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Uvod

Uvod

Vyuziti metod kapalinové chromatografie ma jiz palik dekad své nezastupitelné
misto v bioanalyze tév a pati mezi jednu z nejuzivajsich analytickych technikipjejich
kvantitativni analyze. Hlavni hybnou silou rozvajeromatografickych metod je zejména
farmaceuticky pramysl, produkujici pi vyvoji novych I&€iv kvanta vzork a Zadajici tedy
vyvoj einnych a rychlych sepataich technik, které umozni v realnémse tyto rozsahlé
soubory zpracovavat. Spolu s environmentalnimi gavky na Uspory organickych
rozpoustdel byla oblast farmacie jednou z hlavnich hybngihvyvoje novych trentl
v kapalinové chromatografii. V tomto $m bylo zasadnim pokrokem zavedeni extrémn
acinné kapalinové chromatografie (UHPLC), monolitickykolon, ,shell-type* sorbefit

spojeni sepataich technik s hmotnostni detekci a mnoha dalSddEzhé praxe.

Tato prace je &ovana metodamvysokoinné kapalinové chromatografie
v bioanalyze malych molekul. Vzhledem krozsahlosti celé proiagky budou
v teoretickécasti probrany fedevsim typy stacionarnich fazi, moderni trendywyeoji
stacionarnich fazi a daleigoby @ipravy biologickych vzork pied analyzou.
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1. Pirehled sowtasného stavuresené problematiky

1.1 Bioanalyza

Oproti farmaceutické analyze [1-2], kterd pracuj@zoky farmak a jejich sési
v jasré definovanych matricich, bioanalytika [3-4] se zadyproblematikou analyzy latek
piitomnych v biologickém materialu ZiwiSného nebo rostlinného tyodu, tedy
komplexnich matricich, kde neni prakticky moznélikavné popsat jejich Uplné slozeni.
Kladeny jsou téZz vysoké naroky na édbskladovani a zpracovani vzérkvzhledem
k nutnosti ziskat reprezentativni vzorekétsiho celku a v maximalni i@ zachovat jeho
kvalitativni i kvantitativni sloZzeni. Latky, se k§eni v bioanalyze pracujeme, Ize v zakladu

rozclit dle nekolika riznych kritérii:

* dle pivodu — rostlinné / ziveisSné
» dle vztahu k organismu - endogenni (organismu vlastni - eobiotika) / exog
(cizorodé — xenobiotika)

» dle molekulové hmotnosti latky nizkomolekularni / vysokomolekularni

Separéni chromatografické metody jsou v bioanalyze vyaniv nap. v oblastech
jako jsoufarmakokinetické a bioekvivalenéni studie pti vyvoj novych I€iv a zavadni
generik, terapeutickém monitorovani nebo teba v klinické a forenzni toxikologii.
V bézné praxi klinickych laboratt kde jsou vysoké pozadavky nai@nodnost celého
systému a ekonomicky aspekt analyz, jsou hlavnkkmamini metodou chromatografickych
metod metody imunoanalytické, nicménsowasné dob zatim nelze ¢ekavat, Ze by zcela

vytlacily metody chromatografické, vzhledem k ob&omensi specificit
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1.2 Farmakokinetické studie

Mrivrw s

v organismu, tedy absorpce, distribuce, metabolismiexkrece (ADME). Sledovana
je zavislost koncentrace c¢iga, pripadré jeho metabolitii na case v witych
kompartmentech [5]. Tyto studie jsou prowag zejména vramci preklinického
a klinického testovaniipvyvoji nového I€ivého gipravku [6-8] a jsou nutnym podkladem
pro jeho pihlaSeni k registraci statni autoritou (New DrugpApation — NDA). Bezpénost

e

a &innost I€iva jsou nejdlezit¢jSimi posuzovanymi kriterii.

1.3 Bioekvivalen éni studie

Cilem bioekvivalennich studii [9] je pikaz, Ze generickyifpravek nebo nova lékova
forma ma v ramci fedem stanovenych linditvliastnosti shodné s originalnimyipadre
referenim |&ivem. Bioekvivaledni studie musi byt také provedendi pavadni nové
cesty podani farmaka. Mezi jedny z hlavnich sledgeh parametr pati plocha pod
kiivkou plasmatickych koncentraci (Area Under Curve -AUC), maximum
plasmatickych koncentraci (g.ax) a ¢as dosazeni maxima plasmatickych koncentraci
(tmax) Sledované latky. Tyto parametry jsoucfiény z farmakokinetickych dat ziskanych
meéienim plasmatickych koncentraci po podagiviéno gipravku. Bezpénost a dinnost

jsou ot hlavnimi sledovanymi kriterii.

1.4 Terapeutické monitorovani |é ¢iv - TDM

Hlavni vyznam terapeutického monitorovanicivé [10-14] (Therapeutic Drug
Monitoring - TDM) spaivad zejména wndividualizaci farmakoterapie [15]. Davoda
pro individualizaci davkovani &&v je hned ®kolik. Asi nejdilezitejSi se tyka léivych
piipravki s Uzkym terapeutickym rozmezim (terapeutickym oknem, terapeutickym
indexem) [5, 16], tedy takovych, kde se malo liSi davkenga a toxicka. Dale u paciént
s malnutrénim syndromem (sniZzena absorpcavig) a s poruchami ledvin (snizené exkrece
léciva) nebo jater (snizena biotransformaagvig). Ucelem je udrzeni stabilni plasmatické
koncentrace farmaka nebo jeho metabolituredpm vymezeném intervalu, z&elem

maximalizace terapeutickeho efektii, gpdrZeni tolerovatelnych nezadoucictinkua l&cby.
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Vyuziti naléza zejména u d&, kde je popsan Uzky vztah mezi plasmatickou
koncentraci a davkou. TDM je vyuzivano i u latekysokouinter- a intra-individualni
variabilitou plasmatickych koncentraci po podani standardnky&iva. Fi¢inou této
variability mohou byt geneticky polymorfismus, I&éinterakce, komorbiditai celkovy
zdravotni stav nebagk nemocného.

DalSim divodem pro TDM niZe byt sledovani spoluprace pacienta lgcbeé
(,compliance'), kde na zaklad stanoveni koncentraceciea ¢i jeho metabolitu v cilovém
kompartmentu Ize rozliSit, zda k selhanédg dochazi vlivem objektivnichtigin, jako
je nag. genotyp, fenotyp (pomali/rychli metaboliz&tpovolba nevhodného Zigobu terapie,
TDM je snizeni fipadnych rizik nezadoucichiiaka a zvySeni efektivity farmakoterapie
atim celkové zkvalittni Zivota pacierit Nelze pehlizet ani hledisko ekonomicke,
kdy neni zbyten¢ plytvdno progedky na neefektivni Iékovou terapii a naslednatbué
vzniklych zdravotnich komplikaci. Ve vSech vySe deeych pipadech nam bioanalytické
chromatografické metody umidji stanoveni sledovanych latek a na zaklafStenych
koncentraci zvolit adekvatni farmakoterapeutickysatd Chromatografické metody
vyuzivané pro TDM musi byt citlivé, dostate selektivni s vyhovujicim dynamickym
rozsahem. ® zpracovani wtSich sérii vzork v rutinnim provozu Kklinické laborate

je samo#ejmym pozZadavkem i dost&ted rychlost a ekonomicka stranka analyz.

1.5 Princip kapalinové chromatografie, instrumentac ea

detektory

Principem kapalinové chromatografie je réipdani latek mezi pevnou nebo kapalnou
stacionarni a kapalnou mobilni fazi na zakladzné afinity k &¢mto fazim [17-18].
NejrozstergjSim typem kapalinové chromatografie jeysokoinna kapalinova
chromatografie (High Performance Liquid ChromatographiPLC), kdy je mobilni faze
protlatovana za vysokého tlaku kolonou obsahujici porésacionarni fazi. Typicky
chromatograf pro HPLC je sloZen z nasledujici@sti: Degaser je zdizeni slouzici
pro odplyréni mobilni faze ped vstupem na chromatografického systému. Pokudtatm
zarizeni sodasti chromatografu, jefgba pouzivané mobilni fazergol pouzitimiadre
odplynit nag. pouzitim podtlakugi pomoci ultrazvuku. Dale je vhodné v tomtéipgad

pouzit v pfibchu analyzy helia, probublavaného pomoci frity dazigané mobilni faze.
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(2) mobilni faze

A

i

ke kolone ke koloné

Obrazek 1. Chromatografické pumpy a tvorba gradientu. Wadéni pro vysokotlaky gradient (1), us@dani
pro nizkotlaky gradient (2). Chromatografickd pun{pg, vysokotlaky snsSova (B), prepinaci ventil pro

michani nizkotlakého gradientu (C).

Pokud nejsou pouzité mobilni far&dre odplyrény, mize dochazet kadk problémi
zpasobenych tvorbou bublin v chromatografickém systéfimto plati zejména vifpadt
smesi methanolu s vodou nebo pufry. DalSi&mii systému je chromatografiggampaly.
Toto zd&izeni generuje nastavenyipwk mobilni fdze skrze cely chromatograficky systém
Pumpy musi byt navrhovany s ohledem na poufitivpsokych tlacich, coZz v séasné
doke ¢ini 60 az 120 MPaip pouziti UHPLC technologieKap. 1.9.2 a dale s ohledem
na dosahovani co nejmensiho kolisanitgku. Ri tvorb¢ gradientu mize byt vyuzito
dvojiho gistupu QObr. 1): Pri vysokotlakém gradientuje mobilni faze A i BEerpana kazda
svoji pumpou a jejich michani je pro¢ad ve speciadlnim s&ovacim z#Hzeni
za pumpami ve vysokotlak&asti systému. #® nizkotlakém gradientu je mobilni faze
¢erpana pouze jednou pumpou a k michani fazi doshidzéném srsSovai v nizkotlaké
casti systému je8tpred vstupem do pumpy. Vyhodou vysokotlakého systiEnvelmi maly
mrtvy objem mezi seBovacic¢asti a vstupem na kolonu, proto je tento konceptak pro
moderni technologie zalozené na UHPLC a tvorbu lygth gradieni. Nevyhodou
je moznost pracovat pouze s binarnim gradientemhodlgu nizkotlakého konceptu
je moznost generovani az kvartérnich gradient druhou stranu tyto systémy majisy
mrtvé objemy mezi mistem michéni a vstupem na kobmale u nich dochazi ktgimu

kolisani ptitoku, coz zfisobuje generovani vyssiho Sumu na detektoru.

11
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~7s v Z

DalSi ¢asti HPLC systému jelavkovaci ventil, ktery umo#uje vstup kapalného
vzorku do toku mobilni faze. Tato komponenta jene&hi dob integralni sodasti
autosampleru Pouzivd se a&Sinou Sesticestny ventil, ktery dovolujgepinani toku
mobilni faze mezi naskovou smyku, odpad a vstup na kolonu. Moderni autosamplery
jsou WtSinou termostatované, umagi tvorbu sekvenci analyz vzarka programovani
operaci v autosampleru pomoci sady standardniitazd nag. pro on-line derivatizace
nebo jiné automatické operace bez zasahu obsluhy.

Po nastiiku prostednictvim davkovaciho ventilutiphazi snés latek na kolonu
rozpuséna v mobilni fazi.Kolona je wtSinou umisina vkolonovém termostaty ktery
udrzuje teplotu P separaci naiigdem zvolené Urovnéj tvorbu teplotniho programu, ktery
vSak nema takovy vyznam jako v plynové chromataigf@C). Jednotlivé latky rozpu&é
v mobilni fazi interagujittzné¢ dlouhou dobu se stacionarni fazi na zakksgych fyzikalr-
chemickych vlastnosti a po twhodu chromatografickou kolonou vychéazeji ve vice
¢i mére rozcklenych zénach.

Tyto zony poté prochazegetektorem jehoz vystupem je zavislost signaluiené
veliciny na ¢ase, nazyvana&hromatogram. K tomu, aby bylo mozné latku detekovat
je zapotebi, aby obsahovala ve své molekule timikskupinu nebo strukturni motiv
detekovatelny fisluSnou technikou. Tzrchromofor pro absorpci ve viditelném nebo UV
oboru spektrafluorofor - systém schopny absorpce a nasledné emisia svdelSi vinovou
délkou pro fluorescemi detekci, funkci podléhajici oxido-redirtkm zménam pro detekci
elektrochemickym detektorenti ionizovatelnou funéni skupinu pro detekci pomoci
hmotnostniho spektrometru (MS).

Pokud molekula nema Zadnou z uvedenych vlastnasthavhodna nebo mozna jeji
derivatizace, jako posledni moznosti detekce Izaizity univerzalnich detektona.
NejstarSim z nich je refraktometricky detektor,gélpouziti vSak sebouripasi problémy
s teplotni stabilitou vlivem silné zavislosti indelomu na teplat a dale nemoznost vyuZiti
gradientové eluce. DalSim univerzalnim detektoremngp. ELSD (Evaporative Light
Scattering Detector) [19-22], CNLSD (Condensatiarclation Light Scattering Detector)
[19, 23-24] nebo CAD (Charged Aerosol Detector)-§8, ktery paiti v dnesni dob
asi k nejlepSim univerzalnim detekior vzhledem k minimalni zavislosti odezvy
na struktiie latky, velkému dynamickému rozsahu, citlivosts@adnosti pouziti. Mimo
moznosti analyzy latek, které nejsou jinymi teclanik detekovatelné imasi pouziti

univerzalnich detektérjesSt jednu vyhodu.

12
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Tim, Ze je jejich odezva zavisla na absolutnim rshoZéatky a viceménhnezavisla
na jeji struktiie, lze z chromatogramu usuzovat na procentudlrtoapsni jednotlivych
latek sngsi, coZz nap u UV/VIS detekce nelze, vzhledem k tomu, Ze ini@nsignalu zavisi
nejenom na mnoZzstvi analytu v mobilni fazi, aleaiabsorpnim koeficientu jednotlivych
latek @i dané vinové délce, ktery seume liSit az o wkolik radi. AvSak i @i pouZiti
univerzalnich detektérje treba mit na mysli, Ze jejich odezva neni na typkyl&t00%
nezavisla [27].

Mezi detektory rutiné pouzivané péit UV/VIS detektor, vyuZivajici absorpce geni
charakteristické vinové délky vrozmezi 190-950 min prachodu sloupcem roztoku
obsahujiciho latky vykazujici absorpci na dané wénaélce. Detektor vykazuje dobrou
linearitu a robustnost, a je pouzitelny pro detemkého spektra latek. Citlivost je zavisla
na typu chromoforu latky. Tento detektor nam mimetedlce plichodu absorbujiciho
analytu neposkytuje Zadnou dalSi informaci. Moditikiednokanalového UV/VIS detektoru
je multikanalovy UV/VIS detektor umoziujici simultdng sledovat absorpci eluentu
na rekolika vinovych délkach aletektor s diodovym polem(Photodiode Array DA),
ktery umozuje @i zdaznamu chromatogramu ukladat zatovespektrum ve vybraném
rozsahu vinovych délek. 2Zdhto z&znari Ize konstruovat tzvspektrochromatogramy
ve 2D nebo 3D reprezentaci. Pomoci PDA Ize mimeldst ptichodu zény analytu ziskat
I komplementéarni informaci o spektru dané latkyyaait v ukitém rozsahu napk owieni
identity latky nebo pro stanoventistoty piku“ (peak purity test).

Dalsim z kZnych detektar je fluorescertni detektor. Vyuziva vlastni, nebo
derivatizaci ziskané fluorescence latek. Fluoreszese projevuje u molekul schopnych
absorpce Z&ni s naslednou emisi na vysSi vinové délce. Vyhagwoti UV/VIS detektoru
je vyssi citlivost a lepSi selektivita. LepSi seieka je dana tim, Ze fluorofor obsahuje
ve své molekule pouze limitované mnozstvi lateknéige se tak potencionalni riziko
interferenci v biologickém materialu. Moderni tyfyoresceiinich detektar jsou schopné
poskytnout vystup obdobny DAD nicm€nfluorescetini emisni nebo excitai
spektrochromatogramy jsou ziskavany na jiném poincMezi jevy, které je nutné mit
na mysli @ pouziti fluoresceéniho detektoru p&t nag. omezena linearitatp méieni
vysokych koncentraci vlivem koncentrdho zhaSeni fluorescence. Dale vliv matith
efekti, projevujicich se jako zhaSeni fluorescengddarymi latkami jako jsou napjodidy,
kyslik nebo gkteré kovové kationty (P& Cuf"), které by mohli byt fitomné ve vzorku
nebo mobilni fazi. Podroljsi vyklad mechanismu fluorescence, vliv struktuégek

a dalSich vliv na fluorescenci podavédghledrg review [28].
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Prehled sotiasného stavieSené problematiky

Zvlastni postaveni mezi detektory vyuzivanymi v iIPmma hmotnostni detektor
(hmotnostni spektrometr). Hmotnostni spektromggienetoda vyuZivajici separace ibnt
v plynné fazi dle jejich hmotnosti a ndboje. Pokaitta neionizuje, neni jeji detekce pomoci
MS moZzna. Zakladnimtastmi hmotnostniho detektoru (Mass Spectrometrye®et -
MSD) je iontovy zdroj, iontova optika, hmotnostmadyzator, detektor ioft vakuovy
systém a pétac. Princip detekce je nasledujici: Molekuly analyjsou pgevedeny
v iontovém zdroji na ionty ip piechodu z kapalné do plynné faze. Vzniklé ionty jsou
smerovany do vakuov&asti @istroje a po prchodu iontovou optikou jsou disperznim
prvkem, jimZ je hmotnostni analyzéator, separovasgse, nebo prostoru na zakigzbmeru
hmota/naboj (m/z), pomoci vho&Ziimodulovaného elektromagnetického pole. Rterd
iontd umoziuje jejich selektivni detekci elektronasédan, nebo fotonasod®m. Vystupem
MSD je zaznam mnozZstvi iahtlopadajicich na detéki prvek v zavislosti na pafru m/z.

Vzhledem k tomu, Ze existuje mnoho mechaiisoevodu latek do ionizovaného
stavu, budou dale zminy pouze Bkteré mékkeé ioniza¢ni techniky [29]. Mezi rezimy
ionizace za atmosférického tlaku (Atmospheric Rnesdonization —API) pati ESI
(Electrospray lonization) [30-33]PESI (Desorption Electrospray lonization) [31-32],
APCIl (Atmospheric pressure Chemical lonization) [31;3Z)APCI (Desorption
Atmospheric Pressure Chemical lonization) [32, 3ARPI (Atmospheric Pressure
Photoionization) [31-32].#PsniZzeném tlaku pracuji napnetodyMALDI (Matrix Assisted
Laser Desorption lonization) [31-33}i FAB (Fast Atom Bombardment) [32]. Volba
ionizatni techniky se voli dle charakteru stanovovanéylagicemz hlavnimi kriterii
jsou rezim propojeni se sepamatechnikou (on-line, off-line), molekulova hmofaglarita
a termalni stabilita sledovanych latek. V kvaniait bioanalyze malych molekul v on-line
spojeni se sepatmai technikou pdt mezi nejlgznejSi metody ionizace techniky ESI, APCI
a v rekterych gipadech APPI, proto budou tyto API techniky daldremy podrobji.

Pri ionizaci v elektrospreji [29-30, 33, 35] (Electrospray lonization — ESI) tfgk
mobilni faze z HPLC fivadkn do iontového zdroje kapilarou na jejimz koncivjezen
vysoky kladny, nebo zaporny potencial 3-5 kV. Kartcieky s kapilarou je do iontového
zdroje vhasn proud dusiku, ktery slouzi k pneumatickému zmdrdymobilni faze. Vlivem
vloZeného vysokého né&jb nese vznikajici aerosol naboj. Tim jak v iontovédroji dochazi
k odpd@ovani rozpoustlla, zmensSuje se polam kapek aerosolu a tim roste i velikost

povrchového naboje.
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Pfi dosaZeni tzv. Rayleighova limitu [36] dojde keimnbické explozi, roztrzeni
nabité kapky a vzniku jendjsiho aerosolu. Tento krok seékolikrat opakujecimz dojde
k ptevedeni polarnich a ionizovanych latek v kapalzé ria ionty v plynné fazi. Technika
ESI se s vyhodou pouziv&i@nalyze gedre polarnich az polarnich tepélmére stalych
analyti pfi nizSich pfitocich mobilni faze. Metoda je vhodnd i pro latkywySSi
molekulovou hmotou. Zvlastni postaveni ma ESi analyze protei, diky tvorke
n¢kolikanasobr nabitych ¢astic. Vicenasobny naboj uniaie analyzovat biomolekuly
s vysokou molekulovou hmotou i n&igirojich s omezenym hmotnostnim rozsahem, tim

N 1

Ze vlivem vySSiho naboje dochazi ke snizovani htydnz. Jednou z nevyhod pouziti ESI
je vy8Si Sum pozadi a vysSi riziktitpmnostimatri ¢nich efekti [37-42]. ESI nelze ddk
pouzit ani v pipack cist¢ nepolarnich mobilnich fazi, tedy rfapii spojeni s NPLC ki

Spatné ionizaci.

proud dusiku

proud dusiku

e)

Obrazek 2. Princip ESI. Kapilara (a), Taylov konus (b), jemny aerosol nabyty¢astic (c), vstup do|

vakuovécasti hmotnostniho spektrometru (d), zdroj konstidmtmaygti (e).

c)

proud dusiku a)

——

b) d)
proud dusiku ' ? \
e)

Obrazek 3. Princip APCI. Vyfltivana korundova trubice (a), proud aerosolu (b)asibkoronového

vyboje (c), vstup do hmotnostniho spektrometru Zdjpj konstantniho n&g (e).
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Ri chemické ionizaci(Atmospheric Pressure Chemical lonization — AH29) stejreé
jako v ESI musi nejprve dojit ke zmlzZeni eluentiolony proudem dusiku, tim vSak
podobnost ko&i. Vznikly aerosol je veden korundovou trubici zabu na vysokou teplotu
300-500°C, kde dojde k jeho desolvataci. Suchysarpoté prochazi oblasti koronového
vyboje vznikajiciho vloZzenim vysokého potenciald 8V na kovovou jehlu (tzv.¢orona
needlée). V oblasti koronového vyboje jsourippomny kladri, nebo zaporh nabitécastice
vznikajici ionizaci dusiku, vodnich par a dalSildZzek mobilni faze itomnych v iontovém
zdroji. Srazkami sémito ¢asticemi dochazi k intermolekularnimiéeposu naboje, kterym
z neutralnichtdstic analytu vznikaji ionty. Metoda je vhodn& peomicky stabilni latky
s niZ8i polaritou a nizsi molekulovou hmotou. Vterém zdroji nize dochazet k tvoeb
fragmenti diky vysSi energii dodané molekulanti ponizaci. V. APCI Lze pracovat
i s priitoky mobilni faze do 2 ml.mih Sum pozadi je ve srovnani s ESI nizsi stegko
riziko matricnich efeki. Nevyhodou je pracefripvyssSich teplotach, kdy se jizékteré

z analyti mohou rozkladat a nizsi citlivost ne# pouziti ESI.

Fotoionizace (Atmospheric Pressure Photolonization — APPI)fipafproti vysSe
uvedenym technikdm ionizace k m¢épouzivanym. Eluent z chromatografické kolony
je nejprve zmlZzen proudem dusiku a desolvatovdisolpenim teploty (250-300°C).
K ionizaci dochazi f,sobenim kratkovinného UV #ni na molekuly analytu a solventu
piitomné v eluentu z kolony. Ktomutocelu se vyuziva zéni kryptonové lampy
produkujici fotony s energii 10 eV. Primarni&disticemi vznikajicimi $ fotoionizaci jsou
radikal-kationty M" tvorené vyrazenim jednoho elektronu z molekuly. Mimo
radikal-kationi vznikaji molekuly [M+H] pii pfenosu protonu na molekulu analytu hap
Z pouzitého solventu. Oba typiastic vstupuji do hmotnostniho spektrometru. lateza
analytu mize byt podptena gitomnosti snadno ionizovatelného dopantu [43-44dryk
po ionizaci penasi naboj na molekuly analytu obdékhako v gipad APCI. K tomuto
Ucelu se keluentu filava nap. aceton, toluen, chlorbenzen nebo anisol. Metoda
fotoionizace je vhodna pro malo polarni a nepolamdlyty Spatéionizujici @i pouziti ESI

nebo APCI. Typickeé pouziti je nagpii analyze steroiil

Hmotnostni detektor je schopny mimo vlastni detekeezovatelnych latek dodat
mnozstvi informaci kvalitativnino charakteru. Zakia kvalitativni informaci kterou
ziskdvame, je informacemonoizotopické hmot, z niz Ize pi dostaténé gesnosti uwteni

hmoty vypa&itat sumarni vzorec latky.

16



Prehled sotiasného stavieSené problematiky

U meékkych ioniz&nich technik az na vyjimky (viz. dale ,in-sourceagmentation®)
zpravidla nedochézi k rozsahlejSi fragmentaci mdlekiontovém zdroji a vznikajicimi
gasticemi jsou nabit@rotonované [M+H]", nebodeprotonované molekuly [M-H]" dle
toho zda pracujeme pozitivnim ¢i negativnim modu Nekdy je pro ® pouzivan termin
pseudomolekularni nebo kvazimolekularni ionty, pouzivani &hto termim se vSak
nedoporduje [45]. Mimo uvedeného aduktu [M+H} pozitivnim mddu, raize dochazet
i k tvorbe dalSich charakteristickych addknag. [M+Na]", [M+K] ", [M+NH4]", [2M+H]",
zejména v zavislosti na pouzité mobilni fazi a poddach ionizace. Tyto ionty nam
v podstat neposkytuji Zadnou strukturni informaci, pouzeichnlze potvrdit Udaj
0 monoizotopické hmetlatky. Aby bylo mozné ziskat informaci o strukdu musi byt
proveden M8 experiment s fragmentaci vybranych ifonPrincipem M$ experimentu
je opakované 8peni nabitych molekul, kdy vybrany rédivsky ion z M$ je $&pen na dva
& vice deginych fragmeni (MS?). Ze vznikajicich fragmefitmaze byt ogt jeden vybran
a podroben dal$imu &teni tzv. MS. Cyklus 3tpeni lze u ikterych tym detektof
opakovat vicenasobrizv. MS' kde ,n“ se Zng pohybuje v rozsahu ~ 2-6. Fragmentace
je docileno bd kolizi ionta s inertnim plynem ifitomnym v tzv. kolizni cele nebo
v iontové pasti, kterd slouzi jako hmotnostni apalgr i kolizni cela zarowe Jedna
se o tzv. kolizemi indukovanou disociacCellision Induced Dissociation(CID) [29-30,
33, 46]. Specialnim typem fragmentace je fragmentacontovém zdroji tzvin-source
fragmentation [29-30, 33]. Té je dosazeno aplikaci vysokého ¢tiapeho potencialu
ve vakuovém rozhranni. lonty jsou urychlovany vyguokpotencidlem a ziskavaji velkou

kinetickou energii. Kolizemi se zbytky neutralniplynu dochazi k jejich CID.

Vzhledem k tomu, Ze na fragmentace v tomto iggéni ma vliv mnoho faktdy neni
obecrt mozné vytvéet knihovny spekterignositelné mezi jednotlivymitfstroji tak, jak
je to Zzné nap. u GC-MS s El ionizaci (Electron-Impact ionizafiode stejného i/odu
nejsou do dnedSniho dne zcela jasné vSechny fragéméntechanismy u APl metod
a moznosti interpretace¢chto spekter jsou pouze omezené [47-51]. V tomt@rsm

za zminku stoji fedevsim review Hobpka et al. [51]

Typ zéznamu spektra v pozitivninti negativnim modu je zavisly na typu
stanovovanych latek. Pro molekuly, které maji bagzicharakter a jsou schopndjimat
proton se primagh voli pozitivni zaznam spektra. Latky kyselého elkéeru jsou

piednost® zaznamenavany v zaporném modu zaznamu.
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Pokud je to z hlediska chromatografie mozné, weli pH mobilni faze takové, které
podporuje ionizaci analytu. Jsou v8ak velmi Ropopsany fipady latek acidobazického
charakteru, kdy je ionizace v Sirokém rozsahu pEkpapié malo zavisla na hodnot
pH mobilni faze [52].

Mezi zakladni typy hmotnostnich analyzdtorvyuzivanych v hmotnostnich
spektrometrech, které jsod4n¢ on-line spojovany se sepandmi technikami v bioanalyze
malych molekul, pdt kvadrupdl a iontova paskKvadrupdl je tvaren ¢tyimi pravidelrd
uspdadanymi le&nymi tyemi kruhového nebo hyperbolického afgzu Qbr. 4).
Kombinaci kladného a zaporného #iapse superponovanouiistavou vysokofrekvemi
sloZzkou vloZenou na tyto &g je v prostoru kvadrupoélu vytieno elektromagnetické pole,
které misobi na drahu prochazejicich ibndle jejich porndru hmota/naboj (m/z). lonty
se pohybuji po sinusoidnitikce s utitou amplitudou Qbr. 4). Pouzecastice s pesre
danym pondrem m/z projdou v ose kvadrupdlu az do detektorstafdi castice
se rozkmitaji vy3Si amplitudou a dojde k jejich a&ghuti na t§ich kvadrupdlu. Zazeni
tedy slouzi jako hmotnostni filtr. Vzhledem k tonae, jednoduchy kvadrupdl neuntoge
provadni MS' experiment je jeho vyuZiti pouze omezené. Tuto nevyhoesi provedeni
detektoru nazyvan&ojity kvadrupdl. Jak sam nazev napovida je tento detektoretvo
ttemi nezavislymi kvadrupdly. Prvni a posledni slojgido hmotnostni filtr (analyzéator)
podobr jako v gipadt jednoduchého kvadrupdlu. Priedni, nazyvan¥kolizni cela slouzi
k fragmentaci iont vybranych prvnim kvadrupolem. Fragmentace je @acil kolizi
molekul s atomy inertniho plynu. Vzniklé doe ionty jsou selektivh propoustny
poslednim kvadrupolem na detek prvek. Mezi vyhody tohoto typu detektoru ipatelky
linearni dynamicky rozsah (~3)0a citlivost detekce v SIM médu. Nevyhodou je musin
provadt MS" pouze do druhého stupma rozdil od iontové pasti a horsi citlivost
ve full-scan médu. Detektor je vhodny pro kvanivtai analyzu.

3D iontovou pasttvori prostor vymezenyiémi speciald tvarovanymi elektrodami
(Obr. 5) vkmz se ionty vlivem jimi generovaného elektromagrigtho pole pohybuji
po zvirenych cirkularnich trajektoriich ve isdu pasti [53]. Zrnou parameir
elektromagnetického pole dochazi fieghodu ioni na metastabilni drahy a jejich Uniku
z pasti smirem na detektor (elektronasodpfotonasohi). Mezi vyhody iontové pasti péat
dobra citlivost ve full-scan médu a moznost pravdadvS' fragmentaci. Mezi nevyhody
pati horSi linearni dynamicky rozsah a zhorSovaniiemi Fesnosti hmoty vlivem

prostorového naboje v cele analyzatoru.
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Tento typ detektoru je vhodny pro kvalitativni &tiwrné zantiené analyzy, nepéat
mezi detektory prvni volby pro¢ély kvantifikace, vzhledem k vySe uvedenému horSimu
linearnimu dynamickému rozsahu. N@i modifikaci je linearni iontova past, ktef@si

n¢které nedostatky 3D pasti [54].

Pti zaznamu MS signdalu lze pracovat &kalika riznych médech, které budou déle
popsany. R Full Scan zaznamu monitorujeme Siroky rozsah m/tadu rékolik set
az rekolika tisic. Pokud integrujeme intenzity sighadagi¢ celym sledovanym rozsahem
m/z, ziskavame tzviotal lon Current (TIC). DalSim modem j&elective lon Monitoring
(SIM), kdy je skenovana pouze mensi vybrafést m/z v rozsahu ékolika desetin
az jednotek. B Multiple Reaction Monitoring (MRM) n¢kdy nazyvaném tak&elected
Reaction Monitoring (SRM) sledujeme iigchod z pedem vybraného roghvského iontu
na dcéiny iont s danym m/z. ¥Sinou pro kvalitativni &ely je také vyuzivano mad
Product a Precursor lon Scanningii FPProduct lon Scanning jsou po fragmentaci
vybraného rodiovského iontu sledovany vSechny ionty i@eé (rozdil od MRM, kdy
se sleduje pouze jediny dogy iont). Precursor lon Scanningposkytuje informaci o vSech
piechodech, kde Ziznych rodéovskych iont vznika jeden typicky fragment. Vyznam ma
zejména pro vyhledavani struktérobdobnych latekConstant neutral loss scarslouZzi
k vyhledavani fechodi, kde dochazi ke zt&teutralni¢astice s fedem danou hmotou.

UZiti je obdob# jako v @ipac Precursor lon Scanning.

Limitem pouzitelnost hmotnostni detekce v HPLC @gmiftomnost natkavého pufru
v mobilni fazi (fosfaty, boraty apod.) a schopnti&ky ionizovat. DalSi problematickou
oblasti je Uprava vzorkuied analyzou. Jednoduché a rychlé Upravy jako jeotieipace
nebo pouhéfedni vzorku maji v LC-MS pouze omezené vyuziti vzieled k riziku
matricnich efekt [37-42] zpisobenych fitomnosti endogennich latek &(®inou
vysokomolekularnich) ve Spatmprecisténé biologické matrici. es rekteré nevyhody MS
tykajici se zejména ceny, provoznich nakladnarok na obsluhu, se jedna o naprosto
nenahraditelny nastroj. Ve farmaceutickémirmpysiu a bioanalyze & a metabolit
je LC-MS jednou z nejpouzivaich technik [55-60].
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Obrazek 4. Schéma hmotnostniho analyzatoru fungujiciho nacjii kvadrupélu. lontova optika (A),

ty¢e kvadrupodlu (B).

Obréazek 5.Rez hmotnostnim analyzatorem fungujicim na prinéimové pasti. Koncové elektrody (A
Prstencova elektroda (B). Pohyb ibmivnitt iontové pasti (C).
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1.6 Chromatografické kolony

Chromatograficka kolona pouzivana v HPLC jerér@a nerezovou nebo PEEK trubici
zcela vyplgnou casticemi stacionarni faze nebo monoliteKag. 1.9.) a zakokena
rozhrannim, které zamezuje Uniku stacionarni faze uanoziuje pipojeni
do chromatografického systému. Chromatografickolorko Ize v zasatd popsat tkolika
z&kladnimi parametry. V prvniad je to typ stacionéarni faze ajeji povrchova
modifikace, ttmto dwma parametrm bude ¥novano gkolik nasledujicich kapitol,
protoZze maji rozhodujici vyznamiipvybéru vhodné kolony pro danou bioanalytickou
aplikaci. K €mto zakladnim parameim charakterizujicim stacionarni fazi datespupuiji:

Velikost ¢astic, kterd ma vliv na &innost chromatografické separace. ZmenSovanim
velikosti ¢astic dochazi ke snizovani difuznich vzdalenostiiazovani odporu protifpnosu
hmoty ve stacionarni faz&imz roste sepatai (Cinnost kolon. Snizovani pméru ¢astic
ma vSak své limity, které jsou dany zejménaisém tlaku. V sotasné dob jsou Ezn¢
pouzivané pmery 5,0 — 4,0 -3,5-3,0 - 2,7 — .

Velikost péra stacionarni fazema vliv na celkovou povrchovou plochu sorbentu,
ktera roste s klesajicimipnérem pofi a dale mé vliv na kinetiku transportu anajytoz
je dilezity parametr i analyze biopolymér a makromolekularnich latek, kde musi byt
zvolena dostatma velikost par pro umozgni interakce makromolekul se stacionarni fazi.

Stupeai pokryti se vyjaduje bul’ jako procento silanolovych skupin na povrchu
sorbentu které je obsazeno chemicky vazanou statibrfazi nebo jako koncentrace
chemicky vazané stacionarni faze vztaZené na jedrmivrchu, ¥tSinou jakopmol.m?.
Nizky stup& pokryti zpisobuje niz8i retenci hydrofobnich latek. Vysoky ¢eto
nevyvazanych a nedeaktivovanych silanolovych skugithe k probléim s chvostovanim
pika bazickych latek.

Distribuce velikosti ¢astic a jejich morfologie jsou dalSimi dlezitymi parametry,

.....

pravidelnych sférickyckiastic.
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Pramér kolony ma vliv pedevSim na velikost ptoku mobilni faze. R pienosu
metody mezi kolonamitizného piéitezu je nutné zachovat stejnou linearni rychlostimbb
faze. Vztah mezi zgmou velikosti pitoku i zméné praméru kolony, kde @ a D; jsou

praméry kolon a it a F, pratoky, je dan jako:
D,y _F
Rovnice 1 (1j =1
FZ

Tzn. Zze s menSim pmérem kolony pi zachovani stejné linearni rychlosti (tedy
i retertniho ¢asu analyt) musi byt sniZzen ptok, coz vede k uspe mobilni faze.
ZmenSeni pmméru kolony sebou také fimasi zlepSeni detékich limita. Nevyhodou
zmensovani mmeéru je sniZzovani &innosti separace fipact velkého mimokolonového

mrtvého objemu u latek s nizkou retenci.

Délka kolony rozhoduje o ¢&innosti kolony. S rostouci délkou rostefinnost
separace, ale st&jnako v gipad snizovani velikosticastic, prodluzovani kolony sebou
piinasi nafist tlaku. Standardnpouzivané délky kolon jsou 50 — 100 — 125 — 15266
mm.

VSechny vySe uvedené parametry maji rozhodujigindi kvalitu separace a musi jim
byt vénovana pozornostipvybéru vhodné kolony pro danou bioanalytickou aplikaci.
V bioanalytice je Bzny format kolon 150x4.6 mm s 5 audn ¢asticemi, avSak vzhledem
ke snaham o uUsporu chromatografickych rozpmig$tje ¢asto vyuzivano kolon s mensim
pramérem (3 mm).

