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1 Uvod






Vysokouc¢innd  kapalinovd  chromatografie (HPLC) je v moderni
farmaceutické analyze vyuZzivana velmi Siroce. V Iékopisnych monografiich, DMF
a registranich dokumentacich 1é¢iv je nejvice vyuzivana pro hodnoceni Eistoty
aktivnich substanci, kvalitativni 1 kvantitativni analyzu ucinnych latek v 1écivych
ptipravcich a stabilitnich studiich.

Necistoty obsazené v 1éCivu ¢i 1éCivém piipravku mohou predstavovat
potenciondlni riziko pro pacienta ve spojeni s terapii. Proto je nezbytné ovéiovat
pfitomnost necistot, které se mohou v léCivu vyskytnout. Abychom mohli zjistit
ptitomnost urcité necistoty, popf. stanovit jeji obsah v 1é¢ivém piipravku, je v praxi
Casto zapotiebi od sebe jednotlivé slozky pfipravku oddélit. JelikoZ necistoty byvaji
neziidka strukturné velmi podobné sobé vzajemné i vlastni 1é¢ivé latce, byva jejich
uplna separace nejkomplikovanéjSim procesem analyzy.

Mezi nejvétsi prednosti HPLC patii vysokd selektivita, umoziujici
identifikovat a stanovit konkrétni latku i ve slozité smési, citlivost, nizka spotieba
vzorku, zna¢na robustnost metody a v neposledni fadé¢ moZnost automatizace. HPLC
je ve farmaceutické analyze bézné vyuzivana pro stanoveni obsahu ucinné latky
v [éCivém pripravku nebo u zkousSek na Cistotu pro ovéfeni pfitomnosti necistot
a jejich stanoveni, popt. pro stanoveni obsahu ucinné latky i provedeni zkousky
na c¢istotu soucasné¢. Stanoveni obsahu i provedeni zkousky na ¢istotu jednim krokem
vyrazné zkracuje proces analyzy a snizuje spotfebu mobilni faze, tudiZz 1 snizuje
naklady spojené s kontrolou daného 1é¢ivého ptipravku. Navic moznost automatizace
umoziuje provadét desitky 1 stovky analyz bez pfitomnosti operatora, coZ
zjednodusSuje pracnost vlastniho procesu analyzy i Setfi analytikliv cenny ¢as. Jinou
vyznamnou oblasti vyuziti HPLC ve farmaceutické analyze jsou stabilitni studie, kdy
HPLC pomaha identifikovat rozkladné produkty a stanovit obsah produkti
degradace.

Kromé farmaceutické analyzy ma HPLC vyznamnou ulohu v celé fadé dalsi
oborll. Nezastupitelnou ulohu ma v biochemii, pfi monitorovani lékovych hladin,
metabolickych a farmakokinetickych studiich, dale v toxikologii, v potravinafstvi,
Vv analyze vody, piid, Zivotniho prostiedi atd.

V soucasné dobé patii HPLC k nejucinnéjSim a nejpouzivanéjSim
analytickym metodam. Vyroba chromatografickych zatizeni ptedstavuje vyznamné

pramyslové odvétvi, stejné tak jako vyroba chromatografickych kolon. Vzhledem



Kk neustale se stupnujici potiebé¢ jisténi jakosti, nejen farmaceutickych produktt, se
rozvoj farmacie a fady dalSich oborti bez postupného rozvoje HPLC instrumentace

a neustalého vyvoje modernich, rychlych a spolehlivych metod jevi nemyslitelny.
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2 Cil prace






Tato disertaéni prace je smérovdna do oblasti studie vyuziti modernich
separacn¢ ucinnych stacionarnich fazi a selektivni detekce v oblasti analyzy lécCiv.

Pro hodnoceni kvality aktivnich substanci pomoci validni HPLC analyzy je
nezbytnym predpokladem volba chromatografickych podminek umoziujicich
separaci a detekci vSech doprovodnych necistot a rozkladnych produkta.

Obdobn¢ pro analyzu léCivych piipravki je nutno optimalizovat HPLC
podminky umoziujici separaci a detekci vSech hodnocenych slozek, a to na pozadi

matrice excipientl piipravku.

Hlavnim cilem disertacni prace bylo vyzkouSet moznosti vyuziti specifickych
vlastnosti stacionarnich fazi na bazi oxidid kovl v oblasti farmaceutické analyzy
a na praktickych piikladech prokazat pouzitelnost a potencialni pfinosnost téchto

sorbentl pro rutinni kontrolné-analytické hodnoceni 1éCiv.

Disertacni prace méla nize uvedené dil¢i cile:

e Vramci teoretické ¢asti zhodnotit vlastnosti modernich stacionarnich fazi

na bazi oxidu kovu, veetné€ srovnani s ,,tradi¢nimi‘‘ stacionarnimi fazemi.

e Studium moznosti vyuziti stacionarnich fazi na bazi ZrO, pro separaci
ibuprofenu, methylparabenu, propylparabenu a jejich rozkladnych produkta.

Nasledné ovéfit pouzitelnost vyvinutych metod na praktickém piikladé.

e Studium retencniho chovani ondansetronu a jeho necistot na stacionarnich
fazich na bazi oxid kovii a moznosti jejich pouziti pro kontrolné-analytické

hodnoceni ondansetronu ve farmaceutické praxi.
e Porovnani retencniho chovani ondansetronu a jeho necistot na reverznich

fazich na bazi ZrO, a TiO,. Nasledné vzajemné srovnani vyhodnosti pouziti

obou typu stacionarnich fazi pro hodnoceni ondansetronu.
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e Studium moznosti vyuziti coulometrické detekce pro stanoveni obsahu
biotinu ve vitaminovych pfipravcich a nasledné ovéfeni na praktickém

prikladé.
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3 Teoreticka cast






3.1 Vysokoucinna kapalinova chromatografie (HPLC)

3.1.1 Vznik HPLC

Ackoli urcité objevy druhé poloviny 19. stoleti mohou byt nazyvany
»predchidci chromatografie”, je obecn¢ uznano, ze tato technika byla poprvé
vyvinuta ruskym botanikem M. S. Cvétem, ktery ji pouzil pro separaci rostlinnych
barviv. Princip chromatografie byl poprvé vetejné nastinén timto autorem 21. biezna
1903 na zasedani biologické sekce varSavské ptirodovédecké spolecnosti. Detailnéjsi
popis metody byl publikovan v roce 1906 [1,2]. Cvét také prosadil pro jeho metodu
fecky nazev ,,chromatografie” poukazujici na riizn¢ barevné pasy vzniklé rozdélenim
rostlinnych barviv na jeho koloné tvofené praskovou kiidou. Relativné dlouha doba
uplynula po prvnim popsani chromatografie, nez doslo k jejimu dal$imu rozvoji.
Roku 1931 byla tato metoda revitalizovana v laboratofich v Heidelbergu Kuhnem
a E. Ledererem [3]. Od tohoto roku se datuje mohutny rozvoj kapalinové
chromatografie. Ta se stava univerzaln¢ pouzivanou technikou umoziujici vyznamné
védecké uspéchy hlavné v oblasti chemie pfirodnich latek a v biochemii. Ve dvaceti
letech nasledujicich po znovuobjeveni chromatografie dosSlo k postupnému rozsiteni
metody a vyc¢lenéni jednotlivych variant. Zvlasté vyznamnym meznikem byl objev
Martina a Jamese z roku 1952 popisujici separaci latek pomoci jejich rozdilného
rozdélovani mezi plynnou a kapalnou fazi [4]. Tato technika nas$la ihned vyznamné
aplikace a rozSifujici se zajem o ni inicioval zdkladni vyzkum teorie chromatografie
a vyvoj standardni instrumentace pro plynovou chromatografii. Zobecnéni
teoretickych poznatkti o chromatografii a jejich zpétna aplikace na kapalinovou
chromatografii méla za nasledek jeji dal$i rozvoj [5]. K tomu doSlo v Sedesatych
letech minulého stoleti a vyustilo v novou vyvojovou explozi — vzniku moderni
kapalinové kolonové chromatografie, dnes nazyvané vysokoucinnd kapalinova
chromatografie (HPLC), jejiz mohutny rozvoj nésledoval v sedmdesatych

a osmdesatych letech 20. stoleti a jiz pomalej$im tempem pokracuje dodnes.
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3.1.2 HPLC ve farmaceutické analyze

Vysokouc¢innd kapalinova chromatografie je vsoucasné dobé jedna
z nejprogresivnéjSich metodik, kterd nachazi stale vétsi uplatnéni ve vSech oblastech
analyzy 1é¢iv [6]. Smérnice pro necistoty v novych 1é¢ivych latkich a novych
1é¢ivych produktech vydané ICH (International Conference on Harmonisation) [7,8]
a doprovodné smérnice pro validaci metod [9], pfedurCuji vyhodnost HPLC
pro pouziti ve farmaceutické analyze. D4 se fici, ze smérnice byly psany na zakladé
analytickych moznosti HPLC. Vysokoucinna kapalinova chromatografie je Siroce
vyuZzivana ve vSech 1ékopisnych monografiich a da se pfedpokladat, ze jeji vyznam

neustale poroste.

Mezi hlavni ptfednosti HPLC patii:

a) moznost pouziti pro kvalitativni i kvantitavni hodnoceni 1é¢iv
b) citlivost stanoveni (v zavislosti na pouzitém detektoru)

¢) pro analyzu sta¢i minimalni mnozstvi vzorku

d) moznost automatizace

e) moznost analyzy pomérné slozitych smési

HPLC poskytuje spolehlivou pfesnost a spravnost spolecné s dostateCnym
linedrnim dynamickym rozsahem pro soucasné hodnoceni farmakologicky Uc¢inné
latky a ptibuznych latek, S moznosti pouziti riznych typa detekce. Cely systém muze
byt plné automatizovany. Kromé toho se HPLC vyznacuje vybornou
reprodukovatelnosti a moznosti pouZziti pro Sirokou skupinu sloucenin. VétSina
HPLC analyz vyuziva reverzni faze (RP), popt. normalni faze (NP) pro analyzu
malych organickych molekul (pod 2000 Da), iontovyménné faze pro separaci ionti,
gelové faze pro déleni polymera a chiralni stacionarni faze pro hodnoceni cistoty
opticky aktivnich latek. EXistuje mnozstvi chemicky riznych typa kolon urcenych
pro kazdou ztéchto typt chromatografie, coz usnadiiuje vyvoj konkrétnich

separa¢nich metod farmaceutické analyzy [10].
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Uplatnéni HPLC ve farmaceutické praxi lze shrnout do téchto bodi:

e Vyvoj novych IéCivych latek — napoméhd uréovani struktury nove
syntetizovanych latek a vedlejSich produkti reakce, objasnovani
degradacnich procest, identifikace latek izolovanych z pfirodnich materialt;
vyuziva se kombinace s hmotnostnim detektorem (HPLC-MS) nebo
nuklearné magnetickou rezonanci (HPLC-NMR) [11-13];

e Izolace chemicky Ccistych latek — izolace jednotlivych slozek ze smési
ptirodnich latek, izolace hlavniho produktu chemické reakce od vedlejsich
¢i degradacnich produktu, atd.;

e Vyvoj novych I€kovych forem — stabilitni studie, sledovani biologické
dostupnosti, atd.;

e Kvantitativni a kvalitativni hodnoceni 1é¢iv — umoznuje potvrdit identitu

e Monitorovani 1ékovych hladin — stanoveni plazmatickych koncentraci
ucinnych latek a jejich metabolitil, farmakokinetické studie, bioekvivalencni
studie;

e Vyuziti voborech souvisejicich s farmaceutickou praxi — toxikologie,

forenzni medicina, analyza potravin a doplnku stravy, atd.

3.1.3 HPLC v kontextu dalSich separac¢nich metod

Ptestoze HPLC, obzvlast¢ HPLC na reverznich fazich, je v soucasnosti
metodou disponujici nejvhodné&j§imi vlastnostmi pro kvantitativni analyzu
ve farmaceutickém pramyslu [10], existuji ur¢ité limity v jejich vlastnostech. Je ¢asto
slozité vybrat kolony od rtznych vyrobct, které umozni dosdhnout stejnych
zaznamu. Proto je nutné peclivé vybirat typ kolony pro metody ur¢ené pro pouziti
Vv riznych laboratofich. Navic existuji rozdily mezi pfistroji od rliznych firem, coz
ma za nasledek nutnost sezndmit se S témito rozdily pro Uspésné prevadéni metod
na pristroj od jiného vyrobce. Naptiklad rozdilné velikosti smé&Sovaciho prostoru,
rozdilnd délka kapilar, rozdilné vlastnosti pump a pouziti vysokotlakého gradientu
nebo nizkotlakého gradientu mé za nasledek rozdilny gradientovy profil, tudiz

rozdilné reten¢ni Casy analyzovanych latek. Rozdily v objemu detekéni cely mohou
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zpuisobit rozdilnou odezvu mezi piistroji a nasledné odlisné linearni dynamické
rozsahy a zménu citlivosti.

Kromé¢ problémi s prenositelnosti metody HPLC dosahuje nizs§i separacni
ucinnosti nez nékteré jiné separacni techniky, jako kapilarni elektroforéza (CE),
plynovéa chromatografie (GC) nebo superkritickd fluidni chromatografie (SFC). Je
znaén€ slozité rozdélit vice nez 15-20 sloucenin pomoci jedné HPLC analyzy
[17,18]. Analyza slozitych smési vyzaduje pouzit dvoudimenzionalni HPLC nebo
pouziti kombinace raznych metod. Pies vSechny vyse uvedené nedostatky lze vSak
fici, ze neexistuje zadna perspektivni technika, kterd by mohla vyznamné zredukovat

pouziti HPLC v n¢kolika pfistich letech, a to nejen v oblasti farmaceutické analyzy.
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3.2 Stacionarni faze

Ackoliv  vysokouc¢inna kapalinovd chromatografie patii ke ,zralym*
analytickym technikam, tempo vyvoje sorbentti rozhodné nepolevuje a na trh jsou
uvadény stale pokrocilejsi materialy s lepSimi vlastnostmi. Tyto inovace piinaseji
nejen nové chemické modifikace na stavajicich matricich, ale také vyuziti
moderné¢jSich matric a zmény vlastniho formatu separac¢niho loze.

V poslednich letech je patrné silnd tendence ke zmenSovani rozméra Castic
sorbentii. Pred deseti lety byly nejpouzivanéjsi stacionarni faze 5 pum, dnes jsou
nejrozsifengjsi faze 3 um. Stale béZznéji jsou komeréné dostupné i sorbenty s velikosti
Castic pod 2 um. ZmenSovani c¢astic sorbentu je nasledovano zkracovanim
chromatografickych kolon. Vysledkem je podstatné zkraceni dob analyz bez ztraty
ucinnosti ve srovnani se separacemi provedenymi na kolonéch tradi¢ni délky (25 cm)
plnénych 5 pm sorbentem. Doby analyz na kratkych kolonach (5 cm, 2 cm
I mens$ich) uréenych pro tzv. rychlou chromatografii byvaji kolem 1 a. 2 minut. Tyto
kolony jsou s vyhodou uzivany zejména pro tzv. vysokoprostupné analyzy
Vv oblastech, kde jsou denné zpracovavany stovky a tisice vzorkli. Kromé zkracovani
délky kolon dochazi postupné také ke zmenSovani jejich vnitiniho priméru. Tradi¢ni
pramér analytickych kolon 4,6 mm je postupné opoustén a nahrazovan dnes jiz
kolon o priméru 2 mm a men$im. Tento trend souvisi nejen se snahou o zrychleni
analyz, ale také s usilim o zlepSeni ekonomiky provozu chromatografickych
laboratofi a v neposledni fad¢ 1 s hledisky ekologickymi. Spotfeba mobilnich fazi,
obvykle obsahujicich organicka rozpoustédla a mnozstvi vznikajicich odpadi muze
byt timto zplisobem fadove snizena.

Je mozno konstatovat, Ze d¢leni na RP je stale nejrozSitenéjsi technikou,
silikagelu. Ze silikagelovych RP jsou dlouhodobé nejpopularnéjsi C18 modifikace
S tim, Ze tyto faze predstavovaly kolem 50 % vSech RP kolon nové uvadénych na trh
v roce 2005. S velkym odstupem nasleduji modifikace C8 (13 %), fluorované faze,
alkylované faze s fetézci delSimi nez 18 uhlikd, fenylové faze, faze se zabudovanou
polarni funkéni skupinou, C4 modifikace a dalsi. Vedle silikagelovych partikularnich

sorbentll se v moderni RP-HPLC stale vice prosazuji materidly nové, jako napf.
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anorganicko-organické hybridy a modifikované oxidy kovi. Velmi perspektivni jsou

také monolitické kolony [19].

