefluron and its derivatives are basic,
nabumetone as aneutral drug with acid and neutral
metabolites, and tramadol as a representative of basic
compounds with basic (amine) or amphoteric metabo-
lites (phenol and amine).

The chromatographic behaviour of these groups of com-
pounds on different stationary phases was observed.
Four types of stationary phases were chosen (two classi-
cal and two new ones). Compounds with a planar struc-
ture should be separated better on a Discovery HS F5 col-
umn. The Ascentis RP-Amide is claimed to reduce tailing
of basic compounds.

Four parameters were monitored for numerical expres-
sion of elution properties - retention time (R,), theoreti-
cal plate number (N) or height equivalent of theoretical

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Calculation of peak symmetry factor. a = area
of slice, t = time of slice, Q: = height of front inflection point,
Q.= height of rear inflection point, Q = height at apex [24].

plate (H), peak resolution (R,), and peak symmetry (S)
were calculated by ChemStation software. The peak sym-
metry obtained according to ChemStation (Agilent 1100
Series Chromatograph) was calculated as a pseudomo-
ment by the integrator using the following moment
equations (Fig. 7) [24]:

my=a,(t;+a,/1.5Qy) (1)
m,=a3/0.5Q+1.5Q (2)
m3=a3/0.5Q:+1.5Q (3)
my=ay(ts+ay1.5Q) (4)

S=y/my +my/ms + my (5)

The height equivalent of theoretical plate was calculated
according to Eq. (6):

H=IN (6)

where H is the height equivalent of theoretical plate
(mm), I is the column length (mm), and N is the theoreti-
cal plate number (counted by ChemStation Agilent 1100
Series Chromatograph).

The values of the resolution for co-eluting peaks were
calculated from values of peak width at halfheight and
the retention times acquired from two subsequent ana-
lyses of standard monocomponent solutions. The data
obtained are presented in tabular form.

Experiments with cocaine started under the conditions
developed for determination of cocaine and its metabo-
lite (with IS) on an RP-Amide column. Besides the RP-
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Figure 8. Chromatograms of the mixture of cocaine, its
metabolite, and internal standard on various columns. UV
detection 230 nm. Flow rate 1 mL/min. Mobile phase:
50 mmol/L phosphate buffer pH3 and acetonitrile 82:18
(v/v). 8a: Chromolith Performance RP-18e, 100 x 4.6 mm,
monolith. 8b: Onyx Monolithic C8, 100 x 4.6 mm, monolith.
8c: Discovery1 HS F5, 250 x 4 mm, 5 um. 8d: Ascentis RP-
Amide, 250 x 4.6 mm, 5 um.
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Figure 9. Chromatogram of the mixture of dimefluron, its
metabolites and internal standard on various columns. UV
detection 317 nm. Flow rate 1 mL/min. Mobile phase: 9a, 9b:
50 mmol/L  phosphate buffer pH3 and acetonitrile
25:75 (v/v). 9¢, 9d: Gradient mode: 0—20 min: 75:25—-40:60
(viv), 21-28 min: 60:40 (v/v). 9a: RP-18e, 100 x 4.6 mm,
monolith. 9b: Onyx Monolithic C8, 100 x 4.6 mm, monolith.
9c: Discovery HS F5, 250 x4 mm, 5 um. 9d: Ascentis RP-
Amide, 250 x 4.6 mm, 5 um.
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Table 1. System suitability data for a mixture of cocaine, its metabolite and internal standard (average values from four anal-

ySes).
Chromolith 18 Onyx C8 Discovery HS F5 Ascentis RP-Amide
S R N H Ry S R N H Ry § Re N H Rq S R N i Ry
(min) (mm] (min) (mm) (min) (mm) (min) (mum)
Lidocaine 6.316 6013 0.0166 - 0.878 3.038 8270 0.0121 - 0690 8.242 12327 0.0203 - 1.382  6.893 6186 0.0404 - 0.622
Benzyolecgonine 9.465 2601 00384 5.886 0,402 3.411 9197 0.0109 2702 0622 10.657 12355 0.0202 7.089 1.379 8.363 7140 00350 3.933 1.142
Cocaine 16.353 6685 0.0153 8.919 0.667 5.565 9990 0.0104 11.783 0.577 21.243 12677 0.0197 18.570 1.103 13.358 7461 0.0335 9.831 0.606

R, = retention time, N = theoretical plate number, H = height equivalent of theoretical plate, R, = peak resolution, S = peak sym-

metry.