V kombinaci s MS detekci jsou v posledni datblibené kratké kolony 20-50 mm
s piamérem 2.1 mm a velikostfastic 1.7um pro rychlé metody, které dovoluji pouZziti
nizkych pfitoka vhodnych pro MS aimési zvySeni citlivosti a zkracenasu analyz. Jak
bylo ale uvedeno vysSe, velkd pozornost musi byinvtd @ipadt vénovana minimalizaci

mimokolonovych mrtvych objein
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1.7 Zakladni chromatografické mody

V této kapitole budou probrany mechanismy retekteré se upldiji v kapalinové
chromatografii a zakladni typyébnych chromatografickych médjako je separace
na normalni fazi (Normal Phase - NP), separacer&oaimych fazich (Reversed Phase - RP),

iontowé vyménna chromatografie (lon Exchange ChromatograptiyG) b rekteré dalsi.

1.7.1 Mechanismy retence

Retergni mechanismus je zaloZen na schopnosti molekubvadéntr interagovat
s povrchem stacionarni faze a s mobilni fazi. Wpjatse zde interakce, které lze v zasad
rozclit do nékolika zakladnich skupinQbr. 6):

Van der Waalsovy interakce[61] (Obr. 6A zahrnuji gkolik typt nekovalentnich
interakci zaloZzenych na atraktivnich nebo repuisivrsilach mezi permanentnimi dipdly
(Keesomovy interakcg, mezi permanentnim dipdlem a indukovanym dipo(@&wubyovy
interakce) a mezi indukovanymi dipoly Londonovy interakce). Van der Waalsovy
interakce pat mezi nejslabsi, s energiemi v oblasti 2-4 KJ:mohicmér vzhledem
k obrovskému mnozstwécthto interakci je jejich vliv zriy.

Pri hydrofobnich interakcich [62] dochazi ke shlukovani hydrofobnigasti molekul
tak, aby vytvaily co nejmensi s@§ny povrch s polarnim prastdim QObr. 6Q. Tento typ
interakci je zodpoxdny za velmi nizkou rozpustnost nepolarnich uhldkbde vod.

Vodikové mistky vznikaji mezi molekulami obsahujici vodik navazany
na elektronegativni atom. Interaguje zde kladnycipari naboj vznikly na vodikovém
atomu se zapornym parcialnim nabojem na elektrdivedga atomu. Vodikové fistky
mohou byt jak inter- tak intramolekularn®lfr. 6B). Radi se mezi slabsi typy interakci
(4-13 KJ.mot"), jejiz sila je dana rozdilem elektronegativitydila a kovalenté vazaného
atomu.

Elektrostatické interakce nékdy téZz nazyvanéoulombické nebo iontoveé interakce
jsou zaloZzené na vzajemnémitghovanic¢astic s permanentnim nabojem &p& polarity
(Obr. 6D). Energie elektrostatickych interakci je velmi eoka vrozmezi 400-4000
KJ.mof*,
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Obréazek 6. Nekovalentni interakce mezi molekulami. Van deadlgovy sily (A) — Keesomova interak
(Al), Debyova interakce (A2), Londnova interakce3)A Vodikové nistky intermolekularni (B1)
a intramolekularni (B2). Elektrostaticka interak¢€). Hydrofobni interakce (D). Parcialni nab

je znaenteckym pismenend pred znaménkem polarity. Permanentni ndboj j€ama@ouze znaménke

polarity.

V piirodé se @zne¢ vyskytuji vzdjemné kombinace vySe uvedenych ikigranaps.
ion-dipdl, ion-indukovany dip6l apod. Stéjrak chromatografickd separace j&Sinou
zaloZzena na kombinaci vice typmvedenych interakci agd vyvojem metody je vhodné,
seznamit se s chemickou strukturou stanovovanytdk,lénavrhnout typy igvazujicich

interakci a na jejich zaklagd:volit vhodny typ stacionarni a mobilni faze.
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1.7.2 Chromatografie na reverzni fazi

Separace na reverzni fazi (Reversed Phase Liquidn@tography - RPLC) pit
v dneSni dob svym zastoupenim stale k nejrde$éjSim a to nejen v bioanalyze
a farmaceutické analyze. Separamechanismus je zaloZen na rélpgani analytu mezi
polarni mobilni fazi a zakotvenou nepolarni stagéroin fazi. RPLC je vhodna pro separaci
stredre polarnich az nepolérnich latek s rozdilnou hydsafitou. S rostouci hydrofobicitou
analytu a rostouci polaritou mobilni faze se zvg3etence [18].

Mobilni faze je tvéena smisi vody nebo pufru a organického rozpédkt
misitelného s vodou (nAp methanol, acetonitril, tetrahydrofuran, isopraganapod.).
PrestoZze za poslednich 30 let bylo vynaloZzeno vellsdli k objasgni reternich
mechanism na reverzni fazi, stale chybi jednotny pohleduta problematiku, pojednani
na toto téma iedkladaji souhrnh nag. tyto publikace [63-75]. V dnesni délkexistuje
nesetné mnozstvi reverznich chemicky vazanych staoncld fazi. Jejich w§et presahuje
rozsah této disertai prace, proto zde budou vyjmenovany poudtdaré z nich.

Jedna z nejstarSich a stale nejpouzijgnje vtomto smru oktadecylova (C18)
modifikace, dale oktylova (C8), bifenylova [76]kglfenylova nebo pentafluorofenylova
(PFP). Z dalSich pak dodecylova (C12), hexylova)(€gklohexylova, pipadré s C1 - C4
modifikaci [17]. Mezi relativd nowjSi pati faze s dlouhym alifatickymretézcem,
triakontylova a tetratriakontylova (C30, C34) [78},7navazanym cholesterolem [79] nebo
zajimavy typ kolon s perfluorovanym alifatickyrfettzcem [80]. Kolony s vazanou
stacionarni fazi ty@nou kyanonitrilem, diolem a aminopropylem leZipwanezi reverzni
a normalni faze.

Mezi nevyhody RP chromatografie fiaEpatna retence velmi polarnich a nabitych
molekul. Tento problém Iz&ast&ng¢ feSit pouzivanim iontavparovycheinidel (Kap. 1.7.3
nebo vysoce vodnych mobilnich fazi. Oba uvedefigady jsou vSak problematickéip
pouziti MS jako detatni techniky. Dale p pouziti vysokého procenta vody v mobilni fazi
na obyejnych kolonach dochazi ke Spatnému &nastacionarni faze, vypuzovani mobilni
faze z pot sorbentu Qbr. 7A), coz v konéném disledku vede k nereprodukovatelnym

retertnim ¢adim, Spatné &innosti kolon a postupnému kolapsu stacionarni fazg

25



Prehled sotiasného stavieSené problematiky

1

stacionarni stacionarni
faze faze
(A)

Obrazek 7. Priklad nepolarni stacionarni faze (A) a nepolaratisinarni faze se zabudovanou polarni
funkeni skupinou (B). Nesmi@ny povrchu sorbentu v pérech stacionarni fazel(t@m vysoké polarity

mobilni faze (2). V fipadt stacionarni faze B dochazi k plnému gerd sorbentu v pérech.

Jednim z krok ve vyvoji stacionérnich fazi pr@Seni tohoto problému bylo vyuZziti
zabudovanych polarnich funknich skupin [82] v hydrofobnim fetzci (Obr. 7B.
Zabudovani polarni furtki skupiny ma pozitivni vliv jak na vlastni intecakstacionarni
faze s polarnim analytem, tak na jeji $mést v mobilnich fazich s vysokym procentem
vody (>95%) a sniZzuje také néachylnost ke kolaps;acisharni faze vtomto prdasti.
Dochéazi ke zlepSeni retence, sepaieh viastnosti a reprodukovatelnosti retdnh ¢agi.
Nicmére neeSi problém se Spatnou citlivosti a nestabilitogn&iu MS detekce
pii vysokych obsazich vody. Pokrokem vtomto éam bylo zavedeni HILIC
chromatografie. Tento typ chromatografie bude popgédrobrji v Kapitole 1.7.6

vzhledem k tomu, Ze vyuZiva jiného reteino mechanismu nez RPLC.
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1.7.3 lontov é parova chromatografie

Mezi zvladstni typy chromatografie na reverzni fapati iontow pérova
chromatografie [83-85], ktera umiage separaci stisi vysoce polarnich, iontovych nebo
ionizovatelnych slotenin spolén¢ s neutralnimi molekulami poripani ionto¥ parového
¢inidla do mobilni faze. Na mechanismus IPC Ize sazinahliZzet déma zmisoby a to bdf
jako na tvorbu iontovych pé@rmezicinidlem a analytem v mobilni fazi a interak&chto
navenek elektroneutralnickastic s nepolarni stacionarni fazi, nebo jako naadycké
pokryti stacionarni faze iontévyarovymc inidlem a iontovou vyrénu nabitych molekul
na takto modifikovaném povrchu [86-8Qlfr. 8. Jako iontow parovychcinidel nesoucich
zaporny néboj seétSinou vyuziva alkylsulfonét sodnych s nerozivenym alifatickym
fettzcem C3-C13. Pouziti alkylsulforiat ve spojeni s MS detekci vSak neni vhodné
z divodu jejich nizké dkavosti, proto se vtomtoiipad vyuziva latek ze skupiny
perfluorovanych  karboxylovych  kyselin s C2-C7 (Kys® trifluoroctovd —
tridekafluoroheptanova).

Obrazek 8. Princip ionto¥ parové chromatografie. Mechanismus tvorby iontbvgéii v mobilni fazi
(A). Mechanismus dynamicky modifikované staciondézie s iontovou vygnou na jejim povrchu (B)
Kladng nabitd molekula s kvarternim dusikem (1), iogtpéarovécinidlo (2), kladrg nabity protiont (3),

oktadecylova stacionarni faze (4).
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Jako iontoy parovych¢inidel nesoucich kladny naboj se vyuzivad’bkwvartérnich
amoniovych soli (nap soli tetrabutylammonia) nebo vipac vyuZiti MS detekce,
tekawjSich latek ze skupiny dialkylammonium acétéalkyl = C3-C5). Jak bylo zmémo
vySe, metoda je vhodna pro latky silpolarni, latky nesouci permanentni naboj neboylatk
ionizovatelné Upravou pH mobilni faze. Oproti iontawyménné chromatografii, ktera bude
zmiréna dale, ma IPC vyhodu zejména v moznosti simult&eparovat jak nabité, tak
nenabité molekuly, volbou délky alkylovehi@tizce ¢inidla Ize optimalizovat retenci
stanovovanych latek, ziskavany jsou lepSi tvaryi pak metoda je reprodukovateéjsi.
Nevyhodou ionto¥ parové chromatografie ve srovnani s RPLC je meonBustnost,
pomalejSi ustalovani rovnovahy na kalancehoz plyne problematické pouziti gradientové
eluce, tvorba faleSnych pika vysoka perzistencé&nidel v chromatografickém systému
pusobici problémy i analyze dalSich latek, zejména ve spojeni s M8kdé MS detekce
se vyuzivd spiSe mé&nvzhledem k vysoké perzistenci [Enidel viontovém zdroji
a nasledné supresi ionizace dalSich afalgt tkor ionto¥ parovehctinidla. Negiznivym

faktorem je i cena ulttgstych iontow parovycheinidel pro pouziti v chromatografii.

1.7.4 Chromatografie na smiSenych sorbentech

Mechanismu smiSené retence (mixed mode retentienjigsahovano kombinaci
hydrofobnich a elektrostatickych interakci (iontowanéna) mezi analytem a stacionarni
fazi. Tohoto typu chromatografické separace je war zejména vijfpadech, kdy uziti
samotné RPLC nebo IEC neposkytuje dostaderozéleni komplexni smsi nabitych
a neutralnich latek a zaravedovoluje obejit nevyhody IPC zng#mé vySe. Separace
v mixed-mode reZimu Ize docili€kolika zpisoby. K tomuto &elu Ize sériov kombinovat
kolony s iznymi typy stacionarnich fazi (RP, IEC) [88-90],itusorbent nesoucich
na svém povrchu jak hydrofobni alkyloyéizce, tak funkni skupiny nesouci naboj [91-
92], pipadre pro napléni kolony vyuZzit dvou tyf ¢astic, jednoho s hydrofobni modifikaci
a druhého iontogmicového [93]. V poslednich¢Rolika letech se na trhu objevily kolony
s napledmi na bazi mixed-mode sorbéntse zakotvenou chemickou fazi teoou
alifatickym, pipadré alifaticko-aromatickymietzcem v jehoz de je obsazena fukhi
skupina nesouci permanentni kladny, nebo zaporbgjreaumoiuji tak smiSenou retenci
zaloZenou jak na hydrofobnich tak iontoxyménnych mechanismech. Je vSaba uvést,
Ze i na klasickych oktadecylovych kolonach Ize d&té miry mixed-mode mechanismus

zalozeny na hydrofobni interakci a kationtové ¥npozorovat [94].
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1.7.5 Chromatografie na normalni fazi

Separace na normalni fazi (Normal Phase Liquid @atography - NPLC) s vyuzitim
polarniho sorbentu (silikagel, alumina, silikageivilentt modifikovany - kyanopropyl,
aminopropyl, diol) a bezvodé mobilni faze itené nepolarnim rozpowsiem (hexan,
heptan, dichlormethan) s polarnim modifikatoremogiepanol, ethylacetat, chloroform)
pati k historicky nejstarSim sep&rdm mdédim a az do 80. let 20. stoleti se jednalo
0 nejrozsiensjSi druh chromatografické separace.

S nastupem chemicky vazanych reverznich staciatamazi v 70. letech 20. stoleti
dochazi az na ékteré vyjimky Kap. 1.7.6 k odklonu od tohoto sepair@aho madu.
Separace je zaloZena na interakci (adsorpci/dejogualytu s poldrnim povrchem
sorbentu. RetencefipNPLC roste s rostouci polaritou analytu a rostoupdrofobicitou
mobilni faze [18]. Metoda je vhodna pro separadapuch i neutralnich latek, polohovych
izomefi, homolog, latek liSicich se furdnimi skupinami a latek, které nelze uspokdjiv
separovat na reverzni fazi.

Problémem NPLC je zejména pomalé ustalovani roumpwa sorbentech zalozenych
na oxidech kot a heterogenita povrchu zejména u starSichi typrbent zaloZenych
na silikagelu typu A Kap. 1.8.1) vedouci k chvostovani (tailing) frontovani (fronting)
pika. V bioanalyze a farmaceutické analyze nefili¥prozStena zejména Kili Spatné
rozpustnosti hydrofilnich latek v pouzivanych mafih fazich [95-96] a probléim
pii spojovani s MS. Obeén je nahrazovana hydrofilni inter&ki chromatografii

(Hydrophilic Interaction Chromatography - HILIC)1P

1.7.6 Chromatografie na bazi hydrofilnich interakci

Jak jiz bylo uvedeno vySejipodni separace na normalni fazi je v posledniatclet
nahrazovana modefj§i metodou HILIC [81, 97], kterou lze chapat jakdastni typ NP
separace. V literata se lze téZz setkat s ozeaim ANP (Aqueous Normal Phase)
chromatografie. Jako stacionarni faze se vyuzilarpiio sorbentu, ktery je tien bul’
samotnym silikagelem {fpadré materidlem na bazi ZeQTIiO,), silikagelem s chemicky
vazanym iettzcem obsahujicim polarni skupinu/y amino, diol, fgaamid pipadré

silikagelem modifikovanym sulfoalkylbetainem [98}99
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Obrazek 9. Princi HILIC chromatografie. Separace je zalozeaaozdlovani analytu mezi malo polar

mobilni fazi (A) a vrstvu vody sorbovanou na pdwcstacionarni faze (B). DalSimi mechanismy j9ou

elektrostatickéd interakce analyd povrchem stacionarni faze a adsorpce.

Ukézalo se, Ze v HILIC modu lze pouzit i sorbentynavdzanym fluorovanym
alifatickym rettzcem nebo pentafluorofenylem [100], diky tzv. Uer&himu profilu
(,U-shape®) [101], kdy retence latky s rostoucimsabem organické slozky (acetonitril,
methanol) v mobilni fazi nejprve klesa a po dosézemiité hranice z&na ot rast.
Mobilni faze je tvéena pevazr smesi vody nebo vodného roztoku pufru s vysokym
obsahem polarniho organického rozpédist (acetonitril, methanol). Oproti reverzni fazi
je obsah organické slozky v ajp&m pondru a organické rozpou&tlo vétSinou tvdi vice
jak 60% mobilni faze. Pro provedeni HILIC separgceapotebi minimélé 3-5% obsahu
vody v mobilni fazi [102], ktera tid tenkou vrstvu na povrchu sorbentu a v systému
funguje jako silny eluentbr. 9. Na mechanismu separace se podili ¢lmmeni polarniho
analytu mezi mobilni fazi a vrstvu vody na povrcborbentu [97-98, 103], povrchova
adsorpce [103-104] a elektrostaticka interakce [182ostoucim obsahem organické slozky
roste retence polarnich andlytHILIC je svyhodou pouZivana pro rateni sngsi
polarnich latek, které vykazuji pouze slabou rdatemc reverzni fazi a proto ma své
nezastupitelné misto v bioanalyze [105] a farmacké@tanalyze [96]. Diky vysokému
obsahu doke tkavé organické sloZzky je metoda zwlddodna pro spojeni s hmotnastn
spektrometrickou detekci v médu MS-ESI, kde usiog zmlZovani a zvySujecinnost

ionizace analytu a tim zlepSuje citlivost stano\jé0b-107].
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DalSi nespornou vyhodou je moznosinpeho nastku vzorka zpracovanych RP-SPE
extrakci nebo deproteinaci organickym rozpédigim, bez nutnosti odpavani organické
slozky. V neposlednfack je vyhodou i nizSi pracovni tlak na kotowe srovnani s RP

chromatografii, diky vysokému obsahu organickékstazmobilni fazi.

1.7.7 lontov & vym énna chromatografie

lontoww vymeénna chromatografie [108] (lon Exchange Chromatdgyap IEC)
vyuzZiva elektrostatické interakce mezi molekuloualgtu a stacionarni fazi, ktera
je wétSinou tvdena modifikovanym silikagelem nebo organickym padyem jez ma
na svém povrchu navazany vhodné ftmikskupiny pro vyminu ionfi. Mezi stacionarnimi
fazemi vyuzivanymi v IEC zdaleka nejvicéepladaji polymerni materialy [109] zaloZzené
na bazi polystyren-divinylbenzenovych prysiky které jsou rezistentni v Sirokém rozsahu
pH 1-12. Oilezitym parametrem sorbéntv IEC je ionto¥ vyménna kapacita udavana
v mega-ekvivalentech na gram sorbentu (mequjv.gako mobilnich fazi se vyuZziva
roztoki pufri s danou iontovou silou, jejichZ ionty s&asdtni spolu s analytem kompetice
0 mista na iontogmici. Ekvivalentem zminy koncentrace organické slozkii gradientové
eluci v RPLC je zréna iontové sily mobilni faze v IEC. Separaci |zéivont i zménou pH
mobilni faze u ionizovatelnych latek. Stacionaraid nize vystupovat jako silny nebo
slaby katex nebo anex, dle povrchovych ftmikh skupin. Mezi silné ionexy patlatky
s permanentnim nabojem. Fdnk skupiny na povrchu sorbentu, které secandji
vyuZivaji pro iontovou vyrnu jsou funkce karboxylova (slaby katex), sulfondgény

katex), amino (slaby anex) a tetraalkylammoniovaysanex).

Obrazek 10. Princip iontové vyrdny na katexové stacionarni fazi. Zakotvena ftumikskupina se

zapornym nabojem (-), kladmabity protiiont (+), klad& nabyty analyt (A).
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Nevyhodou IEC je zejména vysoky obsah soli v mébi&zi a z toho pramenici
problémy i vybér pouzitelnych detektdr Vysoky obsah malatkavych nebo nékavych
soli je nekompatibilni zejména s MS detekci, avBakpiipadt UV/VIS detekce nize
dochéazet k problétim pri pouziti nizkych vinovych délek (< 230 nm), #vUV absorpci
nékterych anorganickych aniant Vysokd vodivost mobilni faze #apobena vysokym
obsahem soli sniZuje citlivost stanovefiigouZiti vodivostniho detektoru.

1.7.8 Nékteré dalSi vybrané separa €ni mody

DalSi uvedené chromatografické mddy nejsou v bigapal&iv (malych molekul)
vétSinou vyuzivany, proto budou déle zmrg jen v grehledu. Vyluéovaci a gelova
permeatni chromatografie (Size Exclusion Chromatography - SEC, Gel Perropati
Chromatography — GPC) nalézaji nejvyssiho vyu&jiména pro separace makromolekul
(proteiny, peptidy, oligonukleotidy, apod.).¢leni probihd taika vyhrad® na zaklad
velikosti molekuly, bez vyrazigich chemickych interakci mezi analytem a stacionizi.
Jako stacionarni faze pro HPLC jsou vyuzivany pgghes divinylbenzenové kopolymery
nebo methakrylatBioafinitni chromatografie vyuziva sil specifickych nekovalentnich
molekulérnich interakci charakteristickych pro Zor§ganismy, jako jsou interakce enzym —
substrat (kofaktor, inhibitor), antigen — protilatkJako stacionérni faze se vyuZivaji
specifické biopolymery, n&penzym nebo protilatka, navazané na inertniménosi

Chromatografie hydrofobnich interakci (Hydrophobic Interaction Chromatography
— HIC) je velmi podobn& chromatografii na reverbnfézich, vyuziva vSak polafsich
sorbent. Vyuziti naléza oft v separaci biopolymeér které svou hydrofobriiasti interaguji
se stacionarni fazi. NizSi hydrofobicita staciomd@ze umo#uje pro separaci pouZzit nizsi

elueni sily rozpoug&tdel a tim zachovat funkci biopolyniebez jejich denaturace.
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1.8 Typy stacionarnich fazi a nosi ¢ua chemicky vazanych

stacionarnich fazi

1.8.1 Silikagel

Silikagel pati v sowasné dob stale k nejrozgensjSim materidlm vyuzivanym bd’
piimo jako polarni stacionarni faze v NPLC (HILIC)ogako nosi pro chemicky vazané
faze VRPLC a to zejména diky snadné modifikacispednictvim povrchovych
silanolovych skupin. Mezi dalSi vyhody pajeho dobré mechanické vlastnosti, velky
aktivni povrch, snadnéa vyroba monodisperznightic a moznosti ovlivnit velikost pir
Pro uziti v chromatografii je typ silikagelu ozmaan velkymi pismeny A, B nebo C.
Silikagel typu A pat ke starSim tyfim, které ve sveé strukite obsahuiji jistd mnoZzstvi kv
jako nap. Zeleza. Diky tomu na povrchu vznikaji adsoip centra, ktera Zisobuji
chvostovani zejména bazickych latek. Z tohofwadlu se jiz nepouziva. Silikagel B je
v dnesni dob nejuzivagjSim typem. Jedna se o vysodisty material, bez nezadoucich
piimési kovi ve své struktie. NejnoejSim typem je silikagel C, obsahujici ve své
povrchové struktte hydridovou vazbu. Vice o tomto typu silikageludbuuvedeno
v Kapitole 1.8.4

Zasadni nevyhodou silikagelu je nizSi chemickamteka stabilita. Obecnudavany
pracovni rozsah kolon na bazi silikagelu je v rozimeH=3-7 [110-111]. V sil& kyselém
prostedi dochazi k hydrolyze siloxanové vazby a #tr&@hemicky vézanych fazi,
v alkalickém prosedi zase krozpousti samotného silikagelu. Tento efekt je §est
prohlouben pouzitim fosfatovych, karbonatovych néoatovych puifi [112] a teplotou
nad 40°C. Nevyhodou silikagelu je ififpmnost volnych silanolovych skupin, které
se chovaji jako adsotpi centra a jsou iffinou chvostovani pik zejména u latek
bazického charakteru. Z vySe uvedenyalvatiu jsou vyvijeny noveé alternativni typy

sorbenti &’ uz na bazi silikagelu jinych materiah. Nékteré z nich budou popsany dale.
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1.8.2 Hybridni stacionarni faze

v,

Zakladni mysSlenka ip tvorbeé

hybridnich stacionarnich fazi byl

1S

moznost kombinace vyhod sorbént
na bazi silikagelu a vyhod
polymernich  sorbefit [113-115].
Zatimco silikagel vynikd vysokoy
separéni (innosti a mechanickoy
stabilitou, tak polymerni faze jsoul
velmi odolné v Sirokém rozsahu pH
aneobsahuji ve své  struktu
silanolové skupiny. Cast kometné
vyrédbinych kolon (nap Phenomenex
Gemini, Waters BEH) vyuZiv3

specialr modifikovaného typu

CH2-CH2
N N\
Si

Obrazek 11. Struktura hybridni stacionarni fa
s ethylenovymi nastky a vicebodovym zakotveni

chemicky vazané stacionarni faze.

stacionarni faze twené organodemicitym kopolymerem, kde jsou v povrchové struitu

atomy Kemiku spojovany ethylenovymitstky tzv. ,cross-link* technologie QObr. 17).

Tento koncept zasadnim igmbem zvySuje odolnost fazi v silralkalickém progedi.

Pti chromatografii v obracenych fazich byva pro zvwSedolnosti v kyselém prastdi tato

technologie kombinovana s vicebodovym zakotveniifatekého rettzce prostednictvim

dvou silanolovych skupin. Diky tomu jsou tyto faa@olné v Sirokém rozmezi pH 1-12.
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1.8.3 Stacionarni faze na bazi oxid @ kova IV. skupiny

Jedna velkd skupina relat&n

novych sorberit je zalozena naxidech kysels N loniaouy
kovi 1V. skupiny, oxidu zirkoni &itém ‘Z‘..O llll i”o Zr‘/’"‘;';;zr‘ 4!;
(ZrO, — zirconia) [116-118] aoxidu Nl \2/ \2/
titani &tém (TiO, — titania) [119]. Oproti / \
silikagelu vykazuji nejen vyraZnvysSi 9 5H

0
stabilitu v extrémnich ~ podminkach \(Z)/Z r\z} /s Z'\Z>Z’\

ale navic poskytuji odliSnou selektivitd

Ve srovnani se silikagelem maji tyto oxig Obrazek 12. Chemie povrchu stacionarni fa

na bazi oxidu zirkoritého. (prekresleno
dle ZirChrom Newsletter vol. #}1

podstaté komplikovargjsi chemismus

povrchu. Zatimco nemodifikovany

silikagel vystupuje jako wmi¢ kationti,
povrch sorberit na bazi oxid kova IV. skupiny mé& amfoterni charakter a jeho chovani
je zavislé na pH mobilni faze. Mimo to jsou na mbwr @itomna centra s charakterem
Lewisovych kyselin umatujici elektronové donor-akceptorové interakce.

V bioanalyze léiv (malych molekul) neni tento typ sorbéntatim iliS rozsfen,

i kdyZz farmaceutické aplikace se jiz v liter@uobjevuji [120-123]. Kolony ©xidem
zirkoni ¢itym [118] Ize bez modifikace povrch®@Wbr. 12 pouzit pro separace v systému
normalni faze. Povrch Zrdze vSak také modifikovat [117] organickym polyraer jako
je polystyren, polybutadien, polyethylenimintigadré pyrolytickym uhlikem, z nichz
nekteré lze dale chemicky upravit kovaledtmazanym organickynietézcem, nafiklad
oktadecylem. Takto modifikovany povrch vykazuje Semou reteini charakteristiku
(mixed-mode retention) a umiadje interakce jak hydrofobni, tak iontovymeénné.

Hlavni vyhodou Zr@ sorbentu je vysoka stalost v celém rozsahu pH ,1-14
potencovana dale vysokou teplotni stalosti az dindibokolo 200°C [124-125]. Vysoka
teplota @i separaci umailje rapid@ snizit cas analyzy a navic &kterych gipadech
vyuZivat ¢istou vodu jako mobilni faze vzhledem kjejim unikén vlastnostem
pii vysokych teplotach [126-128]. Mimo klasické@sticové napla byly uinény i pokusy
o vyrobu monolili (Kap. 1.9.) na bazi ZrQ[129] pripadré ZrO2-HfO, [130-131].
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Chemismus stacionarnich fazi na baézdu titani ¢itého je velmi obdobny chemismu

zirkoniovych kolon. Nicmé& ve srovnani siedeSlymi typy je na povrchu TiO

az 12 tiznych tym hydroxylovych skupin [132]. Prvni kom@® dodavané stacionarni faze

na bazi TiQ se objevily jiz ped rokem 2004.

1.8.4 Stacionarni faze na bazi siliciumhydridu

Jedna se o zvilastni typ silikagelékdy ozn@&ovaného jakasilikagel typu C (silica

hydride, C silica), ktery je charakteristicky momnsivou hydridovych=Si-H funkénich
skupin na svém povrch®pr. 13 [133-134], kterd nahrazuje az 95% silanolovy&i-OH
funkénich skupin BZného silikagelu [135]. Vyhodou stacionarnich fazlozenych

Obrazek 13.Silikagel typu C s povrchovymi
hydridovymi skupinam&Si-H
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na silikagelu typu C je moznost
pouzivat tyto sorbenty jak disté
vodnych tak zcela bezvodych
mobilnich fazich a vyuZzivat tak dvou
separanich modi (RPLC, NPLC)
[133-134].

kombinovaného NP — RP mechanismu

S vyhodou Ize wvyuzit

separace pro sfai jak hydrofobnich
tak hydrofilnich latek. Kolony pkné
témito  sorbenty vykazuji velmi
rychlou ekvilibraci @i zméné mobilni

zbytkoveé

faze, diky nepatrné

silanolové aktivit.
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1.8.5 Stacionarni faze na bazi porézniho grafitické  ho uhliku

Historie vyzkumu porézniho grafitického uhliku (Baes Graphitic Carbon — PGC)
[136-138] s jeho vyuzitim jako stacionarni fazeh&az do 70. let 20. stoleti, jako odezva
na hledani materié) které by obeSly nevyhody silikagellKap 2.8.). Vzhledem
k problénmim s pivodnimi sorbenty se pouzitelné stacionarni fazeoéz GPC objevuji
az v poslednich 15-20 letech. Pro vyuziti v kamalén chromatografii jsou zajimaveé
zejména z hlediska zcela odliSné selektivity opRB materialm, teplotni a chemické
stabilit a v rekterych gipadech vzhledem k retenci velmi polarnich lateterd nejsou
zadrZzovany na reverzni fazi. Dal§egnosti je nefitomnost silanolovych skupin a moznost
diky planarnimu povrchu separovatkteré geometrické izomery nebo diastereoizomery.
Stacionarni faze na bazi grafitického uhliku jsékdy nanaseny na n@sha bazi zirkonia
(C/zZrQ,) [139] nebo aluminy (C/AD3) [140]. Diky své vysoke teplotni stabilitize
material vyuzit ve vysokoteplotni kapalinové chroogaafii [141]. Vy¢erpavajici popis

vlastnosti PGC a moznosti vyuZitindsi ve svém review West et al. [138].

1.8.6 Stacionarni faze na bazi polymer

DalSi skupinou stacionarnich féazi pouzivanych @& jako nosie k navazani
modifikatoru nebo imo jako sorbentu, jsou polymerni materialy jejidd@klad je ¥tSinou
tvoren polystyren — divinylbenzenovym kopolymerem. Vgbo €chto material je vysoka
stalost v Sirokém rozmezi pH a absence silanolowgtipin, na druhé strammezi zasadni
nevyhody limitujici jejich pouziti p#&t bobtnavost a nizka mechanicka stabilita [142].
Masivnimu roz&eni brani i Spatna chromatografick&ninost [142] a hlavni uZziti nalézaji

zejména v oblastiffpravy vzorki jako sorbenty pro SPE extrakce.
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1.9 Moderni trendy v kapalinové chromatografii

V poslednich 10-15 letech Ize v oblasti kapalinotiéomatografie zaznamenat velky
rozvoj, jehoz hlavni hybnou silou je zejména farewdicky pémysl. Pokud shrneme
nckteré nové sy, kterymi se ubird kapalinova chromatografie, tallevni snahou
je zejména zkracenfasu nezbytného pro analyzu, zmensSeni celkovébiotka analyz
vyplyvajiciho z pateby sniZzovani mnoZstvi vzorku pelbného k analyze, zlepSeni stability
stacionarnich fazi v extrémnich podminkach, zvysédinnosti kolon a hledani
je silikagel (ev. silikagel s chemicky vazanym adaylem). Cilem je dosazentidné
separace tak, aby bylo mozné v ramci jedné anadfagovovat komplexni s¥ei latek
v krdtkém ¢ase, bez nutnosti komplikované pre-analytickénavy vzorku ¢i nutnosti
analyzovat jeden vzorekekolika raiznymi metodami. Svou roli hraje i snizovani nakilad
a vyuzivani technologii Setrnych k zZivotnimu pfedt. Uceleny fehled modernich trerid
v bioanalyze s vyuZitim chromatografickych metoddaji napiklad tyto prace [143-144].
V sowasné dob je otewen obrovsky prostor pro invence v oblasti chromatfigké
instrumentace zejména diky modernim technologika ja nanotechnologie, mikrofluidika
nebo technologie mikroobréhi (microfabrication) [145-148]. Tyto technologienaziu;ji
miniaturizaci celého chromatografického systéméelmz vyplyvd moZznost snizovani
objemi vzorki i cinidel, vyrazného sniZeni doby analyzy a v nepaslédd i rozmsra

chromatografické instrumentace.

Pokud budeme chtit zkratit celkowas analyzy, rizeme toho docilit &kolika
zpisoby. NejjednodusSim #pobem je zkraceni délky chromatografické kolonwgSeni
pratoku mobilni faze. Tentoifstup ovS8em neni zcela optimalni u klasickych koah
sorbentu 3-fum, vzhledem ke ztrétrozlieni chromatografické separaCésténé je tento
problémiesen spojenim LC/MS a LC/MS/MS, kde je zhorSeniigeai piki pii separaci
nahrazeno zvySenou selektivitou detekce, ale ineki tento postup vhodny pro analyzu
vzorkla v komplikovanych matricich. Z tohotoidodu byly zavedeny v LC skteré nové
technologie, které budou podrafindiskutovany déale. JeStpied tim, zde vSak bude
uvedeno Bkolik zakladnich vztal, které usnadni pochopeni vlivu vybranych parainetr

na zlepSovanidinnosti separace a zkracovéasu analyz.
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Vypocet selektivity a retenéniho faktoru. Ve vztahu pro vypiet selektivity @) jsou
retertni faktory latky 1 alatky 2t{<t,) ozn&eny jakok; a k.. Ve vztahu pro vypiet
reteréniho faktoru K) jsou uvedeny reténi ¢as latky {,) a mrtvy reteini ¢as €v):

K,

Rovnice 2 a3 a=-=
kl tM

Nasledujici vztah umakije vypaet rozliSeni mezi d¥ma sousednimi
chromatografickymi piky, kde je pet teoretickych paterN), selektivita @), retergni
faktor (K):

2 -
Rovnice 4 Rszm k_a-1
4 k+1 a

Vztah mezi pétem teoretickych paterN) vySkovym ekvivalentem teoretického patra

(HETP) a délkou kolonyl() a vztah pro vypeet linearni rychlosti mobilni fazei):

Rovnice 5 a6 N =

HETF t,,

Jednou z moZnosti jak objekti&/mposuzovat sepatai (Kinnost kolony a postihnout
rizné faktory ovliviujici separaci je prosdnictvimvyskového ekvivalentu teoretického
patra - HETP (Height Equivalent to a Theoretical Plate), ktepy definovan
van Deemterovym vztaheniR@vnice J [18]. Van Deemterova rovnice udava vztah mezi
vySkovym ekvivalentem teoretického patidETP, linearni rychlosti mobilni fazeuj,
pramérem ¢astic stacionarni fazeld) a difaznim koeficientemOjv) analytu. Ve vztahu dale
figuruje konstantal vztahujici se k homogegitnaplre kolony, konstanta y vztahujici
se k omezeni difuze vlivem n4plkolony, konstanta jeZ se vztahuje k reténimu faktoru
latky a konstantaw vztahujici se k morfologii napinkolony (tvar ¢astic, velikost pdr,

distribuce velikosti apod.).

2D, , ot

Rovnice 7 HETP= 2/1dp +
u D,,
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Rovnice se sklada ze stu i ¢lent ovlivaujicich HETP.Prvni €len se vztahuje
Kk pfispevku viiivé difaze. Tentoc¢len neni zavisly na linearni rychlosti mobilni faze
ale vyjaduje vliv velikosti ¢castic sorbentu a kvalitu nagim kolony. S klesajici velikosti
castic a rostouci homogenitou n&pke gispsvek tohotoclenu snizuje. Vliv na $ku piku
je demonstrovan na@brazku 17.v Kapitole 1.9.2 pojednavajici o sub-gm ¢asticich
a UHPLC. Druhy ¢len postihuje zavislost na podélné difuzi analytu \bitmd fazi
(Obr. 14 a jeho velikost je ngpgmo uanErna linearni rychlosti mobilni faze. Dale
je ovlivnén viskozitou mobilni faze, teplotou a molekulovomdtou analytu. B b&zne
pouzivanych prtocich je tentoclen zanedbatelny vlivem nizké rychlosti difize ghal
v kapalném progedi vzhledem Kk rychlosti mobilni fazé&reti ¢len pak vyjaduje vztah
HETP k odporu proti f&nosu hmoty mezi mobilni a stacionarni fazitsnp umérnou
zavislosti na linearni rychlosti mobilni faze. Mirtwho je ovlivien velikosti difize analytu,
viskozitou mobilni faze, porozitou a morfologii @t@narni faze, teplotou a retarim

faktorem latky.