3.2.1 Silikagelové stacionarni faze

V soucasnosti existuje na trhu vice nez 400 reverznich fazi na bazi silikagelu
modifikovaného oktadecylovymi skupinami [20]. Jejich vlastnosti se podstatné lisi
podle vyrobce. Silikagelové stacionarni faze jsou Siroce vyuzivany ve vSech LC

modech, avsak silikagelové reverzni faze jsou jednoznac¢né nejvyznamnéjsi [21].

Silikagel je atraktivnim sorbentem diky fadé jeho vyhodnych vlastnosti [19,21].

e moznost piipravy monodisperznich ¢astic sorbentu,

e moznost Upravy velikosti a distribuce por,

e moznost piipravy sorbentu s velkym specifickym povrchem,

e snadnd chemickd uprava povrchu, coz umoznuje pfipravit riizné typy
modifikaci  véetné reverznich, normalnich, iontovyménnych
i gelovych fazi,

e vysoka mechanicka odolnost.

Castice silikagelu pro kapalinovou chromatografii maji nejéastéji strukturu porézni
amorfni hmoty o slozeni SiO, x H;O. Voda je chemicky vazana
V nestechiometrickém mmnozstvi za vzniku silanolovych skupin Si-OH. Silanolové
skupiny udé@luji povrchu silikagelu polarni charakter a jsou pro svoji reaktivitu
vyuzivany k pfipravé kovalentné vazanych fazi. Obr. 1 znazoriuje rizné typy
silanolovych skupin, které jsou v nestejné miie rozprostieny na povrchu silikagelu
a vykazuji rozdilnou kyselost. Silanolové skupiny a jejich typ maji velky vliv
na chromatografické chovani silikagelu. Diky silanolovym skupindm ma silikagel
pii vys$sim pH vlastnosti katexu. V prostiedi pufrti jsou protony silanolovych skupin
vyméinovany za kationty elektrolytu. Tento proces je silné zavisly na pH mobilni faze
a na vlastnostech silikagelu. Hodnota pKa silanolovych skupin je teoreticky rovna 7,

ale prakticky byva podstatné nizsi, kolem [4,22]. V literatufe uvadéné hodnoty je
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tieba chapat jen jako primérné. Ve skute¢nosti mohou byt, a byvaji, na povrchu
silikagelu silanoly zna¢né rizné kyselosti a je znamo, Ze i minoritni ¢ast tvofena
extrémné kyselymi silanolovymi skupinami mize zasadné¢ ménit vlastnosti sorbentu

jako celku [19,23,24].

Obr. 1 Ruzné typy funkénich skupin na povrchu silikagelu, prevzato z ref. [19].
1 — vicinalni silanolové skupiny; 2 — geminalni silanolové skupiny; 3 — siloxanové

skupiny; 4 - asociované silanolové skupiny; 5 — izolovana silanolova skupina
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Je prokazéano, Ze pii zavadéni hydrofobniho fetézce na povrch silikagelu
zreaguje asi jen polovina vSech pfitomnych silanolovych skupin na povrchu
silikagelu [25]. Nezreagované silanolové skupiny mohou zvlasté pii vy$sim pH
a separaci latek bazického charakteru ovlivilovat analyzu diky tzv. ,,silanolovému

efektu®, viz rovnice 1.

(1) BH'+SiOM* < SiOBH" + M*

Jelikoz vazba analytu na silanolovou skupinu miva charakter iontové interakce, ktera
muze prevladnout, dochazi k chvostovani pikii. Navic mnoZstvi volnych
silanolovych skupin dostupnych pro analyt byvd nestandardni, coz mulze mit

za nasledek snizeni reprodukovatelnosti metody [25]. Nezadouci silanolovy efekt 1ze
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potlagit snizenim pH mobilni fize nebo ptidanim pufru s bazickym kationtem (Na',
K*, NH;", TEA"), popt. bazického aditiva (TEA, hexylamin). Ur¢ity typ separaci
ovSem neumozhuje takovéto upravy mobilni faze. Z téchto davoda byla snaha
0 vyvoj kolon s minimalnim nezddoucim silanolovym efektem a podatfilo se
zvladnout vyrobu tzv. ,bazicky deaktivovanych® silikagelovych fazi. Jedna se
o velmi cisty silikagel s homogenni distribuci asociovanych silanolovych skupin.
Dnes jiz prakticky vSechny svétové vyznamné chromatografické firmy vyrabéji
a pro ptipravu vazanych fazi pouzivaji ultracisté silikagely uvedeného typu [19].
Vysledné reverzni faze poskytuji pro vétSinu latek, véetné bazickych, symetrické
piky s vysokou t€¢innosti nejen v kyselych mobilnich fazich, ale i pfi neutrdlnim pH.
Dalsi nevyhodou silikagelovych reverznich fazi je jejich omezena
pouzitelnost pro mobilni f4ze s malym obsahem organické slozky. Pfi chromatografii
siln¢ poléarnich latek na reverznich fazich dochazi k jejich nizké retenci na kolong.
Z tohoto divodu je potieba pouzit mobilni fazi s velmi malym obsahem organické
sloZky, popt. organickou slozku vibec neptfiddvat. Za takovych podminek ovsem
dochazi v ptipad¢ konven¢nich alkylovych reverznich fazi k tzv. ,,kolapsu faze®, kdy
analyty (leckdy i pomérn¢ hydrofobni) eluuji z kolony velmi rychle a bez separace.
Ptic¢inou kolapsu faze je nizka schopnost vody smacet hydrofobni povrch sorbentu.
To vede ke snaze sorbentu minimalizovat svoji povrchovou energii pomoci asociace
hydrofobnich alkylovych fetézci, viz obr. 2 [26]. Kromé asociace alkylovych fetézcl
muze mit vysoké povrchové napéti vody za nasledek nizs§i schopnost mobilni faze
pronikat do pord. K tomuto jevu dochdzi zvlasté pti nizsich pracovnich tlacich, popft.
dojde-li k pteruSeni pratoku mobilni faze (doCasné vypnuti pumpy). Pokles tlaku
na koloné vede k vytlateni mobilni faze z pért. Po opétovném vystaveni kolony
pracovnimu tlaku jiZ nema mobilni faze schopnost proniknout do pori, ¢imz dochazi
k nedostupnosti povrchu stacionarni faze uvniti pord pro analyt, viz obr. 3 [26]. Oba
dva mechanismy vedou ke sniZeni u¢innosti kolony a ztraté jeji retencni schopnosti.
Zmény na kolon€ vedouci ke kolapsu faze jsou reverzibilni. Pomoci docasného
vystaveni sorbentu vysokému tlaku je mozné ,vtlacit“ mobilni fazi zpét do pori.
Nejjednodussim zplsobem je ovSem promyti kolony mobilni fazi obsahujici
organickou slozku. Tak dojde k navraceni konfigurace alkylovych fetézcl 1 priniku
mobilni faze do port sorbentu [26]. Presto kolaps faze znemoznuje vyuzivat reverzni
alkylované faze na bazi SiO; pro separace vyzadujici velmi nizky obsah (pod 5 %)

organické slozky v mobilni fazi. Proto bylo tfeba feSit nizkou kompatibilitu
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reverznich silikagelovych sorbentii a mobilnich fazi s nizkym obsahem organické

slozky.

Vyrobci nasli rlizna feseni tohoto problému, umoziujicich pouzit mobilni fazi

tvofenou 100% vodnou slozkou [27]:

e pouziti reverznich fazi s kratkym alkylovym fetézcem,

e pouziti staciondrnich fazi s velmi dlouhym fetézcem (C30 faze),

e aplikace makroporéznich sorbentt,

e poziti hydrofilnich a polarné endkapovanych stacionarnich fazi,

e pouziti sorbentli se zabudovanou polarni funkéni skupinou v alkylovém

fetézci (PEP — polar embedded alkyl phase).

Obr. 2 Zobrazeni uspofadani alkylovych fetézci na povrchu stacionarni faze;
a) voda-MeOH, b) 100% voda;
pievzato z ref. [26].
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Obr. 3 Zobrazeni smaceni port sorbentu vodnou mobilni fazi; a) solvatace poéru
pfi vysokém tlaku, b) vytlateni vodné mobilni faze pti nizkém tlaku; pfevzato

z ref. [26].

(a)  Analytes properly retained

LB

Analytes partially retained
or unretained

P
1

Nejvetsim nedostatkem silikagelovych staciondrnich fazi je jejich nizka
chemicka stabilita. Konvenc¢ni reverzni faze na bazi silikagelu jsou chemicky stabilni
v rozmezi pH 3 — 9 [21], z hlediska dlouhodobé stability jen v rozmezi pH 3-7 [28].
Pti pH niZ8im neZ 4 dochazi ke kyselé hydrolyze siloxanové vazby mezi silikagelem
a organosilanovou skupinou [25,29-31]. To ma za nasledek postupnou ztratu
vazanych alkylovych skupin doprovazenou ztratou chromatografické retence.
Pti pouziti mobilni faze s pH nad 9 nastdva rozvolnovani neuplné¢ chranéného
silikagelového podlozi a nasledné odstépeni vazané faze ze silikagelu [25,29,32-34].
Rozvolnovani podlozniho silikagelu vede k postupné a ¢asto rychlé ztraté ucinnosti
kolony, vzniku dutin a nékdy i vzristu tlaku na kolon¢. Dlouhodobé ptisobeni
mobilni faze s pH > 9 vede ke kolapsu kolonového lizka a Gplné ztraté ucinnosti.
Nejednodussim feSenim problému omezené stability silikagelovych sorbentd je
vyhnout se pouziti mobilni faze s pH mimo rozsah 3-9. Tento pfistup ovsem limituje
pouziti mobilni faze jako prostfedku k optimalizaci separacnich podminek. To vedlo
ke snaham o zvySeni chemické stability silikagelovych stacionarnich fazi do oblasti

nizkého 1 vysokého pH.



Casteného feseni stability v oblasti nizkého pH bylo dosazeno:

e zvétSenim velikosti vazaného organosilanového fetézce [31],
e zvétSenim poctu kovalentné vazanych fetézca [25,35],

e sterickou ochranou silikagelového povrchu [31,36,37],

Vsechny tyto Upravy povrchu sorbentu vedou k ochrané siloxanové vazby mezi
silikagelem a navazanym alkalickym fetézcem, a tudiz i ke sniZeni moznosti kyselé
hydrolyzy. Komer¢né¢ dostupné stericky chranéné faze umoziuji rutinni pouziti

pii pH 1 [38].

Castednym feSenim stability silikagelovych sorbentl v oblasti vysokého pH

bylo:

e zvySeni pokryti nebo stinéni podlozniho silikagelu [25],
e chemické fteSeni volnych silanolovych skupin na povrchu sorbentu
(tzv. ,,endcapping®) [25,33,35,39-41],

e tvorba anorganicko-organickych hybridnich ¢astic (viz kap. 3.2.2).

Podstatou prvnich dvou pfistupii je snaha o co nejvétsi zakryti silikagelového
podlozi, coz kromé& zvySeni stability pii vy$Sim pH vede i1 ke sniZeni nezddouciho
silanolového efektu. Dvojité endkapované stacionarni faze disponuji vyznamné vyssi
stabilitou ve srovnani s konven¢nimi silikagelovymi RP (az do pH 11) [40,41].
Schopnost kolony odolat nakratko vysokému pH neni to samé jako byt
stabilni ve vysokém pH pii dlouhodobém pouzivani. Vzhledem k tomu, Zze HPLC
kolony jsou relativné drahé, maji zajem jejich uzivatelé o kolony stabilni celé
meésice, nejen nékolik dni. Pozadavek opakovaného provadéni testl zpusobilosti,
Casto se znaénym mnozstvim méfenych vzorkil, vyznamné zvySuje poZadavky
na stabilitu sorbentu. Castd vyména kolon se miize vyznamné podilet na zvy3eni
ceny provadéné analyzy. Silikagelové stacionarni faze specidlné upravené pro pouziti
Vv oblasti vys$siho pH dovedou snaset vyssi pH pouze omezenou dobu, obvykle 3-6

dni nepfetrzitého méfeni [21]. Navic pfi dlouhodobém uzivani silikagelovych kolon
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pfi vys$Sim pH se nesmi provadét analyza za vysoké teploty (nad 60°C) a nem¢ly by
se pouZivat anorganické pufry (PO4>, COs%, HCO3) [30,42]. Reverzni silikagelové
stacionarni faze jsou stabilnéj$i pii vyssim pH a pouziti vétSiho obsahu organické
slozky v mobilni fazi [43,44]. To je pravdépodobné zapii¢inéno nizsi rozpustnosti
silikagelu v mén¢ polarnim organickém rozpoustédle.

I ptes veskerou snahu tady védeckych tymi se dosud nepodatil problém
omezené¢ chemické i tepelné stability silikagelovych kolon zcela vyfesit. Da se
predpokladat, ze se v budoucnu stabilita kolon na bazi SiO, jesté zvysi. Piesto se
silikagelové kolony jevi nevhodné pro pouziti v extrémnich oblastech pH nebo
vysoké teploté. Pro provadéni analyz vyzadujicich drastické podminky, existuji

naStésti sorbenty tvofené jinou matrici, nez je silikagel.

28



3.2.2 Hybridni stacionarni faze

Zajimavy a komer¢né Uspesny pristup k syntéze odolnéjSich reverznich fazi
na bazi silikagelu navrhl a poprvé publikoval Unger et al. [45]. Pro pfipravu lze
vyuzit reakce anorganického alkoxysilanu s organickym alkoxysilanem za vzniku
anorganicko-organické hybridni ¢astice [46]. Hybridni anorganicko-organické
stacionarni faze kombinuji nejlepSi vlastnosti silikagelu, tj. vysokou ucinnost
a vynikajici mechanickou stabilitu, s nejlepSimi vlastnostmi polymernich sorbentd,
tj. mimofadnou pH stabilitou a snizenym efektem rezidualnich silanolt [19]. Firma
Waters uvedla v roce 1999 na trh prvni generaci hybridnich fazi pod nazvem XTerra
[46]. Pro pripravu téchto fazi pouzili reakci dvou organosilani, z nichz jeden tvoii
silikagelovou matrici a druhy do vznikajici matrice vnasi methylsiloxanové jednotky.
Konkrétné se jedna o reakci tetraethoxysilanu s methyltriethoxysilanem. Vzniklé
hybridni c¢astice obsahuji methylsiloxanové jednotky, a to jak uvnitf matrice

sorbentu, tak na povrchu, viz obr. 4.

Obr. 4 Syntéza a struktura hybridni anorganicko-organické Ccastice, pievzato
z ref. [46].
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Stechiometricky pomér reaktanti 2:1 se osvéd¢il jako optimalni z hlediska
vlastnosti pfipraveného sorbentu. Pro potieby reverzni chromatografie je povrch
nasledn¢ kovalentn¢ modifikovan bud’ trifunk¢nimi silany za vzniku fazi MS C8
a MS C18, optimalizovanych pro maximalni chemickou stabilitu a urcenych
pro LC-MS, anebo monofunkénimi silany za vzniku fazi RP8 a RP18, s vlozenymi
karbamaty, optimalizovanych pro minimalni chvostovani bazickych latek.
Experimentalné bylo prokazano, Ze selektivita MS C8 a CI18 stacionarnich fazi
pro hydrofobni i1 poldrni analyty je obdobnd jako na béznych silikagelovych
reverznich fazich [46]. Stejné tak selektivita hybridi se zabudovanou karbamatovou
polarni funkéni skupinou se téméf neliSila od Cisté silikagelovych karbamatovych
kolon. Toho se da vhodné vyuzit pii pienosu chromatografickych metod
Z konvencnich silikagelovych sorbentli na materialy hybridni, kdy ¢asto neni nutna
nova optimalizace separac¢nich podminek. Vzhledem k tomu, ze na povrchu hybridu
je vesrovnani s klasickymi silikagelovymi materialy asi jen 66 % silanolovych
skupin, mohou byt pro navazani alkylového fetézce (C8, C18) pouzity klasické
metody silanizace. Pfitom je chvostovani bazickych latek na hybridnich fazich
vyrazné omezeno a symetrie pikt daleko lepsi.