Table 2. System suitability data for a mixture of dimefluron, its metabolites and internal standard (average values from four anal-

yses
Chromolith 18 Onyx C8 Discovery HS F5 Ascentis RP-Amide
S Ry N 18 Rs L) Ry N H Rs s Ru N n Rs S Ry N i Rq

(min) (mm) (min) (mm) (min) (mm) (min) (mm)
3.9-0-Didesmethyl-  2.891 2376 0.0421 - 0.397 28764828 0.0207 - 0.512 9.462 35633 0.0073 - 0.663  9.189 35324 0.0071 - 0.958
dimefluron
9-0-Desmethyl- 5.182 7258 0.0138 8.469 0.367  5.1225305 0.0188 9.509 0377 14.474 60927 0.0041 22.452 0679 11.226 47588 0.0053 2.637 0.625
dimefluron
3-0-Desmethyl- 6.413 7007 0.0143 3.658 0.433 70845019 0.0199 5.626 0353 15.968 64882 0.0039 6.133 0612 11.591 35308 0.0071 1.591 0.520
dimefluron
Reduced dime- 6.593 9791 0.0102 0.529 0.241 744311823 0.0085 1.051 0425 16.718 66305 0.0038 2,930 0.638 10.707 57249 00044 7.413 0.626
fluron
N-Desmethyl- 8.79513300 0.0075 7.001 0.418 10.6839741 0.0103 8.975 0369 20.576 80789 0.0031 13.981 0.623 13.339 43549 0.0057 0.017 0.524
dimefluron
Dimefluron 9.21610039 0.0102 1.199 0.367 113266732 0.0149 1.283 0331 22.195 78603 0.0032 5316 0.586 13.269 30658 0.0082 5.969 0.424
Dimefluron 10,637 9473 0.0106 0.275 0.252 13.19112977 0.0077 3.568 0353 23.21 49642 0.0051 2.757 0.578 14.577 52587 0.0048 1.006 0.548
N-oxide
Homodimefluron  10.54910434 0.0096 2.841 0.372 13.59911861 0.0084 0.823 0344 23.894 77600 0.0032 1.788 0.628 14.312 47174 0.0053 3.671 0.488

R.=retention time, N = theoretical plate number, H = height equivalent of theoretical plate, R, = peak resolution, § = peak sym-

metry.

Amide column, which seemed to be the best column for
separation of this mixture, the separation was also satis-
factory on the C8 column (Fig. 8, Table 1).

The experiments with dimefluron described in previous
papers started on columns with bonded C18 stationary
phase or with RP select B, which is a mixed stationary
phase (C18 and C8). These experiments were carried out
in isocratic mode. The final mobile phase used in gradi-
ent mode on an HS F5 column was adopted from the
above-mentioned paper. The same mobile phase was
tried on all the stationary phases. The values of the reten-
tion times were lower on the monolithic columns and
also even on RP-Amide but the other parameters led to
the choice of HS F5. The values of peak resolution were
always unsuitable for at least one pair of peaks except in
the case of the chosen HS F5 phase (tailing on C18, unsa-
tisfactory peak resolution on C8 and RP-Amide). The va-
lues of symmetry decreased in the order HS F5, RP-
Amide, C8, C18 bonded phases. The narrowest distribu-
tion of values of symmetry of all the studied compounds
and their best separations were achieved on the HS F5
column. The order of peaks varied with the columns.
While this order was the same on HS F5 and C8, the rank

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of reduced dimefluron changed on RP-Amide. (It would
be interesting to investigate this fact for the other
reduced dimeflurons.) (Fig. 9, Table 2)