T A U T
) "0.‘}: "'-'O'O‘.

prutok mobilni faze

—_—

Obréazek 14.Vliv podélné difize analytu v mobilni fazi narldi piku i nizkém (A) a vysokém (B)
pratoku. Zony latky na zsitku kolony (1) a zény latky po uplynuti konstahtmicasu fii raznych

pratocich (2).
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Jak vyplyva z uvedenych vztahtak pokud budeme chtit zlepSit rozliSeni dvouupik
(Rovnice ¥4 mizeme tak &init hned rEkolika zpisoby:

1) ZvySenim pditu teoretickych pater kolony, ¢ehoz lze dosadhnout Bupouzitim delSi
kolony (Rovnice5), nebo snizenim vySkového ekvivalentu teoretick@latra - HETP.
Jak vyplyva z van Deemterova vztalRognice T HETP se sniZuje se sniZzovanim linearni
rychlosti mobilni faze (pouze dodwé hodnoty, poté afh prudce vziistd), zmenSovanim
praméru castic stacionarni faze a zlepSenim transferu anahgzi mobilni a stacionarni
fazi. Zmena HETP v zavislosti na linearni rychlosti mobifiaze a velikosticastic )

je demonstrovana rabrazku 15 Ztohoto obrazku jasnvyplyva, Ze se sniZzovanim
praméru velikosti ¢astic se snizuje HETP coZzZtipaSi zlepSeni rozliSeni. Vyraznym
zpisobem se také s klesajici velikoslj snizuje zavislost HETP na linearni rychlosti
mobilni faze. Z toho plyne zasadni vyhoda v moinpgySovani piitoku mobilni faze
kolonou a snizovantasu analyzy, bez kompromisniho omezeni rozliSemiouOgchto

vyhod vyuziva zejména UHPLC, ktera bude podigitaminéna vKapitole 1.9.2
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Obrazek 15.Z4vislost velikosti vySkového ekvivalentu teoreéiblo patra HETP na linearni rychlostiifmku

mobilni faze a na velikostidstic stacionarni faze.rkky byly modelovany na zaklgdrovnice A programu
Excel.

2) Zménou selektivity (a) nebo zrménou retence k). Oba uvedené parametry jsou zavislé
na chemickych interakcich sledovanych latek sei®tami a mobilni fazi a lze je tedy
ovlivnit nagr. sloZzenim mobilni faze (organicky modifikator, pufiontow parové&tinidla),

chemismem stacionarni faze nebo teplothsgparaci.
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1.9.1 Monolitické kolony

~

Prestoze prvni experimenty

s vyuzitim  monolitickych  kolon  prg
separaci probihaly jiz naglomu 80. a 90.
let 20. stoleti [149-151], prvni komee

vyrédbiné kolony tohoto typu se na trh
objevily az poroce 2000 [152]. Naipl
kolon je wvyrobena 2z jednoho Kkus

sorbentu tzv. monolitu ktery i@e byt

tvoren silikagelem, silikagelem

s chemicky vazanou stacionarni fazi ne Obrazek 16.Siln¢ zwétSena struktura monolitické
stacionarni faze

materialem na bazi organického polyme

jako je polymethyl-methakrylat, polystyren-divingibzen, polyakrylamid [153-154],
popsany jsou i pokusy d@ipravu monolit na bazi grafitického uhliku [131, 155], zirkonia
[129, 131] a titania [156]. Material monolitu jeofen vysoce porézni strukturou obsahujici
dva typy pot, tzv. makropory a mezopory [131]. Zatimco makrgptuorici st kanalka
propojenych naifi¢ celym monolitem se svoji famérnou velikosti wadu jednotek
mikrometru poskytuji dostataou permeabilitu pro vysoky ioku mobilni faze,
mezopory, které jsou velké pouze okolo 10 nm pagkyostaténé velky povrch pro
acinny prenos hmoty mezi mobilni a stacionarni fazi [13JikyDvysokému pitoku mobilni
faze na kolo#, aZ do 10 ml.mitl, je moZné zkraceni analyzy 5-10x oproti klasickym
kolonam [153] a doba analyzyiire dosahovat nizkych hodnotadu rékolika jednotek
az desitek vién dle povahy vzorku [157-158] fiplcinnosti separace srovnatelné s @rb
naplni  klasickych ¢asticovych kolon [153]. Kolony nalezly uziti v obta
»vysokoprostupnych“ (high-throughput) analyz ve nf@ceutickém gmyslu, separaci
enantiomel a komplexnich biologickych vzoik{153]. Negastji pouzivanym materialem
monolitickych kolon je silikagel [159]. Nevyhodouomolitickych kolon je omezeny v¥b
chemicky vazanych stacionarnich fazi, omezena iositgi vysokych tlacich aip pH>7
[159]. Kvili vysokym pfitokim mobilni faze neni metodatili vhodna pro spojeni
s hmotnostnim detektorem. Problematikou uziti mitiokfch stacionarnich fazi

v bioanalyze se zabyva rfaprace [160].
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1.9.2 Sub-2-pm sorbenty a extrémn & U¢€inna kapalinova chromatografie

Extremrg  €innd  kapalinova

chromatografie (Ultra High Performang
Liquid Chromatography - UHPLC

A

vyuzivd jedné z moznosti jak zvys
acinnost  separaci, zlepSit rozliSe
a snizit jejich zavislost na linearn
rychlosti mobilni  faze, kteroy

je zmenSeni @meéru ¢astic stacionarni

faze. Tento efekt je umo&n zlepSenim

prenosu hmoty mezi  stacionars Obrazek 17. Porovnani drdhy molekul fip

T e s raitoku klasickou 5um napini (A) a napini se
amobilni fazi a zmenSenim fiie P H plni. (A) P

- . ] sub-2um sorbentem (B), kde je minimalizovan
difdze. Az do roku 2004 se v analytick

piispvek viivé difaze.

chromatografii Bzné pouzivaly sorbenty

7 v Z

s velikosti ¢astic 3-5um, poté byly na
trh uvedeny tzv. sub-g@m sorbenty s gimérem¢astic 1,7um, které umoznily docilit velmi
vysokych separtmich (Einnosti a dramatického sniZzetdésu nutného k analyze vzorku
[159, 161]. V rkterych gipadech bylo moZzné uzitim subpg®A sorbeni snizit¢as analyzy
az 20x ve srovnani s klasickou naplniug c¢asticemi, pi zachovani stejné selektivity,
kapacity i &innosti separace. SniZeni veliko&distic vSak vede k néstu tlaku na kolo#
atyto nové sorbenty vyZzadovaly vyvoj nové gener&apalinovych chromatognaf
schopnych pracovatiiptlacich az 120 MPa,f@gemz limit konvegnich HPLC je okolo
40 MPa. VysSi tlak v chromatografickém systému wiahkyl jedinym dvodem pro vyvoj
nové instrumentace, spolu se zrychlenim analyz bybné vyeSit nasik vzorku
za vysokého tlaku, zvysit rychlost nidisti a akvizeéni rychlost detektdr, zlepSit gesnost
pump pro gradientové eluce a snizit veSkeré mrtigenoy pro zachovani vysokého
rozliSeni separace. Lzecekavat, Zze UHPLC se jiz v brzké dolstane standardem
v kapalinové chromatografii stgjnjako se ped rékolika dekddami stala HPLC. Mezi dalSi
vyhody vyuZiti sub-34m sorbent, které nebyly zmiény vySe, pai nagiklad velky vyker
chemicky vazanych stacionarnich fazi.c@b se lze v literate setkat s ozianim tohoto
typu chromatografie zkratkou UPLC (Ultra-performaniciquid Chromatography). Jedna
se vSak o0 obchodni patentashrarény nazev, kde vlastnikem prav je firma Waters.
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1.9.3 Core - shell sorbenty

Zasadnim problémem fip sniZovani

porézni

slupka
h _sura

velikosti castic sorbentu je nést tlaku o
na chromatografické kolén ktery roste | o
s reciprokou hodnotou druhé mocnir ﬁ
praméru ¢astic. SniZzeni pméru ¢astic
na polovinu znamena tedytyrnasobny
narist tlaku. Tento problém Iz€ast&n¢
feSit vyuzitim tzv. gore-shell sorbenfi

[144, 162]. Castice tvei neporézni jadro

pokryté porézni vrstvou sorbentu, kte

e siina zpravidia 0,35 nebo 0,26n. Diky Obrazek 18. Rez ¢astici core-shell sorbent
snizenym difdznim vzdalenostem [16] tvoreného porézni slupkou a neporéznim jadr
analyi dosahuji tyto kolony i pramé&ru | B&Zng dostupny pimér castic je 2.6 a 1.im s

gastic 2,6 ym podstats lepsich Ginnosti tlou&’kou porézni vrstvy 0.35 resp. 0.@8.

nez kolony s 3um casticemi a dinnosti se
blizi separacim na subiftn ¢asticich, pi tlacich umoaujicich praci na konvemich
chromatografickych systémech s limitem 40-60 MP@org-shell sorbenty se vyrahi
vétSinou s piméry 2,6 nebo 1,um.

Pri pouziti ,core-shell sorbenfi na konvetinich systémech je nutné minimalizovat
veSkeré mrtvé objemy, tzn. vyuzivat spojovacich ilkap s menSim pgmérem
a nizkoobjemovych detékich cel. Nevyhodou kolon stimto typedastic je snizena
kapacita vzhledem k menSimu celkovému objemu staom faze a tedy nutnost pracovat
s menSimi objemy n&stu a nizSimi koncentracemi latek ve vzorku. Porovniaolion
plnénych ,core-shefl sorbentem s kolonami se suljBt casticemi a jejich vyuziti

pii farmaceutickém screeningu je diskutovanorildad v praci Fekete et al. [164].
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1.9.4 Vyuziti vysoke teploty p Fi separaci

Prvni experimenty se separaci latek za vySSiclottdply provadny jiz v 60. letech
20. stoleti [165], nicmé&n pozornost se k této problematice vraci az v poslettkad
ato zejména diky novym tym sorbeni odolnych Wi vysokym teplotdm [166]
a pokrokim v instrumentaci. Jako ,vysokoteplotni“ chromatdfgg (High Temperature
Liguid Chromatography — HTLC) jsouétdinou ozn&ovany separace fip teplotach
v rozmezi 40(60) — 200°C s mobilni fazi v kapalnsétavu [167-169]. ZvySeni teploty
na chromatografické kolénumoziuje snizit viskozitu mobilnich fazi a tim ziskabgtor
pro vyssSi piitoky, aniz by byl dosazen tlakovy limit chromatdgrkého systému. Dale
se zvySuji difuzni koeficienty solutcoz vede ke zlepSeni transferu hmoty mezi stacmin
a mobilni fazi [159].

Tyto efekty spoléné umoziuji vyuzit mensSichtastic, ¢i delSich kolon a zvysit tak
acinnost separacej vyrazne zkratitéas analyzy f zachovani dostataého rozliSeni. Mezi
dalSi vyhody pat sniZzeni obsahu organickych rozp&dst v mobilni fazi, zlepSeni tvaru
pika bazickych latek [170], moznost ovligmi selektivity [171]¢i vyuZiti Cisté vody jako
mobilni faze B velmi vysokych teplotach [125-128, 159, 172]. bdd je vhodna
i ke spojeni s hmotnostni spektrometrii. O komhin&TLC-MS a jejim vyuZiti
ve farmaceutické analyze pojednavéiildpd Heinisch et al. [173].

Limitem této techniky rize byt stabilita pouzité stacionarni faze, nicengak jiz
bylo uvedeno, v dnesSni débjsou k dispozici moderni sorbenty s modifikovanym
silikagelem [174], sorbenty na bazi okikowvi IV. skupiny [125] pipadré porézniho
grafitického uhliku [175] umatujici separace za teplot 100-200 °C. Zasadnimdimipro
vyZiti v bioanalyze je teplotni stabilita stanovoyeh latek [176] a dostupnost technologie

mimo akademicka pracovist
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1.10 Odbér biologického vzorku a jeho p Fiprava p red

analyzou

Naratnost gipravy biologického vzorku k analyze je &ma komplexnosti biologické
matrice, ve které ma byt stanoveni prairém] poZadovanych dolnich koncewtrech
limitech stanoveni (LOD, LLOQ) a ptu latek stanovovanych v ramci jedné metody. Cely
analyticky proces pona odkrem vzorku a transportem vzorku do laboratgpokr&uje
pies jeho zpracovani, vlastni separaci a detekczakerten zpracovanim naffenych dat.
Ve vSech vySe uvedenych bodech tohoto procesu jénén@anést chybu a ovlivnit

tak kvalitu vyslednych dat.

1.10.1 Zakladni informace o vzorku

Zakladni informace, které je vhodné adkterych ffipadech nutné znated vyvojem
celé metody jsou nasledujici:

Co chceme stanovovat a v jakych formach®a prvni pohled se #ie tento bod zdat
jako zcela samdejmy a trivialni, nicméé ve své praxi jsem se setkal stak bizarnimi
pozadavky zejména ze strany l&kazZe povaZuji za nutné zde ve zkratce uvést.
Jde o specifikaci, zda jgeba stanovit pouze parentni latkii,i jeji metabolit/y. Pokud
je treba stanovovat metabolity, pak vymezit jejich rbzdde vzdy je Gelné ve studiich
stanovovat vSechny v literaal popsané metabolityf aiz pro jejich nizkou koncentraci,
negitomnost v dané matrici nebo nulovy terapeuti¢kfoxicky potencial. Pokud je latka
ve vzorku pitomna ve vice formach, je nutné specifikovat kferény se budou stanovovat,
zda postéi stanovit jejich sumu¢i zda je nutné kvantifikovat jednotliva individudako
piiklad miZzou slouzit konjugaty t#v s kyselinou glukuronovou, irinotecan a jeho
metabolity ve formd karboxylatu a laktonu, metotrexat a jeho polyghddy, oxidovana
a redukovana forma glutathionu a mnoho dalSich.

V jakych koncentraénich mezich se budou pohybovat stanovované latky® timto
bodem souvisi i@devSim narnost gipravy biologického vzorku a pozadavky
na chromatografickou separaci a detekci (velikoshstiku, pouziti ultr&istych
rozpoustdel, vyuziti selektivni detekce)Cim nizdich koncenttaich limiti je teba
dosahnout, tim propracovgsi musi byt piprava vzorku, fipadré selektivita stanoveni

a tim \&tSi naroky jsou takeé kladeny testotu pouzivanyckinidel.
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V jaké matrici bude analyt pritomen? Vzhledem k obrovskému mnoZstvi matric,
se kterymi se riveme v bioanalyze setkat, fatato informace ke zcela é&ejnim.
Jen v pipact ZivociSného materialu e byt analyza provéda nap. v plné krvi, plasm,
séru, Zldi, maci, stolici, potu, slinach, matském mléce, cerebrospinalni tekgtin
erytrocytech, perifernich mononuklearnich krevriiahikach, homogenéatech tkani a mnoha
dalSich a kazda z2dhto matric je zcela specificka svym sloZzenim aadyje rozdilny
piistup @i piipraw vzorku a vyvoji chromatografické metody. &@@ejména mezi Iéka
casto roz&eny mytus, Ze jednou zavedena metoda,f.n@po stanoveni v plasm
je univerzalni pro vSechny dalSi matrice.

Jaké mnoZzstvi vzorku bude k dispoziciZTento bod je dlezity hlavreé pii stanoveni
nizkych koncentraci, kdy jetdba vzorek P pripraw zakoncentrovat, ifpadré

v neonatologii, kde obe¢mejsou k dispozici velké objemy vzark

Mimo téchto zakladnich informaci bychom éhn zjistit Udaje o stabilid analyf,
zejména z hlediska fotostability, termalni odolnositlivosti na znénu pH, nachylnosti
k oxidaci na vzduchu neboigobenim #kterych ¢inidel b&Zné pouzivanych p pripraw

vzorku, apod.

1.10.2 Odbér a uchovavani vzorku p fed analyzou

Nedilnou souasti celého analytického procesu je @dtiologickeého materialu a jeho
uchovani ped analyzou. Spatny o#iba skladovani mohou n#pnivé ovlivnit kvalitu
vyslednych dat. Je na analytikovi/farmakologoviy aioskytl Udaje o spravném postupu
odbsru a uchovani vzorku.

Je teba specifikovat zejména denni dobu &@db vzhledem k cirkadialnim rytém
pozorovanym f biotransformaci skterych I€iv. Specifikovat zda méa byt odbproveden
nalano ¢i po jidle, v jakéméasetasech po podanidi&a apod. Dale musi byt ¢en typ
nadoby pro odér vzorku, zda méa obsahovat antikoagulant a jakg, mé byt s#tlotésna,
apod.

Nedilnou sotasti protokolu musi byt specifikace teplotif pansportu (pokojova
teplota, 4°C, suchy led, tekuty dusik), poZzadaviayswtlotésny obal a rychlost transportu
do laboratée pii zadanych podminkéach. Vzdy jeeba pamatovat, Ze jakykoliv invazivni
odker vzorku je spojen se stresem pacienta, kteityarovlivnit koncentrace titych latek

v systémovém aitu jako nap. nekterych hormon, glukézy, insulinu apod.
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1.10.3 Priprava biologického vzorku p fed analyzou

Priprava biologického vzorku do formy vhodné pro gmal kapalinovou
chromatografii ma zasadni vliv na kvalitu ziskanytdt, & uz po strance kvalitativni
¢i kvantitativni. Musime si wdomit, Ze analyzované latky jsou ve vzorkgtSinou
piitomny v minoritnim zastoupeni ¥ifpmnosti konstituerit biologické matrice, které jsou
¢asto v Rkolikarthdovém nadbytku a mnohé z nicltinpo interferuji se stanovenim.

Na Upravu vzorku Ize v zasagdohlizet ze dvou uhi

1. Prevedeni analytd/ do formy kompatibilni s instrumentaci, odstian
interferujicich latekii zakoncentrovani vzorku (odstkam matrice nebo jefiasti).

2. ZlepSeni vlastnosti pro separaicdetekci (derivatizéni reakce analyd.

Z pohledu bodu ¢.1 idealni piprava vzorku zcelaodstraiiuje nepotrebné
¢i problematické sloZzky matrice zatimco v maximalni mé zachovava obsah sledovaného
analytu. Z pohledu bod&. 2 je idedlni takovaderivatiza¢éni reakce ktera probiha
v minimalnim p@tu kroka, derivaty jsou stabilni, reakci vznikad definovacigemické
individuum a derivatizéni ¢inidlo je levné, stabilni, snadno dostupné a s vwiioi
Cistotou. Derivatizace mohou probihat pre-columfi, ,on-columfi a ,post-columh
formatu. Blize o derivatizacich a jejich vyuzitikapalinové chromatografii pojednavaji
nag. tyto prace [177-183].#hled derivatizénich reakcich vyuzivanych v LC/MS analyze
|ze ziskat nap zde [184-187].

Sowasti Upravy vzorku iZe byt i uvolgni analytu z matrice vifpad, Ze je vazan
v konjugované forma (glukuronid, sulfat, apod.¥i na proteiny. V bioanalyze malych
molekul jsou nejbzngji odstraiovanymi slozkami vysokomolekularni latky rfaproteiny
a dale lipidické slozky vzorku, jejichZtippmnost nfize interferovat se stanovenim,
ale hlave svoji adsorpci na kol@snizovat dinnost a kvalitu separace. \¢kierych
piipadech je mozné prov&dpiimy nastiik vzorku. Jedna se zejména o matrice, kde
je podil balastnich latek zanedbatelnyjppdré neinterferuji se stanovenim a nesnizZuji
Zivotnost instrumentace ¢etre kolon. Tento fistup je vSak v bioanalyze spiSe vyjimg
a pouziva se végkterych gipadech najklad pro m@& nebo Zlg. | v piipac primého
nastiku je vSak feba minimala provést odsedini nebo filtraci vzorku k zamezenitmiku

pevnych¢astic do chromatografického systemu.
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Pres vSechny pokroky v analytické instrumentadiipfava vzork, hlavre téch
s komplikovanymi matricemi je stale uUzkym hrdlemlébe analytického procesu.
Vycerpavajici vyet moznosti Upravy vzoik pred analyzou podavaji prace [188-190].

e

s dirazem na &které moderni trendy.

1.10.4 Deproteinace

Pravd&podobré nejjednodusSim z postupipravy vzorku je deproteinace. Principem
metody je bd denaturace bilkovin a jejich vysradzeni zroztokebo mechanické
odstrarni ultrafiltraci @ipadré dialyzou. Zarove s denaturaci dochazi ik uvein
nékterych latek z vazby na protein. K denaturaci Ipeuzit msobeni fyzikalnich
¢i chemickych vlivi. Jako fyzikalni postup deproteinace se vyuzZiv@grikkd pasobeni
teploty (90-100 °C). B pouziti teploty niZze byt limitem termicka stabilita stanovovanych
latek. Ultrafiltraceci dialyza zase diskriminujéast analytu navdzaného na proteiny. Tohoto
efektu Ize vSak &eln¢ vyuzit napgiklad pi stanoveni volné frakce d&a. Fi pouZiti
ultrafiltra je treba o¥fit, zda nedochazi k adsorpci lipofilnich analytura material
membrany, jak jsme né&éjglad pozorovali u metotrexatu nebo barviva Rhodarh23.

V tomto pipack je lepSi vyuZzit rovnovazné dialyzy [191].

Cinidla pouzivana pro chemickou denaturaci lze &bzddo nekolika skupin.
Pti deproteinaci kyselinami dochazi k tvor® nerozpustné soli s kationickou formou
bilkovin. Mezi EZn¢ pouzivané kyseléinidla pati kyselina trichloroctova, sulfosalicylova,
chloristq, metafosforma a wolframova. Precipitaci je vhodné prostdzla snizené teploty
okolo 5°C [192].Deproteinace solemi kou vyuziva ogt tvorby nerozpustné soli, avsak
oproti deproteinaci kyselinami t¥iobilkoviny anionickoucast. K deproteinaci se vyuziva
negasgji roztoka siranu zinénatého, pipadré méd’natého, Bkdy ve smdsi s organickym
rozpoustdlem jako je methanoDeproteinace organickymi rozpouskdly vyuziva snizeni
rozpustnosti bilkovin v mélo polarnim predi vznikajicim po fdani ¢inidla. K tomuto
Gcelu je vyuzivano nap pridavku methanolu, acetonitrilu, acetodiujejich snesi. Mezi
nefilis béZzné zmisoby deproteinace gatvysolovani nag. nasycenym roztokem siranu
amonného, nicmérntento zfisob je pro odstrami bilkovin malo efektivni.
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viN s

(Protein Precipitation Plates) v 96 jamkovém uwadani [193]. Destky jsou tvdeny
jamkami pro vzorek na jejichz d&nje umistna frita, kterou je vzorek po vysrazeni
piefiltrovan [190]. VyuZiti precipiténich destiek umozuje jak zlepSeni i@snosti
a spravnosti analyz, tak zZimou Usporwasu i pripraw vzorku. Nevyhodou pouzitéthto
desttek miZze byt nespecificka adsorpce analytu na mateit@l[f90].

Vyhodou deproteinace je rychla a levnéppava vzorku. J&asto pouzivana jako
metoda prvni volby ip vyvoji metody. Mezi nevyhody tohoto postupu ipatedokonalé
odstrarni bilkovin, fosfolipich, pripadré nékterych dalSich interfereit fedini vzorku
deproteinanim c¢inidlem a nemoznost vzorek zakoncentrovat, na foadi SPE a L-L
extrakce, jak bude uvedeno dalé. pouziti organickych rozpou&tel pro deproteinaci vadi
pii RPLC i vysoky obsah rozpousila, které je nutné odpia DalSim rizikem
je nekompatibilita pouzitéhainidla se stanovovanym analytem (rozklad, estexdek
methanolem, apoddi okluze ¢asti vzorku/analytu v nehomogennim precipitatusiparck
volby Spatného postupu. ZvySe uvedenyciivodit je metoda deproteinaceékuy

kombinovana s dalSimi postupy nebo nahrazovananjitgchnikami (viz. dale).

1.10.5 Extrakce z kapaliny do kapaliny

Extrakce kapalina-kapalina (LLE) pamezi dalSkasto vyuZivané postupyipravy vzorku.
Principem je roz&lovani analytu na zaklgdsvych fyzikalr-chemickych vlastnosti mezi
dvé nemisitelné kapalné faze liSici se polaritou, zplfa vodnou a organickou. Organickou
fazi mize tvdit jednodi vice rozpoustdel ve sndsi. Jeji vylér zavisi na typu latky, kterou
je treba izolovat od interfereinfpiitomnych ve vzorku. Poén koncentrace latky v organické
a vodné vrst je nazyvan rozglovaci koeficient P = 6¢/Cy. Selektivitu, ¢i vytéZnost
extrakce Ize pro latky majici acidobazicky charakigySit Gpravou pH.

Organické latky acidobazického charakteru se vengofhizi nalézaji v ionizované
¢ineutralni  forng, dle jejich disociani konstanty (), jak je demonstrovano
naObrazku 19V prvnim gipadc znadzorgném naObrazku 19rechazi do organické vrstvy
jak analyt tak interferent,figemz kwili disociaci ve vodné fazi je v§Znost analytu nizka.
Po okyseleni vodné vrstvy je patéma disociace analytu a zvySena ionizace interfieren
coz vede jak ke zvySeni wiku extrakce, tak ke zlepSeni selektivity diky tomu
Ze interferent @stavd ve vodné fazi. iRlad je symetricky jak pro bazicky analyt,

tak pro extrakci nepolarniho interferentu a zachoyélarniho analytu ve vodné fazi.
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Obrazek 19 Princip extrakce kapalina-kapalina. OrganickdwagA - ZIug), vodné vrstva (B - mdd),
vodnd vrstva po okyseleni (Gierverg). Analyt je reprezentovan latkou R-COOH kyseléharakteru,

interferent je reprezentovan latkou R-Nibhzického charakteru.

Z organického extraktu musi bytega nastkem na RP kolonu nejprve odjeao

rozpoustdlo a extrakt musi byt rekonstituovan v rozpedE kompatibilnim s pouzitou
mobilni fazi. Tento krok z&rovieumo#iuje zakoncentrovani vzorku. Mezi vyhody LLE
pati snadnost provedeni a nizka cen@ajdfim pouziti je nezbytnutné pouzivatidavek
vnitiniho standardu. Mezi nevyhody LLE organickymi rozggdly pati zejména Spatna
selektivita a nizka vg¥nost pro polarni analyty, tvorba emulsi, malé nesiirautomatizace
¢i velka spoteba rozpougtel ¢asto vysoce toxickych (halogenovana rozpéla).

Mezi modifikace LLE pai nagiklad SALLE (Salting-out Assisted LLE) [190, 194]
vyuZivajici snizeni rozpustnosti latky ve vodnéwipiidavkem anorganické soli. DalSim
nowjSim pistupem jedispersivni mikroextrakce kapalina-kapalina (Dispersive Liquid-
Liquid Microextraction — DLLME) [195-196]. Mezi trely poslednich let patvyuZiti
iontovych kapalin (ionic liquids) v separtanich technikach [197]. lontové kapaliny jsou
negasgji tvoreny objemnym nesymetrickym organickym kationtem rganickou
¢i anorganickou aniontovogasti. Diky svym vlastnostem jako je dobra termiskabilita,
nehdlavost, nizka tenze par, polarita a hydrofobicitee |@ekavat jejich rozgeni
pii piipravach vzorik pomoci L-L extrakce [197-200], zejména u polarnéctalyt, které
nelze klasickymi organickymi rozpowsgty extrahovat kuli velkému rozdilu v polaré
Nevyhodou brénici jejich masigdimu vyuZiti je v sotasné dob jejich velmi vysoka

cena.
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1.10.6 Extrakce kapalina — pevna latka

Tento druh extrakce je¢hré znam

~

pod ozné&eni SPE extrakce z anglického {

Solid Phase Extraction a vyuziva
(A)

podobnych princip jako kapalinova| kondiciovani ©

proplach

chromatografie. SPE umidje nejen ®
naneseni
odstragni nezadoucich soéasti matrice, vzorku
ale i zakoncentrovani vzorku. SP 3
&
procedura se ve é&singé pripadi sklada - =
. o - ]
z nasledujicich  krak  kondicionace | - m
g pmm—

sorbentu, naneseni vzorku s obsah
vnitiniho  standardu, promyti a elug
analytufi (Obr. 20. Principem SPE
extrakce je selektivni zachyceni analy

A

Obrazek 20.Princip SPE extrakce. Kondicionova
sorbentu kolonky vhodnym rozposdtem nebo
pevnym sorbentem a vymyti balastni roztokem (A), naneseni vzorku (B), vym

latek @i promyvacim kroku. U latek| palastnich latekx (C), eluce analytuo-(D).

majicich acidobazicky charakter lzeé&bp

vyuzit potl&eni, nebo zvy3eni ionizace Upravou pH a ovlivnik ténterakce
analyti/interferentt se sorbentem. Po promyti jsou analyty z SPE strbenolrény
vhodnym eldnim ¢inidlem.

V pripact pouziti organického etmiho ¢inidla a RP chromatografie, musi byt
organické rozpoudtllo odpdeno a vzorek rekonstituovan ve vhodném roztoku
kompatibilnim s pouzitou mobilni fazi. Pouziti SR&lonek s naplni HILIC v kombinaci
s RPLC sebou imasi vyhodu moznostifpmého nagtiku eluatu do chromatografického
systému bez nutnosti odpaani, vzhledem k tomu, Ze pouZzité @lucinidlo je v tomto
piipadt tvoreno vodou (pufrem) bez obsahdipadre s nizkym obsahem organické slozky.
Extrakce je mozné provad v rékolika formatech f vyuziti extraknich kolonek,
96 jamkového formatu, SPE disKi ve formatu pro dispersivni SPE. V sasné dob
je SPE pravg&podobré jednou z nejpouzivajsich technik Upravy vzorku, za coZz &
velkému vylgru riznych typ sorbent, dobré reprodukovatelnosti extrakci a univerz&inos
Bézrné dostupné formaty SPE pracuji sreverzni fazi, @mmfazi / HILIC, ionexy,

se sorbenty se smiSenou rétd@rcharakteristikou (mixed-mode) a s grafitickymikdm.
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Zajimavé moznosti imasi i vyuziti hydrofilg-lipofilnich sorbenit (hydrophilic-
lipophilic balanced — HLB), které diky zabudovan@doni funkni skupirt maji dobrou
sm&ivost i pro vodné roztoky a navic poskytuji rdegiou selektivitu pro hydrofilni latky.
Oproti L-L extrakci ma SPE vyhodu zejména v moznestrahovat daleko SirSi Skalu latek
pokud jde o jejich polaritu. ZatimcdigouZziti L-L extrakce je izolace velmi polarnickték
do organické vrstvy prakticky vyl@éena, pi uziti SPE a volb vhodného sorbentu je mozné
s dobrou vyznosti (recovery) zachytit na sorbentu i velmi polaanalyty. Vyhodou
je i moznost automatizace. Mezi nevyhody SPE egr&gbati zdlouhava fiprava vzorku

a cena.

Pri SPE extrakci lze pouzivat i odliSnych postupeZ g klasické SPE kdy je sorbent
vazan na nosia vzorek je timto sorbentem praéiean. Mezi tyto postupy patnagiklad
MSPD (Matrix solid-phase dispersion) [201], kdysfrbent dispergovan v matrici vzorku.
Mezi modifikace MSPD piit dispersivni SPE (dSPE) [190] zndma také jako metoda
QUEChERS (Quick-Easy-Cheap-Effective-Rugged-Safajo metoda kombinuje metodu
LLE ev. SALLE Kap. 1.10.% s SPE extrakci interferéntna c¢asticich sorbentu
dispergovanych v odtené organické fazi obsahujici analyt.

Vybrané SPE sorbenty jsou téZz &kalika poslednich letech dostupné ve férm
naplné pipetovacich Spéek (disposable pipette extractiodPX). Precisteéni vzorku a jeho
zakoncentrovani lze tedy prowhdiednoduSe v malém dfitku a bez nutnosti dalSiho
vybaveni. Jejich hlavni vyuZiti 1ze nididad spaittit pti odstragni fosfolipidi z biologickych
vzorki na ZrQ sorbentu ped LC-MS analyzou. Jiz delSi dobu je také dostupna
mikroextrakce na tuhé fazi (Solid Phase Microexiosc— SPME), avSak tato metoda
nalezla vyuziti spiSe v oblasti GC.

V poslednich letech je velkyadaz kladen na minimalizaci matnich efekti v LC-MS
analyze, které jsotiasto zfisobeny fosfolipidy fitomnymi v biologické matrici. Z tohoto
duvodu byla vyvinuta metodaybridni SPE extrakce [202-203] vyuZzivajici kombinace
deproteinace vzorku okyseleného roztokem organckéiozpousdtdla (methanol,
acetonitril) spolén¢ s SPE extrakci na zirkoniovyckiasticich, které diky kyselym
Lewisovskym cenfrm na svém povrchu interaguji s fosfatovaiasti fosfolipidi
a odstrauji je tak zroztoku. Formét je obdobny jako u fp@acnich destiek
(Kap. 1.10.4, avSak stim rozdilem, Ze pod fikrd fritou je navic vrstva sorbentu
na bazi ZrQ.
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1.10.7 Molekularn é vtiSt éné polymery

.....

selektivita pro cilové analyty. Vtomto s$m byl winén velky pokrok s nastupem
molekularné vtisSténych polymera (Molecularly Imprinted Polymers — MIP) [204-206]
pouzitych jako sorbefit pii SPE. MIP sorbenty vyuZivaji obdobnych reka@gich
mechanism se kterymi se fiteme setkat v biologii, jakofipinterakcich enzym-substrat
nebo antigen-protilatka, &hoz plyne jejich vysoka selektivita.

Tyto materidly jsou syntetizovany ze & polyfunikinich monomernich jednotek
a cilového analytu, se kterym tyto jednotky nekem&k interaguji. Po polymeraci
monomet je cilovd molekula z materidlu vymyta a v polyniematrici Zistavaji volné
kavity s charakteristickymi vazebnymi misty. Vysigdporodukt ma vysokou rozpoznavaci
schopnost pro strukturpiibuzné latky, které je schopen s velkougmosti a selektivitou
izolovat z komplikované siési. Nevyhodou je v sa@asné dob limitované mnozstvi MIP,
pouze pro maly peet vybranych skupin latek.

Obrazek 21.Molekularre vtiStny polymer. Molekula analytu (A), ktera selektivimteraguje

s funkénimi skupinami (B) na povrchu kavity (C).

Modernim trendem posledni doby je vyuziidnotastic pfi SPE extrakcich [207-208],
napiklad pi prechodu k mensim &iitkim analyz a f pouziti v mikrofluidnich z&zenich
[209-211].
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1.11 Vyvoj chromatografické metody

V piedchozich kapitolach byly stm€ popsany Bzné typy detektdr, stacionarnich
fazi, mechanismy retence latek na vybranych faaiattkteré z metod ippravy vzorku.
Zbyva se tedy v kratkosti zminit o vyvoji viastejsrani metody.

Na paatku zname pouze cilové analyty a matrici vzorka Aaklad struktury
a fyzikalre-chemickych vlastnosti anafytmusime navrhnout vhodny typ detekce a vhodny
mod separace (RP, NP, HILIC, IEC, apod.). Dle tgptomatografie poté volime iniciélni
slozeni mobilni faze. Ta musi byt kompatibilni sipitou stacionarni fazi a detek
technikou. Slozeni by &o byt voleno tak, aby byly maximalizovany interakanalyt -
stacionarni faze.

Jednim z fstupa optimalizace separaceude byt tzv.mapovani retertnich ¢asi
(retention mapping) [212]. V tomtofipact se snazime o ziskani souboru dat, ktery
dostatén¢ vypovida o retetnim chovani sledovanych lateki gpprovadni minimalniho
poctu experiment. Ziskdme tak zavislost ret@riho chovéani latek i pro podminky, které
nebyly @gimo testovany, avSak lezi v experimentalymezenych hranicich. Hledanim
maxim €chto zavislosti vzhledem k rozliSeni ziskame infachmo optimalnich podminkéach
separace. Wlezité je spravé odhadnout parametrly, které majickly vliv na znénu
selektivity a rozliSeni. Testovanymi parametry jsettSinou: obsah organické sloZzky
mobilni faze, koncentrace a typ pufru, pH, aditjgho ionto¥ parovacinidla, teplota,
pratok, typ stacionarni faze a dalsi. Postup, kdyegtavana vzdy zavislost pouze jednoho
parametru (,one-factor-at-the-time* — OFAT)age byt caso¥ nara@ny a neefektivni,
z tohoto divodu se Bkdy vyuZiva zminy vice parametr vramci jednoho experimentu
a data jsou zpracovavana pomocéitsem asistované optimalizace [213-215]. Nppd
jednoduchych zavislosti Ize vyuzit k vygpdm tabulkovych procesarjako je Microsoft
Excel nebo Calc. Pro sloZ$i aplikace je k dispozici &kolik softwarovych prosedka
uréenych gimo k tomuto delu [215-219].

Pro prvni experimenty v ramci optimalizace chrorgeafické separacefipravime
roztok analyli v ¢istém rozpougdle. Jak bylo uvedeno vySe, z paramedvliviwvjicich
separaci se snazime nalézt takove, které maji dogicd vliv na selektivitu separace.
Pti optimalizaci je obecna snaha o minimalizacttpogprovagnych experimerit z hlediska
casoveé uspory. Na zékladlesignu experimentu provedeme experimenty, ktegjisiime
retertni charakteristiky latek za danych podminek.
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Jejich zpracovanim (graf, vypet, specializovany software) zjistime optimalni
podminky chromatografické separace a parametryié kiejvice ovliviuji selektivitu.

V druhé fazi vyvoje metody pouzivame mimo roztokandgard v ¢istém rozpoustle téz
vzorek blankové matricefipraveny rkterou z vySe popsanych metod Upravy vzorku.
Nastikem upravené blankové matrice a standaidkdme dva chromatogramy. Na zaklad
jejich porovnani sepatai metodu dale optimalizujeme tak, aby bylo miniz@lano
mnoZstvi interferenci analyse slozkami matrice.

V této fazi je vhodné aiit selektivitu metody Kap. 1.12) zmétenim ¥tSiho p@tu
vzorki blankové matrice zvice zdfoj ZjiStuje se, zda nedochazi Kk interferencim
se stanovovanymi latkami. \fipact vyvoje metody pro TDM u ditych chorob je fieba
vzit v ivahu vyskyt komorbidit a na zaktadarmakoterapie échto komorbidit z&lenit
do testovani selektivity i tyto latky. Asi @ejs€ji se mohou jako potencionalni interference
vyskytovat latky ze skupiny NSAID (non-steroidakiainflammatory drugs), kontraceptiva,
antidepresiva, betablokatory, antidiabetika, apOKruh latek se liSi dle&ku a cast&né
i pohlavi v rekterych gipadech (kontraceptiva, hormonalnicbdda). U starSich jediric
je vysoky pedpoklad polyfarmacie. Z tohotouwbdu by selektivita metod primarn
uréenych pro monitorovani starSich paciemtéla byt dikladngji testovana s ohledem
na vybrany okruh potencion&limterferujicich latek.