Hybridy vykazuji velkou odolnost viéi vysoké hodnoté pH mobilni faze.
Technicka literatura uvadi, Ze oktadecylové hybridni faze jsou mnohem stabilné;si
pii pH 10 ve srovnani s béZznymi C18 fazemi [46]. Vyrobci uvadéji, ze hybridni faze
jsou stabilni v oblasti pH 2-12 [46]. Analyty bazické povahy tak mohou byt Casto
separovany ve form¢ volnych bazi s daleko lepsi separacni Gcinnosti a odlisnou
selektivitou nez v kyselém prostfedi. Dalsi dilezitou vlastnosti hybridnich sorbentti
je jejich zlepSena odolnost vici zvySené teplot¢ mobilni faze [46]. Moznost
chromatografie pii teplotach 1 kolem 60 °C pfindsi fadu vyhod: sniZeni viskozity
mobilni faze, a tim tlaku na koloné, zlepSeni separa¢ni UC€innosti a zmenSeni
zavislosti G¢innosti kolony na rychlosti pritoku; tim se vytvari ptiznivé podminky
pro uplatnéni uvedenych sorbentl pfi velmi rychlych separacich [19].

V minulém roce byl uspésné dokoncen vyvoj druhé generace hybridnich
sorbentl. Ty jsou piipravovany reakci tetraethoxysilanu s bis(triethoxysilyl)ethanem
[47]. Ve srovnani se sorbenty XTerra byla dale podstatn¢ zvysena chemicka odolnost
v silné bazickém prostiedi a separa¢ni UcCinnost [47]. Diky zvySené chemické

stabilité, umoZiiujici pouziti mobilnich fazi pfi pH 2-12, potlacenému silanolovému
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efektu a ptitom velice podobné selektivité, jakou maji klasické RP C18 faze, se
hybridni anorganicko-organické kolony jevi jako velmi perspektivni a da se

predpokladat zvyseni jejich pouziti v praxi.

3.2.3 Polymerni stacionarni faze

Celkova ucinnost polymernich sorbenttli je obecné nizsi nez sorbentl na bazi
silikagelu, zvlasté pii separaci malych molekul [25]. To je caste¢né zpusobeno
mikropor6zni strukturou polymernich pryskyfic [48]. Jednotlivé polymerni faze
mohou nabizet vyhodné vlastnosti (vy$§i mechanicka odolnost, vys$si chemicka
stabilita, vyssi G€innost nebo vyhodna selektivita), ale zfidka kombinaci vice téchto
vyhod najednou. Proto se polymerni stacionarni faze vyuzivaji hlavné tehdy, kdyz je
pouziti silikagelovych stacionarnich fazi nevyhodné nebo nemozné. Diky své vysoké
chemické stabilit¢ se polymerni sorbenty cCasto pouzivaji misto silikagelovych
Vv analyzach vyzadujicich extrémné kyselé¢ nebo bazické prostiedi. Z téchto divodi
tvoii pouze alternativu silikagelovych sorbentti, hlavné pii potiebé drastickych
separacnich podminek. Jejich pouziti v rutinni farmaceutické analyze je tedy pouze
okrajové.

Polymerni sorbenty vyuzivané v RP-HPLC jsou bud” hydrofobni sami o sob¢
nebo se derivatizuji hydrofobnimi funkénimi skupinami. Podle okolnosti,
derivatizace méni hydrofilni polymer na hydrofobni nebo je jejim cilem vytvorit
sorbent s podobnymi reten¢nimi vlastnostmi, jako maji silikagelové faze RP C8 nebo
RP C18. Moderni stacionarni faze na bazi polymeri maji dostate¢nou mechanickou
stabilitu a jsou kompatibilni sbézné wuzivanymi organickymi rozpoustédly
v chromatografii. Navic jiz vykazuji dostatecnou uc¢innost pro fadu typti analyti, jsou
chemicky stabilni v celém rozsahu pH [49] a mohou byt pouzivany pii vysokych
teplotach (od 80°C az do 200°C) [50,51]. Ac¢koli vétsina polymernich stacionarnich
fazi je chemicky mnohem stabilnéjsich nez silikagelové faze, n¢které typy polymert
obsahuji sva pfirozené aktivni mista, ovliviyjici analyzu urcitych typu latek [52].
Prestoze tedy polymery nabizeji vyhodu pro pouziti v extrémnich oblastech pH,
mohou vznikat jiné pro né specifické problémy v retenc¢nich charakteristikach latek
[52].
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Pravdépodobné nejpouzivangj$i polymerni stacionarni faze je tvofena
polystyren-divinylbenzenovym (PS-DVB) kopolymerem [52,53]. Chromatografické
chovani (PS-DVB) se obecné podoba chovani silikagelovych RP C18 fazi [54].
Nicméné PS-DVB vykazuje vétsi retenéni schopnost pro aromatické slouceniny,
pravdépodobné diky n-m interakcim mezi analytem a benzenovym kruhem sorbetu
[55-57]. Navic reten¢ni charakteristika PS-DVB faze, stejné¢ jako fady jinych
polymernich sorbentli, zavisi na pouzit¢ mobilni fazi. V hydrofilni mobilni fazi, jako
je methanol, polymer zmensuje sviij povrch a vznikaji asymetrické piky. Naopak
hydrofobni rozpoustédla schopna polymer solvatovat (napt. THF) zptisobuji bobtnani
sorbentu. Nasleduje zhorSeni symetrie pikt, uc¢innosti kolony [58-61] a dale snizeni
retence aromatickych analyti [58]. Toto zménéné chromatografické chovani muize
byt zplsobeno stinénim aktivnich mist na povrchu sorbentu adsorbovanymi
molekulami mobilni faze nebo bobtnanim polymeru, které zptsobuje redukci
velikosti mikroport vedouci k omezeni vstupu molekul analytu do téchto struktur
a nasledn¢ zmén¢ retenéniho chovani [59,60,62].

PS-DVB byl modifikovan hydrofobnimi alkylovymi skupinami [63],
pro posileni retence na principu rozdélovani mezi dvé faze, za ucelem ziskani
podobného chromatografického chovani jako na silikagelovych RP fazich. Jinym
typem modifikace povrchu polymeru je navazani hydrofilnich skupin [63,64]
zaGcelem ziskani specifickych retencnich vlastnosti. Mezi alkyl-derivatizované
polymerni stacionarni faze patii sorbenty na bazi polyvinylalkohold (PVA)
[59,65-67]; poly(hydroxyalkyl)akrylath nebo methakrylatt (PHA) [59,66];
polyvinyletheri (PVE) [68]; N-alkyl [69-71] a N,N-dialkylpolyakrylamidt (PAA)
[69,70]; a polyalkylmethakrylati (PAM) [59]. Kazda ztéchto stacionarnich fazi
disponuje svymi specifickymi retenénimi vlastnostmi. Obecné lze fici, Ze jsou
vSechny docela stabilni v kyselém i alkalickém prostiedi, jednozna¢né stabilné;jsi
nez stacionarni faze na bazi silikagelu. C18-PVA [71], C18-PVE [68] a N,N-dialkyl
PAA [69,70] vykazuji lepsi chromatografickou u¢innost nez silikagelové sorbenty
RP C18 pro separaci bazickych latek, jako jsou aminy. Uéinnost té&chto sorbenti
zavisi na pouzit€¢ mobilni fazi, mikroporozité a pfiméfené i na poméru monomert
pouzitych pro jejich syntézu.

Tahala [59,66], porovnal reten¢ni vlastnosti PS-DVB, riiznych alkylovanych
polymernich fazi a silikagelovych RP C18 fazi pro separaci riznych skupin analytu.

Ackoli jednotlivé polymerni sorbenty vykazovaly svoje specifické retencni
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vlastnosti, obecné vSechny vice zadrzovaly strukturné rigidni, aromatické slouceniny,
zatimco silikagelové sorbenty vice zadrzovaly objemné, méné rigidni analyty.
Reten¢ni potradi na polymernich fazich bylo opacné nez na silikagelovych a obecné
retence vzrustala viadé: linedrni alkany, cykloalkany, flexibilni aromatické
slouceniny, rigidni polyaromaty. Derivatizované polymerni sorbenty vykazovaly
lepsi kolonovou ucinnost nez PS-DVB sorbenty. Je to pravdépodobné zplsobeno
odliSnym reten¢nim mechanizmem uplatiiujicim se pfi separaci na obou typech
kolon. Na alkylovanych polymerech jsou latky zadrZzovany rozdélovacim
mechanizmem, ktery je energeticky slabsi nez adsorpéni mechanizmus uplatiiujici se
na nederivatizovaném PS-DVB. Proto na derivatizovanych polymerech dochazi
K rychlejsimu piechodu analytu z mobilni faze do stacionarni a naopak, ¢imz je
docileno vyssi u¢innosti kolony.

Zvysend retence urcitych typl analyti na specifickych polymernich
stacionarnich fazich se pfisuzuje zvlasté silnym interakcim s aktivnimi misty
na povrchu jednotlivych polymert. Poldrni a aromatické latky mohou interagovat
sn elektrony benzenového kruhu na PS-DVB sorbentech. Aromatické analyty
mohou také podléhat =m-m interakcim s triallylisocyanuronovymi skupinami
pouzivanymi jako sit'ujici latka pfi vyrobé uréitych PVA [68,72-74]. N-Alkyl PAA
[71] obsahuji amidové skupiny (CONH), které mohou vazat vodikovou vazbou
karbonylové skupiny urcitych analyta (napf. alkylbenzoatd), coz vede k asymetrii
pika [69,70]. N,N-Dialkyl PAA [69,70] a derivaty vinyletheru (PVE) [68] nemaji
ve své struktufe aromatické ani amidové skupiny proto nevykazuji vySe zminéné

interakce.

Pfestoze pouziti stacionarnich fazi na béazi polymert je pouze okrajové, je
pro doplnéni nutné zminit Opétovné zvySeni vyznamu polymerd, jako materidlu
pro piipravu sorbentt, po objevu monolitickych kolon [75] a jejich potencial vyuziti

v této relativné nové a progresivni skupiné stacionarnich fazi.
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3.2.4 Stacionarni faze na bazi grafitizovaného uhliku

Stacionarni faze na bazi uhliku maji nizsi kapacitu kolony a nizsi G¢innost
nez konvencni silikagelové RP C18 faze, ale nabizeji vyhodu vys$i chemické
a tepelné¢ stability a moznost provadéni separaci tézko realizovatelnych
na silikagelovych RP C18 stacionarnich fazich. Nejpouzivanéjsi formou uhliku
pro reverzn¢ fazové chromatografické aplikace je porozni grafitizovany uhlik
(porous graphitic carbon — PGC). Vyroba PGC sestava z impregnace pordzni
silikagelové formy fenol-formaldehydovou pryskytici, grafitizaci organické
pryskyfice pyrolyzou a nasledného rozpusténi silikagelové formy [52]. Vysledny
material se sklada z ,,propletenych dvou-dimenzionalnich uhlikovych pasi* [76],
které jsou bez funk¢nich skupin. Maji adekvatni mechanickou odolnost, aby vydrzely
tlaky pouzivané¢ pti HPLC a strukturu pord definovanou pouzitym typem
silikagelové formy.

PGC je chemicky stabilni vsilné¢ kyselém 1 silné bazickém prostredi.
Disponuje silngjsi retencni schopnosti nez typické silikagelové reverzni faze, proto
provadéni separaci na PGC vyzaduje pouziti siln€jsi mobilni faze k dosazeni retence
srovnatelné s retenci na silikagelové stacionarni fazi [77]. Ke zkraceni reten¢niho
Casu siln¢ zadrzovanych latek a k odstranéni chvostovani pikd jsou nejvhodnéjsi
silné eluenty s dipolarnim charakterem (THF, ACN). Grafitizovany uhlik ma rigidni
planarni povrch schopny interagovat s analyty pomoci disperznich sil a elektron
donor-akceptorovym mechanizmem [77-84]. Podle Tanaky jsou disperzni sily
dominantni v retenénim procesu na grafitizovanych uhlikovych fazich, coz
dokazoval pomoci nasycenych uhlovodikii neschopnych jinych interakci [85].
Interakce analyt-stacionarni faze jsou na uhlikovych sorbentech silngjsi
nez na silikagelovych. To ma za nasledek vyssi retenci planarnich sloucenin [85].
Kromé disperznich interakci umoziuje elektronova struktura grafitu elektron donor-
akceptorové interakce piispivajici retenci elektronové bohatych molekul [81,86].
Tyto elektronové interakce jsou vyznamnéjsi u latek ménicich svoji orientaci vici
grafitickému povrchu v zavislosti na polarité mobilni faze [77,86].

Uhlikové stacionarni faze majici rigidni, planarni interagujici povrch
umoziuji dosahnout sterické selektivity pro separaci latek s podobnou

hydrofobicitou, které je tézké rozdélit na silikagelovych RP C18 fazich [85]. Proto
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téziste jejich vyuziti je v separaci strukturné velice podobnych latek a geometrickych
izomert. Pfikladem vyuziti PGC stacionarni faze v oblasti farmaceutické analyzy
muze byt separace tetracyklinovych antibiotik [87]. Karlsson prokazal vyhody metod
pro stanoveni obsahu a zkouSku na piibuzné latky pro alprenolol a metoprolol
vyvinuté na koloné, jejiz stacionarni faze byla tvofena grafitizovanym uhlikem,
oproti metodé vyvinuté na silikagelové RP C8 koloné¢ [88]. Reepmeyer vyuzil
vlastnosti sorbentu na bazi PGC pro separaci izomera estrogenu, liSicich se pouze
polohou dvojné vazby ve steroidni struktufe, a vyvodil, ze znatelna stereoselektivita
staciondrni fidze na bazi grafitizovaného uhliku miize byt vyhodné vyuzivana
pro déleni izomert nebo strukturné ptibuznych latek [89].

Ptestoze sorbenty na bézi uhliku vykazuji vysokou chemickou stabilitu
v oblasti pH (1-14) a tepelnou stabilitu (do 200°C) [25,50], maji nizsi efektivitu
nez sorbenty na bazi silikagelu a jsou téz zna¢né kiehké [25]. Prace s timto typem
kolon vyzaduje vysoce Cisté mobilni faze, protoze necistoty se mohou silné¢ vazat
na sorbent a postupnym vymyvanim zvySovat Sum pozadi, v krajnim ptipadé mohou
ireverzibiln€ sniZovat u¢innost kolony. Ze stejného divodu musi byt kladen zna¢ny
diraz na Gpravu vzorku pted analyzou [25,90]. Jejich vyuziti ve farmaceutické
analyze spociva hlavné v separaci strukturné podobnych latek a geometrickych
izomeru, jejichz déleni na silikagelovych sorbentech je jen tézko proveditelné. Diky
jejich vysoké tepelné stabilit¢ by snad jednim zjejich potenciadlnich uplatnéni

v budoucnosti mohla byt vysokoteplotni kapalinova chromatografie (HTLC) [50].
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3.2.5 Stacionarni faze na bazi jinych oxidi nez SiO,

Mezi latky ze skupiny jinych oxidii nez SiO; pouzivanych pro ptipravu HPLC
sorbentll patii Al,O3, ZrO; a TiO, [21,91,92], okrajové i CeO, a ThO;, [93,94].
Vzhledem K tomu, Ze vyzkumu téchto oxidi kovii a moznostem jejich uplatnéni
pro piipravu HPLC staciondrnich fazi bylo vénovéano v poslednich patnacti letech
mnozstvi odbornych publikaci a doslo k vyznamnému pokroku ve vyvoji kolon

pouzitelnych v praxi, bude tomuto tématu vénovana samostatna kapitola.
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3.3 Stacionarni faze na bazi oxidu kovu

3.3.1 Vlastnosti sorbentu na bazi oxidu kovu

Nejdilezitéjsi vlastnosti Al,O3, ZrO, a TiO; je jejich vysoka chemicka
stabilita, pfekonavajici stabilitu SiO,. Ztohoto divodu byly zkoumény jako

materialy pro pfipravu HPLC stacionarnich fazi.