The experiments with nabumetone and its metabolites
started under conditions described in reference [9]. The -
mobile phase contained acetonitrile, UHQ water, and
acetic acid (45:55:1) on a column with a C18 bonded
chain. These conditions were adjusted. UHQ water and
acetic acid were combined into one component of the
mobile phase — 1% acetic acid in water (acidified water).
This step simplified experimentation with the composi-
tion of the mobile phase. The mobile phase contained
acidified water and acetonitrile in the ratio 55:45 (v/v)
on HS F5 and RP-Amide. The mobile phase containing
acidified water and acetonitrile in the ratio 65:35 (v/v)
was used foranalyses on both monolithic columns.
Because the separation of nabumetone and its metabo-
lites was satisfactory on monolithic columns, anin-
crease of flow rate was tested. In the case of dimefluron,
the separation was unsuitable using a lower flow rate,
thus experiments with a higher flow rate were pointless.
In the case of nabumetone, the analyses were accelerated
proportionally to the increase of flow rate. The symme-
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Figure 10. Chromatogram of the mixture of nabumetone, its
metabolites and internal standard on various columns. UV
detection 325 nm. Flow rate 1 mL/min. Mobile phase: 1%
aqueous solution of acetic acid and acetonitrile in the ratio:
10a, 10b: 65:35 (v/v). 10c, 10d: 55:45 (v/v). 10a: Chromolith
Performance RP-18e, 100 x 4.6 mm, monolith. 10b: Onyx
Monolithic C8, 100 x 4.6 mm, monolith. 10c: Discovery HS
F5, 250x4mm, 5um. 10d: Ascentis RP-Amide,
250 x 4.6 mm, 5 um.
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Figure 11. Chromatogram of the mixture of tramadol, its
metabolites and internal standard on various columns. UV
detection 275nm. Flow rate 1mL/min. Mobile phase:
50 mmol/L phosphate buffer pH 2.8 and acetonitrile 70:30.
11a: Chromolith Performance RP-18e, 100 x 4.6 mm, mono-
lith. 11b: Onyx Monolithic C8, 100 x 4.6 mm, monolith. 11c:
Discovery HS F5, 250 x4 mm, 5um. 11d: Ascentis RP-
Amide, 250 x 4.6 mm, 5 um.
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Table 3. System suitability data for a mixture of nabumetone, its metabolites and internal standard (average values from 4 anal-

ySes).
Chromolith 18 Onyx C8 Discovery HS F5 Ascentis RP-Amide
S R N i Ry 5 R N H § Re N H Rq S R N i Ry
(min) (mm) (min) (mm) (min) (mm) (min) (mum)
6-TINA 2.338 1011 0.0989 - 0.712 2504 4350 0.0230 - 0664 3.593 7227 0.0346 - 0.795  6.613 13461 0.0186 - 0.769
6-HOnphBuOH 3.355 1399 0.0715 3.112 0.713  3.451 5801 0.0172 5122 0579 4534 8056 0.0310 5.065 0.731 9915 15784 00158 11913 0.772
6-HOnphBu-O 4.450 1568 0.0638 2.713 0.805 4529 6709 0.0149 4.812 0635 6.203 9834 0.0254 7.365 0.834 12515 17329 00144 7.347 0.781
6-MNA 5.287 2254 0.0444 1.869 0.811 5.012 6950 0.0144 1.901 0632 6.732 11848 0.0211 2.125 0.845 12.532 19080 0.0131 0.069 0.769
Naproxen 7.982 3338 0.0300 5.391 0.771 7.200 7900 0.0127 7.165 0584 8.544 13622 0.0184 6.724 0935 18.521 18669 0.0134 11628 0.777
6-MeOnphBuOH  11.784 4741 0.0211 6.144 0.773  9.528 8579 0.0117 5.979 0629 10.307 14862 0.0168 5.580 0.928 21.931 19625 0.0127 4981 0.794
Nabumetone 16.888 5072 0.0197 6.240 0.806 13.443 6810 0.0147 7.111 0672 15.522 17145 0.0146 12.815 0.980 25.747 20262 00123 7.689 0.823

R, = retention time, N = theoretical plate number, H = height equivalent of theoretical plate, R, = peak resolution, § = peak sym-

metry.

Table 4. System suitability data for a mixture of tramadol, its metabolites and internal standard (average values from four anal-

yses).
Chromolith 18 Onyx C8 Discovery HS F5 Ascentis RP-Amide
S R N i Ry N R N n § Re N I R s R N i Ry
(min) (mm}) (min) (mm) (min) (mm) (min) (mm)
M5 1.445 1446 0.0692 - 0958 1.521 1386 0.0722 - 0640 2.047 2351 0.1063 - 0.817 3512 7501 0.0333 - 2.488
M1 1.718 1715 0.0583 1.683 1.323 1.820 2486 0.0402 1.897 1.084 3.064 7090 0.0353 6.456 2.002 3515 6805 00367 0501 2.534
M3 1.892 4621 0.0216 1.221 0.624 2.007 4835 0.0207 1.335 0758 4.123 12588 0.0199 7219 1.011 3.846 9429 00265 3.387 0.771
Tramadol 1.923 3639 0.0275 0.967 0.648 2.048 5267 0.0190 1.014 0733 4561 10852 0.0232 2718 0959 3781 4289 00583 2.584 0.509
diMeSA 2.155 3854 0.0259 1.643 0.717 2313 5906 0.0169 2.148 0680 5120 13132 0.0193 3.132 1.216 10.105 19244 0.0130 28481 0.782

R, = retention time, N = theoretical plate number, [ = height equivalent of theoretical plate, R, = peak resolution, S = peak sym-

metry.