Pokud optimalizaci chromatografickych podminek ja&ozména pH, sloZzeni MF,
jejiho pH, pfitoku, teploty apod. nedosahneme dostateseparace interferéné analyl
navzajem, volime jinou metodu Upravy vzorku, jigp stacionarni fazeifpadre jiny typ
detekce.

V tomto sméru bylo pro bioanalyzu velkym pokrokem zavedeni MS- metod
do k&Zné praxe, vzhledem ktomu, Ze MS poskytuje vyseelektivni zfisob detekce,
kde v mnoha fipadech latky koelujici s analytyimgletekci nevadi. Neplati to vSak obe&cn
vzhledem Kk riziku maténich efekd jak bylo zmigno vKapitole 1.5(sekce Hmotnostni
detektot) a v piipads koeluce izobarickych sl@genin v MS. V piipads izobafi totiz
nejsme schopni rozliSit na zaktakdmot tyto latky od sebe. Oproti vySe uvedenémuyms
kdy je primarni pozornostmnovana optimalizaci chromatografické separace tat®sému
rozliSeni vSech pik pii vyvoji metod s MS detekci jeiistup powrkud jiny. Zde je
pozornost soustdina spiSe na optimalizaci parantetrlastni detekce a Upravu vzorku
z hlediska mattinich efekd. P pouziti MS neni vzdy pozadovana dokonala
chromatograficka separace diky vysokeé selektigigtektoru. V mnohafifpadech neni ani

takova separace realn vzhledem k mnozstvi lasglogbvaném v ramci jedné analyzy.
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Ob¢as se objevuji metody, které separace nevyuziudgo a vzorek je nagtovan
piimo do iontového zdroje hmotnostniho detektoru, cobevSak tento postup nelze

doporuit praw z hlediska maténich efeki.

1.12 Validace

Poslednim krokem v celérifetzci vyvoje nové chromatografické metody, jejim
zavaéni do laboratorni praxe je jeji validace. Validasiiujeme, zda metoda splje
piedem specifikované pozadavky k uziti pro zamySlg®y. DalSi definicgika, Ze validace
je postup, jimz ziskdvame vysoky stiipestoty, Zze zamysSleny proces (v naSenipad
analyza vzorku) bude trvale poskytovat produkt kegky analyz), odpovidajiciiedem
stanovené specifikaci. Validace nanizea pomoci odhalit slaba mista celého analytického
procesu a stanovit limity, v jejichz mezich je méinetodu spolehlivuzivat.

PoZadavky na validaci nejsou univerzatiefinovany [220]. Jejich konkrétni podoba
zavisi na typu a zamysSleném uziti analytické metaglyohoto divodu jsou vydavana,
zejména regulatornimi organy jako je tigflad FDA Food and Drug Administration ICH
(International Conference on Harmonisation of TechhiRequirements for Registration
of Pharmaceuticals for Human Usaeebo EMEA European Medicines Agencyavazna
doporwieni pro validace metod v daném sektoru. V bioamahguZzivasSim doporgenim
pro validace j&suidance for Industry, Bioanalytical Method Valiobat [221].

NowéjSi evropskou obdobou je pdRuideline on Bioanalytical Method Validation
[222]. Nekteré aspekty validaci jsou dale zowvany napiklad v pracich [223-226].
Zakladni validani parametry budou popsany v nasledujicim textychazeji z posledniho
doporweni EMEA [222].

Selektivita je schopnost metody zcela jednoamaodliSit poZzadovany analyt a viii
standard od moznych interferénPaiet nezavislych vzorikblankové matrice pro stanoveni
selektivity ¢ini alespéa n=6. Kriteriem U0sgSnosti testu je néftomnost interferenci
v retertnim case analytui, které by pesahly 20% odezvy analytufipkoncentraci
na spodnim limitu stanovitelnosti (Lower Limit ofu@ntification - LLOQ). Pro vnihi
standard je to 5%. &kdy je misto terminu selektivita nespréwrzivano terminspecifita.
Metoda je specifickd pouze vipact, Ze poskytuje signal pouze pro jeden vybrany dnaly

coZ je v pipadt separ&nich technik velmi méalodiny jev.
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Prenos mezi nadtiky (Carry-over) se zjidje nastikem blankového vzorku, kterému
predchézel nask vzorku na hornim limitu kvantifikace (Upper Litndf Quantification -
ULOQ). Kriteriem uspsSnosti testu je néfitomnost signalu analytu v blankovém vzorku
ktery by gesahl 20% odezvy na dolnim limitu stanovitelnoti@Q). Pro vnitni standard
hodnotatini 5%.

Dolni limit stanovitelnosti (Lower Limit Of Quantification — LLOQ) je takova
koncentrace analytu, kdy je mozné jej stanovit Sat€nou Fesnosti a spravnosti.
Za LLOQ secasto klade nejnizSi kalib¥ai bod. Ripadné interference musi mit odezvu
nizSi nez 20% odezvy analytu na LLOQ.

Presnost(Precision) vyjatlje miru shody mezi jednotlivymi &enimi vzorku téze
koncentrace. #@snost je o¥fovana na &kolika koncentranich hladinach. W¥tSinou
na LLOQ a déale na nizké (3XxLLOQYeatini (okolo 50% rozsahu kalibrace) a vysoké (okolo
75% rozsahu kalibrace) koncentraci v ramci kalibrekiivky. Patet nezavislych vzork
na kazdé koncenttai hladiré je 5. Pokud jsou vzorky zpracovany po &ohkngieny
na jednom fistroji, jednim¢lovékem, jedna se o tzepakovatelnost(repeatability). Pokud
jsou vzorky ndteny s étSim ¢asovym odstupem,iznymi lidmi na fiznych gistrojich
vramci jedné laborate, jednd se o tzunezilehlou presnost (intermediate precision).
Poslednim fipadem je reni vzorki v riznych dnech, tznych laborattich, mfiznymi
lidmi na iznych gistrojich. V tomto pipact se jedna o @eni tzv.reprodukovatelnosti
metody (reproducibility). Fesnost se pidta jako varigni koeficient z narenych hodnot.
Variatni nesmi pesahnout 20% na LLOQ a 15% na ostatnich konaaritia hladinach.

Spravnost (Accuracy) vyjaduje miru shody zwfené koncentrace s koncentraci
skute&nou. Tato shoda je na zakéazinctené koncentrace vyjéeha v procentech nominalni
hodnoty. Casto se v3ak mira shody vyjage jako procentuélni rozdil mezi #renou
a nominalni hodnotou, tedy jakelativni chyba nebo bias. Stejreé jako u spravnosti
je presnost zjiBovana pro vice koncentmaich hladin (LLOQ, nizk4, sdni a vysoka)
meétenim paralelnich vzotk (n>5) na kazdé hladién ZjiSttnd koncentrace musi lezet
v rozmezi £20% nominalni koncentrace na LLOQ a x1B&oostatnich koncentmaich
hladinach.

Rozsahmetody je koncenttai rozmezi, ve kterém metoda poskytuje linearnalvzt
mezi koncentraci a odezvou detektorti, zachovani pedem dané fi@snosti a spravnosti.

Za spodni hranici rozsahu s&3inou povazuje LLOQ, zatimco hornim limitem je URO
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V tomto rozmezi musi hodnota poskytovat vysledkgresnosti vyjatenou jako
variaini koeficient C\k15% (20% na LLOQ) a spravnosti vrozmezi +15% (+20%
na LLOQ) okolo nominalni hodnoty.

Kalibra ¢ni kiivka definuje vztah mezi koncentraci analytu a odezdetektoru.
Odezva sevramci validace @uje na alespp Sesti koncentgaich hladindch @6)
vymezenychrozsahem(viz. vyse) pro minimala téi nezavisla mireni. Vzorky pro zjidini
kalibratni zavislosti se ffpravuji ve stejné matrici jako jsou vzorkycené k analyze.
V ramci meteni kalibr&ni zavislosti se k gfeni gidava také blankovy vzorek a nulovy
kalibratni bod (blankovy vzorek sfulavkem pouze vribiho standardu). Po zj&ti
regresni rovnice kalibtai kiivky jsou pro oeieni spravnosti zZpné vypotitany
koncentrace jednotlivych kalibfaich bodi. Vypoctena spravnost musi byt v rozmezi
+15% nominalni hodnoty standardu (na LLOQ +£20%)toTkritérium musi splnit alesgio
75% kalibr&nich standani z minimalré Sestibodové kalibemi zavislosti. V pipadt vice
opakovani na jednotlivych kalibmaich hladinach musi na dané hladimySe uvedena
kriteria spravnosti splnit alesp®0% vzork.

Matri ¢ni efekty nekontrolovatelnym zZisobem ovliviuji pii detekci odezvu analfyt
Problematika maténich efeki se tyka zejménaripadi fluorescetini nebo hmotnostni
detekce. Pro asfeni matrénich efekt se zji¥uje takzvany maténi faktor (matrix factor)

a neti se jako porér odezvy analytu (vnibiho standardu)imlaného do blankové matrice
po jeji Upra¥ (nag. SPE extrakci) a odezvy vzorku, kde byl analytitfym standard) fddan

ve stejné koncentraci ddistého rozpougtlla. Matriéni faktor by ndl byt zmgten
pro alespad Sest nezavislych blankovych matric pro nizkou (x.L3DQ) a vysokou
koncentraci analytu (ULOQ). Matnimi efekty v ramci validace se zabyva ve své préaci
nag. Eeckhaut et al. [40].

Oweienim stability zjiStujeme, Ze Zzadny z krdk celého analytického procesu
negativnim zfisobem neovliuje koncentraci analyti/ve vzorku. Ziskdvame informaci
v jakych mezich izeme se vzorkem pracovat. Sledovanymi parametiderbyt nap vliv
matrice vzorku, vliv pH, vliv teploty ip pifipraw, skladovani nebo v autosampleru, vliv
swtla, stani na vzduchu, vzorkovnic k uchovani a malaici se vzorky apod. Stabilita je
zjistovana pro kazdou matrici na ale#ipdvou koncentrénich hladinach (<3xLLOQ,
ULOQ). Porovnavany jsou hodnoty z{isge okamzi po gipraw vzorku s hodnotami
zjisttnymi po aplikaci danych podminek. Zjge koncentrace by &y lezet v rozsahu
+15% nomindlni hodnoty. &kolik poznamek k réfeni stability podava ndiklad
prace [227].
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Mezi stability BZn¢ zjistované pi validaci bioanalytické metody pét Kratkodoba
stabilita pri pokojoveé teplat. Aplikovany ¢asovy interval by rl pokryt standardni dobu
piipravy a manipulaci se vzorkem v rozmrazeném stged analyzou. DalSim &enym
parametrem jestabilita v autosampleru Testovanycasovy interval by md pokryt
maximalni dobu po kterou bude vzorekitpmen za dané teploty v autosampletiedo
analyzou. Tato doba je zavisla na velikostirg zpracovavanych sekvenci vzark dol
jedné analyzy, getre¢ doby gipadnych ekvilibrénich kroki a doby natru vzorku i
nastiku. Dlouhodoba stabilita nam podava informaci, po jakou dobu je mozné \Jore
skladovat B urcité teplot pred jeho analyzou. &Sinou se nii pro teploty 4°C
(skladovani v lednici), -20°C (skladovani v mrazaku-80°C pro skladovani
v hlubokomrazicim boxu a proc¢které analyty -195°C ipskladovani v tekutém dusiku.
Casovy interval mize byt od &kolika dni po rekolik let a je zéavisly od doby, po kterou
budou BZn¢ vzorky za danych podminek skladovany.

DalSim ze sledovanych paranigefe stabilita p¥i zmrazeni a rozmrazenivzorku.
Tento validé&ni test se provadi z tohoiwbdu, Zecasto jsou vzorky ffed provedenim
analyzy zamrazovany,tipadré je zapoatebi opakovani analyzy ze zamrazeného wvzork
Proto je nutné aitit, zda zmrazenim a rozmrazenim nedochézi k degraat@alytui.
K tomuto &elu je vzorek vzdy rozmraZzen, odebran alikvot Kyrea ogtovné zamrazen.
Tento cyklus se &Sinou na stejném vzorkwkolikrat opakuje. Mezi jednotlivymi cykly
musi byt minimala 12 hodinovy interval. R@t opakovani by s pokryvat gredpokladany
pocet rozmrazovani vzorkuéhem rutinniho pouzivani metodyétinou se peéet voli n=3.
Pokud jsou zamrazovany i zasobni roztoky standajel teba testy stability provéd
i pro re.

V ramci validace je také provéa test zpisobilosti systému V ramci tohoto testu
jsou ziskany udaje vztahujici se hagk opakovatelnosti n&gtu, innosti kolony
vyjadiené jako poet teoretickych pater, rozliSeni, symetrii jpi&k opakovatelnosti. V testu
zpisobilosti metody by ®y byt zahrnuty pedevSim kritické parametry majici vliv
na usgsné provedeni analyzy. Tento test byl royt provadgn pred kazdym pouzitim

metody a vysledky testu byahy byt porovnany s vysledkem ziskanyif yalidaci metody.
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2. Cile disertaéni prace

Predkladana disertai prace je ¥novana vyvoji a validaci metod pro transportni
a metabolické studie. r@&dmétem je bioanalyza v s vyuZitim kapalinové
chromatografie. Hlavnim cilem byl vyvoj metod prdaroveni vybranych latek
v biologické matrici s vyuzitim HPLC. Jednalo s@gmzéna o vyvoj a optimalizaciifpravy
vzorku a separace s naslednou validaci metody. dWdigly aplikovany bd’ v zakladnim
vyzkumu [ experimentech na laboratornich iatech nebo i terapeutickém

monitorovani l€iv (TDM) pouzivanych v klinické praxi.

Dil¢i cile prace:

1. Vyvoj metody pro stanoveni polyglutamaimetotrexatu v lidskych erytrocytech
za ltelem TDM @ nizkodavkovém podavani metotrexatu u vybranych

autoimunitnich poruch.

2. Vyvoj metody pro TDM cytostatika 5-fluorouracilietre jeho vybranych metabalit

v lidské plasm pro &ely individualizace farmakoterapigipéecbé karcinomu rekta.
3. Vyvoj metody pro stanoveni inhibitoru arginaz o&{hydroxy-nor-L-argininu

v plasng a identifikace jeho hlavniho metabolitu pomoci MS. Metoda byla vyuzita

pro pilotni farmakokinetickou studii na potkanech.
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3. Vysledky a diskuze

V této kapitole je popsan vyvoj a validace metodg gtanoveni5-fluorouracilu
ajeho neaktivniho metabolitu5-fluoro-5,6-dihydrouracilu. Na vypracovani této
bioanalytické metody se podilel vyhra&dautor diserténi prace. Vyvoj zahrnoval nalezeni
kolony vhodné pro separaci a optimalizaci chromafickych podminek, dale pak nalezeni
vhodného postupu Upravy vzorku, validaci metodypraeovani vzork dodavanych
Onkologickou klinikou Fakultni nemocnice v Hradci réfové. Prace zabyvaijici
se klinickymi aspekty individualizace davkovani lGerouracilu s kapitolou zabyvajici
se metodou stanoveni bylafijpta do ceského recenzovanéhdasopisu Kilinicka

farmakologie a farmaciea v soasné dob je v tisku.

Dale jsou zde uvedeny komeidgdke d¥ma metodam, které byly publikovany
v odbornych zahradinich c¢asopisech s impakt-faktorem. Jedna se o stanoveni
polyglutamati metotrexatu v lidskych erytrocytech a stanovenN-(w)-hydroxy-nor-L-
argininu v potkani plasmé, véetré identifikace jeho metabolitu metodou LC/MS/MS.
Analyticka ¢ast byla opt zcela v kompetenci autora této pracget® sepsani manuskript
a publikovani metod v odbornyafasopisech. Textyéthto ¢lanki jsou v diserténi praci

k dispozici v plném rozsahu.

Na statistickém zpracovani dat v diskutovanych iphase podilel Doc. Ing. Jaroslav
Chladek, Ph.D. Konzultantemtipvyvoji metod byl Doc. PharmDr. Milan Nobilis, CSc
Na klinické a farmakologickéasti praci se podileli MUDr. @iGrim, Ph.D., MUDr. Jana
Tukova, Ph.D., Doc. MUDr. Pavla Dolezalova, Ph.DP@f. MUDr. Jfina Martinkova
CSc. Experimentalndast prace na zkdtech a zpracovargsti vzorki pro (&ely validace

metody stanoveni nor-NOHA byla provedena Ing. Zozadavlinovou.

V Kapitole 7.2 je uveden pehledny seznam dalSich praci publikovanych
Vv recenzovanych casopisech a ¢asopisech s impakt-faktorem, na kterych jsem
spolupracoval. Tyto prace zahrnuiji SirSi problekuatiez analytickou strankweei a podilel
jsem se na nich jako analytiki pptimalizacic¢i zavadni HPLC metod a analyzou vzdrk

biologického materialu.
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3.1 Stanoveni 5-fluorouracilu, 5,6-dihydrouracilu,
5-fluorouridinu a 5-fluoro-2’-deoxyuridinu v lidské

plasm é

3.1.1 Uvod

Prestoze 5-fluorouracil (FU) ma za sebou jiz vice gaklesatiletou historii v klinické
praxi, stale si drzi vyznamné misto v protinadordeéapii [228]. NejastjSi indikaci
pro podani 5-fluorouracilu je paliativni [229], adantni [230]¢i neoadjuvantni [231] léha
solidnich nadar zaZzivaciho traktu. V kombinaci s jinymi cytostgtik(oxaliplatina,
irinotekan) je pouzivan k &¢ nékterych dalSich nadorako karcinomu hlavy a krku, plic,
prsu, m@oveho néchyfe, prostaty, élohy a dlozniho ¢ipku. 5-Fluorouracil je podavan
formou bolusu fipadreé infuze v rekolika cyklech. Farmakologii fluoropyrimidinvcetns
metabolismus 5-fluorouracilu popisuji faprace [228, 232]. Mnoho let pouZivaniigbup
k davkovani 5-fluorouracilu, zalozeny na velikostlochy €la, se ukazuje jako
problematicky, vzhledem k velké interindividualnianabilitt jeho farmakokinetiky
anizkému terapeutickému indexu. Ztohotaivatlu se pstupuje Kk individualni,
farmakokineticky fizené terapii [233-234]. K tomutoc¢élu vSak musi byt k dispozici
vhodna metoda stanoveni plasmatickych koncentratiobouracilu. Jejich dostupnost
v klinickych laboratéich je limitovana, & uz z divodi znané problematickéhatasow
naraného vyvoje metody stanoveni pomoci HPLC - UV/\&iSnedostupnosti LC-MS
technologie.

Pro ely TDM vramci studie Individualni predikce davkového rezimu
5-fluorouracilu v Iebe kolorektalniho karcinomu(grant IGA, NS/9693-4) byla vyvinuta
metoda stanoveni 5-fluorouracilu a jehi® hlavnich metabolit Struktury latek jsou
uvedeny nadbrazku 22

Jak si Ize povSimnout zejména u 5-fluorouracilufaudro-5,6-dihydrouracilu (FUB),
jde o latky znané strukturré podobné, liSici se pouze jednou dvojnou vazbouicnaelmi
polarni, Spaté absorbujici v UV/VIS, bez iftomnosti fluoroforu s nizkou molekulovou
hmotou. Tyto vlastnosti jiz samy o solpiedstavuji komplikaci fd vyvoji vhodné
chromatografické metody.
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Pripocteme-li dale nutnost stanovertchto latek v komplikované biologické matrici
jako je plasma a nutnost rozliSe&¢hto latek od endogennich, strukt@podobnych latek,
uracilu a jeho dihydroderivatu 5,6-dihydrouracilustojime  ped narénym

chromatografickym Ukolem. Absarpi spektra latek jsou Mabrazku 23

Vyvoj metody probihal v prvni polovénroku 2009. V této dab byly v literatue
popsany postupy vyuZivajicichiznych gistupi k pripraw vzorku, vlastni separaci
i detekci 5-fluorouracilu a fbuznych latek. Mezi metody vyuzivané graw vzorki
pro stanoveni 5-fluorouracilu &puznych latek pait deproteinace [235-238], L-L extrakce
[239-251] ¢i SPE extrakce [252-254]. Detekce byla veétSine uvedenych fipadi
provacgna v UV/VIS s vinovou délkou pod 270 nm. K detekgilo vyuzivano i MS,
nicméré 5-fluorouracil je vhodné fied analyzou derivatizovat vzhledem k tomu, Ze tato
latka poskytuje jak v ESI tak APCI velmi slaby siji245].

Separace bylaasto provagha véisté vodnych mobilnich fazich [241, 247, 250, 255]
¢i s vyuZzitim sériovéhdazeni vice kolon [244]. Od ukéeni vyvoje metody v roce 2009
bylo publikovano wkolik dalSich praci pojednavajicich o stanoveniustburacilu a jeho
metabolifi v biologickych matricich [256-262]. Recentnitepled praci zabyvajicich
se stanovenim samotného 5-fluorouracilu podava®Betdl. [263].

V dobke vyvoje byl u ¥tSiny vySe uvedenych metod limit jejich pouZiteliigso nasi
studii vtom, Ze neumdbvaly stanoveni metabalit5-fluorouracilu, pipadré zde nebyl
piekryv s metabolity poZzadovanymi v zadani, dalSiezedsadni fekadZzkou pouzitelnosti
byly vysoké limity stanovitelnosti (LLOQ) 5-fluoroacilu, které se pohybovaly fadu
jednotekpg.mr*. Pro studii bylo zapéebi deteknich limiti aZ o dvarady nizsich, v oblasti
desitek ng.mt a moZnost docilitéchto limiti s vyuZitim UV/VIS detekce, vzhledem

k absenci jiné vhodné moznosti detekce na haSecovyis.
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Obrazek 22. Chemicka struktura 5-fluorouracilu (a) a jeho rbetéd 5-fluoro-5,6-dihydrouracilu (b),

5-fluorouridinu (c), 5-fluoro-2’-deoxyuridinu (d)
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Obrézek 23.UV/VIS absorgni spektra sledovanych latek s koncentragig®ni* v 10 mmol.i* HCI
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3.1.2 Experimentalni €ast

V této ¢asti budou popsany vysledné parametry metody. kudispak budou probrany

detailrgji jednotlivé kroky vyvoje metody.

Seznam pouzitych pistroja, vybaveni, materialu a chemikalii

Chemikalie:

5,6,-dihydro-5-fluorouracil dar firmy Roche
5-fluorouracil Fluka (katc. 47576)
5-fluorouridin Fluka (kat¢. 47580)
5-fluoro-2’-deoxyuridin Sigma (kat. FO503)
5,6-dihydrouracil Sigma (kat. D7628-5G)
Uracil Sigma (katt. U0750-5G)
Mravertan amonny Sigma (kat. 70221-100G-F)
Dihydrogenfosforénan draselny  Sigma (kat. P5655-500G)
Chlorid sodny Lachner (kat. 30423)

Siran niéd’naty heptahydrat p.a. Lachema
Kyselina chlorovodikova 35% p.a. Lachner (kat0033-A35)

Kyselina sirova 97% p.a. Merck (kat1.00731)
Methanol (LiChrosolv) Merck (kat. 1.06007)
Acetonitril (LiChrosolv) Merck (kat. 1.00030)
Ultragista voda (MilliQ) Millipore

Stlateny dusik 99.99% Linde

66



Vysledky a diskuze

Pristroje:

Kapalinovy chromatograf 1200 Series (Agilent, Palim, USA)

UV/VIS spektrofotometr UV-2101 PC (Shimadzu, Kyalaponsko)

pH metr (WTW, Weilheim, Mmecko)

centrifuga IEC CL31E (Thermo Electron Corporatibtilford, MA, USA)
SPE manifold, 24-pozic (Watrex, Pragdeskéa republika)

termoblok Termovap (Ecom, Praltzeské republika)

pipety mLine 100-100QL a 10-100uL (Biohit, Helsinky, Finsko)

SPE kolonky:

Atoll 100/1 a 100/3 (Interchim, Montlucon, Francie)
Oasis HLB 1cc/30mg (Waters, Milford, USA)
SupelClean LC-SCX 1mL (Supelco, Bellefonte, USA)

Priprava vzorku

Vzorky plasmy (1.5 ml) z hlubokomraziciho boxu -80Se nechaji rozmrazit ve ¢m
na termobloku H 30 °C. Ke vzorkm se pid& 60pl vnitiniho standardu v 10 mmat.HCI
(5-chlorouracil, c=1Qug.m[*) a poté se vortexuji a odistli (11000 g, 5 min). Nasleduje
SPE extrakce na kolonkach Atoll 100/3 (Interchimarfeie) dle néasledujiciho postupu:
promyti kolonky 2 ml acetonitrilu, 2 ml methanoluLanl vody MilliQ, kondicionace 1 ml
fosfatového pufru (KBPQs, 10 mmol.l*, pH=2,0), naneseni a prosati 1.5 ml vzorku plasmy
s vnitnim standardem. Nasleduje promyti 1 ml mra&eeového pufru (HCOONK
10 mmol.I!, pH=5,0) do sucha a eluce 5@0 sm¥si acetonitril-methanol (80:20, v/v).
Po odp&eni pod proudem dusiku (15 min, 45°C) jsou vzorglonstituovany ve 20Ql

kyseliny chlorovodikové (10 mmaf).

Separace

Separace je provada na chromatografické koloh UNA PFP(2) 150 mm x 4,6 mm,
5 um (Phenomenex, Torance, USA) gradientovou elucibiMbfaze A je tvéena vodou
MilliQ (pH upraveno na hodnotu 2,5). Mobilni fazet®ii smeés methanolu a mobilni faze
A (1:1, v/v). Gradientovy program je nasledujicio-6,5 min 6 % B, 5,5-15 min 6-50 %
B, 15-17 min 100 % B, 17-20 min 6 % B.
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Detekce

Detekce latek byla provada v UV/VIS oblasti v kratkovinn&asti UV spektra.
K detekci byl vyuZit nasledujici program vinovyckélek: 0,0-10,35 min 210 nm,
10,36 -20 min 260 nm. Takto nizkad vinova délkdabpouzita vzhledem k absenci
absorgniho maxima 5-fluoro-5,6-dihydrouraciluiiprysSich vinovych délkachQpr. 23.
Pro detekci 5-chlorouracilu (viiiti standard), 5-fluorouridinu a 5-fluoro-2’-deoxidinu
byla pouzita jiz vysSi vinova délka vzhledemilii@mnosti absofmiho maxima okolo 260

nm. Ri této vyssi vinové délce byl ziskéistSi chromatogram.

3.1.3 Vysledky a diskuze

Pri vyvoji metody byl kladen poZadavek na separadkera 5 latek ze skupiny
halogenovanych deriviat pyrimidinu a dihydropyrimidinu od jejich fpozenych
nehalogenovanych analibguracilu a 5,6-dihydrouracilu a dalSich endogenniétek
piitomnych v plas@ Jednalo se o 5-fluoro-5,6-dihydrouracil (FyH6-fluorouracil (FU),
5-chlorouracil (CIU, vnini standard), 5-fluorouridin (FUrd) a 5-fluoro-2éaxyuridin
(FdUrd). Red zapdetim vyvoje metody byla prodrena UV/VIS absorni spektra vSech
uvedenych halogenovanych deri¥atpro zjiséni absorpnich maxim. Dale byla
experimentalsé zjiSttna giblizna hodnota pKa 5-fluorouracilu jako modelovétkly
pro prvotni odhad jejiho ret&miho chovani v zavislosti na pH mobilni faze.

Hodnota pKa byla zjt®vana pomoci spektrofotometrického pedemi sady roztak
5-fluorouracilu jednotné koncentracé piznych hodnotach pHQbr. 24A. Z nangtenych
dat byl vynesen graf zavislosti absorbande 265 nm, coZ je vinova délka jednoho
z absorpnich maxim, na pH roztokuOpr. 24B. Z inflexniho bodu sigmoidni zavislosti
byla zjiS€na hodnota pKa ~ 8, ktera velmi debkorespondovala s udajem nalezenym
v literatu'e pKa=7.93 [264]. Hodnota byla potvrzena i prédikn softwarem Marvin,
Calculator Plugin and Chemical Terthsktery je volrg dostupny na internetu jako Java
aplet. Stejnym softwarem byly modelovankivky zastoupeni jednotlivych ionizovanych

forem stanovovanych latek v zavislosti na [@bf. 25 - 29.
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Obrazek 24 Zavislost absokmiho spektra 5-fluorouracilu na hodégiH (A). AbsorbanceN=265 nm)
v zavislosti na pH roztoku 5-fluorouracilu (B). Zaju B byla zjiSéna @iblizna hodnota pKa ~ 8

5-fluorouracilu
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Obrazek 25.Distribuce neionizované a jednotlivych ionizovanyorem 5-fluorouracilu v zavislosti na pH.
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Obrazek 26 Distribuce neionizované a jednotlivych ionizovaehyforem 5-fluoro-5,6-dihydrouracilu
v zavislosti na pH. Vzhledem k nestalgiliatky v alkalickém progedi, nelze uvedené formy latkyi ppH

vySSim jak ~9 v roztokudekéavat.
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Obrazek 27. Distribuce neionizované a jednotlivych ionizovahyforem 5-chlorouracilu (vriti standard)

v zavislosti na pH.
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Obrazek 28 Distribuce neionizované a jednotlivych ionizovahyforem 5-fluorouridinu v zavislosti na pH.
Pro gehlednost byly uvedeny pouzé mejvice zastoupené formy z celkovych patnactbfiita latky v silrg

alkalickém prostedi mize byt diskutabilni a zji®vani této stability nebyloipdnetem pgedkladané prace.
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Obrazek 29 Distribuce neionizované a jednotlivych

ionizovany forem 5-fluoro-2’-deoxyuridinu

v zavislosti na pH. Proiphlednost byly uvedeny pouz#i hejvice zastoupené formy z celkovych deviti.

Stabilita latky v silg alkalickém prosedi mize byt diskutabilni a zji®vani této stability nebyloipdnétem

piedkladané préace.
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Pt vyvoji metody bylo nejprve testovano celkem 9 dwls fiznymi stacionarnimi
fazemi ([ab. 1-3. Vzhledem kvelkému rozsahu polarit jednotlivydatek bylo
pro testovani separace vyuzito linearni gradientguée s ptatkem ve 100% mobilni faze
A (MFA) s rychlosti nakstu objemové koncentrace mobilni faze B (MFB) 1%dautu
pii pritoku 1 ml.mir' a teplot 25 °C. MFA byla tvéena vodou MilliQ (pH=2.5) a MFB
se skladala z methanolu a MFA (1:1, v/v). Kyselé mpbbilni faze bylo pouZito vzhledem
ke skuténosti, Ze stanovované latky se chovaji jako slalyseliny jak vyplyva
z Obrazli 25-29a literatury [264]. Pouzitim kyselé mobilni fazectiazi k potléeni jejich
disociace a tedy zvySeni hydrofobicity. K detekgl pouzit UV/VIS detektor nastaveny
na vinovou délku 210 nm.

Vysledky experimentu jsou shrnuty r@brazcich 30-32 Reterni ¢asy, rozliSeni
a symetrie pik pro jednotlivé kolony jsou uvedenyTabulkach 1-3Z vysledki vyplyva,
Ze jako zcela nevhodné je pouziti vSech kolon adsdylovou modifikaci povrchu
stacionarni faze (Gemini NX-C18, Synergy 4u Hydi®;RHypersil GOLD, Eclipse
XDB-C18). Ve vSech fipadech dochazelo ke koeluciét§iho ¢i menSiho pétu
stanovovanych latek. Z kolon se stacionarni fazB Geg jako nejlepSi ukazala kolona
Gemini NX-C18, bohuzel rozliSeni 5-fluoro-5,6-dilmgdracilu uracilu a dihydrouracilu
bylo nedostaté Obr. 30, Tab. L

DalSi skupinou testovanych kolon byly kolony s pélnbrofenylovou modifikaci
stacionarni faze (XSelect CSH Fluorophenyl, HypeRFP, Luna PFP(2)). Tento
typ modifikace byl vybran za#mné, vzhledem kodliSné selekti¥it ve srovnani
s oktadecylovou stacionarni fazi, zlepSené seliéktpro fluorované a chlorované latky
a moznosti pouzit tyto kolony ve vodnych mobilnfézich. Z testovanych kolon se jako
nevhodné ukazaly faze XSelect CSH Fluorophenyl persil PFP. Dobré separace bylo
dosazeno s kolonou Luna PFP(2), kde byly vSechnyagmvané latky separovany
s nejlepsim rozliSenimOpr. 31, Tab. 2 Tato kolona se ukazala jako nejvh&@dnze vSech
testovanych stacionarnich fazi a byla pouzita aitéidryvoj metody.

Mimo klasickych kolon s pka poréznimi sorbenty byly také testovany kolony
s ,core-shelt technologii Kap. 1.9.3. Testovany byly stacionarni faze Ascentis Expi&s
(2,7 um) a Kinetex PFP (2,um), ok® s pentafluorofenylovou modifikaci. Lépe z testu
vySla kolona Kinetex, avSak raddni vSech sedmi latek se nepiitauskut&nit na ani
jedné z kolon score-shelt technologii Obr. 32, Tab. B3 pii pouziti konvekniho
chromatografu, ktery vzhledem k tlakovému limituumezioval docilit optimalniho

pratoku mobilni faze.
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Kolana Phenomenex Gemini NX-C18 Kolana Phenomenex Synergi Hydro-RP
Rozrmér 150 mm % 4.6 mm Rozrmér 150 mm % 4.6 rmm
Sorbent 5um Sorbent 4 um
Latka i [min] R:  Wys[min]  Sym. Latka 1 [min] R:  Wis[min]  Sym.
5 B-dihydrouracil 3.06 - 0.0631 0.56 S-fluoro-5 B-dihydrouracil | 1.882 - 0.0905 0.74
5-fluoro-5 B-dihydrouracil 324 1.6 0.0650 0.85 5 B-dihydrouracil 1.885 0.0z 01236 0.60
uracil 336 1.1 0.0643 0.8s uracil 2.026 074 01012 0.6
S-fluarouracil 3.87 4.4 0.0704 0.59 S-fluarouracil 2.327 1.83 0.0218 0.81
S-chlorouracil 5.92 215 0.0971 0.9 S-chlorouracil 4.668 1212 0.1354 0.56
S-fluorouridin 8.91 1.3 0.1100 0.99 S-fluorouridin 5.537 763 01827 0.95
S-fluoro-2-deaxyuridin 11.45 129 0.1213 0.99 S-fluoro-2-deoxyuridin 8.793 514 0.1733 0.94
Kolana Thermo Hypersil GOLD Kolana Eclipse XDB-C18
Rozrmér 150 mm % 4.6 mm Rozrmér 150 mm % 4.6 rmm
Sorbent 5um Sorbent 5um
Latka t- [min] R Wy s [min]  Sym. Latka t- [min] R: Wy s [min]  Sym.
5 B-dihydrouracil 333 - 0.0841 079 5 B-dihydrouracil 213 - 0.0788 072
uracil 342 065 0.0793 0.84 uracil 213 0.0o 0.0830 077
S-fluoro-5 B-dihydrouracil 3.42 0.00 0.0813 0.92 S-fluoro-5 B-dihydrouracil 215 0.13 0.0882 0.78
S-fluorouracil 3.81 279 0.0837 0.59 S-fluorouracil 2.43 1.77 0.0954 0.74
S-chlarauracil 5.54 16.04 0.1165 0.23 S-chlarouracil 4.22 g.01 0.1681 0.71
S-fluorouridin 7.95 6.73 0.1294 0.95 5-fluorouridin 5.89 558 01837 0.83
S-fluorg-2-deoxyuridin 10.35 10.34 0.1456 0.97 S-fluorg-2-decxyuridin 7V 5.54 0.2055 0.582

Obrazek 30 a Tabulka 1 Chromatogramy separace uracilu, 5,6-dihydrowa&iffluorouracilu, 5-fluoro-5,6-
dihydrouracilu, 5-fluorouridinu a 5-fluoro-2’-deousidinu na plg poréznich ¢asticovych sorbentech
s oktadecylovou maodifikaci povrchu. Gradientovacel probihala v systému mobilnich fazi MFA - voda
(pH=2,5) a MFB - methanol:MFA (1:1, v/v) s fidtem 1% MFB za minutuippratoku 1,0 ml.mift.
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Kaolona Waters XSelect CSH Fluorophenyl Kolona Thermo Hypersil GOLD PFP
Razmér 150 mm % 4.6 mm Rozmér 150 mm ¥ 4.6 mm
Sorbent 3.5 um Sorbent 5 um
Latka t [min] R Wi s [min]  Sym. Latka t- [min] Rz Wy s [min]  Sym.
S-fluoro-5 B-dihydrouracil 176 - 0.0954 0.56 S-fluoro-5 B-dihydrouracil 3.071 - 0.0786 0.85
5 B-dihydroaracil 1.79 0.20 0.0890 0.55 5 B-dihydrouracil 3.101 0.22 0.0837 079
S-fluorouracil 1.95 1.08 0.0874 063 uracil 3.182 0.58 0.0801 0.84
uracil 1.95 0.02 0.0971 059 S-fluorouracil 3337 1.13 0.0815 087
S-fluorouridin 237 239 0.1068 0.BE S-chlorouracil 4770 8.84 0.1092 0.89
S-chlorouracil 269 1.79 0.1043 064 S-fluorouridin 4.897 0.5 01197 09
S-fluoro-2-deoxyuridin 3.31 3.05 0.1359 0.70 S-fluoro-2-deoxyuridin 5.928 3.59 0.1585 0.589
Kolona Phenomenex LUNA PFP2)
Rozmér 150 rarm % 4.6 mm
Sarbent 5 um
Litka t; [min] R; W ([min]  Sym.
5 B-dihydroaracil 4,359 - 0.1367 0.78
uracil 4 657 1.37 01197 0.a8
&-flugra-5 B-dihydrauracil 4,800 0.70 01207 0m
S-flugrauracil 2411 289 01252 0.94
S-chlorouracil 9.110 1362 01912 099
S-fluorouridin 10.56 4.13 02217 1.02

S-fluoro-2-deoxyuridin 14,094 §.73 0.2547 1.03

Obrazek 31 a Tabulka 2 Chromatogramy separace uracilu, 5,6-dihydrowa&iffluorouracilu, 5-fluoro-5,6-
dihydrouracilu, 5-fluorouridinu a 5-fluoro-2’-deousidinu na plg poréznich ¢asticovych sorbentech
s pentafluorofenylovou modifikaci povrchu. Grad@m eluce probihala v systému mobilnich fazi MFA -
voda (pH=2,5) a MFB - methanol:MFA (1:1, v/v) s iétem 1% MFB za minutuippritoku 1,0 ml.mirt,
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Kolana Phenomenex KINETEX PFP Kolana Supelco ASCENTIS Express F5
Rozmér 150 mm x 3.0 mm Rozmér 150 mmm x 3.0 mm
Sorbent 2.6 um Sorbent 2.7 um
Latka t- [min] R Wy s [min]  Sym. Latka t- [min] R. Wy s [min]  Sym.
5 B-dihydrouracil 211 - 0.0725 0.81 5 B-dihydrouracil 1.654 - 0.076 0.7a
uracil 2135 020 00721 0.82 uracil 1.974 2580 0.0744 0.76
S-fluoro-5 B-dihydrouracil 2417 2.7 0.0739 0.81 S-fluoro-5 B-dihydrouracil 2.012 0.30 0.0728 0.77
S-fluorouracil 263 1.69 0.0744 084 S-fluorouracil 2.094 067 0.0709 0.a0
S-chlorouracil 4174 1093 0.091 0.go S-chlorouracil 2837 570 0.0824 0.7g
S-fluorouridin 4 677 280 0.0985 0.52 S-fluorouridin 2839 0.0 0.0813 0.85
S-fluoro-2-deoxyuridin 5.577 11.07 0.1141 0.93 S-fluoro-2-deoxyuridin 3.833 5.50 0.0987 0.35

Obréazek 32 a Tabulka 3 Chromatogramy separace uracilu, 5,6-dihydrouna&ifluorouracilu, 5-fluoro-5,6-
dihydrouracilu, 5-fluorouridinu a 5-fluoro-2’-deougidinu na kolonach scpre-shell technologii
a pentafluorofenylovou modifikaci povrchu. Grad@m eluce probihala v systému mobilnich fazi MFA
voda (pH=2,5) a MFB - methanol:MFA (1:1, v/v) simtem 1% MFB za minutuippratoku 0,45 ml.mift.
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V dalSim kroku bylo fistoupeno k optimalizaci ffpravy vzorku. Nejprve byla
testovana moZznost prosté deproteinace roztoky ikysealhloristé nebo trichloroctové.
Vysledkem vSak byly extrakty obsahujidilli mnoho latek interferujicich se stanovenim.
Dale bylo testovano vyuziti L-L extrakce pomodikolika organickych rozpouddel
nemisitelnych s vodou. Extrakce probihala z vodage fpo jejim okyseleni kyselinou
chloristou. Porér objemu organické a vodné faze byl 1000:260Vysledky experimentu
strikné shrnujeTabulka 4 Jak si Ize povSimnout vyuZziti L-L extrakce nebwldomto
piipact priliS vhodné k obecah velmi nizkym @innostem extrakce, zejména kigad
5-fluorouridinu  a  5-fluoro-2’-deoxyuridinu.  Vyjimku tvoii pouze 5-fluoro-5,6-
dihydrouracilu pi pouziti ethylacetatu jako extr&kiho cinidla, kde se vyZnost
pohybovala fes 86%. V dob vyvoje metody jiz byly na trhu k dispozici iontoképaliny
(Kap. 1.10.%, které by pravébodobré byly daleko vhod&Simi extraknimi cinidly
nez klasicka organicka rozpoédka, nicmés jejich testovani nebylo mozné vzhledem

k jejich vysoké ce&

Tabulka 4. Vytéznost extrakce 5-fluoro-5,6-dihydrouracilu, 5-flaaracilu, 5-fluorouridinu

a 5-fluoro-2’-deoxyuridinu z vodné faze.