Vyssi stabilita sorbentu ma tyto vyhody [21]:

e delsi zivotnost kolony a z toho plynouci sniZzeni nakladl analyzy;

e moznost pouziti SirSitho rozsahu pH a teploty, tudiz lepsi moznosti pro vyvoj
metody a dosazeni optimalnéjSich podminek separace;

e nizs$i ,krvacivost“ kolony (,,column bleeding™), tudiz lepsi predpoklady
pro pouziti MS detekce ¢i ELSD detekce;

e moznost pouziti agresivnich podminek pii ¢isténi kolony, aniz by doslo

K jejimu poskozeni.

SiO; je stabilni do teploty okolo 200°C. Pii vyssi teploté zacinaji povrchové
hydroxylové skupiny kondenzovat a chemické vlastnosti jeho povrchu se méni [21].
Neptekroci-li teplota 400°C, jsou zmény vratné a neni sloZité navratit materialu jeho
puvodni vlastnosti. Tepelna stabilita ZrO, (t; je 2750°C) je podstatné vyssi. ZrO, se
jevi jako tepelné i chemicky nejstabilnéjsi oxid kovu. V celém rozsahu pH 1-14 je
ZrO, absolutné stabilni [92]. Al,O3 je méné stabilni nez ZrO; V nizkém i vysokém
pH. Jeho stabilita je omezena na oblast pH 1-12 [21,92]. Je jednozna¢né rozpustnéjsi
v kyselinach, zvlast¢ HCI. Podle Griina je TiO; stabilni v oblasti pH 1-14 [95], ale
stabilita TiO, pouzivaného pro vyrobu chromatografickych sorbentti nebyla dosud
dostateCné potvrzena experimentalnimi daty [21]. Bylo prokazano, ze sorbenty
na bazi oxidi kovli mohou byt pouzivany pfi teplotach okolo 200°C. Vysoka tepelna
stabilita je vyhodna, nebot’ pii pouziti vysoké teploty dochazi k poklesu tlaku

na kolon¢ a muize byt pouzita vysSi rychlost pritoku, coz umoznuje zrychleni
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analyzy [96-98]. Navic muze byt teplota pouzita jako parametr k uprave selektivity
[99]. Nejprostudovanéjs$im typem stacionarni faze na bazi oxidu kovu, je sorbent
tvofeny ZrO,, jehoz povrch je pokryt kovalentné¢ véazanym polybutadienem
(Zr-PBD). Proto vétSina nize uvadénych studii byla provadéna na tomto typu
stacionarni faze. Nicméné zavéry plati vicemén¢ i pro ostatni sorbenty na bazi oxidu
kovi.

Ackoli fada vyrobct jiz vyvinula reverzni stacionarni faze na bazi silikagelu se
zvySenou stabilitou umoznujici pracovat i pii pH 11-12, nelze tyto kolony vystavovat
extrémnim podminkam dlouhodobé. Na obr. 5 je srovnani stability silikagelové
kolony a kolony na bazi ZrO; pii pH 11,5. Z obr. 5 je patrné, ze G¢innost kolony
nabazi SiO; vyznamné klesd, zatimco ucinnost kolony na bazi ZrO; zlstava
zachovana 1 pfi podstatné delSim pouzivani. Je ovSem nutné poznamenat, Ze
pii studii byl pouzit fosfat, ktery destabilizuje silikagel, proto by v praxi pfi pouziti
mén¢ agresivnich pufri byla stabilita silikagelovych kolon vyssi. Dlouhodobé
stability nékolika riznych ,,pH stabilnich“ kolon na bazi silikagelu a Zr-PBD kolony
jsou porovnany na obr. 6. Je ziejmé, ze piestoze silikagelové sorbenty mohou byt
vystaveny vysokému pH, jejich stabilita je pti dlouhodobém pouzivani omezena. Je
nezpochybnitelné, ze sorbenty na bazi oxidi kovl vykazuji vyssi chemickou stabilitu
nez sorbenty na bazi SiO,.

Oproti stabilnim polymernim sorbentim maji vSak sorbenty na bazi oxida
kovl vyrazné vyssi ucinnost, kterd je srovnatelna se silikagelovymi sorbenty (vice
nez 100 000 teoretickych pater/m). Samoziejmé diky odliSnym chemickym
vlastnostem povrchu stacionarni faze je selektivita kolon na bazi oxidi kovi odliSna

od silikagelovych kolon [21].
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Obr. 5 Stabilita kolony ZrO,-PBD a silikagelové Zorbax Extend pii vysokém pH;
podminky: ZirChrom-PBD; K3PO, (20 mM, pH 11,5)/ACN (72/28;vIv); Zorbax
Extend; KsPO4 (20 mM, pH 11,5)/ACN (55/45); pritok 1,5 ml/min, 40 °C, 254 nm.
Analyzované latky: (1) labetolol; (2) atenolol; (3) acebutolol; (4) metoprolol,;
(5) oxprenolol; (6) chinidin; (7) lidokain; (8) alprenolol; (9) propranolol. Pievzato

z ref. [21].
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Obr. 6 Porovnani stability silikagelovych kolon a Zr-PBD kolony ve vysokém pH,

ptevzato z ref. [21].
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3.3.2 Mechanismy uplatiiujici se pri retenci analyti

Povrch Al,O3, ZrO; a TiO; se vyznamn¢ 1isi od povrchu SiO,. Diky svym

acidobazickym vlastnostem se silikagel chova jako méni¢ kationtd, zatimco oxidy
kovi maji vlastnosti amfoterické, proto mohou meénit kationty i anionty v zavislosti
na pH.
Dalsim dilezitym rozdilem oproti silikagelu je pfitomnost aktivnich mist
s charakterem Lewisovy kyseliny, které mohou mit velky vliv na retenci latek,
viz obr. 7. Tato aktivni mista jsou odpovédna za schopnost oxidi kovt fungovat jako
meénice ligandu.

Pro ptipravu reverznich fazi na bazi oxidi kovil je potieba jejich povrch
modifikovat, aby byla snizena jeho polarita. To se provadi nanesenim
a imobilizovanim vhodné latky (polybutadienu, polystyrenu atd.) na jejich povrchu.
Dosud vSak neexistuje takova Uprava povrchu, ktera by zablokovala vSechna mista
na povrchu sorbentu s charakterem Lewisovy kyseliny. Proto se i na reverznich
fazich na bazi oxidi kovi uplatiiuje retence na principu ligandové vymeény.
Na stacionarnich fazich na bazi oxidi kovi se tudiz podili vice retencnich
mechanisml, mluvime o tzv. ,smiSeném retencnim mddu®. To, ktery z reten¢nich
mechanisml pfevladne, zavisi na vlastnostech analytu, pH, typu pufru, celkové

iontové sile a mnozstvi organické slozky v mobilni fazi [21,100].

Obr. 7 Povrch ZrO,, pievzato z ref. [101].
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3.3.2.1 lontova vyména

Iontovyménné vlastnosti povrchu sorbentii jsou zalozeny na schopnosti
povrchovych hydroxyli pfijimat protony (2) nebo protony uvoliovat (3), v zavislosti
na pH mobilni faze:

+ + int
(2) M-OH + H < M-OH, K1

int

(3) M-OH+OH <> M-0 +H,0 K,

K™ a K,™ jsou vnitini ionizacni konstanty. lonty H™ a OH maji schopnost
ovliviiovat povrchovy naboj sorbentu. Je-li mnozstvi pozitivné nabitych iontd
(M-OH,") stejné jako negativné nabitych iontd (M-O), pak je celkovy ndboj povrchu
sorbentu nulovy. pH, pfi némz tato situace nastava, zavisi na vnitinich ioniza¢nich

konstantach (4):

int int

(4) PHpzc = 0,5(pK1  +pKz )

Z toho vyplyva, ze bude-li pH niz$i nez pK.™, bude se oxid kovu chovat jako anex,

kdezto pii pH vys§im nez je pK,™ se bude oxid kovu chovat jako katex.

Protoze oxidy kovli maji vys$si hodnoty pHp,c nez ma silikagel [92], umoziuji
pracovat pii podstatné vy$Sim pH, aniz by analyt interagoval s negativné nabitymi
skupinami iontové vyménnym mechanismem. Navic, oproti silikagelovym
sorbentim umoziuji sorbenty na bazi oxidi kovl praci i pfi podstatné vyssim pH,
¢ehoz Ize vyuzit pro deprotonizaci bazickych analytl a iprave jejich retence.

Je zajimavé dodat, Ze existuji rozdily v iontovyménném chovani oxidi kovi.
Napt. halogenidy se eluuji ze ZrO, v potadi CI, Br, I, zatimco eluéni potadi

na Al,O3z je opaéné [102,103]. Tontovyménné vlastnosti TiO, jsou velice podobné
ZrO; [21]. VSechny oxidy kovu silné zadrzuji fluoridové anionty, které maji

charakter velmi silnych Lewisovych bazi [92,104,105].
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3.3.2.2 Vyména ligandi

Schopnost oxidi kovii vyménovat ligandy vyplyva z pfitomnosti aktivnich
mist s vlastnostmi Lewisovy kyseliny (AI¥*, Zr**, Ti**) na svém povrchu
a pritomnosti molekul vody nebo jinych snadno zaménitelnych ligandi komplexné
navazanych na tato aktivni mista. Vyména liganda byla dukladné studovana pouze
pro povrch ZrO,. Jak jiz bylo uvedeno vyse, i na povrchu reverznich fazi na bazi
oxidii kovu ziistavaji mista s vlastnostmi Lewisovy kyseliny, proto se i na téchto
fazich uplatnuje mechanismus ligandové vymény. KliCovou roli pii vymeéné ligand
hraji komplexn¢ vazané molekuly vody. Tyto molekuly mohou byt zaménény za jiné
Castice s charakterem Lewisovy baze. Plati, ze ¢im je ¢astice siln€jsi Lewisovou bazi,

tim snaze vytésni jinou castici.

Nasledujici rovnice (5-9) popisuji reakce probihajici pii vyméné ligandt na povrchu
oxidu kovu [92,104]:

(5)  M(OH)(H20) + Ly <> M(H,0)L; + OH"
(6)  M(OH)(H,0) + Ly <> M(OH)L; ™+ H,0
(7)  M(OH)(H,0) + L, > M(H;0)L, + OH"
(8)  M(OH)(H,0) + Ly” < M(OH)L, ™+ H,0

(9) M(OH)L; + Ly < M(OH)L, + Ly

M reprezentuje oxid kovu, L; Lewisovu bazi pfitomnou v mobilni fazi (napt. anion
pufru) a L, analyt s vlastnostmi Lewisovy baze. Rovnice (5) a (6) popisuji procesy
ke kterym dochazi tehdy, jsou-li v mobilni fazi pfitomna aditiva charakteru
Lewisovych bazi. Rovnice (7) az (9) popisuji déje, ke kterym déale dochézi
Vv piitomnosti analytu s vlastnostmi Lewisovy baze. Velky prakticky vyznam ma
proces popsany rovnici (9), ktery popisuje rovnovahu vymeény ligandu analytu
za ligand jiné Lewisovy baze pfitomné v mobilni fazi (nejcastéji aniontu pufru). Je
zfejmé, Ze zvolenim vhodného aniontu pufru a nastavenim jeho koncentrace lze
upravovat miru ptispévku mechanismu vymény ligandl na retenci analytu. Dale je

patrné, ze prispévek molekul H,O a aniontu OH na vyménu ligandu siln¢ zavisi
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na pH, ¢ehoz lze také vyuzit pro Gpravu retence analytu. Anion OH" je nejsilngjsi
monovalentni Lewisovou bazi vibec, proto je schopen vytésnit jakoukoliv jinou
(monovalentni) bazi [21]. Tudiz hodnota pH mobilni faze mize mit zasadni vliv
na procesy probihajici na povrchu sorbentu. Protoze silikagel neobsahuje na svém
povrchu koordina¢né vazanou vodu, ligandova vyména na jeho povrchu neprobiha.
Sila interakce Lewisovy baze s misty charakteru silnych Lewisovych kyselin
na povrchu oxidu kovu zavisi na elektronové hustoté a polarizovatelnosti baze. Vyssi

elektronova hustota a nizsi polarizovatelnost vede k silné€jsi interakci. Sila interakce

Lewisovych bazi klesa v poradi:

fosfore¢nan > fluorid > citronan > siran > octan > mravenc¢an > dusi¢nan > chlorid

Tato eluotropicka fada byla vytvorena na zékladé schopnosti jednotlivych bazi
vytésnit anion kyseliny benzoové ze sorbetu na bazi ZrO, [92,106]. Byla téz
nalezena linearni zavislost mezi log k" a pK, derivata kyseliny benzoové [107,108].
Smérnice piimky vyjadiujici tuto zavislost se ménila v zavislosti na pH. Oproti tomu
nebyla nalezena zadna takova zavislost pro silné anexy na bazi silikagelu. To
potvrzuje predpoklad, ze zavislost log k" na pK, derivati kyseliny benzoové souvisi
s Lewisovou kyselosti povrchu ZrO; a tudiz mechanismem vymény ligandi a nikoli
mechanismem vymeény iontd.

Maji-li separované latky charakter silnych Lewisovych bazi a tudiz jsou silné
vazany na stacionarni fazi, da se ocekavat zvysena retence a chvostovani piki, pokud
se nepfida do mobilni faze néjaka jind latka s vlastnostmi silné Lewisovy baze.
Na obr. 8 je znazornéna separace alkoxykyselin na koloné na bazi ZrO,. Ponévadz
karboxylové kyseliny siln€ interaguji s povrchem sorbentu, je tfeba pfidat Lewisovu
bazi pro zlepSeni separace. Fosforecnan je silnéjSi Lewisovou bazi neZ octan, proto
ma vetsi schopnost blokovat dostupna aktivni mista na povrchu staciondrni faze, coz
vede ke zvyseni G¢innosti kolony, viz obr. 8. Fluorid je sice silnou Lewisovou bazi,
ale nelze pouzivat pfi velmi nizkém pH, nebot’ vznikajici kyselina fluorovodikova
ma schopnost rozpoustét jak sorbenty [103-105,109], tak casto i ¢asti HPLC

aparatury.
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Obr. 8 Vliv Lewisovych bazi na separaci alkoxykyselin na Zr-PBD kolon¢;
pufr (40 mM)/ACN (75/25;viv), 5mM NHyF; 0,6 ml/min; 30°C; 254 nm. Pfevzato
z ref. [21].
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Karboxylové skupiny bilkovin také siln¢ interaguji s povrchy oxidd kovd.
Pti pouziti 0,1% kyseliny trifluoroctové v mobilni fazi nebyla pozorovana zadna
eluce ze ZrO,. Avsak ptidavek kyseliny citronové nebo fosforeéné umoznil eluci
proteind ze sorbetu [110]. Ptitomnost fluoridu, polyvalentnich organickych liganda
nebo organofosfatu v mobilni fazi umoznila separovat mnoho kyselych, neutralnich
nebo bazickych bilkovin na ZrO, stacionarnich fazich [111]. Retence bilkovin je
zpiisobena kombinaci iontovyménného mechanismu a mechanismu ligandové
vymény. Mira retence tudiZ miZe byt kontrolovdna zménami iontové sily nebo

koncentrace Lewisovych bazi v mobilni fazi.

3.3.2.3 MozZnosti zmény prispévki jednotlivych mechanismii na celkovou
retenci

Piikladem analyzy, pfi niz se uplatiiuje smiSeny retenéni mod, muze byt
analyza latek ze skupiny antihistaminik na stacionarni fazi na bazi ZrO,. Byl
zkouman vliv riznych typl Lewisovych bazi (octanu, fluoridu a fosfore¢nanu)
na separaci. Pfi pouziti octanového pufru byla retence latek nejnizsi. Octan je slabsi
Lewisovou bazi neZz fluorid nebo fosfore¢nan. Fluorid i1 fosforecnan blokuyi

efektivnéji aktivni mista na povrchu sorbentu, avSak také ptinaSeji vEtsi zaporny
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naboj na jeho povrch, ktery se proto stava silngj$im katexem. Vymeéna kationtli se
stane hlavnim reten¢nim mechanismem, coz ma za nasledek vyssi retenci bazickych
antihistaminik [21].

Interakce na povrchu oxidi kovii mohou byt vyrazné ovliviiovany typem
pufru (Lewisovy baze), koncentraci pufru, pH mobilni faze a jeji iontovou silou.
Pochopeni retenéniho mechanismu je nezbytné pro spravné ovlivnéni separaci
bazickych latek. Ptiklad vlivu iontové sily na retenci je znazornén na obr. 9. Zvyseni
koncentrace pufru z 20 na 100 mM zpusobilo vice nez 50% pokles retenénich Cast
[112].