try improved. The values of resolution remained identi-
cal although it was possible that the further increase in
flow rate could lead to changes of these values. The order
of the peaks was the same for all the tested stationary
phases. The duration ofanalysis was longest on RP-
Amide. At a flow rate of 1 mL/min, the highest values
of symmetry were noted in the case of the HS F5 column;
however, the distribution of values was very wide. The
narrowest distribution around the average value of sym-
metry was observed in the case of RP-Amide. The wide
distribution of values of symmetries on HS F5 could be
caused by an influence ofinteractions on uncovered
polar phenolic group. The values ofresolution were
higher than 2 forall tested columns except RP-Amide,
on which 6-HOnphBu=0 and 6-MNA were not separated.
The C18 column was shown to be the best for analysis
of nabumetone and its five metabolites. The peak resolu-
tions were satisfactory. The values of symmetry were
relatively high and the distribution of values was not
wide. The analysis time was short (only 17 min for sep-
aration of seven compounds, and 14 min, respectively,
for C8) and it could be decreased by an increase of flow
rate (only 4.2min and 3.5 min, respectively) (Fig. 10,
Table 3).

Experiments dealing with tramadol and its metabolites
were begun with a mobile phase taken from the paper

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[8]. This mobile phase was originally developed for the RP
select B column which possesses both C18 and C8 chains.
From the point of view of peak symmetry, the best col-
umn for tramadol and its metabolites was HS F5, where
M1 was the only fronting compound. This could be
caused by an uncovered OH group on an aromatic
nucleus. This free polar group might intrude upon the n-
interactions between the aromatic rings of analyte and
stationary phase, which are probably one of the main
mechanisms of separation on these types of columns.
Values of peak symmetry also lay in a narrow range for
columns with classical phases C8 and C18. In this case,
peak co-elution happened and low values of resolution
were obtained. The RP-Amide column was entirely un-
suitable under the current conditions. Values of symme-
try were widely distributed and very strong fronting
of substances with uncovered phenolic group occurred.
Separation expressed as aresolution value was also
totally unsatisfactory and peaks M1 and M5, M3 and tra-
madol co-eluted (Fig. 11, Table 4).

4 Concluding remarks

Columns for bioanalytical application were compared.
Four real mixtures of compounds were used for testing
of four columns. The best type of column was sought
for each of them. The retention time, theoretical plate
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number and height equivalent of theoretical plate,
respectively; peak resolution and peak symmetry were
used for the searching for the optimal stationary phase.

RP-Amide was chosen as the best column for analyses
of cocaine with its major metabolite and internal stan-
dard. Compared to the other columns, the compounds
were separated with satisfactory resolution on RP-Amide.
The HS F5 column, having a stationary phase with planar
structure, was chosen as the best column for analyses
of dimefluron and its derivatives. It can be supposed that
the better separation results from n-interactions between
the aromatic rings. This hypothesis could be supported
by the results obtained for nabumetone and its deriv-
atives, which were eluted as symmetric peaks if they con-
tained a phenolic group. The C18 bonded stationary
phase was evaluated as the best column for separation
of nabumetone and its derivatives. The best way to ana-
lyze tramadol with its metabolites and appropriate inter-
nal standard was on the HS F5 column with a stationary
phase of planar structure. The experimental data led to
this conclusion because peak symmetry was very good,
with the slight exception of M1, and peaks were baseline
separated with regular spacing. Peaks were more or less
coeluted on the other columns. The C18 and C8 bonded
stationary phases were evaluated as unsatisfactory for
the tested basic compounds; in other words, it was possi-
ble to attain better separation on modern types of col-
umns where principles of separation other than those
based only on lipophilicity prevail. The columns with the
classical stationary phases (C8 and C18) are sufficient
for the acid and neutral compounds. The HS F5 station-
ary phase is the best one for compounds with a large pla-
nar structure, especially for basic compounds, because it
eliminates peak tailing, which is significant on classical
stationary phases. The symmetry of peaks is influenced
by polar group on this column. Certain restrictions of
use were found for modern stationary phases. In some
cases, HS F5 is useful but the relation between the num-
ber of carbons in aromatic rings and the number of polar
groups should have been investigated.