7w~

Vytéznost extrakce
Extrak éni €inidlo Slou éenina
vytéznost %

FUH, FU FUrd FdUrd
tert-butylmethyl ether 11.7 30.3 2.36 0.00
diethylether 6.2 10.5 0.43 0.29
dichlormethan 3.2 0.6 0.06 0.15
chloroform 1.8 1.5 70.9 0.15
ethylacetat 86.5 28.3 14.0 0.52
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Mezi ponerné zajimavé metody izolace 5-fluorouracilu a jeho naytych metabolit

Z biologické matrice, které bych zde rad zminiltfipanetoda Guerrierino [252]. Tato
metoda vyuZziva ligand-vyégnného mechanismuripSPE extrakci na silném katexu (SCX)
modifikovaném mid’natymi ionty. Postup byl na naSem pracovisti tedstona kolonkach
Supelclean LC-SCX. Bohuzel se ukazalo, Ze se 5dhag6-dihydrouracil rozklada
v alkalickém prosedi @i eluci roztokem amoniaku. Bylo testovan@kalik dalSich
slowenin potencionak vhodnych jako eléni ¢inidla pro ligandovou vynu misto
amoniaku (nap hydrazin, hydroxylamin, glycin, ethylendiamin, defina $avelova,
citronova, askorbova, cystein, thiokyanatan amonighuzel bez igswdcivych vysledK.
Hlavnimi nedostatky byly zejména nasledné problénoyromatografii, Spatna w¥ynost

extrakce pipadre rozklad 5-fluoro-5,6-dihydrouracilu.

Pro gipravu vzork byly dale testovany extraki kolonky s hydrofilg-lipofilni
néplni (Oasis HLB, Waters). Zde se projevil problémizkou retenci anafytna SPE
kolonce a jejich ztrétjiz pti promyvani kolonkyistou vodou. Posledni z testovanych SPE
kolonek byly kolonky Atoll, které byly vyuzity najklad v praci Déporte et al. [265Fip
extrakci uracilu a 5,6-dihydrouracilu z plasmy. ri@&nt €chto SPE kolonek je t¥en
polymerem s velmi velkou plochou aktivniho povrciwyznaujici se dobrou adsorpi
kapacitou i pro velmi polarni latky. Jiz po prvniekperimentech se ukazalo pouziti tohoto
typu sorbentu jako velmi vyhodné.

Piavodni metoda SPE extrakce [265] byla modifikovana mpase Gely. V prvnifad
se ukazalo, Ze inicialni proplach pouze 1 ml methameni posté&ijici vzhledem
ke skuténosti, Zze p zawrecné eluci, ke které jsme pouzivali &n acetonitrilu
s methanolem dochazi k vymyvani interfeteniSicich stanoveni FUlkteré se uvailuji
z materialu sorbentu. Z tohotoivbdu byl zdazen inicialni proplach a kondicionace
kolonek nejprve 2 ml acetonitrilu nasledované 2 mméthanolu. V dalSim kroku byla
organicka rozpoudtila vymyta 1 ml vody a kolonka kondicionovana 1 fo$fatového
pufru (KH,POs, 10 mmol.I, pH=2.0). Kyselé pH bylo zvoleno pro pagmi disociace
analyti. Oproti pivodni praci jsme zjistili, Ze neni nutné vzordleg aplikaci na kolonky
fedit fosfatovym pufrem. Po aplikaci vzorku na kddon nasledoval promyvaci krok 1 mi
roztoku mravetanu amonného (HCOONH10 mmol.l', pH=5.0). Pro eluci bylo oproti
puvodni praci pouzito aft modifikovaného slozeni elniho ¢inidla obsahujiciho s#s
acetonitril:methanol (20:80, v/v). Toto sloZeni pgsvalo optimalni vyZnost vSech

analyti pii minimalizaci koeluce interferujicich latek.
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Eluaty byly sbirdny do 3 ml sklénych zkumavek a odpeny pod proudem dusiku
(10 min, 45°C) s naslednou rekonstituci ve 2@0roztoku kyseliny chlorovodikové
(10 mmol.IY). Vzhledem k nutnosti stanoveni nizkych konceritratadu desitek ng.nil
bylo nutné zakoncentrovani vzorké¢hem SPE extrakce.iodem byla zejména slaba
absorpce analit pri vyuziti UV/VIS detekce. Pro prvni experimenty byvzato k SPE
extrakci 1 ml plasmy. # uziti tohoto objemu a rekonstituci ve 2Q0 objemu bylo
dosazeno d¢inasobného zakoncentrovani. ZvySenim objemu zpéa@mé plasmy
na 1.5 ml bylo moZné dosahnout lepSiho limitu st@etmosti. Zpracovani &tSiho objemu
nez 1.5 ml jiz nebylo Zadouci vzhledem kéZzépacient, ktefi mimo odkra pro stanoveni
5-fluorouracilu a metabolit absolvuji idalSi invazivni odby pro jind biochemicka

vySeteni.

Poslednim krokem ve vyvoji metody byla finalni G@magradientové eluce, pH
a piitoku mobilni faze a teplotyfpseparaci pro dosazeni maximalni rozliSeni 5-th)6-
dihydrouracilu  a 5-fluorouracilu  od  endogennich ekat zejména  uracilu
a 5,6-dihydrouracilu, na kolénLuna PFP(2) (150 mm x 4,6 mm,Bn). Z uvedenych
parametit mély rozhoduijici vliv na separaci vySe uvedenychkaejména hodnota pH, kde
s rostoucim pH dochazelo ke zhorSovatingiosti separacétyi vySe uvedenych latek.
Z tohoto divodu byla ponechdna hodnota pH=2,5 s ohledem n#atdo®u Einnost
separace a zivotnost kolony. Teplotalanopst vliv na separaci zejména uracilu a 5-fluoro-
5,6-dihydrouracilu. Z testovaného rozsahu 15-4m$® nejlepSich vysledkdosazeno i
teplo& 20°C, avSak pro separaci byla nakonec zvolenatem 5 °C vySSi, vzhledem
k omezeni fipadnych fluktuaci zejména v letnichésicich, kdy je zvySené riziko,
Ze Peltierovytlanky ugené k chlazeni kolonového termostatu nebudou séhdpstatené
odvadt teplo z regulovaného prostoru a dojde k nekoowatelnym zminam teploty
a posufim v reternich ¢asech. Vysledné parametry separace jsou nasledjdeb,5 min
6 % B, 5,5-15 min 6-50 % B, 15-18 min 6 % B pritoku mobilni faze 0,7 ml.mih
a teplot 25°C.

81



Vysledky a diskuze

3500 -
A —— 1) kalibrace

——— 2) pacient - pred podanim infuze

3000 1 —— 3) pacient - 74 h po zac¢atku infuze

2500 -

2000 -

2
<
IS
1500 -
1000 -
500 -
0 +
0
200 -
B ) .
[T —— 1) kalibrace
180 4 —— 2) pacient - pfed podaniminfuze
:El —— 3) pacient - 74 h po za¢éatku infuze
160 )
LL
2}
'
140 =)
®]
120
-]
< 100
IS
80 - \
60 - &J
40 | b
20 A U
0 T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

tr (Min)

Obréazek 33 Ukazka chromatograimstanoveni 5-fluoro-5,6-dihydrouracilu, 5-fluorocita a 5-chlorouracilu
v plasng. Jedna se o stejny chromatogram v malém (A) aéwelkozliSeni (B). Chromatogram kalikrdého
standardu ppraveného v blankové plasns koncentraci 100 ng.thB-fluoro-5,6-dihydrouracilu a 50 ng.thl
5- fluorouracilu (1), vzorek plasmy pacienté&g@ podanim infuze 5-fluorouracilu (2), vzorek plgspacienta
odebrany 74 hodin po &atku kontinualnii.v. infuze roztoku 5-fluorouracilu s rychlosti podavan
700 mg/24h/m(3).

82



Vysledky a diskuze

Vzhledem k tomu, Ze dwem pilotnich test se neprokazalaifpomnost metabolit
5-fluorouridinu a 5-fluoro-2’-deoxyuridinu v lidskglasnt pii podani standardnich davek
5-fluorouracilu, byla metoda validovana pouze ptanseveni 5-fluorouracilu a hlavniho
neaktivniho metabolitu 5-fluoro-5,6-dihydrouraciiyssi koncentrace aktivnich metabilit
5-fluorouridinu  a  5-fluoro-2’-deoxyuridinu  Ize prd¥podobrk ocekavat spiSe
intracelulari. Pro bugénou matrici (homogenaty tkani ev. periferni mondeakni krevni
buiky) vSak nebyla metoda vyvijena ani validovana,ledém k tomu, Ze tento pozadavek
nebyl vznesen.

Validace byla provadna na naSem pracovisti vramci jedné labdmtdkde byly
vzorky z onkologické kliniky nésledn rutinné zpracovavany. Vzorky pro provéad
validatnich test byly pripraveny v blankové lidské plagimKoncentrace vzork kontroly

kvality (QC vzorki) a koncentrace kalibratinjsou uvedeny Tabulce 5

Tabulka 5. Koncentrace kalibratéra vzorki kontroly kvality pouZzitych v ramci validai

studie.
Koncentrace kalibra €nich vzork
hladina koncentrace
ng.ml™
FUH, FU

L1 50.2 25.3
L2 100.3 50.6
L3 200.6 101.3
L4 401.3 202.5
L5 802.5 405.0
L6 1605.0 810.0

Koncentrace QC vzork U

hladina koncentrace
ng.ml'1
FUH, FU
QC1 120 60
QC2 600 300
QC3 1200 600

Selektivita
Selektivita metody byla @¥ena na sedmi nezavislych vzorcich blankové plasmy.
Méerenim bylo prokazano, ze v zadné z pouzitych plasedochazi k interferencim

na reteginich¢asech sledovanych latek.
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Linearita kalibra €ni zavislosti a LLOQ

Linearita byla testovana pomoci kalibné&ch vzorki na Sesti nenulovych
koncentrénich hladinach. Na kazdé koncewtrahladire bylo analyzovano celkem sedm
nezavislych vzork. LLOQ byl stanoven jako spodni bod Kkalitméa kiivky. Presnost
a spravnost byly na této hladiowteny néfenim sedmi paralelnich vzarkExperimentem
bylo prokdzano, Ze metoda poskytuje linearni odezzavislosti na koncentraci v rozmezi
50,2 — 1605 ng.rfl pro 5-fluoro-5,6-dihydrouracil a 25,3 — 810 ng’ngro 5-fluorouracil
(Tab. §. Tento koncentkmi rozsah s velkou rezervou pokryl rozmezi kon@aitobou

analyti ve vzorcich plasmy pacigntécenych 5-fluorouracilemdhem studie.

Tabulka 6. Vysledky n&feni linearity kalibrani zavislosti a LLOQ

Kalibra éni kFivka y=ax+b

Slou éenina

5-fluoro-5,6-dihydrouracil smérnice a 1.5547 £0.0717

(PRUMER # SD), n=7 intercept b 0.0642 +0.0521
koef. deter. r* 0.9991 * 0.0016

5-fluorouracil smérnice a 2.9667 +0.0890

(PRUMER # SD), n=7 intercept b -0.0266 + 0.0158
koef. deter. r* 0.9998 + 0.0002

LLOQ

Slou éenina hladina p fesnost  spravnost

RSD% RE %

5-f|lﬁJorvo-5,G-dihydrouracil 50 ng.ml™ 1001 16.8

(PRUMER # SD), n=7

S-fluorouraci 25 ng.m™ 6.75 252

(PRUMER # SD), n=7

Presnost a spravnost metody

Presnost a spravnost metody byla tg¥ana na celkemidch koncentrgich
hladinach s §i opakovanimi na kazdé hladinpro testy provaghé v ramci jednoho
dne (,intra-day") aitemi opakovanimi na kazdé hladipro testy provathé kEhem tech
raznych dm (,inter-day”), tedy celkem deviti vzorky na kazd&oncentrani
hladirg (Tab. 7.
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Tabulka 7. Vysledky neieni gresnosti a spravnosti metody

Presnost a spravnost (v ramci méfeni béhem jednoho dne)
Slou éenina pFesnost spravnost
RSD% RE %
5-fluoro-5,6-dihydrouracil QC1 5.21 13.3
(PRUMER % SD), n=5 QC2 1.41 3.51
QC3 2.00 8.88
5-fluorouracil QC1 1.68 -0.440
(PRUMER % SD), n=5 QC2 1.23 -0.850
QC3 2.18 1.09

Presnost a spravnost (v ramci méfeni béhem tfi riznych dna)

Slou éenina presnost spravnost
RSD% RE %
5-fluoro-5,6-dihydrouracil QC1 8.40 8.53
(PRUMER # SD), n=9 QC2 4.68 4.26
QC3 2.31 11.0
5-fluorouracil QC1 4.23 -3.37
(PRUMER = SD), n=9 QC2 2.02 -1.70
QC3 1.52 0.770

Vytéznost analyti z biologické matrice

Vytéznost metody byla sledovana ri@dh koncentrich hladinach sgi opakovanimi
na kazdé hladih Porovnavany byly odezvy roztblatek gipravenych v 10 mmoli HCI

s odezvou analyt v biologické matrici po standardnitipraw vzorku SPE extrakci
a rekonstituci v 10 mmot'l HCI. Fi fedsni latek v 10 mmol}t HCI bylo vzato v potaz
7,5 nasobné zakoncentrovani vzonsti SPE extrakci. Vysledek testu prokazal vysokou
a konzistentni vg#Znost analyt z biologické matrice s dobrou opakovatelnogdh. §.

~

Tabulka 8. Vysledky nefeni vygznosti analytu z biologické matrice

Vytéznost analytu z biologické
matrice
Slou éenina Vyt ézZnost analytu [%]
5-fluoro-5,6-dihydrouracil QC1 79.9+57
(PRUMER % SD), n=5 QC2 935+7.8

QC3 88.5+6.0
5-fluorouracil QC1 93.7+8.8
(PRUMER % SD), n=5 QC3 95.6+7.6

QC3 88.4+5.9
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Stabilita

Z dalSich parameir byla zji¥ovana kratkodoba stabilita a stabilitadi gmrazeni —
rozmrazeni. Stabilita zmrazeni-rozmrazeni (,fredzaw”) byla zji¥ovana pouze pro
dva cykly, vzhledem ke skuteosti, Ze pro analyzu byly od kazdého pacientaskadiici
alespa 3 alikvoty plasmy po 1,5 ml a niEgwlpokladalo se vicendsobné rozmrazovani
vzorki i pfi opakovani analyz. Kratkodobd stabilita byla tgigna pro rozmrazené vzorky
na dvou koncenttmich hladinach. Test probihaii paboratorni teplat 23°C pod dobu gti
hodin za BZnych s¥telnych podminek, v laboraiobez gimého slunéniho svitu
pii oswtleni z&vkovym swtlem ze vzdalenosti 3 m v uzanych polypropylenovych
vzorkovnicich. Vysledky rfeni stability jsou shrnuty Vabulce9. Dlouhodobé stabilita
nebyla zji§ovana vzhledem k dostatku literarnich adfj47-248, 251, 266] a vzhledem
k tomu, Ze vzorky byly zpracovany vramci jednohgine g uskladréni v -80°C.
Provedené testy prokazaly dostaieu stabilitu vzork po dobu zpracovani. NaSim
experimentem se zaginych laboratornich podminekéhem gtihodinového stabilitniho

testu neprokazalkéasto uvadna degradace 5-fluorouraciluésiem.

Tabulka 9. Vysledky n&feni stability analyt

Kratkodob4a stabilita

Slou éenina Vyt éznost analytu [%]
5-fluoro-5,6-dihydrouracil QC1 112.6+1.8
(PRUMER # SD), n=3 QC3 95.4 +0.87
5-fluorouracil QC1 103.9+£1.7
(PRUMER # SD), n=3 QC3 103.0+1.3

Stabilita zmrazeni -

rozmrazeni

VytéZnost analytu [%]
Slou éenina 1. cyklus 2. cyklus
5-fluoro-5,6-dihydrouracil QC1 101.6+1.4 1084 +1.7
(PRUMER # SD), n=3 QC3 99.9+1.0 97.6+1.6
5-fluorouracil QC1 88.0+2.8 955+2.4
(PRUMER £ SD), n=3 QC3 100.5+1.9 98.1+0.5

Z vysledia validace vyplyva, Ze metoda spje kriteria dana vSeobetnuznavanym
doporienim Guidance for Industry, Bioanalytical Metod Validatj Food and Drug
Administration [221].
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Vyvinuta metoda byla vyuZitaip prospektivni otekené klinické studii pro TDM
pacienfi (n=25) I&enych s kolorektalnim karcinomem (CRC) neoadjuvantn
chemo-radioterapii, ktera probihala po dobu 4-SiydAplikovana davka Z&ni cinila
50.5 Gy ve 28 frakcich. Po celou dobu s&u® s radioterapii byla podavana kontinualni
i.v. infuze 5-fluorouracilu prostdnictvim portu implantovaného de jugularis nebo
v. subclavia V rdmci studie byla rychlost infuze&ména v rozmezi 200 - 1000 mg/24H/m
v zavislosti na dosahované ustalené plasmatick&didraci a toxickych efektechclgy.

Na zaklad mereni plasmatickych koncentraci 5-fluorouracilu bgjdténo, Ze kumulativni
davka za dobu by dolie koreluje s kumulativni AUCQbr. 34). Z vysledki bylo déle
zjisteno, Ze s kumulativni AUC je negatiikorelovano rezidualni onemasri (Obr. 35.
Regrese nadoru byla zjga u 19 z 23 nemocnych (2 nemocni zatim nebyli aygem).
Kompletni patologickd remise byla dosazena «ti pnemocnych vyznaijicich

se kumulativni AUC pro celou d6u > 59 mg.(.h}. V dobks piipravy disertani prace
nebyla je&t studie ukotena. PedkéZzné statistické zpracovani prozatim ziskanych dat
proved| Doc. Ing. Jaroslav Chladek, Ph.D (Univer&arlova v Praze, LFHK).

Obrazek 34 Obrazek 35
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Obréazek 34. Korelace kumulativni davky 5-fluorouracilu v mgfrpodané za 4-5 cykla kumulativni

hodnoty plochy podikvkou plazmatickych koncentraci (AUC).

Obrazek 35. Zavislost rezidualni nemoci na kumulativni AUCerné &tveretky znai 3 nemocné
s 2 nésicni prodlevou mezi ukatenim chemo-radioterapie a operaci. Prodleva byisatpena &kou

mukositidou po vySsi davce 5-FU. Z tohotivddu nemocni nebyli do hodnoceni residualni nemnfoci

zahrnuti.
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3.2  An Improved High-performance Liquid Chromatogra  phy
Method for Quantification of Methotrexate Polygluta mates
in Red Blood Cells of Children with Juvenile Idiopa  thic
Arthritis

Milo§ Hroch, Jana Tukova, Pavla DoleZalova andslavoChladek
Biopharmaceutics and Drug Disposition 2009 Apr;330(38-48

3.2.1 Komenta r k metod é

Koncentracepolyglutamatia metotrexatu (MTXGI ,.7 diglutamat az heptaglutamat)
v erytrocytech je dlezitym markerem pro individualizaci farmakoterapiizkodavkovym
metotrexatem (MTX),  lécb¢ vybranych autoimunitnich onemagn jako je nap
psoriaza nebo revmatoidni artritida [267-272]. Bianoveni celkové koncentrace MTXGI
v erytrocytech byla vypracovana chromatograficka tade s fluorescemi detekci.
Hlavnimi kritérii pi vyvoji byla citlivost metody, dobré selektivitkratky celkovycas
analyzy, jednoduchost chromatografické separace lahddoba stabilita kolony
pii opakovaném nasku vzorki pripravenych z biologické matrice. V dblvypracovani
metodiky byla k delu stanoveni MTXG]I v erytrocytech publikovana pouze jedna prace
[273], pro naSe tely vSak nevyhovovala zejména délkou chromatogdtéfiseparace
sc¢asem analyzy jednoho vzorku 20 minut. Ptely studie dale nebylo nutné separovat
jednotlivé polyglutamaty MTX. Metoda byla vyvijema kolor# GEMINI C18, patici
mezi kolony s hybridni #&emiko-uhlikovou stacionarni fazk#p. 1.8.2)odolnou v Sirokém

rozsahu pH (1-12), zname téz svoji vynikajici dimddbou stabilitou.

H,N_ N _N
T
8
NN o)
NH NH
2 OH:|
0] n
07 “OH

Obréazek 36. Struktura molekuly metotrexatu (n=1) a polyglutainénetotrexatu (n=2-7 jednotek

pripojenych amidickou vazbou v poloze 5 glutamylovebgtku).
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Enzymaticka hydrolyza

Pro &ely studie nebylo nutné separovat a stanovovabjidé polyglutamaty MTX,
ale byla zjiovana pouze jejich celkova koncentrace. Ztohotwodu byly nejprve
polyglutamaty pitomné ve vzorku podrobeny enzymatické hydrolzgutamylhydroldzou
za vzniku metotrexatu, ktery byl naslédstanovovan. Enzymaticka hydrolyza probihala
ve tme po dobu 6 hodinip teplo& 37°C a jako zdroj enzymu byla pouZita vybrana &arz

lidské plasmy, ktera bylaridavana ke vzorku erytroayt

Priprava vzorku

Erytrocyty jsou jako matrice pro praci péme problematické. V prvni fazi vyvoje
metody bylo testovanoékolik zpasohi piipravy vzorki deproteinaci kyselinou chloristou,
kyselinou trichloroctovou neboipobenim tepla (90°C). PouZziti termalni extrakceoneb
kyseliny chloristé vedlo ke vzniku precipitatu geté konzistence, ktery nebylo mozné
odstedit a ziskat supernatant pouzitelny k fikatna kolonu. Dobrych vysledkvzhledem
k morfologii precipitatu a v§#nosti reakce bylo dosaZeno s 0,8 rifotdztokem kyseliny
trichloroctové ve 40% (v/v) kyseknoctové. Ped deproteinaci bylo ovSem nutné zchladit
vzorky na teplotu okolo 4°C. Poté byla ziskana amiini jemnozrnna srazenina, ktera

velmi dolie sedimentovalarpodstedovani.

Separace

K separaci byla vyuzita kolona GEMINI C18 150 mm4y6 mm, 5um sorbent
(Phenomenex, Torrance, USA). Z hlediska selektigityostateného rozliSeni postavala
k separaci isokraticka eluce. Vysledkem optimakzanobilni faze, zejména vzhledem
k obsahu peroxidu vodiku, kteryémzésadni vliv na odezvu analytu bylo nasledujici
sloZeni: acetonitril:octan amonny (50 mnidl.IpH=5,5):peroxid vodiku (30%, w/w) —
110:890:0.25 (viviv).

Detekce

Molekula metotrexatu je nositelem chromoforu s ghsio v ultrafialové oblasti
na vinové délce\= 313 nm. Absorpce vSak neni dostate aby umoZznila dosahnout
deteknich limita potrebnych pro spolehlivé stanoveni MTXGV erytrocytech, jejichz

celkova koncentrace se pohybujeadu desitek aZ stovek nmdL.l
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Z tohoto divodu bylo pouZito selektivni a citlivé fluorese¢an detekce po post-
kolonové fotooxidaci UV z#&@nim, kde se vyuziva vzniku fluoreskujiciho produkt
metotrexatu [274-275] s excitai/emisni vinovou délkou 370/463 nm. Principem
je prevedeni MTX na fluoreskujici produkt jeho oxidacérgxidem vodiku, ktery
je aditivem mobilni faze, ip oswtleni UV z&enim rtwové vybojky. Pro dosazeni
maximalni odezvy bylo nutné optimalizovat koncecitrperoxidu vodiku v mobilni fazi
a dobu zdrZeni eluentu v derivatinateflonové smice. Doba zdrzeni byla optimalizovana
zmeénou delky teflonové kapilary. Schématické zna#Zornseparace s post-kolonovou
fotoderivatizaci, které jsme vyuzili, je znazémo naObréazku 37 Cas analyzy jednoho
vzorku naSi metodotini cca 12 minut, bez nutnosti ekvilibrace kolorghkedem k uZziti
isokratické separace. Do dneSniho dne bylo od viyni@$i prace [276] publikovan@kolik
dalSich metod zabyvajicich sesimnim MTXGH v erytrocytech [277-278]. Jejich souhrn
podava prace Goodmana [279]. Vypracovana metoda bylizita ve studiich \/ztah
intracelularnich hladin metotrexatu ke Klinickym laboratornim parametim aktivity
onemoceni u cti s idiopatickou artritidoti (grant 1IGA, NE-6681-3), Rilotni studie
neinvazivniho monitorovani hepatotoxicity vipthu dlouhodobé farmakokinetickjzené
lécby psoridzy metotrexatem a kyselinou listdv@rant IGA, NS-10364-3), Na zaklad
zavedeni této metody a jejim vyuzitim &kolika studiich byly publikovany prace

[276, 280], které jsou dale uvedeny v plném rozsahu

1
PUMPA
T L
' uv
AUTOSAMPLER REAKTOR
== —
KOLONA
DETEKTOR e
-/
Obrazek 37. Schéma usgadani postkolonové fotooxidace metotrexatu U\remém v gitomnosti
peroxidu vodiku. Kapalinovy chromatograf (1), UVbojka (2), teflonova snika transparentni pro U
zaeni (3).
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An Improved High-performance Liquid Chromatography

Method for Quantification of Methotrexate Poly

glutamates in

Red Blood Cells of Children with Juvenile Idiopathic Arthritis

Milo$ Hroch®*, Jana Tukova®, Pavla Dolezalova®, and Jaroslav Chladek®

“Department of Pharmacology, Charles University in Prague, Faculty of Medicine in Hradec Kralove, Simkooa 870,

Hradec Kralove, Czech Republic
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Prague, Czech Republic

ABSTRACT: Methotrexate is used widely in the pharmacotherapy of juvenile idiopathic arthritis.
Polyglutamates of methotrexate are active metabolites which accumulate in cells including
erythrocytes. Their intracellular concentration may reflect methotrexate bioavailability and, at the
same time, may serve as a bioindicator for optimization of methotrexate therapy and drug
monitoring. Therefore, a simple and selective isocratic reversed phase chromatographic method
with fluorescence detection (excitation/emission wavelengths of 370/463nm) was developed
which quantifies the sum of all methotrexate polyglutamates in erythrocytes as methotrexate after
their enzymatic conversion with y-glutamylhydrolase. Separation was carried out on a Phenomenex
GEMINI C18 column using a mobile phase flowing at a rate of 0.6 ml/min and consisting of a
mixture (110:890:0.25 v/v) of acetonitrile, ammonium acetate buffer (0.05M, pH = 5.5) and hydrogen
peroxide 30% (w/w). The method was found linear over the concentration range of 25400 nmol/L
Its intra- and inter-day precision and accuracy were characterized by coefficients of variation and
relative errors less than 20%. The limits of detection and quantification achieved 10.9 and
32.9nmol/1, respectively. The method was proved suitable for monitoring the concentration of
methotrexate polyglutamates in erythrocytes of patients with juvenile idiopathic arthritis.

Copyright © 2009 John Wiley & Sons, Ltd.

Key words:

Introduction

Methotrexate (MTX), 4-amino-10-methylpteroyl-
glutamic acid, is a mainstay of juvenile idiopathic
arthritis (JIA) treatment. Safety, efficacy and low
toxicity of methotrexate in patients with JIA has
been shown by multiple clinical studies in
children and adolescents [14]. As an inhibitor
of dihydrofolate reductase (DHFR), MTX has

*Correspondence to: Eaculty of Medicine in Hradec Kralové,
Charles University, Simkova 870, 500 38 Hradec Kralové,
Czech Republic.

E-mail: hrochm@Ifhk.cuni.cz
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anti-proliferative properties but its anti-inflam-
matory action after low intermittent doses results
mainly from its interference with enzymatic
pathways of purine metabolism [5,6]. The puta-
tive mechanism of action includes inhibition of
aminoimidazole carboxamide ribonucleotide
(AICAR) transtormylase in cells which leads to
an elevation of adenosine concentration [7,8].
Some investigators showed that, rather than
MTX itself, its active polyglutamate metabolites
(MTX-Cls) are more important for its effect [9-11].

Clinical studies also documented a large inter-
patient variability in the pharmacokinetics of
MTX [12]. This can be a factor contributing to the
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variability of therapeutic and toxic doses. Opti-
mization of the initial treatment (dose, route of
administration) is highly clinically relevant since
sub-optimal doses may increase the risk of
irreversible joint damage while, on the other
hand, too aggressive therapy increases the risk of
toxicity [13]. There is less value in monitoring
low-dose MTX therapy using plasma concentra-
tions of MTX, because MTX is rapidly cleared
unchanged via glomerular filtration and tubular
secretion within about 48h [14]. Since the
concentration of MTX-Gls represents an active
principle and reflects the bioavailability of MTX
[7,15,16], it should be the preferred characteristic
used for optimization of MTX dosing,.

Most studies published so far describe MTX
determination in plasma or urine, but only a few
address quantification of MTX-Gls in red blood
cells (RBCs). Older assays for MTX have some
disadvantages such as laborious sample prepara-
tion [17], the use of column switching and
ion-pairing agents [18], radiochemicals [19] or
non-specific enzymatic reactions [20]. On the
other hand, the drawbacks of the methods for
determination of MTX-Gls include the use of
gradient elution with a long time for sample
analysis including reequilibration of the chroma-
tographic system [21] or the use of equipment not
commonly available in the clinical laboratory
[22,23]. Another approach to measure RBCs
MTX-Cls concentration is fluorescence polariza-
tion immunoassay [24].

In our method, RBCs were treated with human
plasma as a source of y-glutamylhydrolase and
the total concentration of MTX-Gls was measured
after enzymatic cleavage to MTX. A new,
relatively simple, fast and selective liquid chro-
matographic method was established with fluor-
escence detection and isocratic elution which is
based on post-column on-line photooxidation of
MTX [25,26].

Experimental

Chemicals and reagents

Methotrexate was kindly donated by Ebewe
Arzneimittel (Unterach, Austria). 4£-Amino-10-
methylpteroyldiglutamic acid (MTX-Cly), 4-ami-
no-10-methylpteroyltriglutamic acid (MTX-Gl3),

Copyright © 2009 John Wiley & Sons, Ltd.
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4-amino-10-methylpteroyltetraglutamic acid
(MTX-Gl) and 4-amino-10-methylpteroylpenta-
glutamic acid (MTX-Gls) were obtained from
Schircks Laboratories (Jona, Switzerland). All
polyglutamates were provided as ammonium
salts. LiChrosolv acetonitrile, ammonium acetate,
glacial acetic acid and hydrogen peroxide (30%)
were purchased from Merck (Darmstadt,
Germany). Diclofenac, ibuprofen, ketoprofen,
naproxen, nimesulide, sulfasalazine, prednisone,
methylprednisolone, mercaptoethanol and tri-
chloracetic acid were supplied by Sigma-Aldrich
(Prague, Czech Republic) and potassium phos-
phate was from Lachema (Brno, Czech Republic).
All chemicals were of analytical-reagent grade or
best available purity. Drug-free human plasma
used as a source of y-glutamylhydrolase and
blank whole blood for RBCs separation were
kindly donated by the teaching hospital transfu-
sion unit (Hradec Kralové, Czech Republic).
Water was purified and deionized with the
MilliQ system (Millipore, Milford, MA, USA).

Instruments

The chromatograph Agilent 1100 series HPLC,
consisting of degasser, quaternary pump, auto-
injector, thermostated column compartment and
fluorescence detector (Agilent, Palo Alto, CA,
USA) was used for all separations. Chromato-
graphic data were captured and evaluated with
ChemStation software. Post-column derivatiza-
tion was carried out with photochemical reaction
unit Beam Boost (ICT, Frankfurt, Germany),
equipped with a low-pressure mercury lamp
Sylvania - G8T5 (CTS, Prague, Czech Republic),
enlaced with fluoropolymer reaction coil (6.2 m,
LD. 0.30 mm). The coil and lamp were covered
with aluminium metal leaf, for increasing the
ultraviolet (UV) light reflection. A photoreactor
was placed at the column output before the
detector. For sample incubation a thermostated
shaker Vortemp 56 EVC (Tehtnica, Zelezniky,
Slovenia) was used.

Patients and sample collection

The study was approved by the Local Research
Ethics Committee and informed consent was
obtained from the patients and/or their legal
guardians according to the Declaration of

Biopharm. Drug Dispos. 30. 138-148 (2009)
DOI: 10.1002/bdd



Vysledky a diskuze

140

M. HROCH ET AL.

Helsinki (Fifth revision, 2000, Edinburgh,
Scotland). Venous blood samples of 3ml for
MTX-Gls determination and routine biochemical
tests were collected in Li-heparinized tubes (BD
Vacutainer systems, Plymouth, UK). In order to
minimize the concentrations of parent MTX
monoglutamate in RBCs, sampling was per-
formed 6 days after the last administration. RBCs
were separated by centrifugation at 900 x g for
10 min and after isolation washed twice with an
equivalent volume of phosphate buffer saline
(PBS). The plasma and buffy-coat were dis-
carded. Separation and washing proceeded with-
in 2h after collection and the temperature did not
exceed 4°C during these steps. Packed RBCs
were stored at —80°C prior to analysis. Before
freezing, the hematocrit of washed and centri-
fuged samples was measured.

Agents, buffers, stock solutions

Buffer for enzymatic treatment was prepared
as  200mmol/l potassium phosphate with
250 mmol/l mercaptoethanol (pH ~4.2-4.5) and
was stored at 4°C. The deproteination agent was
prepared as 0.8 mol/l trichloracetic acid solution
in 40% (v/v) acetic acid. Stock solutions of MTX-
Gly, MTX-Gls, MTX-Gly and MTX-GI5 at concen-
trations of 1, 2, 4 and 8 pmol/l were prepared by
dilution of 100 pmol/1 working solutions of MTX-
Gls (in 0.1mol/l potassium hydroxide) with
water. Stock solutions were stored in 2ml screw
capped plastic tubes (Sarstedt, Niimbrecht, Ger-
many) at —80°C in the dark.