Obr. 9 Vliv iontové sily na retenci bazickych latek na Zr-PBD koloné.
pufr (pH 7)/ACN (70/30, v/v); 0,8 ml/min, 40°C, 210 nm; Prdzdny sloupec: 20 mM
NH4H,POy4;  Plny  sloupec: 100 mM  NH4H,PO4 Latky: (1) lidokain;
(2) norpseudoefedrin; (3) tryptamin; (4) chinidin; (5) amitriptylin; (6) nortriptylin,
ptrevzato z ref. [21].
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Ptfevlada-li iontové vyménny mechanismus retence, lze pouzit pH jako
proménnou pro upravu separace. Pii znaéném zvySeni pH dojde k deprotonizaci
bazickych analyti a vyraznému poklesu piispévku iontovyménného mechanismu
na jejich celkovou retenci. Pfevladajici se stane reverzné-fazovy typ interakce, coz
muze vést k zméné poradi eluovanych latek.

Mohlo by se zdat, ze silny vliv koncentrace pufru na separaci latek

na stacionarnich fazich na bazi oxidi kovii mize byt zna¢nou nevyhodou, s ohledem
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na robustnost vyvijené metody, oproti separaci na silikagelovych stacionarnich
fazich. Jak vyplyva z obr. 10 a tab. 1, neni to vSak pravda. Jak v okoli koncentrace
pufru 5mM, tak okolo koncentrace 50 mM je potieba kontrolovat hodnotu
koncentrace pufru pouze zhruba dvakrat pfesnéji nez pii pouziti silikagelové faze
[21]. Naopak vliv koncentrace pufru na retenci lze s vyhodou pouzit pro ,,ladéni
separace na sorbentech na bazi oxidd kovil, zatimco na silikagelovych sorbentech
toho Ize vyuzit jen minimalné. Tudiz patrna komplexnost chemismu povrchu oxidi
kovli muze byt zkuSenym analytikem pfeménéna ve vyhodu.

Prestoze celkovy povrch reverznich staciondrnich fazi na bazi oxidd kovu
byva podstatné nizsi nez povrch béznych silikagelovych reverznich fazi, kapacita
kolony na bazi oxidi kovli mize byt pii separaci protonovanych bazi vétsi
nez kapacita konvencnich silikagelovych kolon. K pietizeni obou typti kolon dochazi
tehdy, kdyz bazické molekuly spotfebuji podstatnou ¢ast negativné nabitych mist
na povrchu stacionarni faze. Mnozstvi negativniho naboje na povrchu oxidu kovu je
diky navdzanym molekuldm pufru mnohem vétsi neZ mnoZzstvi naboje na povrchu
silikagelu vzniklého deprotonizaci rezidualnich silanolovych skupin [21], coz ma

za nasledek i vyssi kapacitu kolon na bazi oxida kovt pro bazické latky.

Obr. 10 Vliv koncentrace pufru na retenci pyrrobutaminu, pievzato z ref. [21].
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Tab. 1 Zména koncentrace fosfatového pufru odpovidajici 1% zméné k', pfevzato
z ref. [21].

¢ pufru, pfi niz se zména pocitala SiO, RP C18 Zr-PBD
5mM A 0,20 mM A 0,09 mM
50 mM A2,0mM A 0,86 mM
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3.3.3 Prehled uprav povrchu sorbentii na bazi oxida kovu

Stejné tak jako silikagel je mozné upravovat povrch oxidi kovii za ucelem
zmény jejich retencnich vlastnosti. Existuje cela fada riznych zpsobti modifikace
povrchu oxidi kovii. NejvyznamnéjSimi znich jsou ty, které vedou ke vzniku
reverznich fazi. Nejvice studii zabyvajicich se modifikaci povrchu bylo vénovano

ZrO,.
Povrchové upravy oxidt kovu Ize rozdélit do 3 skupin [91]:

e dynamické modifikace — ptidani reaktivniho aditiva do mobilni faze,

e kovalentni chemickd modifikace — silanizace povrchu sorbentu nebo
jiny typ vyuzivajici pfimého navazani urcité funkcni skupiny,

o fyzikalni pokryti — depozice polymeru na povrch oxidu kovu nebo

jeho potazeni uhlikem.

3.3.3.1 Dynamicka modifikace

Dynamickd modifikace miiZze slouzit bud k zablokovani neZadoucich
aktivnich mist na povrchu sorbentu, nebo k vytvoreni docasn¢ vazané stacionarni
faze. U silikagelovych staciondrnich fazi slouzi dynamickd modifikace k potlaceni
silanolového efektu pfidanim TEA nebo kvarterni amoniové soli do mobilni faze.
V ptipadé sorbentd na bazi oxidi kovi slouzi dynamicka modifikace k blokaci
aktivnich mist charakteru Lewisovy kyseliny na povrchu stacionarni faze. To se
provadi bézné pifidanim Lewisovy baze do mobilni faze (PO43', F, EDTA)
[104,105,111].
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3.3.3.2 Kovalentni modifikace

3.3.3.2.1 Alkylace

Hlavnim cilem uprav povrchu oxidi kovl je ziskat sorbent s retencnimi
vlastnostmi co nejpodobnéjsimi silikagelovym reverznim fazim. | proto doposud
pfetrvdva snaha o piipravu stabilniho sorbentu metodou silanizace oxidi kovi.

vvvvvv

nez na povrch silikagelu. Hydrolyticka stabilita silikonové vazby klesa v potadi [91]:

Si-0-Si-R >> Zr-0-Si-R > Ti-0-Si-R >> Al-O-Si-R

Navic hydroxyly na povrchu oxidi kovu existuji i v ,kiizové“ formé, ktera
na povrchu silikagelu neexistuje. Tato forma hydroxylovych skupin neni schopna
podstupovat silanizaci [92]. Kromé toho hydroxyly na povrchu Al,Os, TiO; i ZrO,
jsou mnohem bazi¢t&jsi nez hydroxyly na povrchu SiO, [92]. Navzdory tomu bylo
provedeno mnoho pokusti o silanizaci povrchii oxidd kovid, vyuzivajicich rtzné
metody piipravy. Pfesto je vSak existence stabilniho silanizovaného oxidu kovu
velmi rozporuplna [91]. Popsané stacionarni faze byly bud’ nestabilni. nebo jejich
stabilita nebyla testovdna. Z tohoto diivodu nejsou komeréné dostupné reverzni faze

na bazi oxidd kovi zalozeny na silanizaci svého povrchu.

3.3.3.2.2 Modifikace povrchu vyuZivajici koordinacné-kovalentni vazbu

Stacionarni faze, vyuzivajici silné interakce mezi aktivnimi misty na povrchu
oxidl kovu s charakterem Lewisovy kyseliny a Lewisovych bazi modifikujicich
povrch, vykazuji znac¢nou stabilitu v riznych podminkach. V silné bazickém
prostiedi ovSem dochazi k vytésnéni vazané Lewisovy baze silnéjsi Lewisovou bazi,
konkrétng OH™ ionty. PO,> a F byly jako prvni pouZzity k vytvoteni nové stacionarni
faze z neupraveného ZrO,. Uspéch fosforeénanové a fluoridové stacionarni faze vedl
ke zkouSeni dal$ich Lewisovych bazi jako komponent pro ptipravu sorbenti. Mezi

né patii i analog EDTA, ktery zptsobuje odliSnou selektivitu oproti konven¢nim
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iontovyménnym fazim [113], pravdépodobné diky piispévku mechanismu ligandové
vymény na retenci. Podobnd tprava byla pouzita pro pifipravu vazané faze reakci

kyseliny jable¢né s povrchem Al,O3 [114-116].

3.3.3.2.2.1 Modifikace fosforecnanem

Uprava povrchu sorbentu pomoci fosfore¢nanu mize byt provedena bud’
ptidanim fosfore¢nanu do mobilni faze nebo povrchovou upravou ZrO;, t. j. povrch
oxidu kovu je vystaven agresivnimu pusobeni Kyseliny fosfore¢né, coz vede
ke vzniku tenké vrstvy fosfore¢nanu kovu vazané na povrchu stacionarni faze [117].
Pfi neutralnim pH muze byt takto pfipravena staciondrni faze vystavena promyvani
tisicinasobky objemta kolony mobilni fazi bez fosfore¢nanovych aniontd, aniz by
ztratila svoji U¢innost [118]. Stacionarni faze ma charakter katexu, ktery byl
svyhodou pouzit pro separaci kationickych bilkovin, immunoglobulint
a aminokyselin [118,119].

Pti pH vys$8im neZ 10 a neptitomnosti fosforecnanovych ionti v mobilni fazi
dochazi k desorpci fosforecnanovych skupin z povrchu sorbentu a zméné retencnich
vlastnosti materidlu. To lze castecné zvratit promyvanim kolony roztokem
fosfore¢nanu pii vysoké teploté. Fosfore¢nanem modifikovany Zr-PBD sorbent byl
pouzit pro separaci peptidi [120] a bilkovin [121], ale bylo dosaZzeno podstatné
horSich vysledkli nez na silikagelovych reverznich fazich. Divodem bylo pfili§
mnoho rtznych reten¢nich mechanismi, coz se pro separaci velkych nabitych

molekul jevilo jako nevyhodné.

3.3.3.2.2.2 Modifikace fluoridem

Ackoli se mize fluoridem modifikovany ZrO; (F-ZrO,) jevit podobny jako
fosfore¢nanem modifikovany ZrO,, jeho chovani je dost odlisné. K ptiprave F-ZrO,
faze sta¢i pouze ZrO, kolonu proplachnout roztokem iontit F~ [104]. Tato stacionarni
faze je vynikajici pro separaci bilkovin. Oproti ostatnim iontovyménnym
stacionarnim fazim na bazi oxidi kovl vykazuje jedine¢nou selektivitu [105].
F-ZrO, vykazuje mimofadné vysokou kapacitu pro bilkoviny [105], proto byl sorbent

pouzit i pro preparativni CiSténi bilkovin [122]. Pokud dojde k poklesu té¢innosti
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kolony, staci kolonu proplachnout hydroxidem sodnym k odstranéni siln¢ vazanych
molekul a nasledn¢ ji regenerovat priplachem pomoci roztoku fluoridového pufru.
Tento proces kolon¢ pIné navrati jeji pivodni ucinnost. F-ZrO, stacionarni faze
ovSem nesmi byt pouzivana pii nizkém pH, nebot by vznikala kyselina

fluorovodikova a doslo by k poskozeni sorbentu i aparatury.

3.3.3.2.2.3 Modifikace fosfonatovym analogem EDTA

Po zjisténi vyhod sorbentti na bazi ZrO; modifikovaného pomoci F™ a PO
iontt, byly hledany dalsi Lewisovy baze s odliSnou selektivitou. Velmi uzite¢na
stacionarni faze vznikla modifikaci povrchu ZrO, fosfonatovym analogem EDTA,
ethylendiamin-N,N,N",N’-tetramethylfosfonovou kyselinou (EDTPA) [113,123].
Refluxovani ¢astic ZrO; zifedénym roztokem EDTPA vede ke vzniku staciondrni
faze s vlastnostmi katexu s ojedinélou selektivitou. Aktivni mista s charakterem
Lewisovy kyseliny jsou uc¢inné zablokovany, ¢imz vznika biokompatibilni sorbent.
Diky pfitomnosti alifatickych ¢asti EDTPA, je moZzné separovat bilkoviny i jiné
analyty, které na fosfore¢énanem modifikovaném ZrO, separovat nelze. Stacionarni
faze byla Gspésné pouzita pro ziskani vysoce Cistych monoklonalnich protilatek
Z bunécné kultury se zachovanou vysokou biologickou aktivitou [113].

Pomoci EDTPA je mozné modifikovat i Zr-PBD sorbent, viz obr. 11. Takto
upravena reverzni faze ma blokovana aktivni mista na svém povrchu s charakterem
Lewisovy kyseliny, tudiz umozfiuje provadét separace i silnych Lewisovych bazi
(SO4%, PO,¥, R-COO") pii pouziti tékavych organickych pufrii, jako je octan nebo
mravencan. Toho se da s vyhodou vyuzit pro pouziti MS detekce. Sorbent je stabilni
v rozsahu pH 1-10 [124].

Obr. 11 Struktura Zr-PBD povrchové modifikovaného pomoci EDTPA, pievzato
z ref. [101].
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3.3.3.3 Modifikace polymerem

Stacionarni fdze na bazi oxidi kovu, jejichz povrch je potazen vrstvou
polymeru, v sobé kombinuji mechanické vlastnosti oxidu kovu s vSestrannosti
organickych polymert. Takovéto materidly maji obrovsky potencial pro ziskani
idedlni stacionarni faze, ktera je mechanicky i chemicky stabilni, poskytuje pouze
minimélni nespecifickou retenci a umoZiiuje snadnou Gpravu selektivity. Uprava
povrchu oxidu kovu pomoci polymeru ma za cil ziskat stacionarni faze s podobnymi
vlastnostmi jako silikagelové reverzni stacionarni faze a krom¢ toho omezit ptistup
k aktivnim mistdm s charakterem Lewisovy Kkyseliny na povrchu sorbentu.
Nejpouzivangj§imi polymery pro potazeni oxidu kovu jsou polybutadien, ktery
napodobuje oktylové a oktadecylové skupiny silikagelovych RP C8 a RP C18 fazi,
a polystyren s vlastnostmi podobnymi fenylem modifikovanému silikagelu.

Mnoho studii potvrzuje, ze sorbenty na bazi oxidd kovu potazenych
polymerem disponuji vysokou kolonovou ucinnosti, vysokou chemickou stabilitou,
vysokou selektivitou a dok4zou docilit vyssi symetrie pikii problémovych analyti.
Na rozdil od pln€¢ polymernich sorbentdi vykazuji u€innost srovnatelnou
se silikagelovymi sorbenty [125-128]. Al,Os; [116,129] a ZrO, [125,129,130]
S polymern¢ upravenym povrchem maji vysokou chemickou stabilitu svého
zakladniho materidlu. ZrO; s polymerné upravenym povrchem je velmi atraktivni
pro separaci bazickych latek diky jeho stabilit¢ v oblasti vysokého pH

a nepfitomnosti negativniho silanolového efektu.

3.3.3.3.1 Oxidy kovii modifikované polybutadienem

Polybutadienem modifikované oxidy kovili nabizeji vysokou tepelnou
a chemickou stabilitu. Al,O3 potazeny hydrofobnim polymerem vykazuje stabilitu
voblasti 3 < pH < 12, [131], zatimco Zr-PBD je stabilni v oblasti 1 < pH < 14
[120,121]. Polybutadienem upraveny ZrO, vykazuje vyjimecnou stabilitu
v alkalickém prostfedi. Nebyla pozorovana zadna degradace tohoto materialu ani
pti expozici 1 M NaOH nebo 100°C [130,132], ani pii 200°C [133] pti dlouhodobém
pouziti. Vysoka tepelna stabilita Zr-PBD umoziiuje pouziti tohoto materialu pro praci

pii podstatné vyssich teplotach, nez se pouzivaji pi1 béZném provadéni HPLC analyz.
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Pro lepsi predstavu je tieba dodat, Ze polybutadienové kryti pordznich ¢éstic
netvoii jednolity film, ale spiSe nehomogenni strukturu, v niz se polymer nenachdzi
ani tak na povrchu castice, ale spiSe tvoii fleky a chomace okupujici vnittky port

[134-136].

3.3.3.3.1.1 Reverzné-fizové viastnosti

Reverzné-fazové vlastnosti Zr-PBD sorbentd byly Siroce a systematicky
zkoumany [127,129,137,138] a porovnavany s bé&znymi silikagelovymi reverznimi
fazemi. Je obecné uznano, Ze polybutadienové faze maji stejné vlastnosti jako
konvenéni reverzni faze. Pokud analyt neinteraguje s povrchem ZrO, nebo SiO;
specifickymi interakcemi, d4 se oc¢ekavat velice podobna retence a selektivita jako
na béznych reverznich fazich, jako je tomu v pfipadé¢ jednoduchych nepolarnich
analyta.

Jednoduché neionizovatelné molekuly jsou na Zr-PBD stacionarni fazi
zadrzovany vyhradné reverzné-faizovym mechanismem. Na obr. 12 je porovndna
normalizovana selektivita reverzni silikagelové (Luna), polymerni (PLRP) a Zr-PBD
stacionarni faze pii separaci 22 latek, neschopnych ionizace. Z obr. 12 je patrné

stejné retencni chovani latek na vSech reverznich fazich.