The authors wish to thank W. N. Wu for providing standards
of tramadol metabolites. This work was supported by the research
project of the Ministry of Education, Youth and Sport of the Czech
Republic No. 002 162 0822 and by the grant project of GA UK
294/2005.
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6.1.4. Determination of low contents of fenpiverine bromide

by extraction spectrophotometry

Vladimir Kubicek, Daria Kucova, Piemysl Cisar and Vlasta BureSova

Microchimica Acta, Volume 142, Number 4, January 2003, Pages 273-276

Predkladand publikace se vymykd zftady predkladanych praci. Jejim tématem je
stanoveni 1é¢iv pomoci UV spektrometrie. V ptredlozené praci byla vyvinuta ion-parova
extrakce k stanoveni fenpiverinu v tableté. Stanovovana latka se v tableté vyskytuje
V minoritnim mnozstvim oproti ostatnim dvéma, a proto je dulezit¢ nalézt
experimentalni podminky k eliminaci dalsich ¢asti tablety. Pro stanoveni byla vzkiisena
a prevedena na moderni instrumentaci extrakéné fotometrické metoda UV stanoveni
vyvinutd prof. Gaspari¢em, ktera elegantné obchazi krok oddéleni fazi, kdyz
pro extrakci 1 méfeni vyuzivd sadu vybranych zkumavek se stejnymi optickymi
vlastnostmi, a tim eliminuje chybu vnesenou pti oddélovani fazi. [97]

Smés tii uCinnych latek v ptipravku Algifen, na ktery byla vyvinutd metoda aplikovéna,
se sklada z metamizolu (527 mg natabletu), pitofenonu (5,25 mg na tabletu) a
fenpiverinu (0,1 mg na tabletu). Zadna z latek neabsorbuje zafeni ve viditelné oblasti
spektra. Tontovy par fenpiverinu s kyselinou pikrovou je barevny, neutralni a jako par
lipofilni. To umoziuje po extrakci méfit fenpiverin ve smési s metamizolem a
pitofenonem, 1 kdyZ je oproti ostatnim pfitomnym latkdm ve vyrazn€ niZ§im mnozstvi.
Popisovand metoda byla vyvinuta jako pH dependentni ion-parova extrakce
do nepolarniho rozpoustédla. Kazda c¢ast této metody eliminuje moZnost ruSeni
stanoveni ostatnimi latkami ve smési. Pouze pii urCitém pH vytvaii fenpiverin
s kyselinou pikrovou neutralni iontovy par, ktery se extrahuje do nepolarniho
rozpoustédla a pouze tento iontovy par je schopen absorbovat pifi vinové délce, ktera
byla vybrana ve viditelné ¢asti spektra. Poslednim sledovanym parametrem je Cas, ktery

je nezbytny k ustaleni rovnovah.
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Abstract. An ion-pair extraction spectrophotometry
method was developed for the determination of fenpi-
verine bromide in tablets. To determine this substance it
was necessary to find experimental conditions that
would allow eliminating the influence of other compo-
nents of the tablets. Attention was paid to the fact that a
suitable pH of water phase wasnecessary to achieve high
selectivity.

Key words: Fenpiverine bromide; extraction spectrophotometry;
tablets; precision; accuracy.

Although fenpiverine bromide is a drug used in sev-
eral remedies, its determination in real samples is not
described in the literature. Aside from a recent article
[1], the latest issues of the pharmacopoeias [2-5] do
not contain any articles about this drug. Only in the
Martindale Pharmacopoeia [6] did the authors find a
comment dealing with fenpiverine bromide, but it did
not describe an analytical procedure.

Due to its anticonvulsive action, fenpiverine bromide
(Fig. 1)is used in mixture with pitofenone hydrochloride
(Fig. 2) and metamizole sodium salt (Fig. 3). The remedy
containing these three substances is commercially
known as Baralgan® or Algifen”. In this paper a method
for the determination of fenpiverine bromide in Algifen®
is proposed. Algifenyk" is available in the form of tablets,
drops, suppositories and injections. Determination of

* Author for correspondence. E-mail: kubicek @faf.cuni.cz

fenpiverine bromide was developed for tablets. Each
Algifen® tablet contains metamizole sodium salt
(500 mg), pitofenone hydrochloride (5.25 mg) and fen-
piverine bromide (0.1 mg). The tablet matrix is formed
by lactose, starch, sodium hydrogencarbonate, talcum
and calcium stearate. The content of fenpiverine bromide
differs in several orders from the contents of the other
substances. We used ion pair extraction spectrophotome-
try to determine fenpiverine bromide in the Algifen"”
tablets. The method is very precise and accurate even
at very low concentrations. This paper describes a reli-
able procedure for determination and solves the problem
of interference of ion pairs formed by fenpiverinium and
pitofenonium cations with a counterion.