Calibrators preparation

The sample preparation procedure described by
Dervieux [21] was used with some modifications.
Briefly: Calibrators were prepared before analy-
sis from stock solutions of MTX-Gls. A volume
5ul of MTX-Gl; at a concentration level 1, 2, 4
and Spumol/l was added to 95pul of blank
RBCs lysate (final concentration 50, 100, 200,
400 nmol /1 of MTX-Gl; in RBCs), 100 pl of plasma
and 100ul of phosphate buffer with mercap-
toethanol (for enzymatic treatment) in a 1.5ml
Eppendorf tube. The mixture was gently vortex-
mixed. Calibrators were incubated for 6h at
37°C. The Eppendorf tubes content after incuba-
tion was cooled down to 4°C, coagulated with

Copyright © 2009 John Wiley & Sons, Ltd.
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100 pl of deproteination agent (0.8 m trichloracetic
acid in 40% (v/v) acetic acid), thoroughly vortex-
mixed for 10s and centrifuged for 5min at
15000 x g. The clear supernatant was transferred
to a vial and a total volume of 100 pl was injected
on a HPLC column.

Sample preparation

A volume of 100pul of hemolysed RBCs was
mixed with 100pl of phosphate buffer with
mercaptoethanol (for enzymatic treatment) and
100 pl of human plasma. The mixture was vortex
mixed for 155 followed by incubation at 37°C for
6 h. After incubation, the samples were treated in
the same manner as the standards. All samples
and standards containing MTX or MTX-Gls were
handled under dim light.

Chromatographic conditions

Separation was carried out on a Gemini C18 110A
reverse phase column (150 x 4.6 mm LD., 5pum
particle size), protected with Gemini CI18
4 x 3mm guard column (Phenomenex, Torrance,
CA, USA) at 30°C. The mobile phase was
prepared fresh the day before analysis and
after 3 days of use it was discarded. It
consisted of 50mmol/l ammonium acetate
buffer (pH = 5.5)-acetonitrile-hydrogen peroxide
(890:110:0.25, v/v). Prior to use, the mobile phase
was filtered through a 022m Durapore filter
(Millipore, Milford, MA, USA). Hydrogen per-
oxide was added after filtration. The mobile
phase was delivered isocratically at a flow rate of
0.6ml/min and the effluent after post-column
photoderivatization was monitored at emission
wavelength 463 nm with the excitation wave-
length set at 375 nm. The time of sample analysis
was 13min. The peak areas were used for
quantitative calculations and the results were
normalized on the hematocrit of the sample.
These chromatographic conditions were used on
the basis of optimization described hereinafter.

Validation

Validation of the method involved determination
of system suitability, calibration linearity, intra-
and inter-day precision and accuracy, limit of
detection and quantification, recovery and

Biopharm. Drug Dispos. 30: 138-148 (2009)
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sample stability in autosampler and during
three freeze-thaw cycles. Validation was done
with parameters ascertained during method
optimization.

Results and Discussion

Method optimization

On the basis of findings published by Dervieux
MTX-Gl; was used as a standard for calibration.
MTX-Gl; predominates in RBCs of patients with
rheumatoid arthritis above all other MTX-Gls
[21] and is suitable as a marker of long-chain
MTX-Gls concentrations [27].

During the method development, the concen-
tration of organic modifier in the mobile phase,
pH and the ionic strength of the acetate buffer,
hydrogen peroxide content in mobile phase,
the length of the derivatization coil and the
duration of the enzymatic-hydrolysis step were
optimized. This optimization was undertaken to
improve method sensitivity, selectivity and time
effectiveness.

Sensitivity

Sensitivity of the method was strongly influenced
by the irradiation time of MTX in a photoreactor.
This time was dependent on the flow rate of the
mobile phase and the length/volume of the
derivatization coil. Another contributing factor
was the hydrogen peroxide concentration in the
mobile phase. Four derivatization capillaries
with increasing length (1.3, 2.5, 6.2 and 20m)
were used. Mobile phases with peroxide con-
centrations of 0.1, 0.25, 0.5, 1.0 and 2ml/l were
prepared and used after 30 min of equilibration
of the chromatographic system. The intensity of
fluorescence was evaluated using a standard
solution of 25 nmol/1 MTX in PBS (Figure 1).
The highest response was achieved with
0.25ml/1 hydrogen peroxide and the length of
6.2m. With this coil length, the best detector
response was observed with relatively small
deviation over a wide range of hydrogen
peroxide concentrations. Peroxide concentrations
higher than 1ml/1 and a long derivatization coil
leads to rapid fluorescence diminution. The
irradiation time must be optimized precisely,

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 1. The effect of hydrogen peroxide content in mobile
phase and length of derivatization coil in photoreactor on
fluorescence detector response. Hydrogen peroxide concen-
tration (A) 0.10, (B) 0.25 (C) 0.50, (D) 1.00, (E} 2.0ml/L
Injected volume of 25nmol/l MTX in PBS was 100 pl.

because prolonged exposure to UV light leads to
photodegradation of the fluorescent compound
formed from MTX. As previously suggested, this
effect is caused by a progressive photooxidation
of 24-diaminopteridine-6-carboxyaldehyde to
2,4-diaminopteridine-6-carboxylic acid with sub-
sequent decarboxylation to 2,4-diaminopteridine
which has lower fluorescence [25,28]. For the
flow rate of 0.6ml/min, diameter and length of
coil (6.2m, 0.3mm ID), the optimal irradiation
time of 43.8s was calculated. No significant
broadening of peak shape with different lengths
of derivatization coil was observed.

Selectivity

In order to separate MTX from endogenous
substances present in RBCs or added plasma,
the pH and ionic strength of the acetate buffer
and organic modifier content in the mobile phase
was optimized. The MTX peak was identified on
the basis of its retention time and fluorescence
emission spectra measured on-line. Selectivity
was tested with blank and MTX-Gl; spiked RBCs
(e =200nmol/1) prepared in the same manner as
samples or standards. Eight samples of blank
RBCs from different donors were tested.
Separation was tested with acetonitrile in the
concentration range of 8-15% (v/v). As an
optimum, an 11% (v/v) content in mobile phase

Biopharm. Drug Dispos, 30: 138-148 (2009)
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was chosen (data not shown). Since MTX has
ionizable carboxyl groups (pKa 4.8, 5.5), there is a
strong dependence of its retention behavior on
the mobile phase pH. Five mobile phases with
the pH values of the acetate buffer 4.5, 5.0, 5.5,
6.0, 6.5 were tested and selectivity was evaluated.
With increasing basicity of the buffer, MTX
retention time decreased while fluorescence
response was enhanced (Figure 2). Optimal
separation without interferences was achieved
with the buffer of pH 5.5. At this value, the
sensitivity of the method was lower than at
higher pH, but better separation of MTX from
endogenous compounds occurred.

Influence of the buffer ionic strength on the
selectivity was tested with mobile phases of four
ammonium acetate concentrations (12.5, 25, 50

and 100mmol/1). The retention time was
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Figure 2. The effect of the pH of the mobile phase buffer
on (A) MTX retention time and (B) detector response to
MTX
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concentration dependent; however, the detector
response of the MTX was only slightly affected
with ionic strength of the buffer in the tested
concentration range (Figure 3). The best selectiv-
ity was achieved with an ammonium acetate
concentration of 50 mmol/L

Optimal assay conditions in terms of selectivity
and sensitivity ascertained during method devel-
opment were 11% of acetonitrile, 50 mmol/1
acetate buffer (pH = 5.5), 0.25ml/1 of 30% hydro-
gen peroxide in the mobile phase and derivatiza-
tion coil of 6.2 m in length. No interference was
observed at MTX retention time (11.0 min) and
resolution of MTX from interfering endogenous
compounds was better than 2.5 (Figure 4). The
retention time of MTX followed over 2 months
was 11.004+0.17 min (mean +5SD, n = 30), and the
coefficient of variation achieved was 1.5%.

retention time (min})
@

30 40 S50 60 70 B0 90 100

buffer concentration {mmolfL}

1] 10 20
(A}

peak area (LU.min)

0 T T T T T T v T T d

30 40 S0 60 70 B0 S0 100

(B) buffer concentration {(mmoliL)

Figure 3. The effect of the concentration of the ammonium
acetate buffer on (A) MTX retention time and (B) detector
response
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Time of hydrolysis

The efficiency of enzymatic conversion of
MTX-Gls to MTX as a function of time was
investigated. Twenty-four samples containing an
equimolar mixture of the MTX-Glo_5 in RBCs with
a total concentration of 200 nmol/l were prepared.
Another set of samples containing 200 nmol/L
MTX in RBCs were incubated at the same time.
During incubation with phosphate buffer and
plasma, samples were taken at 1h intervals from
both the mixture of MTX-Glo_s and MTX and
analysed for MTX concentration (Figure 5).
Figure 5 shows the formation of MTX from
MTX-Glo_s achieving its maximum after 16h.
The resulting concentration was 85% that of MTX
in the sample incubated in parallel. During the
entire period of incubation, the absolute concen-
traion of MTX in the sample spiked with
200nmol/1 MTX decreased by less than 10%
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indicating good stability of the compound. In
order to shorten the duration of the sample
preparation procedure, a 6 h incubation interval
was used and a somewhat reduced efficiency of
hydrolysis (70%) accepted. As indicated by the
results of validation, this shortening of hydro-
lysis time did not reduce the precision and
accuracy of the method and could be adopted
when the quantification limit of 33nmol/l is
sufficient.

Suitability of the chromatographic system

System suitability was tested with ten repeated
injections of enzymatically treated MTX-Gl3 QC
sample at a concentration of 50 nmol/l in RBCs.
The coefticient ot variation (CV) was (.81% and
0.045% for peak area and retention time, respec-
tively. The system fulfilled the criteria for injec-
tion repeatability better than 1%.
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Figure 4. (A) Representative chromatograms of RBCs samples after enzymatic conversion of MTX-Gls to MTX. (A) blank sample,
(B) blank sample spiked with MTX-Gls c = 200nmol/1; (C) blank sample (i) of RBCs and sample spiked with MTX-GI; (ii) 50, (iii)

100, (iv) 200 and (v) 400 nmol/}; (D) patient's sample
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Figure 5. The effect of duration of incubation on the efficiency
of MTX-Gls hydrolysis. Peak areas of MTX generated by
hydrolysis of MTX-Gls were normalized to the peak area of
the blank RBCs sample spiked with 200 nmol /1 MTX (i.e. with
the concentration equal to the sum of concentrations of all
MTX-Gls added to the incubation mixture) and incubated
using the same conditions

Calibration and linearity

Detector linearity was tested over the concentra-
tion range of 25400 nmol/1 MTX-Gl; in RBCs. A
linear relationship between the mean detector
response and the concentration of MTX-Gls
calibrators (n=23 for each concentration) was
observed. This method has been found linear
over the tested range of concentration, with the
regression equation y = 0.0425x+0.0186 and the
coefficient of determination of R?~0.9995. Cali-
brations with MTX-Gl,, MTX-Gl; and MTX-Gls in
concentration ranges of 50400 nmol/l were also
tested and similar results obtained as for
MTX-CGls, with the following regression equa-
tions: MTX-GL y = 0.0342x+0.2784 (R>= (0.9996),
MTX-Gl; y = 0.0379x+0.9626 (R?= .9999), MTX-
Gly y=0.0412x+1.028 (R*=10.9999) and MTXGls

y=0.0367x+0.237 (R*=0.9983). Calibration
curves of polyglutamates are shown in
Figure 6.

Accuracy and precision

For the evaluation of accuracy and precision,
quality control (QC) samples were prepared by
spiking of the blank packed RBCs with MTX-Gl;
to four concentrations (30, 60, 170, 330 nmol/1).
QC samples were treated in the same manner
as samples or calibrators. Measurements were

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 6. The calibration curves with different polygluta-
mates in range 50-400nmol/1. (A) MTX-GL, (B) MTX-GL; (C)
MTX-Gl; (D) MTX-Gls

Table 1. Inter- and intra-day precision and accuracy of the
HPLC determination of methotrexate polyglutamates in red
blood cells

Concentration CV(%) RE(%) n
Added (nmol/1) Found (nmol/1)
Inter-day
30.0 264 18.3 —12.0 25
60.0 56.6 9.8 -5.8 25
170.0 158.4 5.1 —6.8 25
330.0 3145 53 —4.7 25
Intra-day
30.0 248 18.8 -17.3 10
60.0 52.7 11.9 -12.2 10
170.0 168.7 74 —0.8 10
330.0 340.1 3.8 3.1 10

CV, coefficient of variation; RE, relative error.

performed on five different days and five sets of
QC samples were assayed on each day. Intra-day
precision was calculated for all concentration
levels using ten QC samples. Precision and
accuracy were calculated as the variation coeffi-
cient [CV% = 100«(5D/mean)| and relative error
[RE% = 100%(Csouna Caddea)/ Caadeal respec-
tively. Results are summarized in Table 1.

Limit of detection (LOD) and limit of quantifica-
tion (LOQ)

Five aliquots of samples at concentration levels
20, 30 and 40nmol/1 MTX-Gl; in RBCs were
assayed and precision and accuracy were
calculated. LOQ was calculated as the lowest

Biopharm. Drug Dispos. 30: 138-148 (2009)
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concentration of QC sample which was mea-
sured with a precision of 20% and relative error
of +20% [29]. The LOD was derived from LOQ
according to the equation LOD = (3.3+LOQ)/10.
The LOD and LOQ for MTX-Gl; in RBCs were
10.9 and 32.9 nmol/l, respectively.

Recovery

Packed RBCs spiked with MTX at concentration
levels of 50, 100, 200, 400 nmol/]1 were used and
compared with the samples with the same MTX
concentration levels prepared in PBS buffer.
Samples were incubated for 6h and processed
in the same manner as samples spiked with
polyglutamates. The mean efficiency of the
extraction process was between 70.3% and 72.8%
over the concentration range of 50400 nmol/1.

Influence of co-administered drugs

The selectivity of the method was further tested
by spiking of blank packed RBCs with an
equimolar mixture of non-steroidal anti-inflam-
matory drugs (diclofenac, ibuprofen, ketoprofen,
naproxen, nimesulide, sulfasalazine) and hor-
mones (prednisone, methylprednisolone). The
final concentration of each drug was 1pum. Each
sample was processed in the same manner as
samples or standards for MTX-Cls determina-
tion. Chromatography proceeded for 2h. As the
results show, there were no peaks interfering at
the retention time of MTX and no late-eluting
peaks were detected (Figure 7).

Sample stability in autosampler

Stability was tested at two concentration levels
(60 and 330nmol/l MTX-Gl; in RBCs). It was
measured immediately after enzymatic treatment
and again after 24h of standing in the
autosampler (25°C, dark). Concentrations ob-
served immediately after enzymatic conversion
were 62.9+7.0nmol/]l and 345.14+10.1 nmol/I
(mean4+5SD, n=10) and after 24h 5924
8.7nmol/l and 361.54+15.8nmol/l (mean45D,
n=10). No significant deterioration of samples
was observed after 24h, thus stability was
sufficient for batch processing and the method
allowed analysis of batches up to 120 samples
per day.

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 7. Representative chromatograms of (A) RBCs blank
sample and (B) RBCs blank spiked with equimolar mix of
diclofenac, ibuprofen, ketoprofen, naproxen, nimesulide,
sulfasalazine, prednisone and methylprednisolone. Final
concentration of each substance in RBCs is 1pum

Freeze—thaw stability

Samples with MTX-Gl; concentrations of 30, 60,
170, 330nmol/1 in RBCs were subjected to three
24h freeze-thaw cycles. Each sample was al-
lowed to thaw at room temperature and after
removing an aliquot for analysis, was immedi-
ately replaced in the freezer (—80°C). Concentra-
tions of MTX-Gl; were measured prior to the
initial freezing of the samples and after each
cycle. The results show that freeze-thaw stability
of samples was limited (see Table 2). The mean
decrease of MTX-Gl; concentration was 12% after
the second cycle and 47% after the third cyde.

Clinical application of the method

The method has been used successfully in a pilot
clinical trial evaluating the concentration of
MTX-Gls in order to optimize MTX therapy in
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Table 2. Stability of MTX-GL; QC samples in concentration range 30-330nmol/1 during three freeze-thaw (F-T) cycles

Concentration

Added (nmol/1)

Found (nmol/1)

Before F-T o F-T cycle 1 % F-T cycle 2 Yo F-T cycle 3 %
30.0 30.7 100.0 322 104.9 272 88.7 17.4 56.8
60.0 57.6 100.0 58.5 101.5 50.3 87.2 24.5 425
170.0 163.7 100.0 167.7 1024 140.4 85.7 93.1 56.9
330.0 323.1 100.0 335.4 103.8 2974 92.0 181.7 56.3

children with juvenile idiopathic arthritis (JIA).
Methotrexate was administered once weekly,
orally or subcutaneously, using a low-dose regi-
men. The effective recommended dose in chil-
dren is generally higher than in adults and
ranges between 7.5 to 15mg/m? [4]. At weekly
doses of more than 'i{)mg/mz, the parenteral
route is preferred, because oral bioavailability of
the drug decreases at higher doses [30].
Follow-up evaluation of disease activity dur-
ing routine clinic visits was used to assess the
efficacy of MTX therapy in 38 JIA patients (18
boys, 20 girls, mean age 7.9 years). To assess the
clinical effect of therapy, the American College of
Rheumatology (ACR) pediatric definition of
improvement was used [31]. This includes six
parameters known as core set variables, which
include the number of joints with active arthritis,
the number of joints with limited range of
motion, the physician global evaluation of dis-
ease activity on a visual analogue scale, the
parents global assessment of the child’s overall
wellbeing on a visual analogue scale, the dis-
ability index of the Childhood Health Assess-
ment Questionnaire [32] and the Westergren
erythrocyte sedimentation rate (ESR). For at least
6—8 weeks prior to the MTX assessment, patients
were treated with a stable dose of oral (n=14) or
subcutaneous (n=24) MTX previously titrated
according to clinical effect; the mean dose of
methotrexate was 'I3.76mg/mz. Blood samples
were taken 1 day prior to administration of the
next MTX dose in order to exclude possible
interference from free MTX. The response to
therapy was routinely assessed according to the
ACR pediatric definition of improvement [31].
MTX-Gls erythrocyte concentrations in samples
from patients with JIA ranged from <30 nmol/l
to 217nmol/l (mean MTX-Gls 94.7 nmol/l).
A significant correlation was found between

Copyright © 2009 John Wiley & Sons, Ltd.
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MTX-Gls concentration and MTX dose (p=
0.013, rho=0.40, Spearman correlation). Differ-
ences in the kinetics of MTX-Gls accumulation
between patients with various clinical response
and possible contribution of MTX-Gls assessment
to optimization and monitoring of MTX therapy
will be studied further.

Conclusion

The main benefit of our method over recently
published alternative methods [21-23] is the use
of isocratic elution with a short analysis time that
avoids the need for time consuming reequilibra-
tion of chromatographic conditions before each
subsequent run. The column used for all separa-
tions (Phenomenex Gemini C18) showed excel-
lent stability and robustness; no deterioration in
its performance has been observed after more
than 1500 injections of extracts of biological
samples. Long term stability of the column and
relatively low flow rate of mobile phase contain-
ing only 11% (v/v) of organic modifier makes
this method cost-effective and environmentally
friendly, without production of excessive waste
volumes and hence suitable for clinical labora-
tory use. The duration of enzymatic hydrolysis of
samples has been reduced to 6 h while preserving
acceptable precision and accuracy of the method.
The sample deproteination is simple, rapid
and cheap. Optimization of derivatization condi-
tions in the photoreactor is recommended as
sensitivity of detection can differ due to differ-
ences in coil irradiation geometry and the
power of the UV lamp used in different
photoreactors.

Results from the pilot study show that MTX-
Gls concentration in erythrocytes is dose depen-
dent and an extended clinical study is being

Biopharm. Drug Dispos. 30: 138—148 (2009)
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carried out to evaluate the possible usefulness of
MTX-Gls assessment in optimization of MTX
therapy and in drug monitoring.
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677TT Genotype Is Associated with Elevated Risk of
Methotrexate (MTX) Toxicity in Juvenile Idiopathic

Arthritis: Treatment Outcome, Erythrocyte
Concentrations of MTX and Folates, and MTHFR

Polymorphisms

JANA TUKOVA, JAROSLAV CHLADEK, MILOS HROCH, DANA NEMCOV A, JOZEF HOZA,

and PAVLA DOLEZALOVA

ABSTRACT. Objective. To investigate whether methylenetetrmhydrofolate reductase (MTHFR) C677T and

A1298C polymorphisms and erythrocyte concentration of methotrexate (EMTX) could serve as pre-
dictors of methotrexate (MTX) efficacy and toxicity in patients with juvenile idiopathic arthritis
(JIA).

Methods. Genetic analyses and EMTX and folate assessment were pedformed in 69 patients with JIA
aged 2.5-19.6 years (30 male) treated with MTX using a dose-escalation protocol and classified as
full responders (disease inactivity; n = 51) or nonresponders (< 30% improvement in pediatric
Amencan College of Rheumatology-30 criteria while receiving = 15 mg/m’/week parenteral MTX
for at least 3 months: n = 18).

Results. Nonresponders were treated with the higher median MTX dose (172 vs 12.6 mg/m2/week:
p<0.0001) and accumulated more EMTX (217 vs 106 nmol/l; p < 0.02) and erythrocyte folates (763
v5 592 nmol/l; p = 0.052) than responders. Analysis of MTHFR allele and genotype frequencies in
relation to response failed to deteet assoeiation. The frequency of any adverse effect was 29.4% in
responders and 33.3% in nonresponders (p = 0.77). The frequency of 677T allele was elevated in
patients with adverse effects (52.4% vs 209%; OR 3,88, 95% CI 1.8-8.6, p <0.002). The probabil-
ity of any adverse effect was significantly higher in patients with 677TT compared to the 677CC
genotype (OR 55.5,95% C1 2.9-1080, p <0.001).

Conclusion. MTHFR genotyping may have a predictive value for the risk of MTX-associated toxi-
city i patients with JLA. Despite the lack of therapeutic effect, nonresponders accumulated adequate
concentrations of EMTX. (First Release July 1 2010; 1 Rheumatol 2010:37:2180-6; doi: 10.3899/

Jrheum 091427)

Key Indexing Terms:
JUVENILE IDIOPATHIC ARTHRITIS
ERYTHROCYTE
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METHOTREXATE MTHFR
TOXICITY

Over the last 2 decades low-dose weekly methotrexate
(MTX) has been commonly used in the treatment of juvenile
idiopathic arthritis (JIA)'. Although its efficacy and safety in
children and adolescents with JIA have been documented in
multiple clinical trials??, interpatient variability of efficacy
and variety of side effects remain a clinical concern. About
10% of children fail to improve while receiving MTX* and
10% to 76% exhibit some common side effects’. Dose and
route of administration need to be tailored individually in
order to achieve early and sustained therapeutic effect*®,
Plasma concentration of the parent drug is not useful for
MTX therapeutic monitoring due to its short plasma half-life.
It has been postulated that long-acting polyglutamylated
iniracel lular MTX metabolites (EMTX) mediate most of the
antiinflammatory effects of MTX. EMTX may reflect its
pharmacokinetic variability as well as bioavailability™®.
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A growing body of evidence is now available to support
an important contribution of various genetic polymorphisms
in MTX xenobiotic metabolic pathways to interpatient
variability in therapeutic response as well as toxicity.
Methylene tetrahydrofolate reductase (MTHFR ) is associat-
ed with regeneration of reduced folates. It mediates
synthesis of 5-methyltetrahydrofolate, the carbon donor
required for methionine synthesis. Two relatively common
single-nucleotide polymorphisms (SNP), C677T and
Al298C. have been studied in the MTHFR
gene‘?.lﬂ,lI,IE,IS,H.IS.I&,I?,IB‘ Several studies in adults with
rheumatoid arthritis (RA) treated with MTX investigated
associations between C677T and A1298C polymorphisms
and clinical variables of disease outcome and/or toxicity,
with inconsistent resules® 1121316170819 Syydies evalu-
ating a possible role of EMTX for therapeutic monitoring
have been inconclusive’#-29,

We aimed to combine assessment of EMTX and MTHFR
polymorphisms in JIA patients with clearly defined response
status in order to evaluate their possible predictive value for
the efficacy and toxicity of MTX treatment.

MATERIALS AND METHODS

Patients and study protecol. Patients were recruited prospectively from the
pediatric rheumatology outpatient clinic population of the Department of
Paediatrics and Adolescent Medicine, 1st Medical School, Charles
University in Prague, between 2005 and 2008 The study was approved by
the local research ethics committee and informed consent was obtained
from the patients and/er their legal guardians,

To be eligible patients must have had a definitive diagnosis of JIA
sccording to the International League of Associations for Rheumatology
criteria® 22 and documented disease activity with MTX therapy for at
least 3 months prier to recruitment. Only patients within extrerme ends of
the response spectrum (full responders and nonresponders) were envolled.

For the purpose of this study, responders were defined as having
achieved disease mactivity on medication with MTX monotherapy accord-
ing to Wallace, et af™. Criteria for insctive disesse included no active
arthritis: no fever, rash, serositis, splenomegaly, or generalized lym-
phadenopathy attributable to JIA: no active uveitis: normal erythrocyte sed-
imentation rate (ESR) or CRP; and physician’s global assessment of dis-
ease activity indicating clinical disease quiescence®.

Using the American College of Rheumatology (ACR) Pediatric 30
(ACR Pedi0) definition of improvement®*252%27 _ therapeutic efficacy
was assessed monthly during the dose escalation and ot 3-monthly intervals
while patients received a stable dose. In nonresponders, at least 3 of any 6
JA core set varisbles did not improve by a minimum of 30% and no more
than | of the remaining variables improved by more than 30%*. Core st
outcome variables included number of joints with active arthritis, joints
with limited range of motion, physician’s global assessment of disease
activity [10 cm visual analog scale (VAS)], parent’s global assessment of
the child's overall well-being (10 cm VAS), disability index of the
Childhood Health Assessment (Questionnaire (CHAQ), and ESRZ8230 Ty
qualify as a nonresponder, the patient must have been treated with a mini-
mum of 15 mg/m¥week MTX subcutaneously for at least 3 months*.

Before entering the swdy, patients were treated with MTX using a stan-
dard dose-escalation department protocol. Over the first 3—6 months, initial
weekly MTX dose of 7.5-10 mg/m? orally was titrated according 1o effica-
ey and toxicity evaluations up to the weekly dose of around 15 mg/m?
(maximum 20-25 mg). Patients with persistent disease activity taking oral
MTX and requiring more than 10 mg/m” were switched to subcutaneous

administration®. MTX injections were chosen as an initial treatment modal-
ity in polyarthritis patients with high disease activity and in small children
(usually below 4 years of age). In addition o MTX, most patients received
once-weekly folic acid (5-10 mg/week, 2448 hours after MTX), and were
allowed to take one nonsteroidal antiinflammatory drug, usually ibuprofen.
Toxicity was prospectively monitored at each visit by routine question-
ing and laboratory tests (full blood count. liver function tests). MTX toxic
effects of any grade were defined as those related to the gastrointestinal
tract (Stomatitis, nauses, vomiting, abdominal pain/discomfort), liver fune-
tion (alanine and/or aspartate aminotransferase equal to or above twice the
upper normal limity, bone marrow suppression (any cyiopenia), and other
(alopecia, behavioral changes, headache, nodulosis).
MTX concentration in erythreeytes. In patients who had been treated & min-
imum of 3 months and received a stable MTX dose for at least 8 weeks,
venous blood samples were drawn just before weekly sdministration of
MTX. Samples were collected into standard EDTA-coated tubes and
processed within 1 hour, Erythrocytes were separated, washed in ice-oold
0.9% NaCl, and hemolyzed as deseribed® . Hematocrit of the suspension of
wished ervthrocytes was measured with a hematology analvzer (Celliac E;
Nihon Kohden, Tokve, Japan ) using the caleulation: EMTX = (MTX con-
centration in the hemolysatelhematocrit. Plasma samples and erythrocyte
suspensions were stored no longer than 1 month at -20°C before analysis.
Plasma MTX and EMTX were determined by high-performance liquid
chromatgraphy methods using fluorimetric detection after post-column
derivatization in a photochemical reactor as described™ ™, During sample
preparation, all MTX polygluwtamates were hydrolyzed to MTX. Thus,
EMTX concentration represented the sum of all polyplutamates in the
erythroe yte .
Folate concentration in erythrocyres. Erythrocyie concentration of folates
was measured on the Elecsys analyzer using an sutomated electrochemilu-
minescence immunoassay (ECLLA), including RBC Folate Hemolyzing
Reagent and Elecsys Folate II kit (Roche, Prague, Czech Republic).
Grenotype analysis. Genomic DNA was exiracted from white blood cells.
The Al298C and C6T7T polymorphisms of the MTHFR gene were ana-
Ivzed by polymerase chain reaction restriction fragment length pol vimor-
phism method as described™ % The rheumatologists evaluating the effica-
cy and safety of MTX (PD, DN, JH) were blinded to the results of geno-
typing and EMTX and folate analysis.
Statistical analysis. Differences between responders and nonresponders
were nssessed using Mann-Whitney U test or chi-square test. Allele and
genotype frequencies were compared by 2-sided Fisher exact test. Odds
ratios (OR) and 95% confidence intervals (Cl) were calculated for the
chance of response and the risk of overall adverse effects of MTX therapy.
Univariate and multivariate logistic regression models were used o anal yze
the influence of 677C>T and 1298A>C polymorphisms on the frequencies
of response and adverse effects. In these models, the aumbers of 677T and
1298C alleles (0, 1, or 2) for each patient served as independent variables.
Apvalse < 0.05 was considered statistically significant. Caleulations were
performed using Statistica 8.0 software (StatSoft Inc., Tulsa, OK, USA).

RESULTS
Stratification of patients according to treanment response. A
total of 69 Caucasian children were enrolled. Based on the
treatment efficacy assessment, 51 patients (74% ) were clas-
sified as full responders and 18 (26%) as nonresponders.
Their demographic and disease characteristics were similar
(Table 1). Omly 4 patients with persistent oligoarthritis had a
history of chronic uveitis (all responders).

In nonresponders, disease activity persisted despite treat-
ment with subcutaneous MTX at a 37% higher dose than in
responders (p < 0.0001), who received the drug orally (n=
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Table I. Patient and treatment characteristics.

Response to MTX Therapy

Characteristic Responders Nenresponders P
No. 51 18 =
ILAR subtype*, n 26,15,7,1,1,1 13,1.2,2,0,0
Male/female 20631 1008 028
Age, yrs** 82 (28-19.6) 98 (25-17.1) 054
Body surface area, m?** 096 (057-193) 1.06 (0.57-1.79) 055
Disease duration!, yrs** 22 (05-170) 19 (0.7-42) 031
MTX therapy duration’, yrs** 14(03-115) 13 (05-41) 093
ESR', mm/h** 37 (3-116) 28 (2-140) 0034
Active joints!! n** 6 (2-40) 6(2-59) 087
Joints with limited motion'’, n*= 6 (2-40} 7(2-39) 063
Route of MTX administration | 2427 0/18 < (L0001
{ oral/subcutane ous b
Weekly MTX dose!, mg/m?** 12.6 (T4-200) 172(11.8-242) < D01
Folic acid supplementation, n (%) 44 (B23) 17 (94.4} 067
Weekly dose of folic acid, mg=*? 10 (5-10) 10 (10-10) 0.12

T Atthe time of sampling. ! Before initiation of MTX. * Polyarticular, oligoarticular persistent, oligoarticular

extended, systemic, enthewpaﬂ'l.ic, psoriatic. ** Median (range ).

24) or subcutaneously (n = 27). The majonty of patients
from both groups took folic acid and its weekly dose did not
differ between the groups (Table 1). Only 12 patients (all
nonresponders) received other medication at the time of the
study (corticosteroids n = 11, sulfasalazine n = 1, etanercept
n = |, cyclosporine n = 1),
MTX roxicity. Mild to moderate toxicity was noted in a total
of 21 patients (30 4%). Gastrointestinal complaints (mucos-
al, nausea, vomiting, abdominal pain} were recorded in 16,
hepatopathy in 3, and alopecia i 2 patients. Other adverse
effects (bone marrow suppression. behavioral changes,
nodulosis) were not seen. The frequency of overall adverse
eftects was 29 4% in responders (15/51) and 33.3% in non-
responders (6/18) (p=0.77).
EMTX and folate concentration in ervthrocytes. Measure-
ments of EMTX/erythrocyte folate were available for 51/40
responders and 13/14 nonresponders. The median EMTX
concentrations in nonresponders [217 (interquartile range,
IQR, 91.4-354) nmol/1] were 2-fold higher than those in
responders [106 (IQR 65.3-168) nmol/] (p < 0.02: Figure
1A). Nonresponders tended to have higher concentrations of
erythrocyte folates compared to responders [763 (IQR
583-935) nmol/l vs 592 (487—751) nmol/l, respectively: p =
0.052; Figure 1B].
Association of MTX efficacy/toxicity and MTHFR polymor-
phisms. Results of the MTHFR SNP analysis were available
in all 18 nonresponders and in 46/51 (902%) responders.
Allele and genotype frequencies are summarized in Table 2.
Full clinical response was achieved in 4/8 (50% ) carriers
of the 677TT compared to 19/25 (76%) carriers of 677CT
and to 23/31 (74.2%) carriers of 677CC genotype. Patients
with 677TT genotype had 29-times lower probability of
response in comparison to patients with the reference geno-

type 677CC. However, this difference was not significant
(OR 0.35,95% CI 0.07-1.73, p=0.22). The frequency of T
allele among MTX responders was 29.3% and among non-
responders 38.9% (OR 0.65, 95% CI 0.29-1.46, p = 0.30;
Table 2). Full response was achieved in the following num-
bers of polymorphic allele carriers: 4/6 (66.7%) with
1298CC, 22/29 (75.9%) with 1298AC, and 20/29 (70%)
with 1298 AA genotypes. The probability of response did not
differ among different genotypes (Table 2). The frequency
of C allele among MTX responders and nonresponders was
304% and 30.6%. respectively (OR 099, 95% CI
0.43-2.30, p=099; Table 2). In univariate and multivariate
regression analyses, the presence of neither 677T nor 1298C
allele was associated with an altered response rate (data not
shown).

Adverse effects (any type) occurred in all 8 carriers of the
homozygous 677TT genotype (100%), in 6/25 (24%) carri-
ers of 677CT, and in 7/31 (22.6%) carriers of 677CC. All
G677TT homozygotes had combined genotype 677TT/
1298 AA. The probability of any adverse effect was signifi-
cantly and markedly elevated in patients with 677TT geno-
type, compared to the reference genotype 677CC (OR 55.5,
95% C12.9-1080, p<0.001). Frequency of T allele was sig-
nificantly higher in patients with adverse effects than in
those without (52.4% vs 22.1%, respectively; OR 3.88, 95%
CI 1.8-8.6, p <0.002; Table 2). Using this unadjusted OR,
the false-positive report probability of detecting a conserva-
tive OR of 2 was 13%, 62%, and %4%, respectively, for the
high (0.1), moderate (0.01}, and low (0.001) prior probabil-
ities of true association. In contrast to the MTHER C677T
genotype., associafion between the AI298C genotype and
adverse effects was much weaker. Adverse effects were
detected in 2/6 (333%) of 1298CC, in &/29 (20.7%) of
1298AC, and in 13/29 (44.8%) of 1298AA genotype carri-
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Figure 1. EMTX (A)and erythrocyie folates (B) in patients with JIA according to the therapy response. Horizontal

lines ore medinns.

Tabfe 2. The MTHFR polymorphisms and genotypes in relation to patients’ responses to MTX and occurrence of side effects.

MTHEFR Polymorphism  All Patients, Response to MTX Therapy OR (95% CI) Overall Side Effects, OR (95% CI)
n (%) Responders, Nonresponders, Yes, No,
ni%) n (%) n (%) n (%)
6TTCST alleles
T 41(32) 27 (293) 14(38.9) 0.65 (10291 46) 22(524) 19(22.1) IBE* (18-8.6)
C 87 (68 .00 63 (707 22(pl.1) — 20 (47.6) 67(779) —
1298A>C alleles
C 39(304) 28 (30.4) 11(30.6) 099 (0.43-2 30) G214} 30349) 051 (0.22-120)
A 89 (69 6) 64 (69.6) 25 (69.4) — 33 (78.6) 56 (65.1) -
677C>T genoty pe
TT 8(12.5) 4(87) 4(223) 035 (0.07-173) B (38.1) 0 (0) 55.5%% (29-1080)
T 25(39.1) 19 (41.3) 6i333) 110 {.32-3.73) 6 (28.6) 19 (44.2) 108 (0 31-3.76)
L oy 3148 4y 23 (50400 Hi4d4) — 7{333) 24(358) —
1298A>C penotype
cC 6H(94) 4(8.7) 2(1.L 0.90 (0.14-3 85) 2(95) 419.3) 0,62 (0 .097-3.9)
AC 19 (45 3) 22 (47.8) 7(38.9) 141 (044-451) 6(28.6) 23(53.5) 032(0.10-102)
AA 20 (45 3) 20 (43 5) 9(50.0) — 13 (61.9) 16{372) -

Fisher exact test: * p <0002, ** p < 0001 compared with CC (or C) as reference genoty pe (allele).

ers. The probability of any adverse effect tended to be lower
in homozygotes or heterozygotes for 1298C allele as com-
pared to homozygous carriers of 1298A allele, but the dif-
ferences did not reach statistical significance. The frequen-
cy of C allele among patients with and without adverse
effects was 21.4% and 34.9%, respectively (OR 0.51, 95%
C1 022-1.20, p = 0.15; Table 2). In both univariate (OR
1.46, 95% CI 1.15-1.74, p < 0005) and multivariate (OR
1.46, 95% CI 1.10-1.96, p <0.01) regression analyses. only
MTHFR 677T allele was confirmed as a factor strongly
associated with an increased frequency of overall adverse
effects.

DISCUSSION

We investigated relationships between the 2 common SNP
of the MTHFR gene, C677T and A1298C, and the efficacy
and safety of MTX in children and adolescents with JIA.
The ACR Pedi30 nonresponders and responders with inac-
tive disease were selected among the MTX-treated patients.

MTHFR SNP were detected and MTX and folate polygluta-
mates in erythrocytes were assayed after the patients had
been treated at sufficient length with a stable, sufficiently
high dose of MTX. To our knowledge, this is the first study
in JIA children simultaneously evaluating the contribution
of pharmacogenetic and metabolic markers to MTX effica-
cy and toxicity.