Obr. 12 Srovnani normalizované selektivity: voda/ACN (60/40, v/v), 1 ml/min,

30 °C, nasttikovany objem 5 pl, 254 nm; pievzato z ref. [91].

Normalized Selectivity Comparison: Luna, ZirChrom-PED,
PLRP

—&—Luna
—O— ZirChrom-PED
15 1 ——PLRP

Log (k' Solute/k' Benzene)
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Plati, Ze In k" je na reverznich fazich linearn¢ zavisly na poc¢tu methylenovych
skupin v homologni fadé¢ molekul, tudiz Zze retence vzrista s rostoucim poctem
methylenovych skupin v fadé [139]. Za G¢elem ovéieni reverzniho chovani Zr-PBD,
byla zmétfena retencni data homologni fady alkylbenzent pro sorbenty o rizném
obsahu uhliku a rizné mobilni faze [137]. Ziskané vysledky potvrzovaly, ze Zr-PBD
stacionarni faze se skute¢né chova jako reverzni. Obr. 13 zobrazuje methylenovou
selektivitu ziskanou na Al,O3-PBD, Zr-PBD a SiO, RP C18 stacionarni fazi. Ackoli
se sorbenty liSi v obsahu uhliku, methylenova selektivita zirkoniové faze
i aluminiovych fazi je podobna, zatimco selektivita silikagelové kolony je pouze
mirné veétsi.

Obecné je pozorovano, Ze na béznych reverznich fazich retence neionickych
molekul klesd pravidelné s rostoucim mnoZstvim organické slozky v mobilni fazi.
Proto byla zmétena zavislost In k" pro benzen a toluen na mnozstvi organické slozky
v mobilni fazi na polybutadienem modifikovaném Al,O;3 a ZrO,. Vysledky
prokazaly, ze citlivost retence na slozeni mobilni faze je v podstaté stejnd jako
na silikagelovych reverznich sorbentech [91].

Z vyse uvedeného je patrné, Ze pro neionizovatelné latky je Zr-PBD skute¢né
reverzni sorbent a chova se velmi podobné jako silikagelové RP C18 stacionarni faze

[112,140-142].

Obr. 13 Zavislost In k" na poctu methylenovych skupin homologni fady
alkylbenzeni; voda/ACN (60/40; v/v); pievzato z ref. [91].
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Absolutni retence méfena formou k™ by méla rtist s mnozstvim polybutadienu
navazaného na oxid kovu. Obr. 14 ukazuje zavislost absolutni retence benzenu
na mnozstvi uhliku v Zr-PBD sorbentu pro dva typy dvouslozkovych mobilnich fazi
[137]. Bylo prokazano, Ze zvySeni absolutni retence s mnozstvim uhliku obsazeného
v sorbentu souvisi téméf vyhradné se zvySenim fazového pomeéru a nikoli
s reten¢nimi energetickymi zménami [137]. Z obr. 14 je ziejmé, Ze absolutni retence
jednoznacéné vzristd, témet linearn€, s mnozstvim polybutadienu na ZrO,. Obdobné

vysledky byly ziskany pro konvenc¢ni reverzni faze [143].

Obr. 14 Zavislost absolutni retence benzenu na mnozstvi uhliku v Zr-PBD sorbentu.
Retence benzenu byla ziskana jako ¢len y v rovnici piimky zavislosti In k" na poétu
methylenovych skupin obsazenych v homologické fad¢ alkylbenzeni. % Organické
slozky (v/v): 20, 30, 40, 50 od shora doli. Levy graf: voda/ACN. Pravy graf:
voda/MeOH. Pievzato z ref. [91].

MeOH/Water

Ln(k') of Benzene

P EA RPIU RN S R BRI NI RS
0.37 1.00 272 739 0.37 1.00 272 7.39

Observed Carbon (%w/w)

3.3.3.3.1.2 Retencni chovani pri separaci organickych bazi

Jak jiz bylo uvedeno, na povrchu polybutadienem modifikovanych oxida
kovl zistava vyznamna c¢ast aktivnich mist s charakterem Lewisovy Kkyseliny

schopnych interakce se slozkami mobilni faze nebo analyty, které maji vlastnosti
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Lewisovy baze. Bylo zjisténo, Ze k saturaci aktivnich mist na povrchu, typickych
komercné dostupnych Zr-PBD sorbent, anionty fosforeCnanu dochdzi jiz
pii koncentraci 5 mM, v prostiedi voda/ACN (50/50; v/v) [91]. Je-li tedy v mobilni
fazi ptitomen fosfore¢nanovy pufr Vv dostatecném mnozstvi, bude mit povrch
staciondrni faze siln¢ negativné nabity povrch a to v Siroké oblasti pH. Takovyto
povrch nese naboj i pti pH 2 a zadrzuje analyty smiSenym moddem. Retence se
ucastni kationvyménny i reverzné—fazovy mechanismus.

Dalo by se fici, ze povrch oxidi kovli modifikovanych polymerem
Vv ptitomnosti pufrii charakteru Lewisovych bazi disponuje podobnymi reten¢nimi
vlastnostmi jako silikagelové RP C18 faze, na jejichz povrchu se nachazeji negativné
nabité silanolové skupiny. Pfesto existuji vyznamné kvalitativni 1 kvantitativni

rozdily v reten¢nich procesech na obou typech sorbenti:

k" organickych bazi byvaji ¢asto vétsi na polymerem modifikovaném

ZrO; nez na silikagelovych reverznich fazich navzdory tomu, ze Cisté

hydrofobni latky jsou zadrzovany na polymerem modifikovaném ZrO,

mnohem méné diky nizSimu povrchu této faze ve srovnani se

silikagelovymi [144].

e Casto jsou pozorovany rozdily v eluénim pofadi latek a umisténim
pikt organickych bazi mezi ZrO, a SiO, sorbenty [112,141,144].

e Bé&Zny byva velmi silny vliv typu pufru na retenci organickych bazi
na Zr-PBD kolonach [112].

e VIiv koncentrace pufru na retenci organickych bazi je mnohem
silngjsi na Zr-PBD nez na silikagelovych RP C18 fazich [112,144].

e Citlivost na stupen substituce na nabitém atomu dusiku u organickych

bazi je podstatné veétsi na polymerem modifikovaném ZrO;

nez na silikagelovych sorbentech.

Vyse uvedena fakta dokazuji vyznamnéjsi roli iontovyménného mechanismu
oproti reverzné-fazovému mechanismu na retenci organickych bazi na polymerem
modifikovaném ZrO; ve srovnani se silikagelovym RP C18 fazemi. Tato teorie byla
potvrzena Yangem [140], ktery studoval retenci homologni fady p-alkylbenzylamint

jako funkci koncentrace amoniovych iontl. Podle jeho zavérh tvofi reverzné-fazovy
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ptispévek na celkovou retenci organickych bazi na Zr-PBD stacionarni fazi pouze
20 %, zatimco na silikagelovych sorbentech je to vice nez 90 %.

Z vlastnosti Zr-PBD sorbentt vyplyva, Ze optimalizace metody zavisi na typu
separovanych latek, obzvlasté acido-bazickém charakteru. Obecné plati néasledujici

zasady [91]:

Kyselé latky:

Nezbytnou slozkou mobilni faze by mél byt fosforecnan (min. 20 mM).
Pro separaci pfi nizkém pH lze pouzit i k. fosforeCnou. Pfi pH vysSSim nez 4 je
vhodné ptidat fluorid. (Nejvhodngj$i byvaji amonné soli, hlavné¢ kvili vySsi
rozpustnosti.) Po piidani fosfore¢nanu nebo fluoridu dochazi k blokovani aktivnich
mist na povrchu sorbentu, avSak soucasné ke vzniku siln¢ negativniho naboje
na povrchu stacionarni faze, coz vede k zesileni iontovyménné interakce. Chceme-li
potlacit tento efekt, lze pouzit octan misto fluoridu nebo fosforeCnanu. Miru

iontovyménného piispévku na retenci Ize zménit ipravou koncentrace a pH pufru.

Bazické latky:

Je vhodné pouzit vysoké pH (nad 10). Pfi pH niz8im neZ 10 je tfeba piidat
PO,¥, F nebo jinou Lewisovu bazi. Pomoci koncentrace a pH pufru Ize upravovat
rozmisténi pika latek. Pro zesileni rozdilu v selektivité vici silikagelovym fazim by
méla byt koncentrace pufru nizka (pod 10 mM). Oproti silikagelovym stacionarnim

fazim retence klesa, pekroc¢i-li pH hodnotu pKa analytu.

Souhrnné Ize o sorbentech na bazi oxidi kovli modifikovanych

polybutadienem uvést:

e Uprava povrchu je vysoce reprodukovatelna.
e Jsou vysoce chemicky i tepeln¢ stabilni.
e Polybutadienem potazeny ZrO, a Al,O3 vykazuji pro neionizovatelné latky

reverzné-fazové chovani srovnatelné s reverznimi silikagelovymi fazemi.
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e Interakce na principu ligandové vymeény zptisobuji nizkou uc¢innost a nizkou
symetrii pikt pro latky charakteru Lewisovych bazi. Tomu lze vSak zabranit
pfidanim silné Lewisovy baze do mobilni faze.

e Retence organickych bazi se UuCastni reverzné-fazovy i iontovyménny
mechanismus, coz mé velky dopad na rozdilnou celkovou retenci a selektivitu

oproti silikagelovym reverznim fazim.

3.3.3.3.2 Oxidy kovit modifikované polystyrenem

Krom¢ nejprostudovanéjsi Zr-PBD staciondrni faze byla skupinou P. W.
Carra vyvinuta 1 stacionarni fdze na bazi oxidu zirkonicitého potaZené¢ho
polystyrenem (Zr-PS) [125,145,146]. Zr-PS stacionarni faze byla vyvinuta jako
alternativa k Zr-PBD fazi pro latky, které nelze rozdé€lit na Zr-PBD, nebot
aromaticka funkéni skupina v Zr-PS vede k odlisné selektivit¢ pro aromatické
slouceniny.

Chromatografické vlastnosti Zr-PS byly rozsahle porovnany se Zr-PBD
[125]. Byla zkoumana stabilita Zr-PS stacionarni faze pti pH 1 a 13 a pfi zvysSené
teploté (80, 120 a 160 °C), pfi¢emz nebyla pozorovana zadna degradace sorbentu ani
pfi promyvani tisici kolonovymi objemy agresivni mobilni faze. Vlastnosti Al,O3
modifikovaného polystyrenem byly zkoumany Kurganovem [129], ktery také
zdlraznil vybornou stabilitu oxidd kovi modifikovanych polymerem. V jeho studii
Zr-PS sorbent umozinoval separaci i docileni vynikajici symetrie pikd v extrémné
kyselych (0,1 M HNO3) a bazickych (0,13 M NaOH) podminkach. V jeho praci vSak
nebyla stabilita kolon zkoumana systematicky.

Zhao a Carr dokazaly, ze Zr-PS faze se vyrazné 1i8i od Zr-PBD faze i jinych
sorbentll véetné silikagelovych podle LSER (linear solvation energy relationship)
piistupu [146] i mnoha provedenych separaci riznych druhd analytt [145]. Zr-PS
faze vykazovala vysSi selektivitu pii separaci strukturnich izomert (fenyltolueny,
stilbeny, etc.), které se lisi v poloze fenylové skupiny, nez Zr-PBD sorbent [145].
Vlastnosti Zr-PS faze byly porovnany i s jinymi aromatickymi stacionarnimi fazemi,
jako je fenylem modifikovany silikagel nebo PS-DVB faze [145,146].

Vyhodnost pouziti Zr-PS je dédna vysokou u¢innosti a odlisnou selektivitou

S moznosti vyrazné snizit ¢as analyzy [91]. Zr-PS muze slouzit jako alternativa
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pro slozité separace, které jsou na Zr-PBD nebo béZznych silikagelovych reverznich
fazich tézko proveditelné. Pro uplnost je tfeba dodat, ze byla téz popsdna vysoka
stabilita polystyrenem modifikovaného TiO,, ale systematicka studie jeho stability

provedena nebyla [147].

3.3.3.3.3 Oxidy kovii modifikované polyethyleniminem

Polyethylenimin (PEI) byl Siroce pouZivan jako polymerni kryti pro rizné
materialy vcetné SiO,, TiO,, Aly,Os, i pordézniho PS-DVB za tcéelem piipravy
iontovyménného sorbentu [91]. AvSak kazdy ztéchto materiald trpél néjakymi
operaénimi nedostatky. PEl modifikovany SiO, [148,149] disponoval nizkou
chemickou stabilitou kvili dostupnosti své matrice pro negativné pisobici baze.
Soucasné pokroky ve vyvoji sorbentll na bazi silikagelu sice vedou ke zlepSeni
stability SiO; fazi, ale tyto snahy smétuji kK produkcei reverznich materialt [40,42],
nikoli silikagelovych iontoméni¢t. Polymerni iontoménie, jako je polyethylenem
modifikovany PS-DVB, jsou chemicky mnohem stabilnéjsi a snesou i pH v oblasti
4-12 [150]. Polymerni sorbenty jsou sice chemicky stabilni, ale zato nejsou plné
mechanicky stabilni kvtli bobtnani a zménam svého objemu v prostiedi organickych
rozpoustédel, extrémech pH nebo pii zménach iontové sily mobilni faze [151].
Dtvodem ke snaham o potazeni pordézniho ZrO, polyethyleniminem bylo ziskani

vysoce stabilniho a zaroven u¢inného iontovyménného sorbentu.

Slaby anex (WAX)

Tento sorbent je stabilni pouze v oblasti pH 3-9 [152]. Byl pouZzit pro separaci
biomolekul, jako jsou bilkoviny a nukleotidy. Bohuzel tato stacionarni faze nebyla
stabilni v oblasti vysokého pH [153]. Eluce nékterych anorganickych ionti byla
natomto sorbentu podobna (BrOs; < NO; < NOs < I) jako na typickém
silikagelovém iontoméni¢i [152]. Zirkoniovy WAX mize byt také pouzit
pro separaci cukri pifi pouziti stejnych podminek jako na aminopropylem
modifikovanych silikagelovych kolonach. Pfi¢emz silikagelové kolony jsou

nestabilni [154], zatimco PEI-ZrO; je mnohem stabilngjsi. Chemicka stabilita je
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extrémné dulezita a Casto vyzadovana v procesech purifikace biomaterial, nebot’

pti Cisténi a sterilizaci kolon se Casto pouziva siln¢ alkalické prostiedi.

Silné anexy (SAX)

Tyto stacionarnich faze jsou ionizované v celém rozsahu pH. Byly pouzity
pro separaci oligonukleotidii a oligodeoxynukleotidi [153], které se liSily pouze
Vv jediném nukleotidu. Jsou vhodné i pro separaci velkych biomolekul, jako jsou
bilkoviny. S vyhodou byly pouzity pro odstranéni endotoxinu z hovéziho inzulinu
[155], kdy navic diky jejich stabilit¢ v oblasti pH 1-13 bylo mozné snadno
a opakované na kolonu naadsorbovany endotoxin odstranovat promyvanim silné

alkalickym roztokem.

3.3.3.4 Modifikace oxida kovia uhlikem

Vyvoj potazeného oxidu kovu vrstvou uhliku byl odvozen od nékolika

vyhodnych vlastnosti obou materiali:

e vysokd chemicka odolnost v oblasti nizkého i vysokého pH 1 V prostiedi
organickych rozpoustédel,
e mechanicka stabilita,

e odliSna a uziteéna selektivita.

Ze vSech oxidl kovl byl pouze ZrO; modifikovany uhlikem (Zr-C) pro ucely
HPLC [91]. ZrO; je idealni material pro pokryti vrstvou uhliku. Mize byt zahiivan
az na 700°C, aniz by doslo ke zméné struktury pért [156]. Proces ptipravy tohoto
sorbentu je vysoce reprodukovatelny [157]. Je mozné docilit az 97% pokryti povrchu
ZrO; [157].