Experimental

Preparation of Samples

Algifen" tablets were powdered, and about 1.5 grams of the powder
was weighed. The weighed amount was placed on a paper filter in
the glass funnel and slowly (5 min) leached by 20 mL distilled water.
The filtrate was transferred into a 25 mL volumetric flask, and the
volume was filled to 25 mL. The concentration of fenpiverine bro-
mide in this solution was determined by ion-pair extraction spectro-
photometry.

Method

The so-called test tube method originally developed by Gasparic [7]
was used. With this method all steps of the ion-pair extraction
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spectrophotometry procedure (i. e. ion pair formation, extraction
and measurement of the extract absorbance) are performed in one
test tube for every sample. Since extraction is carried out in one step,
a high extraction constant of ion pair is required. Prior to the
determination it is necessary to find (a) the time of extraction (time
of shaking) during which the ion pair is quantitatively extracted. (b)
a suitable pH for ion pair formation and (c) the absorbance max-
imum wavelength of the extracted ion pair. These three parameters
have to be fixed during the analysis. The vessels used in the test tube
method are either round cuvettes or a carefully selected set of test
tubes. All test tubes (cuvettes) in the set must exhibit the same
absorbance of testing solution (0.0015% solution of potassium per-
manganate is used). Using the selected set of test tubes, both the
calibration curve and the absorbance of samples were measured.

Reagents

Picric acid p.a. (Fluka), boric acid (Lachema Brno), acetic acid
(Lachema Brno), phosphoric acid (Lachema Brno). sodium hydroxide
(Lachema Brno). metamizole sodium salt (Leciva Praha. certified
purity 99.0%), pitofenone hydrochloride (Leciva Praha, certified
purity 99.2%), fenpiverine bromide (Leciva Praha, certified purity
99.7%), chloroform (Lachema Brno), Algifen® tablets (Leciva

V. Kubicek et al.

Praha). Picric acid was recrystallized from ethanol, and chloroform
was twice redistilled before every use. The other reagents were used as
obtained.

Procedure

0.5 mL of picric acid solution (0.005mol - L~ '), 0.5 mL of sample
or calibration solution, 0.25mL of Britton-Robinson buffer
(pH = 10.38) and 2 mL of chloroform were placed into a test tube
with pipettes. The test tubes containing two liquid layers were
sealed with parafilm, then shaken for 20min with a laboratory
shaker, and after this period placed in the rack for 10 minutes to
allow both liquid phases to separate completely. Then the absor-
bance of the chloroform layer was directly measured against a blank
using a Helios £ spectrophotometer (Unicam Cambridge). The blank
was prepared in the same way as the mixtures in the other test tubes,
but instead of 0.5 mL of sample 0.5 mL of distilled water were used
inside. The calibration solutions were prepared by dissolving
fenpiverine bromide substance (weighed with analytical balances)
in distilled water in volumetric flasks.

Model samples were prepared by mixing the powdered tablet
matrix, metamizole sodium salt, pitofenone hydrochloride and
fenpiverine bromide. The components of the mixture were weighed
by means of analytical balances to obtain the model samples of the
same composition as the tablets.

Results and Discussion

The pitofenonium cation forms the same type of ion
pairs as the fenpiverinium cation. Hence, the first step
was to find conditions (especially pH) suitable for the
determination which would allow selective formation of
the ion pair of the fenpiverinium cation. A solu-
tion of fenpiverine bromide (c=0.0005mol-L™"),
Amax = 370nm was determined for fenpiverine picrate
ion pair extracted to chloroform, and the time of extrac-
tion was found to be 20 min. To find a suitable pH was
more difficult since it was necessary to study both the
solution of fenpiverine bromide and the solutions of
pitofenone hydrochloride and metamizole sodium salt.
Although formation of ion pairs between the metamizo-
lium anion and the picrate anion was not expected, the
inactivity of metamizole was confirmed. The suitable
pH., at which pitofenone hydrochloride does not form
ion pairs but fenpiverine bromide does, could be
assumed to exist. While pitofenone hydrochloride is a
weak electrolyte and its degree of dissociation is
affected by the pH value, fenpiverine bromide is a strong
electrolyte dissociated completely, regardless of the pH
value. Since the dissociation is a necessary condition for
1on pair formation, the region of pH, where ion pairs are
formed only by fenpiverinium cation, has to be found.
Hence, the extraction spectrophotometry experi-
ments were performed separately with each of
the three substances at several pH values. Original
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Table 1. Absorbance of ion pairs formed by substances studied and
picric acid at different pH