Signiticantly increased risk of overall MTX side effects
was found in carriers of the 677T allele. Further, all
homozygotes for this variant, which is associated with a
decreased activity of MTHFR,, experienced adverse effects,
as compared to 22.6% of homozygotes for the wild-type
677C allele. This represents a 55-fold elevated risk for
adverse effects in homozygotes for the mutated allele.
Observed adverse effects included gastrointestinal com-
plaints, elevation of aminotransferases, and alopecia. In
addition, compared to the carriers of 677TT genotype,
patients with the reference genotype 677CC had a 3-fold
higher chance to achieve the full clinical response to MTX.
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However, this difference was not statistically significant.
Separate examination of the A1298C polymorphism in rela-
tion to the effects of MTX showed no association.

Evaluating possible false positivity of this finding due to
the limited number of patients we applied the concept of
false-positive report probability (FPRP), as suggested by
Wacholder, et ai*® and introduced to the field of MTX genet-
ic association studies by Lee and colleagues®’. The high to
moderate probability level set-up appears justified: in a
metaanalysis of 8 studies in adults an increased risk of MTX
toxicity was found in carriers of the MTHFR C677T SNP
(OR 1.71,95% CI 1.32-2.21*%. Our estimates of the FPRP
are similar to those retrospectively determined by
Dervieux™ for the study of Wessels, er al™*, and lower com-
pared to the studies of Dervieux, e al'®, Therefore, our find-
ing of association of the C677T SNP and adverse effects of
MTX in patients with JIA is noteworthy, and in accord with
conclusions of recent studies of different SNP in adults with
RA treated with MTX!0:14:39,

One previous study in MTX-treated children with JIA
investigated the influence of MTHFR SNP on treatment out-
come and toxic ity‘“‘. In that retrospective study, the probabil-
ity of improvement was higher in carriers of the 1298C
allele, whereas no association was found for the C677T SNP
polymorphism. In agreement with our findings, heterozy-
gotes for the 677T genotype exhibited adverse effects more
frequently than homozygotes for the wild-type allele.
Pharmacogenetic studies in adult patients with RA have pro-
vided inconsistent conclusions. This may be explaimed in
part by different study design and outcome measures, coad-
ministered drugs, patient ethnicity, etc. According to recent
reviews >*! clinical data in adults support possible associa-
tion between the C67TT variant and increased MTX toxicity.

During treatment, pharmacologically active MTX paly-
glutamates with up to 5 glutamic acid residues accumulate
in cells*?, Polyglutamylation enhances intracellular reten-
tion of the drug and facilitates its affinity for several
folate-dependent enzymes*’. These metabolites have a
longer half-life than MTX itself, enabling once weekly dos-
ing. The steady-state EMTX level could be an indicator of
longterm MTX exposure. It is influenced by several factors,
including bioavailability of MTX. elimination kinetics, and
patient compliance, Under well controlled conditions of
prospective clinical studies, the steady-state concentration
of EMTX correlated strongly with the area under the con-
centration-time curve (AUC) of plasma MTX, reflecting its
bicavailability, as shown in patients with RA” and psoria-
sis**, Nevertheless, weak to moderate correlation of EMTX
with MTX dose was found*3#%, Circulating erythrocytes
lack folylpolyglutamate synthetase and MTX polygluta-
mates are mainly formed in bone marrow progenitor cells.
Therefore, EMTX may reflect MTX polyglutamate concen-
trations in immunocompetent cells, e.g.. lymphocytes, and
work as a bioindicator of the effect?’.

Most studies with adult RA patients suggest that higher
EMTX concentration 1is associated with better
response 81148 Hormung, ef al’ monitored clinical effect
during the followup period (52 weeks) using preliminary
ACR care criteria (no response, 20%, 50% improvement).
Patients with RA classified as responders had a significant-
ly higher mean steady-state EMTX, but significantly higher
dose at the same time. Since the correlation between the
dose and EMTX was found, the MTX dose might have
affected EMTX concentration in nonresponders who were
underdosed’. In adults with RA, 2- to 3-fold higher concen-
trations of EMTX were found in responders and partial
responders as compared to nonresponders®, However, MTX
was administered orally and mean doses used in all 3 groups
were similar and low (< 11.2 mg/week). Nnnrﬁpcnders
might have achieved response if treated parenterally with a
higher MTX dose®. Dervieux, ef af used a dose-escalation
protocol in adults with RA receiving oral MTX, and found
approximately 20% lower accumulation of EMTX in
patients with the lower than median improvement in the
Disease Activity Score-28 as compared to the better respon-
ders'?. Moreover, 3 nonresponders had 33% lower EMTX
concentrations compared to responders. In another study
with adult patients, the probability of a good response was
20% to 30% lower in patients with EMTX level below 60
I'In'lOUlIU'"'_tE.

Kristensen, et al*! investigated the relationship between
EMTX and clinical and laboratory measures in children
with JIA. The study design did not allow a cross-sectional
analysis of the relation between EMTX and disease meas-
ures, and patients served as their own controls. Within the
3-month interval, spontaneous fluctuation in disease activi-
ty did not reflect intraindividual changes in EMTX2", In our
study, the dose-escalation protocol allowed switching from
oral to subcutaneous administration, which resulted in an
exclusive use of the subcutaneous route in nonresponders.
who received 37% higher MTX dose than responders,
Nonresponders also presented higher EMTX levels, sug-
gesting that exposure to MTX was maximized and that the
lack of response was associated with pharmacodynamic fac-
tors rather than pharmacokinetics. Our assay for EMTX did
not allow us to separately quantify concentrations of indi-
vidual polyglutamates. Therefore we were not able to eval-
uate the proportion of longer-chain polyglutamates that
might better reflect efficacy of MTX. as shown in adult
patients'”. Moreover, route of administration contributed to
the pattern of polyglutamation of MTX in children with JTA
in a recent study*®, A higher proportion of long-chain (3 to
5) polyglutamates was observed in patients treated subcuta-
neously, and, conversely, a higher proportion of short-chain
{1 + 2) derivatives was found in patients treated orally*®,

Concentration of erythrocyte folates is one of the impor-
tant factors in MTX therapeutic response. In our study,
patients classified as nonresponders tended to have higher
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concentrations of erythrocyte folates compared to full
responders. Importantly, results of large cross-sectional
studies in adults also established that increased erythrocyte
folates were associated with high disease activity!"~",

Evaluation of relationships between MTHFR gene SNP
(C677T and A1298C) and MTX efficacy and safety in chil-
dren with JIA under simultaneous control for both antifolate
and folate status revealed that carriers of the 677T allele
have a 3.9-fold increased risk for adverse effects of MTX.
This elevation may be attributed to a 55-fold augmented risk
in patients carrying 677TT, which almost exclusively com-
bines with 1298AA genotype. Nonresponders to the dose-
escalation protocol had EMTX concentrations twice as high
as those of responders and a similar rate of adverse effects.
We found no significant relationship between EMTX and
treatment efficacy. Analysis of MTHFR allele and genotype
frequencies in relation to response failed to detect any sig-
nificant association. The significance of our results is limit-
ed by small patient numbers, thus estimation of MTHFR
677/1298 haplotype distributions and statistical evaluation
of their influence could not be done. This area definitely
deserves turther investigation.
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3.3 HPLC determination of arginases inhibitor
N-(omega)-hydroxy-nor-L-arginine using core-shell
particle column and LC-MS/MS identification

of principal metabolite in rat plasma
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3.3.1 Komenta r k metod é:

Posledni praci diskutovanou v tomto textu je metpastanovenN-(w)-hydroxy-
nor-L-argininu  (nor-NOHA). Léatka pati svym z#@azenim mezi selektivni inhibitory
arginaz, které jsou v posledni @olelmi pozorg sledovany vzhledem k mnoha pozitivnim
efektim pri experimentélni terapiidkterych zavaznych patologickych stiajako je astma,
hypertenze, diabetes nebo ateroskler6za. Pro vineiody byla zvolena kolona s moderni
stacionarni faze na bazaiqre-shelt sorbentuKinetex C18 Hlavnim divodem vyvoje byla
nutnost zji&ni zakladnich farmakokinetickych paranietpii pilotnich experimentech
na laboratornich ziatech. V literatie zcela chybi popis farmakokinetiky nor-NOHA i jeho
biotransformace, stejrtak jako metoda pro stanoveni této latky.

COOH  NH NH
HoN )\/\NH"L‘NH—OH HOCE j/“\/’\twﬂ‘“NH2
A NH, ¢
COOH  NH NH
HN )\/\NH"L‘“NHQ HOOC\(\/\NHM‘NH—/
B) NH; D)

Obrazek 38. Struktury latek. N-©)-hydroxy-nor-L-arginin (A), nor-L-arginin (B), L+ginin (C), N-)-ethyl-
L-arginin (D)
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Metoda byla vyvijena s ohledem na separaci nor-NQlAininu a neznamého
metabolitu, ktery byl pozgi na naSem pracovisti identifikovan jako nor-L-gig. Jako
vnitiniho standardu bylo ¥p vyvoji metody pouzito N-@)-ethyl-L-argininu. Vzhledem
k tomu, Ze se jedna o velmi polarni nizkomolekul@efluoreskujici latky bez chromoforu
a jako takové je problematické je detekovat a se@drna reverzni fazi, bylatipvyvoji
zvolena citlivh fluorescemi detekce po iedchozi derivatizaci aminokyseliny
o-ftalaldehydem (OPA). Derivatizai reakce je uvedena @brazku 39

Chromatografickd separace byla vyvijena tak, abka pmpatibilni s hmotnosén
spektrometrickou detekci, tzn. nebyly pouzivanyketé pufry jako aditiva mobilni faze.
Pro &ely kvantifikace byla pouzivana vyhradfiuorescetini detekce diky své citlivosti
a dobrému linearnimu dynamickému rozsahu. Hmothagiektrometr typu iontova past,
LCQ Fleet (Thermo Scientific, Waltham, USA), bykéto praci vyuzit pro identifikaci
metabolitu, ktery byl pozorovan v chromatogramettPl(C-FLD) metenych ze vzonk
po intravendzni aplikaci nor-NOHA.

Latka byla na zaklad svého fragmentmiho chovani a srovnanim s autentickym
standardem @ena jako nor-L-arginin, vznikajici eliminaci hydgdeavé skupiny z molekuly
nor-NOHA. NavrZzeno bylo pra¥godobné fragmentai schéma isoindolového derivatu
nor-NOHA po derivatizaci o-ftalaldehydemOlr. 40, nicmér pro jeho potvrzeni
by musely byt stanovenyigsné hmoty a elementarni sloZeng&ienim na hmotnostnim

spektrometru s vysokym rozliSenim, ke kterému mdaieshnemame fistup.

COOH
COOH Sf/f
Hs—/

N

oy

<+

HN -2H,0 = R
}—COOH
R

Obrazek 39. Schéma reakce o-ftalaldehydu s primarni aminosiaupi aminokyseliny viftomnosti

3-merkaptopropionové kyseliny za vzniku fluoresg&ikjo derivatu s isoindolovou strukturou.
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Obrazek 40.Pravé&podobny fragmentai mechanismus isoindolového derivatu nor-L-arginin

Problémy s obe@nznamou kratkodobou stabilitou OPA derivaiyly v naSem fipac
vyifeSeny automatickou on-line derivatizaci vzorku wosampleru, ktera navic zkratila
piipravu vzorku a omezila riziko vzniku chybi pipetovani. Zajimavym jevem, ktery bych
rad jeS¢ nakonec zminil vtomto kratkém komeiit& publikované meto#l je omezena
stabilita nor-NOHA pi styku s kovovym povrchem. Na tuto skirtest jsme narazili
pii ovérovani opakovatelnosti nditu z jedné vialky. Po dvaceti néisich jsme zjistili
pokles koncentrace analytu na 83%v@dni hodnoty. Tento jev se neopakoval giejném
poctu nastika z niznych vialek. Z tohotoiwodu jsme provedli experiment, kde byl vzorek
roz&len do dvou vialek a poté bylo postépnastikovano z jedné a poté z druhé vialky
(n=2x20). Vysledkem byly dvpiekryvajici se kivky se stejnou sirnici i posunem na
osey. Na zaklad tohoto chovéani jsme usoudili, Ze dochazd’ kuadsorpci latky na kovovy
material nagtkové jehly, nebo imo k rozkladu. Podobné chovani nebylo pozorovano
u argininu ani N-@)-ethyl-L-argininu (vnitni standard). DalSi detaily k vyvinuté metod

Ize nalézt v filozenémclanku.
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For the purpose of in vivo pharmacokinetic studies, an HPLC method was developed and validated for
the quantification of N-{w)-hydroxy-nor-L-arginine, L-arginine and N-(w}-ethyl-L-arginine {internal stan-
dard] in rat plasma. Sample processing involved a solid-phase extraction on the Waters MCX cartridges
and on-line pre-column derivatization of the analytes with o-phthaldialdehyde and 3-mercaptopropionic
acid. Separation of the derivatives was carried out on a core-shell Kinetex C18 column in a gradient
elution mode with a mobile phase consisting of methanol and water (pH=3.00 adjusted with formic
acid). Fluorimetric detection with the excitation/emission wavelengths of 235/450nm was used. The
method was validated according to the FDA guidelines and applied to pilot pharmacokinetic experi-
ments. An unknown metabolite was extracted from the plasma of Wistar rats after a single bolus of
N-{w}-hydroxy-nor-L-arginine (iv. 10mgkg '} The metabolite was identified as nor-L-arginine using
mass spectrometry. Validated method was successfully used for pilot pharmacokinetic experiment on

rats.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Arginases compete with nitric oxide synthases (NOS) for a
common substrate t-arginine (ARG). Overexpression of arginases
reduces the synthesis of nitric oxide (NO), while inhibition results
in an increased NO formation [1]. An increased expression and
activity of arginases have been found in many pathological states
[2-5]. Arginase inhibitors decrease blood pressure and improve
the reactivity of resistance vessels in adult spontaneously hyper-
tensive rats [6]. In animal models of asthma, arginase inhibition
protects against allergen-induced airway obstruction, hyperre-
sponsiveness and inflammation [7]. Moreover, airway remodelling
in chronic allergic asthma is attenuated [8]. If compared to healthy
subjects, patients with asthma have significantly higher arginase
expression in bronchoalveolar lavage cells and in the airway
epithelium [9]. Patients who present with acute asthma exac-
erbation have higher serum arginase activity and lower levels
of arginine as compared with healthy subjects [10]. Moreover,
arginase activity is related to airflow abnormalities in severe
asthma [11]. Arginase inhibitors thus have therapeutic poten-
tial in several MO-dependent smooth muscle disorders, including

* Corresponding author. Tel.: +420 40581 5340; fax; +420 405513022,
E-mail addresses: hrochm@1fhk.cuni.z, hroch.mé@volny.z (M. Hroch).

1570-0232/5 - see front matter © 2011 Elsevier B.V. All rights reserved.
doiz10.1016/j.jchromb.2011,11.022

asthma and hypertension. N-{w)-Hydroxy-nor-t-arginine (nor-
NOHA), a more potent analogue of N-{w)}-hydroxy-i-arginine
(NOHA), is an inhibitor of arginases with no affinity towards
NOS [12]. An increasing number of published studies address
the positive effects of nor-NOHA in various diseases [6,13-15]
which strongly contrasts with the absence of analytical meth-
ods and pharmacokinetic data in the literature, unlike methods
for arginine and its other derivatives [16-19]. The aim of this
work was to develop and validate a liquid chromatographic
method for nor-NOHA assessment in the rat plasma. Station-
ary phase Kinetex C18 with the core-shell particle technology
was chosen for the method development. Recently, this kind
of columns has become popular in pharmaceutical analysis and
bioanalysis [20-25], owing to the fast separation of analytes
with excellent efficiency [26-32]. Sensitive and selective flu-
orescence method of amino acid analysis was utilized with
o-phthaldialdehyde (OPA) on-line derivatization and separation
of isoindoles derivatives [33-37]. Fluorimetry is the primary
detection technique. However, chromatographic conditions are
compatible with mass-spectrometry (MS). The method also enables
simultaneous guantification of ARG. The LC-MS mode was used
for the identification of a putative metabolite of nor-NOHA found
in the plasma of Wistar rats after iv. administration of the
compound. The metabolite was identified as nor-t-arginine (nor-
ARG).

Please cite this article in press as: M. Hroch, et al., |. Chromatogr. B (2011), doi: 10.1016fj.jchromb.2011.11.022
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COOH 'rl\llH Tll:' Agilent ChemStation software (Palo Alto, CA, USA). For the identifi-
= i HOOGC G cation of an unknown metabolite, a quadrupole ion trap LCQ Fleet
H:N NH NH-CH \]/ﬁ\ NH NH; mass spectrometric detector (Thermo Scientific, San Jose, CA, USA)
MH; equipped with an electrospray (ESI) interface was used. Detector
a ¢ was coupled with 1200 Series Agilent HPLC (Palo Alto, CA, USA)
composed of degasser, guaternary pump, cooled autosampler and
column compartment. Chromatographic conditions were identical
j‘OOH NH Tj:' to that described above for fluorescence detection.
SN HOOG .~ _~. -
HA M= NHa ‘T/ Ll 2.3. On-line derivatization
b NHy o

Fig. 1. Chemical structures of N~{w }-hydroxy-nor-L-arginine (a ), nor-L-arginine (b,
v-arginine () and N-(w -ethyl-t-arginine (d).

2. Experimental
2.1. Reagents

N-{w)-Hydroxy-nor-i-arginine was purchased from Bachem
(Basel, Switzerland), N-{w}-ethyl-L.-arginine (NMEA, an internal
standard)was purchased from Enzo Life Sciences (Farmingdale, NY,
USA} and nor-L-arginine (nor-ARG) was obtained from IS Chemical
Technology (Shanghai, China). Chemical structures of compounds
under the study are presented in Fig. 1. Hydrochloric acid and
sodium hydroxide were obtained from Lach-Ner{Neratovice, Czech
Republic). L-Arginine, boric acid, potassium acetate, formic acid,
3-mercaptopropionic acid (3-MPA) and o-phthaldialdehyde were
purchased from Sigma-Aldrich (Prague, Czech Republic) and gra-
dient grade methanol from Fisher Scientific (Pardubice, Czech
Republic). Water was purified with the MilliQ system (Millipore,
Milford, MA, USA). OPA reagent was prepared by dissolving of
20.1 mg o-phthaldialdehyde in 1 ml of methanol. The solution was
transferred to a 10ml volumetric flask, filled with borate buffer
(02moll-!, pH=9.5} and 10 pl of 3-MPA was added. Before use,
reagent was held in a dark at room temperature for 90 min [34,38],
then was transferred to the fridge {4 °C) and used at longest for two
days [39]. All chemicals used in the study were of analytical-reagent
grade or best available purity. Drug-free rat plasma for the method
development and validation was acquired from sacrificed animals.

2.2 Instrumentation and chromatographic conditions

All analyses were performed on a 1100 series Agilent lig-
uid chromatograph (Palo Alto, CA, USA) composed of a degasser,
quaternary pump, light-tight autosampler unit set at 7°C, ther-
mostated column compartment held at 50°C and a fluorescence
detector set at the excitation/emission wavelengths of 235/450 nm,
with photomultiplier gain 11. Chromatographic separation was
carried out on a Kinetex C18 core-shell column 100 mm = 3 mm ID,
2.6 p.m (Phenomenex, Torrance, CA, USA), protected with dispos-
able in-line filter CrudCatcher (Phenomenex, Torrance, CA, USA).
The mobile phase flowing at a rate of 0.85mlmin-! consisted
of water, adjusted with formic acid at pH=-3.00 (solvent A) and
methanol (solvent B). The gradient elution program was as fol-
lows: from 5% to 39% (v/v) of solvent B in 9.4 min; 39% to 5% (v/v)
of solvent B in 0.1 min, equilibration at 5% {v/v) of solvent B for
3.5 min. During the equilibration, on-line derivatization of the next
sample was accomplished simultaneously. Injection program used
Agilent ChemStation (Palo Alto, CA, USA) software statements in
the following order: DRAW 1.5 pul from sample, DRAW 1.5 pl from
vial 1 {OPA reagent), MIX 3.0 ul (in air, max. speed, 8 times), WAIT
0.4 min, INJECT. The time of sample analysis was 13 min including
column re-equilibration. The mobile phase was filtered through a
0.22 wm Durapore filter (Millipore, Milford, MA, USA) and vacuum
degassed prior to use. Data processing was handled by means of

With the aim to achieve the optimum response of the fluores-
cence signal a special attention was paid to the optimization of the
injector program used for the on-line derivatization as well as tothe
composition of the OPA reagent. The parameters under evaluation
were the concentrations of OPA (the range of 1.9-30 mmol iy T
MPA (the range of 5.75-184mmoll~') and, of borate buffer (the
range of 50-400mmolI='), the number of mixing cycles in the
injection loop and, the time delay after mixing of the sample with
the OPA reagent.

24. Development of separation conditions

Chromatographic conditions were selected to allow a rapid and
efficient separation of the OPA derivatives of nor-NOHA, nor-ARG,
ARG and NMEA (internal standard—IS) from plasma components.
A critical pair of nor-NOHA and nor-ARG derivatives was the most
difficult task. The use of non-volatile buffers was avoided during
the method development in order to enable mass spectrometric
detection. Several chromatographic parameters were optimized
including the type of organic modifier (methanol, ACN), the flow
rate (0.6-0.85 ml min~'}, the gradient program, the column length
(150vs. 100 mm ) and, the temperature of the column compartment
(35-50°C). The decision criteria included selectivity of the assay,
sufficient chromatographic resolution of the critical pair (Rs> 1.5),
short runtime (<15 min) and, the back-pressure <400 bar due to the
limitations of the Agilent 1100 HPLC system.

2.5. Preparation of calibration standards and quality control
samples

Stock standard solutions of nor-NOHA (40 and 30mmolI-1),
ARG (20 and 15mmoll-'}) and NMEA (1 mmoll-1) were pre-
pared by dissolving of each pure substance in 0.01 moll-!
hydrochloric acid. From the standard solution 40mmoll-!
were prepared auxiliary stock solutions by consecutive dilu-
tion with hydrochloric acid {D.01moll™') to concentrations
0.20-0.50-1.0-2.0-10-20-40 mmol I-'. The calibration standards
of nor-NOHA were prepared from auxiliary stock solutions by a
20-fold dilution with blank rat plasma (standards L1-L7). Calibra-
tion standards of ARG were obtained using standard additions of
5-12.5-25-50-250-500-1000 pmol 1! to rat plasma containing
122 4 pmol I-! of endogenous ARG { standards L1-L7). ARG endoge-
nous concentration was calculated from linear regression equations
of calibration curves (n-7) with standard additions of ARG as
mentioned above. Calibration curves were extrapolated to zero
response (y=0) and concentration of ARG was ascertained from
absolute value of intercept on the concentration axis (x). Quality
control samples of nor-NOHA in blank rat plasma were prepared
at concentrations of 30, 200 and 1500 mol 1~ '{QC1,QC2 and QC3,
respectively). Standard additions of 15, 150 and 750 umolI~! ARG
to rat plasma with a basal concentration of 122.4 umal I-! were
performed to prepare QC1, QC2 and QC3, respectively. The calibra-
tion standards and QC samples were divided to 200 .l aliquots and
kept frozen at —80°C for a maximum of two weeks.

Please cite this article in press as: M. Hroch, et al, J. Chromatogr. B (2011}, doi:10.1016fj.jchromb.2011.11.022
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2.6, Solid-phase extraction of analytes from rat plasma

Samples of frozen plasma were thawed at room temperature
and subjected to a solid-phase extraction (SPE) on the Oasis MCX
cartridges (30mg, 1 ml, Waters, Milford, MA, USA) filled with a
mixed mode sorbent (reversed phase and strong cation exchanger).
The sorbent was wetted twice with 1 ml of methanol and washed
twice with 1ml of ultrapure water. Two hundred microliters of
plasma was mixed with 600l of phosphate buffer (0.05moll-!,
pH=7.4}and 50l of 1S (c= 1 mmol 1= ) and the mixture was loaded
on the SPE cartridge. The cartridge was washed once with 1 ml
of hydrochloric acid (0.1 moll-') and 1 ml of methanol. The ana-
lytes were eluted from the air-dried sorbent using 1ml of the
elution agent composed of potassium acetate (0.5M, pH=7.4) and
methanol (40:60, v/v). The eluates were evaporated to dryness in a
thermoblock (30 min. 35°C) under a gentle stream of nitrogen and
reconstituted in 200 ] of ultrapure water. After vortex mixing for
15sand centrifugation (14,000 = g, 5min}, the samples were trans-
ferred into vials with glass inserts and placed to the autosampler
for on-line derivatization and analysis. Total volume of the sample
taken for on-line derivatization was 1.5 p.l.

2.7. Method validation

The optimal chromatographic conditions acquired in the course
of method development were applied throughout the validation
process. The method was evaluated for selectivity, linearity, the
lower limit of quantification (LLOQ), precision, accuracy, extrac-
tion recovery and sample stability, using recommendations of the
FDA Guidance for Industry - Bioanalytical Method Validation [40].
For all tests performed during the method validation, pooled blank
plasma from fourteen rats was used.

2.7.1. Selectivity

The selectivity of the HPLC method was tested by comparing
the blank, drug-free rat plasma from 14 different animals to the
samples of calibration standard L3 and standard fortified with nor-
NOHA, ARG and NMEA (15) to the final concentration of 5 wmol =5
prepared in ultrapure water. Peak purity test was also performed
for ARG because the amino acid is a common constituent of many
biological matrices and blank plasma is unavailable. This test was
based on the continuous measurement of the excitation or emis-
sion spectra during a chromatographic run. For this purpose, two
runs for each blank plasma (n- 14) were carried out. First, the exci-
tation spectra were recorded over the range of 220-400 nm and
second, scanning of the emission spectra was performed in the
range of 360-550 nm. Evaluation of the tests was undertaken with
a “Peak purity test” function available in ChemStation software with
athreshold value set at 990 [41,42]. Mass spectrometric data across
ARG peak in blank samples were also acquired for confirmation of
fluorimetric peak purity measurement. Peak purity function sup-
ported by ChemStation software utilizes statistical approach for
computation of the spectra similarity within a chromatographic
peak. Two exactly identical spectra have similarity factor equal
to 1000. Values of similarity factor higher than 995 indicate that
the spectra are very similar and can be assumed as identical.
Detailed description of aforementioned peak purity function is in
Refs. [41,42].

2.7.2. Linegrity and LLOQ

Calibration curves were constructed using a weighted (1/y2)
least-square linear regression of the relationship between the peak
areas ratios (the analyte to I1S) and the concentrations of calibra-
tion standards. Each of the seven concentration levels was analyzed
seven-times. The calibration ranged from 10 to 2000 pmoll-!
(nor-NOHA) and from 127.4 w 1127 4pmoll-! (ARG - final

concentration). LLOO was defined as the lowest concentration
determined with acceptable precision and accuracy, i.e. with the
relative standard deviation (RSD) below 20% and the relative error
{RE) within +20% of the true value. For the purpose of LLOQ deter-
mination, seven parallel samples were spiked with nor-NOHA to
the final concentration of 5 umoll-! and with standard addition
of ARG 5pmoll-! to the plasma with ARG basal concentration
122.4mmol -1,

2.7.3. Precision and accuracy

The intra- and inter-day accuracy and precision were assessed
by conducting a replicate analysis of the QC samples at three
concentration levels. Intra-day precision was measured at three
concentration levels, each level in septuplicate. To determine the
inter-day precision, the QC samples were analyzed over three
different days at three concentration levels, each level in quin-
tuplicate. The precision and the accuracy were expressed as
the relative standard deviation (RSD) and relative error (RE),
respectively.

2.74. Recovery

Relative recoveries (R%) of analytes were evaluated by compar-
ing the results of replicate analyses (n- 5) of the plasma QC samples
prepared at three concentration levels with those prepared by spik-
ing the post-extracted plasma samples to the same concentrations.
Recovery for NMEA (1S} was evaluated at the concentrations of
100, 200 and 400 pmol I~ in the same manner as for the QC sam-
ples. Relative recovery of analytes was calculated according to the
following equation [43}]:

_ response of analytes spiked to plasma before extraction

response of analytes spiked to plasma after extraction caa

2.7.5. Stability

Long-term and short-term stability, post processing stability
and freeze-thaw stability were assessed by replicate analyses (n-5)
of the low and high QC samples prepared in rat plasma. Long-term
stability samples were stored at —80°C, measured after 4 weeks
and compared with freshly prepared samples. Short-term stability
of the plasma at 25°C was assessed after standing over 1 h before
sample processing and analysis. Post-processing stability was mea-
sured by analyzing the low and high QC samples immediately after
processing as well as after 24 h standing in the autosampler ther-
mostated at 7 °C. The freeze-thaw stability was determined after
each of three freezing-thawing cycles.

2.8. Pilot pharmacokinetic experiment

Male Wistar rats (n=5} weighing from 310 to 410g (Biotest,
Kondrovice, Czech Republic) were used in a preliminary phar-
macokinetic experiment to verify the performance of the new
chromatographic method. Animals were housed under controlled
environmental conditions (12-h light-dark cycle, temperature
22+1°C) with a commercial food diet and water freely available.
All experiments were approved in accordance with Guide for the
Care and Use of Laboratory Animals published by the U.S. National
Institutes of Health (MIH publication, 1996} and under the supervi-
sion of the Ethical Committee of the Faculty of Medicine in Hradec
Kralove, Czech Republic. A bolus dose of 10 mg kg~ nor-NOHA was
administered intravenously under the anesthesia induced by pen-
tobarbital (50mgkg ', i.p.) and samples of blood were collected
into the EDTA KE Monovette tubes (Sarstedt, Ndmbrecht, Germany)
atvarious time intervals during the 2 h post-dosing. Blood samples
were immediately cooled in a water bath (5min, 10°C) and plasma
was separated by centrifugation (1000 = g, 10 min, 4°C). Samples
were stored at —80°C until analysis.
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2.9. Identification of the metabolite using mass spectrometry

In the course of preliminary pharmacokinetic experiments with
nor-NOHA in rats, an unknown peak was found in the OPA-
derivatized plasma extracts, with the kinetics related to that of
nor-NOHA. We assumed that the peak belongs to a metabolite or
degradation product of nor-NOHA emerging in vivo. Therefore, it
was tested whether or not the origin of the compound is artifi-
cial, i.e. caused by nor-NOHA decomposition in vitro during sample
processing. Within the framework of this testing, short-term sta-
bility was also evaluated (see Section 2.7.5). Blank rat blood was
spiked with nor-NOHA and ARG to final concentrations of 301.8
and 150.5 pmol1-!, respectively, and the volume was divided into
five aliquots. The first aliquot was immediately processed and ana-
lyzed. From the second and third aliquots, plasma was prepared
immediately and held at 25=C and 4°C for 1 and 2 h, before sam-
ple processing and analysis. The fourth and fifth aliquots were
held at 25°C and 4=C for 1 and 2 h, respectively, and then plasma
was separated, processed and analyzed. After this preliminary test,
the compound was characterized by means of mass spectrometry.
Full scan M5'-ESI spectra and M5"-ES] in the positive mode were
recorded with the ion source and ion optics settings as follows:
spray voltage 4kV, capilary voltage 35V, capilary temperature
250°C, sheat gas 50 AU (arbitrary units), auxillary gas 30 AU, RF
lens offset —7.5V, lens(0) —4.5V, multipole[0) offset -5V, gate lens
—52V, multipole(1)offset —13.5V, multipole RF 465 V,_p,. front lens
—86V, trap offset —10V. Confirmation of the proposed structure
was carried out with authentic standard of nor-ARG.

3. Results and discussion
3.1. Development of chromatographic conditions

Preliminary experiments were done using an Agilent Zor-
bax XDB-C18 column (150 mm = 4.6 mm, 5pum) with optimized
mobile phase consisting of acetonitrile-methanol-phosphate
buffer (0.05moll~', pH=6.5) in a gradient mode. Despite the fact
that validation was successful, the runtime >35min was found
unsatisfactory. Such long runtime caused problems with post-
processing instability of the analytes, especially during the analysis
of large analytical batches. Another limitation was the phosphate
buffer used in the mobile phase and impossibility to use the method
in LC-MS mode for nor-NOHA metabolite identification, as this
demand rose throughout the study.

During the last two years, columns with shell-type stationary
phases have become popular owing to a fast and efficient sep-
aration with excellent efficiency [26-2831]. Therefore, this new
stationary phase technology was chosen in the present study also.
Isocratic separation on a Kinetex C18 (150 mm = 3 mm ID, 2.6 um)
column gave disappointing results. The critical pair of OPA deriva-
tives of nor-NOHA and nor-ARG showed insufficient resolution and
NMEA (15} eluted in the runtime exceeding 60 min. For a gradient
elution, acetonitrile and methanol were tested as organic modi-
fiers. Acetonitrile gave a low back-pressure profile but separation
of the aforementioned critical pair remained problematic. Opti-
mum chromatographic separation of all analytes and interferents
was achieved with methanol. A 150mm long Kinetex C18 col-
umn offered good separation, however with a runtime exceeding
17 min. A shorter, 100 mm column was therefore tested and was
found to be sufficient for baseline separation of all OPA derivatives
with the significantly shorter runtime of 13 min. Column temper-
ature and flow rate were conformed to an acceptable value of the
back-pressure and sufficient resolution of the critical pair. Kinetex
C18 (100mm = 3mm ID, 2.6 uwm) column was finally used in the
present study. Parameters of the resulting method are presented

Table 1

Chromatographic performance data valid for standard unmodified Agilent 1100
series fiquid chromatograph equipped with Kinetex CI18 (100mm = 3mm 1D,
2.6 pm) colummn,

Compound Reduced ret, time Peak width at Resolution

tg (min} haif height R

Wiz (min)

Unknown peak G033 1.0499 -
nor-NOHA 6.345 0.0643 i3
nor-ARG 6522 00583 20
Unknown peak 7.053 00765 46
ARG 7483 00594 48
NMEA (IS) 8.975 00594 162

in Section 2.2. Chromatographic performance data were computed
by means of Agilent ChemStation software and are summarized in
Table 1. Resolution was computed for consecutive peaks. Data for
observed interferents are also included.

3.2. Derivatization and infector program

OPA and 3-MPA in borate buffer (0.2 mol1-!, pH- 9.5) were used
for derivatization. OPA reagent composition used through the study
was as follows: OPA 15mmoll-!, 3-MPA 11.5mmol ]~ Injector
program settings are described in Section 2.2. 3-MPA was a pre-
ferred donor of a thiol group given the reported higher stability of
the derivatives [44,45]. Data acquired during the optimization of
the injector program are presented in Fig. 2. Peak areas of the ana-
Iytes to IS were used for computation and results were normalized
to a highest value in the dataset.

Based on the results presented in Fig. 2, an attention should be
paid to OPA and 3-MPA concentrations. On the other hand, the con-
centration of borate buffer influences the fluorescence response of
OPA derivatives only slightly. An optimum composition was as fol-
lows: 15mmoll~! OPA and 11.5mmoll~" 3-MPA in borate buffer
(0.2mol I, pH 9.5). The count of mixing cycles during the on-line
derivatization is the most important instrumental parameter to
optimize while the delay time in the injector loop after mixing has
only a marginal influence on the fluorescence intensity.

3.3. Solid-phase extraction of analytes from rat plasma

Solid phase extraction on the Waters MCX cartridges resulted
in clean extracts and a high recovery of the analytes. The pro-
cedure recommended in the Oasis MCX cartridge brochure [46]
was tested first, but alkaline ammonia solution used in the elu-
tion step completely decomposed nor-NOHA. Similar behavior was
described by others for NOHA [47]. To prevent the decomposi-
tion of nor-NOHA during the sample precessing, alkaline solutions
(pH = 8) has to be avoided. Therefore, various elution agents were
investigated each composed of methanol and organic or inorganic
salt (potassium acetate, potassium phosphate, potassium chlo-
ride, ammonium chloride). The best results were achieved with a
solution containing potassium acetate (= 0.5mal 1~ pH=7.4) and
methanol (40:60, v/v). This solution was used through the study.

3.4. Results of validation

34.1. Selectivity

Selectivity was investigated using blank and spiked samples of
rat plasma (nor-NOHA, nor-ARG and NMEA ) and by means of a peak
purity test and LC-MS (ARG). Baseline resolution was achieved for
all analytes. Samples of blank rat plasma (n=14) were found free of
interfering peaks of endogenous compounds at the retention times
of nor-NMOHA, nor-ARG and NMEA (IS) (Fig. 3).
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Fig. 2. Influence of derivatization parameters on the fluorescence response. Concentrations of the components of the derivatization reagent: o-phthaldialdehyde (a), borate
buffer (b) and 3-mercaptopropionic acid {c). Instrumental parameters: the count of mixing cycles after aspiration of a sample and OPA reagent (d), the time interval between
mixing of a sample with OPA reagent and injection {e).

The peak purity test demonstrated that similarity factors of
the ARG OPA spectra of all samples of rat plasma (n=14) were
higher than 997.2 and 996.2 with the mean (SD) values of 998.4
(0.5129) and 999.0 (0.6111) for excitation end emission spectra,

respectively. Inasmuch as the aforementioned peak purity test is
not able to detect interference with exactly the same retention
time and peak shape as that of ARG OPA, results of the peak purity
test were also confirmed with the help of the mass spectra recorded
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Fig. 3. Representative chromatograms of blank rat plasma (a). plasma fortified with 50 pmol 1-! nor-NOHA, 147 wmal I-! ARG (final concentration) and 200 pmol1-! NMEA
(b}, rat plasma withdrawn 5 min after nor-NOHA bolus (10mgkg-' Lv.) (c), plasma fortified with nor-NOHA and NMEA (5 pmol I-! each compound ) (d}, water fortified with
nor-NOHA, ARG and NMEA (5 pmaol1-! each compound} (), water used for sample reconstitution (F). Peak identification: nor-NOHA tr - 6.8 min (i}, nor-ARG tr - 7.0 min {ii),

ARG tp-7.9min (i), NMEA &z - 9.4 min {iv]},

across the ARG OPA peak in all samples of rat plasma (n=14).
Results demonstrated the ability of the method to unequivo-
cally assess the analytes of interest in a complex matrix of rat
plasma.