Predpoklada se, ze vyhradnim mechanismem retence je adsorpce na rigidni
povrch sorbentu. Proces adsorpce je velmi citlivy na tvar molekuly analytu, proto je
staciondrni fdze mnohem selektivnéjsi pro geometrické izomery nez typické reverzni

alkylované faze nebo faze na bazi oxidi kovli potazenych polymerem [157].
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Weber a Carr dokazaly na celé fadé separaci geometrickych izomert pomoci Zr-C
stacionarni faze odliSnou selektivitu tohoto sorbentu oproti konvenénim RP C18
fazim [158]. Schopnost Zr-C faze rozdélovat izomery byla dale testovana na separaci
diastereoizomerdi, pii¢emz byla nalezena znamenitd rozdélovaci schopnost
pro Sirokou skupinu slouc¢enin [159]. Komeréné dostupné kolony na bazi Zr-C byly
dale pouzity pro separaci diastereoizomerti polystyrenovych oligomera, pfi¢emz bylo
docileno vysokého stupné rozliSeni [160]. Vyjimecna schopnost Zr-C sorbentu
rozdélovat diastereoizomery byla potvrzena i v dalsi studii [161].
Zr-C sorbent ma diky svému povrchu podobné chromatografické vlastnosti
jako stacionarni faze na bazi grafitizovaného uhliku. Zr-C na rozdil

od alkylovanych stacionarnich fazi:

e je mnohem selektivnéj$i pro separace poldrnich 1 nepolarnich
geometrickych izomerd,

¢ je mnohem hydrofobng;jsi,

e oproti alkylovanym fazim mé schopnost zadrzovat molekuly analytu

1 pomoci elektronovych n-m interakci.

Zajimavy typ sorbentu byl ziskdn navézanim fenyloktadecylové skupiny
na povrch Zr-C faze. Takto pfipravena stacionarni faze ma vyjimecnou stabilitu,
kterd byla ovéfena pro oblast pH 0,3-14 pii teplot¢ 40°C. Tepelné stabilni je
minimalné do 200°C pfi neutralnim pH [91].

61



3.3.4 Chiralni stacionarni faze na bazi oxida kovua

V soucasné¢ dobé patii HPLC k hlavnim metodam pouzivanym pro analytické
1 preparativni déleni opticky aktivnich latek. Pro separaci optickych antipodii se
pouzivaji chirdlni stacionarni faze (CSP), na nichz dochazi k rizné silné retenci
jednotlivych enantiomerti, coz vede k jejich separaci. Existuje cela fada rtuznych
chiralnich sorbenti ur¢enych pro déleni raznych skupin latek. Jedinecna stabilita
stacionarnich fazi na bazi oxidi kovl i schopnost Lewisovych interakci nabizeji
zajimavé moznosti. Dosud byl vsak pouze ZrO; pouzit jako material pro ziskani

chiralnich sorbentu.

3.34.1 CSP na bazi ZrO, potazeného tris(3,5-dimethylfenyl)karbamatem
celulosy

Pro ptipravu sorbentu na bazi ZrO, vyuzili Castellova a Carr univerzalnosti
jiz popsanych polysacharidovych CSP [162,163]. Ve své praci se zabyvali ptipravou
CSP na bazi ZrO, pokrytého tris(3,5-dimethylfenyl)karbamatem celulosy (CDMPC)
[164]. Zjistili, ze nejvhodnéjsim kompromisem pro ziskani sorbentu s dostate¢nou
kapacitou a ucinnosti kolony na bazi jimi vytvofeného sorbentu je velikost ¢astic
2,5 um. Optimalni pokryti ZrO, ¢inilo 3-4 % (w/w). Pifi niz$im obsahu CDMPC
nez 3 % klesala selektivita faze, zatimco pii obsahu vys$Sim nez 4 % dochazelo
k nezadoucimu ovlivnéni struktury port a poklesu ucinnosti kolony. Navic
selektivita docilend na ZrO, pokrytém 4 % CDMPC byla stejnd jako selektivita
popsana pii pouziti SiO, pokrytého 20 % CDMPC. Dale byla testovana schopnost
CSP na bazi ZrO; potazeného CDMPC vydrzet vyssi pritoky mobilni faze
promyvanim kolony smési propan-2-ol/n-hexanu (10/90, v/v) pfi teploté¢ 30°C
a pritoku 4 ml/min. Bylo zji$téno, Ze jimi navrzeny sorbent vydrZi trojnasobny tlak
(150 bar) dovoleny pti pouZzivani silikagelovych CSP potazenymi CDMPC.

V dal$i praci byl zkouman vliv raznych podminek analyzy na separaci
bazickych chirdlnich latek na tomto sorbetu [165]. VétSinu zkoumanych para

optickych antipodu se podaftilo rozdélit do 2 min.
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3.3.4.2 CSP na bazi ZrO, potazeného BSA a karboxymethyl-p-cyklodextrinem

Jelikoz vazby Zr-C a Zr-O-C jsou nestabilni, byl na povrch ZrO, bovinni
sérovy albumin (BSA) ukotven pomoci glutaraldehydu [166]. Takto ziskana CSP
vykazovala velkou selektivitu pro bazické chirélni latky. Prvni enantiomer byl vzdy
miniméln¢ zadrZzovan, coz naznacuje maly pfispévek neselektivnich interakci
na enantioseparaci a moznou denaturaci takto vazaného BSA [100].

V dalsi praci je popsana CSP na bazi ZrO; na jehoz povrchu je imobilizovany
karboxymethyl-pB-cyklodextrin ~ [167]. Na této CSP byly separovany
dinitrofenylderivaty aminokyselin. Bohuzel autorim se nepodafilo imobilizovat

dostate¢né mnozstvi chiralniho selektoru na ¢astice ZrO,.

3.3.4.3 CSP na bazi ZrQ, vyuzivajici Lewisovy interakce

Novy pfistup pro ziskani CSP vyuziva aktivnich mist s charakterem
Lewisovy kyseliny na povrchu ZrO, umoziujicich navazani chiralnich selektort
prostfednictvim kotvicich skupin se silnymi elektron-donorovymi vlastnostmi.

Proces se sklada ze dvou krokd, viz obr. 15:

e 1) navazani vhodné kotvici skupiny prostfednictvim Lewisovych interakci
na povrch ZrO,,

e 2) kovalentni navdzani pozadovaného selektoru na kotvici skupinu.
Druhy zplsob navazani selektoru je pouze jednokrokovy. Pii ném se predem
na kotvici skupinu kovalentné navéazany selektor pfipevni na povrch ZrOo,

viz obr 16. To umoznuje rychlejsi vyménu selektorti pti vyvoji metody.

Obr. 15 Dvoukrokovy zplsob pfipevnéni chiralniho selektoru na povrch ZrO,,

ptrevzato z ref. [168].

®© - 0=~ Q0Onvw
Q =Zro, . = Lewis Base (Anchor) A =Chiral Selector
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Obr. 16 Jednokrokové ptichyceni chirdlniho selektoru na povrch ZrO,, ptevzato
z ref. [168,169].
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Molekula fungujici jako kotvici musi mit skupinu charakteru Lewisovy baze
umoznujici pfipevnéni na povrch ZrO; a zéaroven funkéni skupinu umoziujici
kovalentni navazani chirdlniho selektoru (nejcastéji —NH,). Mezi kotvicich latky

patfi:

e kyselina aminopropylfosfonova (APPA),
e 3,4-dihydroxynorefedrin (DHNP),

e kyselina aspartova (ASPA)

e kyselina pamidronova (PDA)

Struktury té€chto latek jsou pro nazornost uvedeny na obr. 17. Kotvici skupina ma
velky vliv na stabilitu stacionarni faze. Nejstabilnéjsi sorbenty vyuzivaji k ukotveni
chiralnich selektorit PDA, z jejiz struktury vyplyva silna chelataéni schopnost a tudiz
I moznost silnéjsi vazby na povrch oxidu kovu [169].

CSP na bazi ZrO; vyuzivajici k navazani selektoru Lewisovych interakci maji
vSechny charakter Pirklovych fazi, vyuzivajicich tfibodové interakce s analytem,

viz obr. 18.
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Obr. 17 Struktura kotvicich skupin, ptevzato z ref. [169].
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Obr. 18 Znazornéni tfibodové interakce mezi analytem a CSP, pievzato z ref. [169].
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Existuje celd ftada chirdlni selektord vyuzivajicich tfibodovych interakei.

Mezi selektory pouzité pro ptipravu komeréné dostupnych sorbentti na bazi ZrO,

patfi [168,170]:

e dinitrobenzoyl-L-leucin,
e dinitrobenzoyl-L-fenylglycin,
e kyselina N-[1-(1-naftyl)ethyl]jantarova,

CSP ziskané navazanim chiralniho selektoru ptes kotvici latku na povrch ZrO,
jsou stabilni v oblasti pH 2-8, avSak je mozné je Gplné odstranit z povrchu oxidu

kovu pfi pouziti pH nad 12. Toho Ize s vyhodou vyuzit pii vyvoji nové analytické
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metody. Aniz bychom vyménovali kolonu, je mozné vyplachnout selektor z kolony
a kolonu bud’ zregenerovat promytim roztokem daného selektoru (i s navdzanou
kotvici skupinou) nebo na povrch ZrO; zavést jiny chiralni selektor [170]. Tento typ
stacionarnich fazi vykazoval srovnatelnou selektivitu se silikagelovymi Pirklovymi
fazemi pro Sirokou skupinu latek. Byla téz potvrzena reprodukovatelnost jejich
ptipravy [170].

Nejnovejsi CSP na bazi ZrO, vyuziva derivatizovanou celulosu, na jejimz
povrchu jsou karbamatové skupiny spolecné se skupinami umoziujicimi pfichyceni
k povrchu oxidu kovu. Jako kotvici skupina je do struktury celulosy zaveden
karboxylat nebo fosfore¢nan [171], viz obr. 19. Takto modifikovany polysacharid je
pomoci Lewisovych interakci pfichycen na povrch ZrO,. JelikoZ je tento typ
sorbentu nejnovej§i CSP na bazi oxidu kovu, nejsou jesté zcela prostudovany jeho
vlastnosti. Nicméné prvni studie ukazuji, Ze retence latek na tomto typu sorbentu je
obecné nizs$i nez na CDMPC sorbentech popsanych Carrem a Castellovou [164].
Stejné tak je retence niz$i neZ na silikagelovych fazich, pravdépodobné diky niz§imu
mnozstvi navdzaného polymeru a kotvicich skupin, avSak selektivita je srovnatelna
se silikagelovymi sorbenty [171]. Také byl pozorovan ptiznivy vliv vyssi iontové

sily mobilni faze na rozliSeni pfi separaci bazickych chiralnich latek.

Obr. 19 Schéma ptipravy a struktura modifikované celulosy pro piipravu CSP,
ptevzato z ref. [171].
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Z vyse uvedeného je patrné, Ze aktivni mista na povrchu oxidl kovil nabizeji
ohromné moznosti pro modifikaci svého povrchu pro tvorbu novych CSP. Béhem
kratké doby (3 let) bylo popsano pomémé znacné mnozstvi riznych CSP na bazi
ZrO, vyuzivajicich Lewisovych interakci pro zakotveni vhodného chiralniho
selektoru na povrch sorbentu. I do budoucna se da piedpokladat vyvoj celé fady
novych flexibilnich CSP na principu Lewisovych interakci a to nejen na bazi ZrO,.
Zda si najde tento typ CSP svoje misto i v rutinni farmaceutické analyze ukaze

budoucnost.
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3.3.5 Monolitické stacionarni faze na bazi oxida kovu

Pro monolitické stacionarni faze je charakteristické, ze nemaji
interpartikularni prostory, ale jsou v podstaté tvofeny jednou velkou celistvou
porézni ¢astici [172]. Vyhodou monolitickych kolon je, Ze mohou byt pouzivany i pfi
pétkrat vyssich prutocich nez bézné kolony plnéné 5 um ¢asticemi, piitom tlaky jsou
srovnatelné [19]. Jelikoz monolitické kolony jsou velmi perspektivnim predmétem
vyzkumu, je jim v soucasnosti vénovana zna¢nd pozornost mnoha védeckych tymu
a firem po celém svéte. I oxidy kovil se nabizeji jako jeden z moznych materiala
pro piipravu monolitickych sorbentii. Kombinace vysoké chemické i tepelné stability
ZrO; spolecné s nizkym zpétnym tlakem typickym pro monolitické stacionarni faze
vytvafi idedlni predpoklady pro ziskani nového typu HPLC sorbentu.

Dosud byly pouze ZrO, a HfO, zkouseny jako materialy pro ptipravu
monolitickych kolon. Hoth popsal syntézu monolitického sorbentu na bazi HfO,
uvniti kapilary [173]. Vznikly sorbent pouzil jako CEC a nano-LC fazi. Dale popsal
monolitickou strukturu ze ZrO,, avSak vjeho praci nebyla presentovana Zzadna
separace pomoci tohoto materialu.

J. Randon vyuzil pfi pfipravé monolitické stacionarni faze na bazi ZrO, vznik
pevného-gelu ze zirkoniumalkoxidu [174], viz obr. 20. Rychla hydrolyza

zirkoniumalkoxidu byla tlumena pfidanim chelata¢niho ¢inidla (k. octové).

Obr. 20 Schéma piipravy monolitického sorbentu na bazi ZrO,, pevzato z ref. [174].
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Touto cestou byla ziskdna monolitickd faze, ktera byla déale vpravena
do silikagelové kapilary o priméru 75 um a dale ty¢ ze ZrO; o délce 2 cm a praméru
2,3 mm. Monolit byl tvofen kulickami o priméru 2 pm a péry o primérné velikosti
6 um. Ziskany sorbent byl pouzit pro nano-LC separaci amind v normalnim modu
za pouziti hexanu jako mobilni faze. Po zavedeni n-dodecylfosfatu na povrch ZrO;
byla rozdélena smés thiomocoviny, toluenu, ethylbenzenu, propylbenzenu,
butylbenzenu a pentylbenzenu za pouziti mobilni faze obsahujici 26% ACN.
Ptestoze monolitickd stacionarni faze na bazi ZrO, méla nizkou ucinnost, prace
ukazuje moznost tvorby monolitickych kapilar na bazi ZrO, [174].

Protoze vyznam monolitickych kolon neustile vzristd a nové technologie
a vyrobni procesy umoziuji ziskavat neustale lepSi monolitické sorbenty, na nichz
lze docilit podstatné nizSich ¢ast analyzy pfi zachovani stejné ucinnosti kolony, je
nevyhnutelny i jejich piechod do farmaceutické praxe. Prestoze tvorba
monolitickych sorbentli na bazi oxidi kovi je dosud v plenkach, nabizeji tyto
materialy diky kombinaci vysoké chemické stability s nizkym zpétnym tlakem

na koloné& jednu z moznych a ptinosnych oblasti vyzkumu.
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3.4 Moznosti vyuziti stacionarnich fazi na bazi oxidi kovi
ve farmaceutické analyze

Prestoze stacionarni faze na bazi oxidu kovii poskytuji nékteré vyhody oproti
stacionarnim fazim na bazi silikagelu, polymerti nebo uhliku, jejich uplatnéni
v praktick¢é farmaceutické analyze je jen okrajové. Dominantni postaveni
silikagelovych sorbentti v oblasti farmaceutické analyzy bude asi jen tézko pokofeno
sorbenty na bazi oxidl kovii. Pfesto se vSak na trhu vyskytuji tyto kolony umoziujici
Vv fadé ptipadt dosédhnout lepsich vysledkii nez na SiO; kolonéach, zvlasté pfi separaci
bazickych 1écCiv. Odlisna selektivita a moznost pracovat v celém rozsahu pH
i pii vyss$i teplot¢ mohou vést klep$im vysledkim pii optimalizaci metod

nez na konvenénich SiO, sorbentech.

3.4.1 Stacionarni faze na bazi Al,O;

Oxid hlinity je pouzivan v chromatografii jiz desitky let, zvlasté pro separace
vV normalnim modu, avSak ve form& malo definovanych a pravidelnych c¢astic
s riznou krystalinitou, povrchem a porozitou. Tézisté jeho vyuziti bylo v oblasti TLC
a purifikacnich procest. Piestoze je Al,O3 pouzivan v chromatografii jiz zna¢nou
dobu, nebylo udélano dostate¢né¢ mnoho pro jeho systematické prostudovani, zvlaste
v oblasti jeho pouziti jako reverzni faze, umoziujici mu uspé€$né konkurovat
ostatnim typiam HPLC sorbentt [21]. Povrch Al,O3 umoziuje stejné jako ZrO, nebo
TiO, zadrzovat latky kombinaci retencnich mechanismi (iontovyménné interakce,
ligandova vymeéna).