pH Substance A
2 metamizole 0.015
pitofenone 0.051
fenpiverine 0.074
3 metamizole 0.013
pitofenone 0.053
fenpiverine 0.071
4 metamizole 0.001
pitofenone 0.050
fenpiverine 0.072
5 metamizole 0.000
pitofenone 0.043
fenpiverine 0.075
6 metamizole 0.000
pitofenone 0.042
fenpiverine 0.076
7 metamizole 0.000
pitofenone 0.015
fenpiverine 0.076
8 metamizole 0.000
pitofenone 0.002
fenpiverine 0.076
9 metamizole 0.000
pitofenone 0.002
fenpiverine 0.075
10 metamizole 0.000
pitofenone 0.001
fenpiverine 0.075
11 metamizole 0.000
pitofenone 0.001
fenpiverine 0.075
12 metamizole 0.000
pitofenone 0.001
fenpiverine 0.075

concentrations of the appropriate solutions cor-

responded to the concentrations in the extract
of the tablets: ¢emizore=0.1mol-L ™" Cpitofenone =
0.001 mol - L™'; Cenpiverine = 1.9 X 107 Smol -1~ L.
The results are given in Table 1. The absorbances stated
in the table are average values calculated from five par-
allel measurements for each pH. Table 1 shows that the
suitable pH value is over 10, which is where the absor-
bance of the metamizole extract is zero and the absor-
bance of the pitofenone picrate extract reaches a
minimum, while the extract of fenpiverine picrate exhib-
its a high absorbance suitable to be measured. Further
experiments were carried out at pH 10.38. Using the
previously determined conditions, the extraction ex-
periment was performed with tablet powder which
did not contain either fenpiverine bromide or pito-

fenone hydrochloride or metamizole sodium salt. Zero

0,25
02 4
0,15 -

0,1 -

Absorbance

0,05 -

0 0,00002 0,00004
Concentration (mol.L-")

0,00006

Fig. 4. Calibration curve used for the spectrophotometric determ-
ination of fenpiverine bromide. Regression line: A=
3933.15069¢ — 0.00094. Correlation coetficient: r= 0.99887

absorbance was found, confirming that the tablet matrix
has no effect on the absorbance values of the fenpiverine
picrate.

The calibration curve was measured in the concen-
tration range of 0.5%x 107> to 5.0% 10 “mol - L~ ".
This concentration range is sufficient to include the
concentrations of fenpiverine bromide in the solutions
obtained by leaching the tablet powder. The calibra-
tion curve is shown in Fig. 4.

The precision of the determination is represented
by repeatability as shown in Table 2. The procedure
was repeated ten times with the same sample, and the
obtained results are very satisfactory. The values are
close to each another, the standard deviation is small,
and the confidence interval for the 95% level is very
narrow. The content of fenpiverine bromide in the
tablet (b) was calculated using the following equation:

0025 M-w

b= (1)

m

Table 2. Results of repeatability for fenpiverine bromide determi-
nation in Algifen® tablets

No.  m(mg) A c-10° (mol-L Y b (mg/thl)

1 1.4723 0.071 1.83 0.098
2 1.4792 0.069 1.78 0.095
3 1.5154 0.072 1.86 0.096
4 1.4868 0.072 1.86 0.098
5 1.5217 0.070 1.81 0.093
6 1.5186 0.072 1.86 0.096
7 1.4875 0.073 1.88 0.099
8 1.4934 0.069 1.78 0.094
9 1.5063 0.072 1.86 0.097
10 1.4869 0.070 1.81 0.095

Average value of b: 0.096mg/tbl. Standard deviation: s=
0.002 mg/tbl. Confidence interval for 95% reliability: / = 3.8 < 10 °,
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Table 3. Results of recovery for fenpiverine bromide determination
in Algifen® tablets

c-10° X x
(mol-L by (mg-¢g b (mg-g h (%)

No. m (mg) A

1 1.5031 0.071 1.83 0.127 0.129 98.4
2 1.5279 0.070 1.86 0.123 0.126 97.6
3 1.5082 0.071 1.83 0.127 0.130 97.7
4 1.5127 0.073 188 0.130 0.132 98.5
5 1.4863 0.069 1.78 0.125 0.128 97.7
[§ 1.5011  0.072 1.86 0.129 0.129 100.0
7 1.4940 0.071 1.83 0.128 0.130 98.5

where ¢ is the concentration of the original solution
tablets (obtained from the
calibration curve), M is the molecular mass of fenpi-
verine bromide (M =417.4¢g-mol ™ 1), w is the aver-
age mass of the tablet (w=10.7535 g in this case), m is
the weighed amount, and the factor 0.025 is the
volume of the original solution in liters.