34.2. Linearity of calibration and LLOQ

Least-squares linear regression with different weights (no
weighting, 1/x, 1/x2, 1/y and 1/y?) was tested. The best
results were achieved using a weighted (1/y?) least-squares
linear regression. The calibration curve of nor-NOHA and
ARG OPA derivatives were linear within the concentration
ranges of 10-2000 and 5-1000 pumoll~*, respectively. The mean
(£5D) regression equations of calibration curves {n=7) were:
y-0.001047(-+0.00008624 )x + 0.001086{+0.0007810) (r%>0.998)
and y - 0.002886(£0.0003632)x + 0.3532(+0.07832) (1% > 0.997) for
nor-NOHA-OPA and ARG OPA, respectively.

Lower limit of quantification 5 wmaol ! for nor-NOHA and ARG,
respectively was confirmed with the measurement of accuracy and
precision, where limits given by FDA [40] were fulfilled. The method
proved tobe linear over the range demanded for analysis of samples
from pharmacokinetic experiment on rats (see Section 3.5) with
sufficient quantification limits.

3.4.3. Precision and accuracy

The data of the intra and inter-day precision and accuracy are
shown in Table 2. For all QC samples were the relative standard
deviations better than 11% and assayed concentrations between 90
and 110% of the true values. Precision and accuracy of the present
method met the criteria of the FDA Guidance for the Bioanalytical
Method Validation [40].

Table 2
Precision, accuracy, LLOG} and recovery results of the method for nor-NOHA and ARG determination. Mean unspiked plasma (a), spike added (b ). mean spiked plasma (c] and
spike found (d).
Analyte a(pmoll-'] b{pmoll-') c(pmall-') d {pmol -1} RSD (%) RE (%)
Inter day n=15
nor-NOHA - 3018 - 31,55 7.20 454
nor-NOHA - 3018 - 3024 10.80 021
nor-NOHA - 1509 - 1644 6.00 BO8
ARG 1224 15.05 138.1 1573 7.1 452
ARG 1224 1505 783 1564 221 4125
ARG 1224 7523 g133 7909 570 513
Intra day n-5
roT-NOHA - 30,18 - 2088 5.67 -0.99
nor-NOHA - Nl - 3259 70 B.00
nor-NOHA - 1508 - 1522 0,19 085
ARG 122 4 1505 1543 1455 031 —3.332
ARG 1224 1505 136.8 1359 5.06 070
ARG 1224 7523 7582 7583 143 080
LoQn=7
nor-NOHA - 503 - 556 1235 1054
ARG 1224 5.02 5449 15.86 044
Recovery n="5 a(pmoll-') b (pmol1-1) c{pmol1-1) d (mal -1} Recovery (%) (mean + 50}
nor-NOHA - 3018 - 2940 QG4+37
nor-NOHA - 3018 - 3000 1024 + 25
nor-NOHA - 1504 - 1306 025 + 48
ARG 1224 15.05 1363 1384 9198 + 26
ARG 1224 1505 261.8 1304 9264 +£134
ARG 1224 7523 3BE.G 766.1 10184 +290
NMEA - 103.1 - 00,62 87.00 £ 326
NMEA - 206.2 - 1778 8624 £ 322
NMEA - 4124 - 363.0 8802 + 250
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Table 3
Statility of nor-NOHA and ARG in rat plasma. Mean unspiked piasma (a), spike added (b}, mean spiked piasma (c). and spike found (d].
Analyte Matrix Time Temp. a(pmoll-1) b (pmoll-') c(pmol -1y d (pmol1-1) RSD (%) RE (%)
Short term stability (m=57
nor-NOHA Plasma 1h 254C - 30.18 - 2912 407 -351
ARG Plasma 1h 25-C 1042 15.05 1184 1420 295 —-5.65
nor-NOHA - 0Oh2 - - 301.8 - 2010 308 -357
nor-NOHA Plasma 1h 4=C - 3018 - 319.9 054 G.01
noer-MNOHA Plasma 1h 25=C - 3018 - 346 257 0.a1
nor-NOHA Plasma 2h 4=C - 3018 - 2412 681 —-10.42
nor-NOHA Plasma Z2h 25°C - 3018 - 2264 328 —24.99
nor-NOHA ‘Whole blood 1h 4=C - 3018 - 3088 1.0G 231
nor-NOHA Whole blood 1h 25°C - 3018 - 3078 101 1.98
nor-NOHA ‘Whole biood 2h 4=C - 3018 - 2503 488 -17.07
nor-NOHA Whaole blood 2h 25+C - 3018 - 2411 404 -20.11
ARG - Oh? - 1n42 1505 2560 151.8 293 084
ARG Plasma 1h 4-C 1042 1505 2543 150.1 039 -030
ARG Plasma 1h 25=C 1n42 1505 2517 1475 055 -1.08
ARG Plasma 2h 4=C 1042 1505 2604 1562 007 377
ARG Plasma 2h 25=C 1042 1505 2602 1560 087 367
ARG Whaole blood 1h 4=C 10432 1505 2405 1453 1.22 -348
ARG Whole biood 1h 25=C 1042 1505 2489 1447 053 -3.86
ARG ‘Whaole blood 2h 4-C 104.2 1505 2575 1533 058 1.85
ARG Whole blood 2h 25°C 1042 1505 2484 1442 0.a3 —4.17
Stability in the autosampler (n-5)
nor-NOHA 24h 7=C - 30.18 - 2823 547 —bB.47
nor-NOHA 24h 7C - 1509 - 1517 0.55 053
ARG 24h 7=C 1224 15.05 136.1 1372 445 —8.81
ARG 24h ¥aC 1224 7523 1518 7659 014 1.81
Freze-thaw stability {3 cydes, —80-Cto 25-C, n-5)
nor-NOHA 1 cycle - - - 3018 - 2970 237 -1.59
nor-NOHA 1 cycle - - - 1500 - 1440 414 —457
nor-NOHA 2cycle - - - 3018 - 2010 2,10 -358
nor-NOHA 2 cycle - - - 1509 - 1254 585 - 16491
nor-NOHA 3 cycle - - - 30.18 - 318 201 537
nor-NOHA 3 cycle - - - 1500 - 1395 0.94 -755
ARG 1 cycle - - 1224 15.05 13741 15.00 174 -0.33
ARG 1 cycle - - 1224 7523 B56.491 7345 1.49 -237
ARG 2 cycle - - 1224 15.05 137.91 1550 141 299
ARG 2 cycle - - 1224 7523 83751 7151 097 —4.04
ARG 3 cycle - - 1224 1505 138.01 15.60 0,949 365
ARG 3 cycle - - 1224 7523 82231 G999 0.25 —6.497
Long term stability (n-5)
nor-NOHA 4 weeks —80-C - 3018 - 28641 1.85 =510
nor-NOHA 4 weeks —-80=C - 1509 - 1460 205 -325
ARG 4weeks —80=C 1224 1505 13651 14.007 1.18 —6.33
ARG 4 weeks —80=C 1224 7523 805.42 GB3.01 324 -521

2 Immediatelly processed sample.

3.4.4. Recovery

Extraction recoveries of nor-NOHA, ARG and NMEA from rat
plasma are shown in Table 2. For all compounds under study, the
extraction recoveries were high, reproducible and consistent over
the tested concentration range.

3.4.5. Stability

Detailed data are presented in Table 3. The samples of rat
plasma containing nor-NOHA and ARG were found to be stable at
least for 30 days in a freezer at —80°C. The stability of nor-NOHA
in the plasma at higher temperatures is limited: the concentra-
tion decreases of 25% (at 25°C) and 19% (at 4°C) occurred after
2h of standing. In whole blood, similar decreases of nor-NOHA
concentration were observed after 2h: 20% at 25°C and 17% at
4°C, Throughout the study samples of whole blood and plasma
were, therefore, processed within 1h of thawing or collection.
Freeze-thaw stability was also lower for nor-NOHA. A significant
concentration decrease was found after the second freeze-thaw
cycle (Table 3). Post-processing stability in the autosampler was
sufficient for at least 24 h if the samples were held at 7 °C (Table 3),
giving the possibility to analyze large batches (up to 110 samples
per day).

Interesting phenomenon of nor-NOHA instability was observed
after repeated injections of the same sample from a single vial. A

continuous decrease in the concentration down to 83% of the initial
value was detected after 20 injections. This phenomenon was not
observed if the same sample was injected once from each of 20 dif-
ferent vials. It was assumed that the effect was caused by nor-NOHA
decomposition or adsorption with the metal of the injector needle.
In order to verify this assumption, the aliquots of the same sample
(QC1) were transferred into two vials and serial injections (n=20)
were carried out from the first vial and, afterwards, from the sec-
ond one. Interestingly, two overlapping curves starting at 100% of
the initial nor-NOHA concentration were obtained. Thus, prolonged
contact of nor-NOHA-containing samples with metal surfaces has
to be avoided. This kind of behavior was not observed for ARG and
NMEA (15).

3.5. Application of the method to a pilot pharmacokinetic
experiment

The validated HPLC method was found to be suitable for
nor-NOHA quantification in the samples of rat plasma collected
from Wistar rats (n-5) after a single dose iv. administration of
10mgkg ! nor-NOHA. The plasma profiles of nor-NOHA observed
are shown in Fig. 4a. As mentioned in Section 2.9, the peak of
an unknown compound, which was later identified as nor-ARG,
was found in the OPA-derivatized extracts of the plasma collected
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Fig. 4. Mean plasma concentration-time profiles of nor-NOHA (3} and nor-ARG in relative units (b) after an Lv, bolus of 10mgkg~! nor-NOHA to five Wistar rats,

during the pharmacokinetic experiment. As the authentic stan-
dard of nor-ARG of quality suitable for precise weighting was not
available, the relative concentrations of nor-ARG are expressed
in percent of the maximum observed concentration set to 100%
(Fig. 4b). Plasmatic concentrations of the ARG were in the range of
81-226 pmol -1,

3.6. LC-MS identification of the unknown metabolite

All measured chromatograms of the plasma and blood extracts
spiked with nor-NOHA and ARG were inspected for the peak of
the metabolite at tp=7.0min. This peak was not found in any
chromatogram providing the evidence that the compound is not
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Fig. 5. Full scan MS spectra acquired during a continual infusion of N-(«)-hydroxy-nor--arginine (| mmol1-'} to the mobile phase (A:B, 70:30, vjv). Parent mass [M+H]" at
m|z 365, sodium adduct [M+Na]" at myz 387 and dimer [2M+H]" at m{z 729. Peak at mfz 189 belongs to background contamination.
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Table 4

Mass spectrometric data and retention times for an unknown metabolite and nor-ARG authentic standard. Rat plasma after 10mgkg ! nor-NOHA Lv, bolus (a), nor-ARG
authentic standard prepared in blank rat plasma (b}, a continual infusion of & i min~! nor-ARG (1 mmoll-') to the flow of the mabile phase consisting of water (pH-3.00

adjusted with HODOH ) and methanol (70:30, wiv) {c).

Compound tz* (min) [M+H]" (mfz) M52 (mjz) MS? {mjz) MS* (mjz)

(a) Unknown 7.15 365 |365 — 321] [365 — 259 217] =
[365 — 250] B _
[365— 215] = =

)] nor-L-Argiring 7.12 365 [365 — 321] 1365 = 250 - 217] -
[365 — 250] = =
[365— 215] = =

{c) nor-L-Arginine - 365 [365 - 321] 1365 — 321 215] [365 - 250 — 217 — 160]
[365 — 250] 1365 — 250 217] [365 215 173 145]
|365 — 215] [365— 215+ 173] -

# Valid for Agilent 1200 Series liguid chromatograph connected to Thermo LCQ Fleet mass detector.

emerging artificially, i.e. during sample processing. Instead, its for-
mation occurred in vivo, after nor-NOHA administration to rats.
For the purpose of metabolite identification, LC-MS analysis of the
biological sample was carried out in the ESI positive mode, with
detector settings according to Section 2.9. M5! spectra were mea-
sured during chromatographic separations over the m/z ranges of
100-1000. For this purpose, plasma was prepared and processed
from whole blood withdrawn at 5min after iv. administration of
10mgkg ! nor-NOHA. A full scan TIC profile was inspected for
the peaks of nor-NOHA, the metabolite and ARG OPA derivatives.
Expected masses derived from theoretical structure were found:
nor-NOHA-OPA (m/z 381) and ARG OPA (m/z 379). Mass of the
unknown metabolite was found at m/z 365. In the second stage,
MS" from the parent mass mjz 365 were carried out during the
chromatography. The MS? product ion mass spectra showed pre-
dominant peaks at mfz 321, 259 and most intensive peak at mjz
215. M5® product ion spectra from the mass mjz 215 showed only
one peak at mfz 173 (Table 4). Based on the measured mass of
the metabolite-OPA derivative, its fragmentation behavior and,
the well-known reaction mechanism of the derivatization reac-
tion [33,36], we propose that the unknown compound matches
nor-t-arginine (Fig. 1b). As the next step, an authentic standard
of nor-ARG was used to spike rat plasma. After sample processing
and derivatization with OPA, the derivative was characterized by
its retention time under the given chromatographic conditions and
by MS and M5™ data (Table 4). Parent mass [M+H]" at m{z 365 with
sodium adduct [M+Na]" at m/z 387 and dimer [2M+H]" at m/z 729
were observed.

Mass spectra from MS' (Fig. 5) to the MS* were measured during
an infusion of the nor-ARG OPA derivative (1 mmoll~! in ultra-
pure water) at a volume rate of 8 Llmin~! to the mobile phase
flowing at a rate of 0.85 mlmin~! with the following composition:
70:30, solvent Azsolvent B {v/v). Detector settings are listed in Sec-
tion 2.9. Measured data presented in Table 4 clearly demonstrate
that the unknown compound found in rat plasma after nor-MOHA
administration is nor-r-arginine.

4. Conclusion

In this study, the development and validation of a chro-
matographic method for the determination of arginase inhibitor
nor-NOHA in rat plasma was described for the first time. The
method enables simultaneous quantification of ARG. Effective base-
line separation of the analytes was achieved. Other advantages of
the methed include short runtime and compatibility with both flu-
orimetric and mass-spectrometricdetectors. On-line derivatization
with OPA performed in the autosampler as a part of the injec-
tion sequence was beneficial for two reasons: a negative influence
of post-processing instability of the OPA derivatives was avoided
and a less laborious sample preparation was achieved. The method

was also used in the LC-MS mode for determination of a puta-
tive metabolite of nor-NOHA, identified as nor-ARG. A room for
improvement is seen in the use of small 4 pl detection flow cell
instead of standard 8 pul cell for even better resolution and also
downscaling of the sample volume, inasmuch as the injected vol-
ume is less than 1% of the sample volume available after SPE
extraction.
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4. Zaveér

Pristup k vyvoji chromatografickych bioanalytickychetod sefidi zcela specifickymi
pravidly, ¢asténé odliSnymi od klasické farmaceutické analyz§i, analyzy vzork
Zivotniho prostedi. Je to ddno zejména komplexnosti biologické&iogat jeji nachylnosti
ke snadné degradaci. Stanovované latky jako farmggiah metabolity,¢i endogenni
organismu vlastni latkyasto obsahuji ve své molekule fédnkskupiny, vazbygi strukturni
motivy, které snadno ve vzorku podléhaji degéadla reakcim, ¢imz dochazi
jak ke kvalitativnim, tak i kvantitativnim zmém v zastoupeni sledovaného anatytu/
Pro ziskani relevantnich daf az v zakladnim vyzkumui pti vyuziti metod v klinické
praxi je z tohoto @vodu zcela nezbytné&movat nalezitou pozornost nejenom vyvaoiji citlivé,
selektivni a robustni chromatografické metody, iabeetod odhkéru, skladovani a Upravy
vzorku ged analyzou. Jistd specifika bioanalyzy vyplyvajeiskuténosti, Ze mnoho
farmak vyuZzivanych v terapii je odvozeno od endodgem €lu viastnich latek, coz fize

v n¢kterych gipadech pedstavovat komplikaciipvyvoji metody z hlediska jeji selektivity.

Prvni diskutovana prace se zabyva stanovenim eyikest 5-fluorouracilu a jeho
metabolitu, 5-fluoro-5,6-dihydrouracilu. Kém k aspchu @i zavadni této metody bylo
nalezeni vhodného typu reverzni stacionarni fare,separaci halogenovanych derivat
odvozenych od pyrimidinu. Jednalo se o jejich sagamezi sebou navzajem a @étohi
od endogennich interferenci, zejména detetem na endogenni nukleobaze uracil
a dihydrouracil, vzhledem k jejich vzajemné strukfupodobnosti. Separace na reverzni
fazi byla navic ztizena vysokou polaritou 5-fluataeilu a 5-fluoro-5,6-dihydrouracilu.

NejobtizrgjSim Ukolem vSak bylo nalezeni vhodného typu SPEbestu
pro dostatené gecisteni plasmy v niz stanoveni probihalo. Vysoka kvalipgavy vzorku
byla nutnd vzhledem k vyuziti UV/VIS detekce v k@tlnné oblasti okolo 210 nm
a pozadovaném nizkém LLOQ.

Pro separaci bylo zkouSen&kolik chemicky vazanych stacionarnich fazi auttyp
sorbeni riznych vyrobd@. Jako optimdlni byla shledana faze s pentafluosdéeou
modifikaci. Kolona s pentafluorofenylovou naplnidoygvolena zarrné vzhledem k odliSné

selektivig v porovnani s oktadecylovou fazi.
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Pentafluorofenylovd modifikace stacionarni faze yteebjeSt donedavna ilis
masivreé v laboratdich uzivadna festo, Ze je jiZadu let k dispozici. Nicménvzhledem
ke svym unikatnim vlastnostem procie typy separaci lze pozorovat rostouci trend
Vv jejim pouzivani. Testovany byly jak klasické ®lrporézni sorbenty, tak kolony
s ,core-shelt technologii. Jak se vSak ukazalo, v kvalitacionarnich faziiznych vyrobé
jsou diametrélni rozdily. Testovanim se prokézale, technologie modernich kolon
s ,core-shelt sorbenty na konvemich chromatografickych systémech s limitem tlaku
40 MPa ma sveé limity pouzitelnosti a prékteré typy separaci j@Shedospla do stadia,
aby bylo moZzné analyzovat velmi komplikované vzotygz selektivni detekce jakou
je nag. hmotnostni spektrometrie.

Z naseho pohledu je limitem zavedené metody analyzy jednoho vzorku, ktery
se etne ekvilibrace kolony pohybuje okolo 22 minut. Pokiog nebyl kladen pozadavek
na stanoveni vSech uvedenych metabotitnichZ gkteré se fi nizkych davkach uzivanych
ve studii v plasm neobjevily, ale pouze hlavniho metabolitu 5-flué6-dihydrouracilu
a 5-fluorouracilu, bylo by moznéas analyzy zkrétit az na polovinu. Metoda také dyja
velmi precizni pipravu vzorku, vSech pouzivanyahinidel a mobilni faze vzhledem
k minimalizaci potencialnich interferencéihem chromatografie, jejichZz vyskyt je siln
zavisly jak na zmnach pH mobilni faze, tak i na Zm¢ pH cinidel pouzZivanych
pii piipraw vzorku. Hlavni cestou potencionalni Upravy metbdge pravépodobré dalSi
zlepSeni gipravy vzorku ped analyzou, fipadré hledani novych stacionarnich fazi, které

budou vhodné k separaci latek s velmi velkym roesapolarity.

DalSi diskutovand prace se zabyva stanovenim pabmiah metotrexatu
v erytrocytech. Pro vyvoj chromatografické metodgabzvolena kolona s oktadecylovou
modifikaci a hybridni technologii stacionarni ffkap. 1.8.2. V dobké vyvoje metody byly
hybridni f4ze relativni novinkou a pro nas&ly byla kolona vybrana zejména s ohledem
na jeji velmi dobrou Zivotnost. Separace sice rgpid v extrémni oblasti pH, nicmg&n
je vyuzivana mobilni faze s obsahem peroxidu vodikysokou koncentraci vody. V tomto
prostedi kolona vynika vybornou dlouhodobou stabilitoteprodukovatelnosti ret&nich
¢adi. Z hlediska sotasného vyvoje Ize konstatovat, Ze limitem metodyledem k pétu
stanovovanych latek j&as analyzy, kteryini cca 12 minut. S pouZzitim technologii
dostupnych v dnesni débjako jsou nap ,core-shell sorbenty by pravépodobré bylo
mozné docilit vyrazného snizeni této doby a dosdthwysSi propustnosti metody a Uspory

rozpoustdel na konveénim chromatografech jaké jsou uzivany i v naSidatms.
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Posledni prace podrogn diskutovdna vtomto textu je metoda pro standven
N-(w)-hydroxy-nor-L-argininu (nor-NOHA). Tato latka mélky terapeuticky potencial
pro I&bu rekterych zavaznych patologickych stamezi iz mizeme zeadit nap. astma,
diabetes, hypertenzi nebo aterosklerézu. Pro vywogtody byla zvolena moderni
stacionarni faze na baztqre-shell sorbentu. Jak bylo zméno jiz v komenté k metod,
hlavnim divodem vyvoje byla nutnost zjiti z&kladnich farmakokinetickych paranietr
pii pilotnich experimentech na laboratornich ratéch, vzhledem k absenci jakychkoliv
kinetickych dat pro tuto latku.

Déle byl identifikovan produkt biotransformace md®HA, ktery byl uten jako
nor-L-arginin, vznikajici eliminaci hydroxylové ghimy z molekuly nor-NOHA.
Ve spolupréaci s Ing. Robertem Jirdsko, Ph.D. z degteAnalytické chemie Fakulty
chemicko-technologické Univerzity Pardubice, byl rédklad nami dodanych podklad
navrzeno pravipodobné fragmentai schéma se strukturami fragmiepti MS® — MS’.

Prostor pro zlepSeni této metody lezi zejména astblipravy vzorku, konkrén
zmensSeni r¥itka. V sodasné dob je pro Upravu brano 20l vzorku plasmy, avSak
pro samotny nask na kolonu je zapoebi pouze 1.5l vysledného pecisténého extraktu.
ZmenSeni objemu vzorku wipac studii na malych laboratornich gafech jakymi jsou
nag. potkani, by milo velky vyznam z hlediska moZznosti zvyseam@tnosti vzorkovani
béhem in-vivo experimentu, bez nezadoucich efiektyplyvajicich z odbru relativre
velkého objemu krve z krevniho &t potkana.

V avahu gichazi napklad vyuziti SPE v 96-jamkovém us@olani, které
nejenze finasi snizeni spiwby vzorku &inidel, ale navic zrychlujeffpravu vzorku. Tento
postup nebyl prozatim testovan vzhledem k tomuna® laboratoneni na technologii
96-jamkoveého uspgadani vybavena (SPE manifold, autosampler)céiteého zlepSeni
ve smyslu rozliSeni pik by bylo mozné také docilit zmenSenim détdk cely
fluorescekniho detektoru ze standardniho objemul&a 4 pl. Nicmére prace je urena
k vyuziti na konvetnim nemodifikovaném chromatografickém systému a lathke
moznosti technologie cpre shell sorbenti na EZn¢ dostupnych fistrojich, které jsou
k dispozici v mnoha laboratich. V tomto smyslu je nutno podotknout, Ze afiztepSeni
rozliSeni pouzitim mensi cely by nebylo mozné daosah vyrazg kratSihocasu analyzy,
vzhledem k tlakovému limitu naSeho chromatografatkywsystému (40 MPa)tipzvyseni
pratoku.
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5. Abstrakt

Univerzita Karlova v Praze, Farmaceuticka fakultdradci Kralové

Katedra: Farmaceutické chemie a kontrotypé

Kandidat: Ing. MiloS Hroch

Konzultant: Doc. PharmDr. Milan Nobilis, CSc.

Nazev rigordzni prace: Vyvoj a validace HPLC mefm stanoveni endogennich

a exogennich latek pro transportni a metabolickéist

Predkladana disertai prace se zabyva vyvojem a validaci chromatogikaéih metod
v bioanalyze I&v a jejich metabolii. Prace finasi v teoretickéasti sezndmeni se zaklady
problematiky bioanalyzy s vyuzitim kapalinové chedografie. Zvlastni ietel je kladen
na nojSi trendy, zejména v oblasti stacionarnich fazi.pxéaktické ¢asti je éten&
podrobrji seznamen s vyvojem a validacékolika bioanalytickych metod s vyuZzitim
vysokoinné kapalinové chromatografie.

Prvni metoda se tyka stanoveni 5-fluorouraciluhe jmetabolii. Vyuzito je separace
na koloré Luna PFP(2) s gradientovou eluci a UV/VIS detekiskutovana jsou zejména
specifika stanoveni ¢thto velmi polarnich Spatn detekovatelnych latek. Vyvinuta
avalidovana metoda je pouzivana pro TDM onkologitk pacieni Iécenych
s karcinomem rekta.

DalSi diskutovana metoda se zabyva stanovenim jpbdygati metotrexatu
v erytrocytech s vyuzitim isokratické eluce na ligbi kolont Gemini C18 a fluorescéni
detekci po post-kolonové derivatizaci/fotooxidanalytu. Vyvinuta a validovana metoda
je pouzivana pro TDM pacigntécenych s vybranymi autoimunitnimi poruchami.

Posledni metodou diskutovanou v této dis@itapraci je metoda stanoveni
selektivniho inhibitoru argindz, Nsj-hydroxy-nor-L-argininu (nor-NOHA), v potkani
plasn€. Pro separaci byla pouzita kolona Kinetex C18 slenoi technologii gore-shelt
sorbent. Vyuzito je gradientové eluce s fluoreséendetekci po on-line derivatizaci latky
o-ftalaldehydem. Pomoci metody LC/MS/MS byl reé¥n identifikovdn produkt
biotransformace nor-NOHA, nor-L-arginin. Metoda &yl vyuzita Kk pilotnimu
farmakokinetickému experimentu na potkanech, varnedk absenci kinetickych Udaj

v literature.
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Charles University in Prague, Faculty of Pharmachiadci Kralové

Department of: Pharmaceutical Chemistry and Dragtfol

Candidate: Ing. MiloS Hroch

Consultant: Doc. PharmDr. Milan Nobilis, CSc.

Title of thesis: Development and validation of HPbi&thods for transport

and metabolic studies

The presented PhD thesis deals with the developmant validation
of chromatographic methods in bioanalysis of dragsl their metabolites. The work
provides a theoretical introduction to the field lmbanalysis, using methods of liquid
chromatography. Attention was paid to recent trendthe area, particularly with respect
to the new types of stationary phases. In the exgatal part of the thesis, reader
is introduced to a development and validation oes&l bio-analytical methods using high
performance liquid chromatography.

The first method concerns with a determination dfubrouracil and its metabolites
by HPLC with gradient elution and UV/VIS detection a column Luna PFP (2). Discussed
are mainly specifics for the assay of this groupalar and poorly detectable compounds.
The developed and validated method is being usetDM of patients with rectal cancer.

Another discussed method deals with a determinatfanethotrexate polyglutamates
in erythrocytes using isocratic elution on a hybcmlumn Gemini C18 and fluorescence
detection after post-column derivatization/photedation of the analyte. The developed
and validated method is used for TDM of patientvsluffer from certain autoimmune
diseases.

The last method discussed in the thesis is a mdtrah assay of a selective arginase
inhibitor, N-(w)-hydroxy-nor-L-arginine in rat plasma. For the @gtion was used Kinetex
C18 column with core-shell technology. Gradientieluand fluorescence detection is used
after on-line derivatization of substances with hihaldialdehyde. Biotransformation
product of N-{v)-hydroxy-nor-L-arginine was identified as nor-Lgarine by means
of LC/IMS/MS. The method was used for pilot pharnkicetic experiment in rats,

due to the absence of data about kinetics of tmgpound in the literature.
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CNLSD
DAPCI
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El
ELSD
EMEA
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FAB
FDA
FdUrd
FLD
FU
FUH,
FUrd
HETP
HPLC
HTLC
ICH
IEC
IND

Absorpce — Distribuce — Metabolismus — Exleec
Aqueous Normal Phase (chromatography)
Atmospheric Pressure Chemical lonization
Atmospheric Pressure lonization

Arginin

Charged Aerosol Detector

Collision Induced Dissociation

5-Chlorouracil

Condensation Nucleation Light Scatteringdatdr
Desorption Atmospheric Pressure Chemicalzation
Desorption Electrospray lonization
Dispersive Liquid-Liquid Microextraction
Disposable Pipette Extraction

Dispersive Solid Phase Extraction

Electron - Impact

Evaporative Light Scattering Detector
European Medicines Agency

Electrospray lonization

Fast Atom Bombardment

Food and Drug Administration
5-Fluoro-2’-deoxyuridin

Fluoresceéni detekce/detektor

5-Fluorouracil

5-Fluoro-5,6-dihydrouracil

5-Fluorouridin

Height Equivalent to a Theoretical Plate

High Performance Liquid Chromatography
High Temperature Liquid Chromatography
International Conference on Harmonization

lon Exchange Chromatography

Investigational New Drug (Zadost o zkoumanvélwo I€iva)
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IPC lon Pair Chromatography

LC Liquid Chromatography

LC-MS Liquid Chromatography - Mass Spectrometry
LLE Liquid — Liquid Extrakce

LLOQ Lower Limit of Quantification

LOD Limit of Detection

MALDI Matrix Assisted Laser Desorption/lonization
MF Mobilni faze

MFA Mobilni faze A

MFB Mobilni faze B

MIP Molecularly imprinted polymers

MRM Multiple Reaction Monitoring

MS Mass Spectrometry

MSD Mass Spectrometry Detector/Detection
MTX Metotrexat

MTXGI, Polyglutamaty metotrexatu

NDA New Drug Application
NMEA N-(w)-Ethyl-L-arginin
NOHA N-(w)-Hydroxy-L-arginin

nor-ARG nor-L-Arginin
nor-NOHA  N-(w)-Hydroxy-nor-L-arginin

NP Normal Phase

NPLC Normal phase Liquid Chromatography
NSAID Non-Steroidal Anti-Inflammatory Drugs
OPA o-Ftalaldehyd

PDA Photodiode Array

PEEK Polyether Ether Keton

PFP Pentafluorofenyl

PGC Porous Graphitic Carbon

RE Relativni chyba (Relative Error)

RP Reversed Phase

RPLC Reversed Phase Liquid Chromatography
RSD Relativni sgrodatna odchylka (Relative Standard Deviation)
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SAALE
SIM
SPE
SPME
SRM
TDM
TIC
UHPLC
ULOQ
UVIVIS

Salting-out Assisted LLE

Selective lon Monitoring

Solid Phase Extraction

Solid Phase Microextraction

Selected Reaction Monitoring

Therapeutic drug monitoring

Total lon Current

Ultra High Performance Liquid Chromatography
Upper Limit of Quantification

Ultraviolet/Visible
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Results of thiopurine methyltransferase phenotyping
and genotyping in children with Crohn disease

1) Univerzita Karlova v Praze, Lékafska fakulta v Hradci Kralows, 2) Fakultni nemocnice Hradec Kralové

@ Hroch M.', Beranek M.?, Chladek J.!, Pozler 0.2, Maly J.

BACKGROUND

The thiopurine drugs azathioprine and 6-mercaplopurine
(6-MP) are well-established in the Crohn disease treatment.
Key metabolic pathway of 6-MP biotransformation is via
thiopurine methyltransferase (TPMT). Due fo genetic
polymomphism of TPMT, approximately 10% of patients with
decreased TPMT activity are at an increased risk of severe
myelosupression which can be life threatening in 0.3%
of individuals homazygous for alleles coding inactive TPMT.

Aim of our work is to identify patients with TPMT deficiency
by means of genotype and phenotype assessment and
optimize pharmacotherapy to decrease the risk of severa
myelosupression.
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METHODS
Phenatyping

‘Chromatographic (HPLC) method was established for TPMT

activity determination. Volume 100 ulL of RBCs was treated with
20 pb 6 mM 6-mercaptopurine and 20 pL 1.5 mM
S-adenosyimethionine for 90 min at 37 °C. Enzymatically
formed 6-methylmercaptopurine was measured in three
aliquots detracted in 30-80-80 min of incubation. Activity was
determined from slope of concentration vs. time curve.

Genatyping

The TPMT genotyping (*1 wild-type, *2, *3A, *3B, and *3C
alleles) was performed on DNA samples extracted from
peripheral blood cells. Each reaction was composed from 2 pl
of LightCycler FastStart DNA Master Hybridization Probes,
3 mmol/l MgCL, 1 pl of LightSNiIP Reagent Mix, and 50 ng
of genomic DNA. The alleles *3A, *3B and *3C were examined
using initial denaturation 85 °C (10 min) and 50 cycles of 95 °C
(10 s), 60 °C (10 8), 72°C (15 s). After amplification, meiting
analysis was performed by denaturation at 95 °C (30 s),
annealing at 40°C (2 min), and slow heating to 75 °C with
aramp rate of 0.2°Cls.

Fig 4) Hurman thiopurine methylimnsfemnse

RESULTS AND CONCLUSION

In the group of 57 children, the TPMT activity was in the
range of 6.2 - 66.1 nmol/mLey/h with the mean value
of 28.4 nmol/mLg/h. No patient had undetectable TPMT
activity.

52 children (912 %) were homozygotes for wild type allele
TPMT*1/*1 and 5 (8.8 %) were heterozygotes for mutant
allele TPMT*3A/*1 which corresponds to patients with TPMT
activity <17 nmol/mL_ /h.

Both methods for genotyping and phenotyping comelate and
are reliable for identification of patients with decreased activity
of TPMT. Results are consistent with data published for
Caucasian population.




Metodické aspekty vySetieni koncentraci metotrexatu
v erytrocytech u pacientd s psoriazou a juvenilni idiopatickou
artritidou

Chléadek J., Hroch M., Némec V., Pavelcova M., Tukova ., Némcova D., DoleZalova P, Bot kayova E., Simkova M., VanéEkovaV.
Lékafska fakulta UK a Fakultni nemocnice Hradec Kralové, 1. Iékafska fakulta UK Praha, Krajska nemocnice Pardubice

Uvod
Pfi farmakoterapii psoriazy a juvenilni idiopaticke artritidy (JIA) ma dulezne misto metotrexat

a imunosupresivni GEinek MTX se rozviji v diisledku: A) Inhibice enzymii “Tolatovéno cykdu
dihydrofolat reduktazy (DHFR) a metylentetrahydrofolat reduktazy (MTHFR), B) thymidylat
syntetazy (THS), C)5-amincimidazol-4-karboxamid ribonukleotid transformylazy (AICAR}),
D) kompetice s folaty o pfenaSete redukovanych folatl (RFC). Zasadni vyznam ma
intracelulami kumulace MTX ve formé polyglutamatti (PGMTX) a vzajemny vziah koncentraci
polyglutamatii folatlaMTX v bufice. Obrazek 1 popisuje transport a metabolizmus MTX
v eryirocytu, kiery je modelem pro intracelulami kumulaci MTX. Studie provedené
u dospélych nemocnych s revmatoidni artritidou prokazaly viiv genového polymorfizmu
MTHFR na ucinek a neZzadouci Gcinky MTX. Upozomiuji také na prinos zjiSténi genového
polymorfizmu MTHFR a koncentraci PGMTX v erytrocytech (1,2,3.4.5.6).

Cil préace

V nasich dfivéjSich studiich jsme stanovovali PGMTX v erytrocytech (ERY) enzymaticky na spektrofotometru (7). Principem
enzymatické metody je inhibice DHFR in vitro (8), kiera se projevuje snifenou rychiosti redukce dihydrofolatu na tetrahydrofolat
aoxidace NADPH na NADP” (opticky test). In vitro inhibiEni aktivita PGMTX v ERY zjisténa touto metodou tésné koreluje se zmeénami
PASI (Psoriasis Area and Severity Index) unemocnych s psoriazou (9). Cilem nasi prace bylo zavést a ovéfit dokonalejSi postup
s wyuzitim metody HPLC, popsané v recentni praci a vyuzZivané v klinickych studiich zatim jediného pracovisié {10). Diived pro
zavedeni nové metody jei fakt, Ze enzym DHFR prestal byt vCR dostupny.

Experimentalni East

PGMTX obsaZzené v hemolyzatu erytrocyti, jsou Stépeny y-glutamyl hydroldzou v lidske
plazmé, ktera je ke vzorku pfidavana. Po Sestihodinové inkubaci pii 37°C je vzorek
deproteinovan kyselinou frichioroctovou a wvznikly MTX je stanoven meiodou HPLC
s fluorimetrickou detekci. Chromatograficka separace probiha izokraticky na Kkoloné
s reverzni fazi C18 (Phenomenex Gemini 110A) v systému acetonitril-acetatovy pufr (11:89,
vlv, pH=5.5) s piidavkem peroxidu vodiku (0,25 mif). Po eluci je MTX postkoionové
derivatizovan UV svétiem ve fotochemickém reaktoru a fotolyticky produkt je detekovan
fluorescencnim detekiorem (excitace 375 nm/ emise 463 nm). Kalibrace je provadéna
v rozmezi koncentraci 12.5 - 100 nmol I" na trigiutamat-MTX_ Kalibraéni zavisiost a typicke
chromatogramy kalibracnich standardii jsouuvedeny na obrazku 3.

Vysledky

Chramategra iglutamatu-MTX
i ul;ghgm\rmrtu

Prvni skupina vzorkiibyla ziskana od nemocnych
s JIA (n=15), kierym byl MTX podavan v primémée [ o e
davce 0,27 mg/kg p.o. Druha skupina vzorki byla )
od nemocnych s psoriazou (7 muZd, 17 Zen,
48+10 let), kterym byl MTX podavan v davce
7.5-22 5 mgityden p.o., délené do 3 davekpo 12h.
Ustalené hiadiny PGMTX v ERY nemocnych
s psoriazou byly navozeny za 3-4 mésice (obrazek
4). Tomu odpovidal i Casowy profil zmén tize == S ] i AR g 8
onemocnéni (PASI, obrazek 5). Ceinost dosazeni E " il ~ onyod o nrwakieragie.
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ustalenych koncentraci PGMTX v ERY nemocnych

s JIA byl 19,4 (1,3-33,1 nmolA).
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