after leaching the

To confirm the accuracy of the determination, the
recovery (R) was determined for seven model samples.
The results of the recovery determination are given in
Table 3. The content of fenpiverine bromide in the sam-
ple (x) was calculated from the equation (2):

2+ 0.025-M
o= (2)

m

In Table 3, x| denotes the true content of fenpiverine
bromide in the sample. The average recovery (R=
98.3%) shows excellent accuracy of the determination.
samples pressed to form
tablets, and the fenpiverine bromide content was

Three model were
determined in these tablets by the described method
(v). The results were compared with the results of
the same model samples without tabletting (z). The

following couples of v and z (in mg-g~ ") were

found: y;=0.127, 7, =0.127; v, =0.130, 2 =0.131;
v3=0.128, z3=0.128. It 1is
results are not influenced by tabletting followed by
powdering.

evident that the

Conclusion

The results show that extraction spectrophotometry is
able to determine low contents of important sub-
stances in complex mixtures. The absorbance mea-
sured by this method is sensitive to some parameters
(time of extraction, pH). but this sensitivity can be
utilized to find suitable conditions for the selective
determination of components without a separation
method. These advantages are demonstrated in the
method for the determination of fenpiverine bromide
by extraction spectrophotometry.
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6.3. Resené granty

6.3.1. Grantova agentura Univerzity Karlovy

Analyza potencialniho antineoplastika dimefluronu
Hlavni fesitel: Premysl Cisaf

Sekce: B

Podsekce: Chemie

Cislo grantu: 294/2005/B-CH/FaF

Svétené prostiedky: 128 000 K¢

Nasim cilem bylo vypracovat metodiku stanoveni dimefluronu a jeho metabolitl tak,
aby mohla byt pouzita pro vzorky libovolné biomatrice (moc¢, zlu¢, stolice, krevni
plazma, tkang). Projekt byl zaméfen rovnéz na hledani struktur dosud neodhalenych
metaboliti dimefluronu (minoritnich produktt 1. faze biotransformace a metaboliti
2. faze Dbiotransformace, tedy konjugati). Dosazené vysledky poskytly metodické
nastroje k dalSimu podrobnému studiu osudu dimefluronu v organismu, tedy ke studiu
jeho distribuce, metabolismu a eliminace. Ziskana farmakokinetické4 a xenobiochemicka
data mohou vyznamné pfispét k poznani, zda dimefluron miize byt novym terapeuticky

zajimavym antineoplastikem.

6.3.2. Fond rozvoje vysokych skol

Vyuziti riznych druhi HPLC kolon v bioanalyze 1é¢iv
Hlavni feSitel: Pfemysl Cisat

Tématicky okruh: G6

Cislo grantu: 76/2005

Svétené prostredky: 121 000 K¢

Projekt se zabyval porovnanim chromatografickych kolon s riznymi zakotvenymi

fazemi pro smési Ctyt biologicky aktivnich latek s jejich metabolity.
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7. Summary

The aim of this study consisted in the development nad validation of a bioanalytical
method for the identification and determination of dimefluron and its metabolites
in biomatrices. For purposes of this study, six expected potential dimefluron metabolites
were prepared and identified by NMR and MS. Higher homologue of dimefluron
(homodimefluron) was selected and synthesized as an internal standard.

The chromatographic columns with various types of the stationary phases were tested.
The best results were achieved using a pentafluorophenylpropylsilyl silica gel column
rinsed with the mobile phase of acetonitrile-phosphate buffer pH = 3 in a gradient mode.
After the validation of the bioanalytical method, this chromatographic system was
applied to the disposition study of dimefluron in rats. Samples of urine and faeces were
collected after the oral administration of dimefluron to rats each 24 hours.
The elimination of dimefluron and its phase | metabolites in the faeces was studied after
an intragastric administration of dimefluron to three male rats. Maximum concentrations
of dimefluron derivatives in the excrements were found in the time interval of 24 - 48
hours after the administration. 9-O-Desmethyldimefluron and 3-O-desmethyldimefluron
were the principal metabolites found in the rat faeces, while the metabolic products
of N-desmethylation, N-oxidation and carbonyl reduction were found in lower
concentrations.

Some unknown peaks in chromatograms were identified as futher minority metabolites
of dimefluron. The survey of dimefluron biotransformation was suggest
from the obtained results.

The metabolites of phase |l biotransformation were searched in urine.
The 3-O-desmethyldimefluron glucuronide and reduced 3-O-desmethyldimefluron

glucuronide were identified as phase 1l metabolites in urine.
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