V soucasné dobé jsou nejvice prostudované stacionarni faze na bazi Al,O3
potazeného vrstvou polymeru (napi. PBD) [175]. Sorbenty na bazi Al,O3 je mozné
pouzit az do pH 12, nicméné nedosahuji stability ZrO, nebo TiO, fazi. Navic kolony
na bazi Al,O3z nejsou vhodné pro analyzu latek s karboxylovou nebo sulfatovou
skupinou, nebot’ Al,Os ireverzibiln€ vaze analyty s témito funkénimi skupinami [21].
Vzhledem Kk tomu, ze kromé separaci pii pH vy$$im nez 10 nenabizeji stacionarni
faze na bazi Al,03 zadné vyraznéjsi vyhody oproti silikagelovym fazim, je jejich

vyuzitelnost ve farmaceutické praxi minimalni. Navic uplatnéni Al,O3 jako materialu
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pro vyrobu HPLC sorbentd vyrazné ustoupilo s rozvojem poznatkli o ZrO,, jehoz
pouziti jako materidlu pro vyrobu stacionarnich fazi (zvlast¢ reverznich) je
V soucasnosti mnohem 1épe prostudovano. ZrO, nejen svoji stabilitou prekonava
Al;O3; z hlediska vlastnosti vyznamnych pro HPLC stacionarni faze. Nicméné
vzhledem k odlisné selektivité Al,O3 a ZrO, muze byt pouziti faze na bazi Al,O3

pro urcity typ separaci jen obtizn¢ nahraditelné [176].
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3.4.2 Stacionarni faze na bazi ZrO,

ZrO, je neprostudovanéjSim oxidem kovu pouzivanym pro pfipravu
stacionarnich fazi v HPLC [21]. Existuje cela fada komeréné dostupnych fazi na bazi
ZrO,. Svoji chemickou stabilitou v celém rozsahu pH a az do teploty 200°C
prekonava jak SiO,, tak i Al,03. Ruzné modifikace jeho povrchu umoznily ziskat
zajimavé sorbenty pro praci v normalnim modu, reverznim modu, iontovyménné
sorbenty i faze uréené pro chirdlni separace, jejichz ucinnost je srovnatelnd se
silikagelovymi fazemi. Soucasné Zr-PBD kolony s rozmérem c¢astic Spum maji
ucinnost pies 100 000 teoretickych pater/m a jsou stejn¢ ucinné jako nejlepsi
silikagelové kolony s ¢asticemi stejné velikosti [91]. Na obr. 21 je porovnana

primérna uéinnost kolon na bazi ZrO,, Al,03, SiO, a polymeru.

Obr. 21 Porovnani primérné ucinnosti kolon pomoci reverzné-fazové testovaci
smési. Mobilni faze: pufr (50 mM PO,%, pH 3,2)/ACN (35/65, v/v), 1,0 ml/min,
21 °C, 254 nm; koncentrace analyti: fenol 0,04 mg/ml, pyridin 0,15 mg/ml,
K. 4-butylbenzoova 0,30 mg/ml, N,N-dimethylanilin 0,15 mg/ml, toluen 4 mg/ml.
Pievzato z ref. [91].
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chovéni enkefalin na Zr-PBD a Zr-PS stacionarni fazi proti béznym silikagelovym
fazim a vyvodila, Ze kolony na béazi ZrO; se jevi jako vhodna alternativa
k silikagelovym kolonam [177]. Odlisna selektivita zpisobena kombinaci reverzné-
fazového a iontovyménného reten¢niho mechanismu ZrO, byla vyuzita pro separaci
kationickych antihistaminik, antidepresiv a antiarytmik [178]. V jiné praci byla téz
popsana vyuzitelnost Zr-PBD stacionarni faze jako alternativy k silikagelovym fazim
pro separaci antihistaminik a antidepresiv [141]. Vysoka tepelna stabilita Zr-PBD
faze byla pouzita pro separaci steroidu [179] a pfi analyze triazolovych fungicidu
[180]. L. A. Riddle vyuzil tepelné stability kolony na bazi Zr-C pro separaci volnych
steroli pii vysoké teploté [181]. Potencial vyuzitelnosti stacionarnich fazi na bazi
ZrO, v oblasti ryze farmaceutické analyzy byl ukazan i pfi separaci ibuprofenu a jeho
necistot [182].

3.4.2.1 Piehled komercné dostupnych kolon na bazi ZrO,

Nejvetsi  spolecnosti  (kterda vlastni vétSinu  patentl) vyrabé&jici HPLC
stacionarnich faze na bazi ZrO, je firma ZirChrom Separations se sidlem v Anoce,
MN, USA. Druhou spole¢nosti dodavajici na trh pouze reverzni kolony na bazi ZrO;
je firma Sigma-Aldrich, konkrétn¢ jeji divize Supelco s hlavnim sidlem

V Pensylvanském Bellefonte, USA.

Reverzni faze [124,183]:

ZR-PBD - Stacionarni faze je tvofena ZrO;, na jehoz povrchu je ukotven
polybutadien, je stabilni v oblasti pH 1-14 a teploté do 150°C. Je

idealni pro separaci amini i jinych bazickych molekul.

ZR-PS - Stacionarni faze je tvotena ZrO,, na jehoz povrchu je ukotven polystyren. Je
stabilni v oblasti pH 1-13 a teploté do 150°C. Oproti Zr-PBD
fazi vykazuje nizsi retenci. Je vhodna pro separaci nepolarnich
latek nebo je-1i vyzadovana mobilni fdze s minimalnim obsahem

organickeé slozky.
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Zr-Carbon C18 — Faze je tvofena ZrO; potazenym vrstvou uhliku, na jehoz povrch
jsou kovalentné¢ navazany oktadecylové fetézce, viz obr. 22. Je
stabilni v celém rozsahu pH 1-14 a teploté do 200°C. Jeho
selektivita je odliSna od silikagelovych RP C18 fazi diky

podlozni vrstvé uhliku.

Zr-C — Stacionarni faze je tvoiena ZrO; potazenym tenkou vrstvou uhliku,
viz obr. 22. Je stabilni v oblasti pH 1-14 a teplot¢ do 200°C.
Vykazuje naprosto odliSnou selektivitu oproti ostatnim
reverznim fazim. Sorbent je vhodny pro separaci geometrickych

izomeru a diastereoizomert.
Obr. 22 Povrch kolony ZirChrom-CARB a DiamondBond-C18, ptevzato z ref. [184].
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Deaktivované reverzni faze [124]:

Zr-EZ — Staciondrni faze ma na povrchu ukotvenou vrstvu polybutadienu a volna
aktivni mista s charakterem Lewisovych bazi deaktivovana pomoci
EDTPA, viz obr. 11. Je stabilni v oblasti pH 1-10 a teploté do 50°C.
Diky deaktivaci povrchu neni tfeba pfidavat do mobilni faze
anorganické netékavé Lewisovy baze (PO, F) pro Upravu
retence a tvaru pikii. To zvyhodiiuje tuto fazi pro pouziti v systému
LC-MS. Dale je mozné na této stacionarni fazi bez problému délit
latky s charakterem silnych Lewisovych bazi s pouzitim béZnych

aditiv do mobilni faze, narozdil od Zr-PBD a Zr-PS sorbent,
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nanichz jsou tyto latky siln¢ zadrzovany. Diky zménénym
vlastnostem povrchu vykazuje tato faze vyssi retenci a selektivitu
pro separace kationickych latek, ¢ehoz se dd vyuzit v analyzach

organickych bazi.

Zr-MS — Stacionarni faze byla vyvinuta specidlné¢ pro pouziti v LC-MS a ma
podobné vlastnosti, jako Zr-EZ kolona, ale pii jeji piiprave se
vyuziva jiny postup. Na povrch ZrO; se nejprve navaze EDTPA,
jejiz  atomy dusiku se nésledn¢ kvarternizuji navazanim
allyljodidovych skupin. Poté je povrch faze pokryt polybutadienem
a zesitovan pomoci dikumylperoxidu, viz obr. 23. Takto ptipraveny
sorbent vykazuje oproti Zr-EZ fazi vyssi reverzné fazovou retenci,
srovnatelnou selektivitu se silikagelovymi reverznimi fazemi a diky
kovalentni Upravé i niz$i ,,column bleeding efekt. Je stabilni

v oblasti pH 1-10 a teploté do 50°C.

Obr. 23 Schéma piipravy Zr-MS stacionarni faze, pievzato z ref. [185].
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Normalni faze [124]:

Zr-PHASE — Stacionarni faze je tvofend nemodifikovanym ZrO,, je stabilni v celém
rozsahu pH 1-14 a teplot¢ do 150°C. Je to vysoce stabilni silny
ionex, na némz nedochazi ke chvostovani amind. D4 se snadno

modifikovat pomoci roztoku F. Je regenerovatelnou
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alternativou ke kifehkym a drahym hydroxyapatitim

pouzivanym V chromatografii bilkovin.

Iontoménice [124]:

Zr-SAX — Stacionarni faze je tvofena ZrO; potazenym polyethyleniminem. Je stabilni
v oblasti pH 1-12 a teploté¢ do 80°C. Je vhodna pro separaci
anorganickych 1 organickych aniontti a dale biomolekul jako jsou
nukleotidy, nukleosidy, oligonukleotidy, oligodeoxynukleotidy,
aminokyseliny a peptidy.

Zr-SHAX — Staciondrni faze je tvofena ZrO; potazenym kvarternizovanym
polyethyleniminem. Je stabilni v oblasti pH 1-12 a teploté
do 80°C. Vlastnosti sorbentu jsou podobné jako ma Zr-SAX, ale
diky kvarternim amoniovym skupindm je jeho povrch mnohem

vice hydrofilni, coz je uzite¢né pfi separaci bilkovin.

Zr-WAX — Stacionarni faze je tvofena ZrO,, jehoz povrch je potazen
polyethyleniminem. Je stabilni v oblasti pH 3-9 a teploté do 50°C.
Je to Uc¢inny slaby anex vyvinuty pro separaci biomolekul jako
jsou nukleotidy, nukleosidy, oligonukleotidy,
oligodeoxynukleotidy, aminokyseliny, peptidy 1 bilkoviny. Lze

uzit 1 jako normalni faze pro separaci cukri.

Zr-WCX — Stacionarni faze je tvofena ZrO, modifikovanym fosfore¢nanem. Jedna se
o slaby katex wvyuzZitelny pro separace bilkovin. Je stabilni

v oblasti pH 1-10 a teploté do 50°C.

Zr-PEZ — Stacionarni faze je tvofena ZrO,, jehoZ povrch je modifikovan pomoci
EDTPA. Je stabilni v oblasti pH 1-10 a teploté¢ do 50°C. Faze je
vyuzitelnd jako katex pro separaci bilkovin. Je vynikajici

pro déleni monoklonalnich protilatek.
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Chiralni faze [124]:

Komer¢né dostupné CSP na bazi ZrO, vyuzivaji Lewisovych interakci
pro zakotveni chiralniho selektoru. Jsou stabilni v oblasti pH 2-8 a teploté do 30°C.
Jejich vyhodou je, Ze pfi pH nad 12 je mozné z nich chiralni selektor vyplachnout
a vhodnym postupem zavést na povrch ZrO; jiny chirdlni selektor. Tento proces 1ze
pouzit i pro regeneraci kolony stejnym selektorem. Vyrobce dodava jednu kolonu
s uritym zakotvenym selektorem spolecné se sadou dalSich selektort. Pfi vyvoji
metody lze tudiz pomoci jediné kolony a opakovanim procesu vyplachu a zavadéni
chirdlnich selektorti dle navodu odzkouset vice riznych CSP a urcit nejvhodné;si

pro nasi separaci.

Soucasné komeréné dostupné CSP na bazi ZrOy:

e Zr-(S)LEU - chiralnim selektorem je (S)-3,5-dinitrobenzoylleucin

e Zr-(R)NESA - chiralnim selektorem je kyselina
(R)-N-[1-(1-naftyl)ethyl]jantarova

e Zr-(S)NESA - chiralnim selektorem je kyselina
(S)-N-[1-(1-naftyl)ethyl]jantarova

e Zr-(S)PG - chiralnim selektorem je (S)-3,5-dinitrobenzoylfenylglycin

e Zr-(R)PG - chiralnim selektorem je (R)-3,5-dinitrobenzoylfenylglycin

e Zr-CelluloZe — na povrchu je zakotvena 3,5-dimethylphenyl-carbamoyl

cellulosa

Da se ocekavat, Ze se v kratké dob¢é nabidka CSP na bazi ZrO, jesté rozsifi.
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3.4.3 Stacionarni faze na bazi TiO,

Moznosti vyuziti TiO; jako materidlu pro ziskani HPLC staciondrni faze se
védci zabyvaji relativné kratkou dobu (okolo 13 let) [21]. Vlastnosti TiO; by mély
byt velmi podobné ZrO,, ale vétsina studii zabyvajicich se TiO, nebyla provadéna
na chromatografickych casticich. Podle nckterych nazorti nebyl dokonce podan
zadny jasny dikaz pfitomnosti nebo nepfitomnosti aktivnich mist s vlastnostmi
Lewisovy kyseliny na povrchu chromatografického TiO; [186]. Podle Griina je TiO;
stabilni v oblasti pH 1-14 [95], ale platnost jeho zavért pro chromatograficky TiO,
dosud nebyla spolehlivé potvrzena. Na zaklad¢ interakci s derivaty k. benzoové,
fosforecnany a karboxylovymi kyselinami se pfedpoklada, Ze TiO, se chova podobné
jako ZrO; nebo Al;05 [21,91]. Podle Griina ma TiO; vyrazng&jsi vlastnosti Lewisovy
kyseliny [95], zatimco podle van Veena se Ti*" nejevi tak reaktivni jako AI** [187].
Z vyse uvedeného plyne, Ze je tieba v oblasti studia vlastnosti a moznosti vyuziti
TiO; jako materialu pro vyrobu HPLC sorbenti jesté tieba udélat velky kus prace.

Vyznamnou vlastnosti TiO, je jeho schopnost silné¢ vézat fosforecnany
a fosfolipidy, coz bylo pouzito pfi selektivnim ziskavani fosfolipidti z biologickych
vzorkd [188]. Moznost vyuziti sorbentu na bazi TiO, pro separace v normalnim
modu popsal Winkler [186]. Ur¢il ze pH izoelektrického bodu TiO; pouzitého v jeho
studii lezi mezi 5,5 - 6,5, tudiz Ze povrchové hydroxyly jsou pouze slabé kyselé, coz
umoziuje separaci bazickych molekul, jako jsou aminy, které by jinak bylo nutné
délit na reverzni fazi, kvuli pfili$ silné retenci na povrchu SiO,, Al,O3 i ZrO,. | dalsi
prace se zabyvala moznosti pouZiti TiO jako normalni faze pro separaci bazickych,
neutralnich i kyselych latek [147]. Vyuziti TiO, pro separaci aniontll i kationtl
popsal Yu [189]. Stejn¢ jako u ZrO, byla popsana i modifikace TiO, polybutadienem
[190]. Avsak pouziti této faze pro praktické separace dosud publikovano nebylo.

Vyuziti staciondrni faze na bazi TiO; Vv oblasti Cisté farmaceutické analyzy
dosud nebylo popsano, asi 1 diky relativné kratké dobé¢, ktera uplynula od zavedeni
prvniho komeréné vyrabéného sorbentu na bazi TiO, na trh. V nedavné dob¢ byla
vyvinuta reverzni faze na bazi TiO; potazeného vrstvou polyethylenu (TiO,-PE),
ktera je nyni vyradbéna i za obchodnim ucelem. To by mohlo usnadnit pronikéni TiO;

jako sorbentu nejen do oblasti farmaceutické analyzy.
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3.4.3.1 Komercné dostupné kolony na bazi TiO-

Castice tvofené TiO; vyprodukované jako sorbent pro HPLC pod nazvem
Sachtopore vyrabi némecka firma Sachtleben se sidlem v Duisburgu. Nabizi Castice
o rozmérech 3, 5, 10, 20, 40 a 80 um s velikosti port 60, 100, 300 a 2000 A [191].
Tento typ stacionarni faze lze pouzit pro separace v normalnim méodu. Kromé toho
firma ZirChrom Separations nabizi dva typy kolon na bazi TiO, vyrabéného
spole¢nosti Sachtleben [124]:

NP — Stacionarni faze je tvofena nemodifikovanym TiO,, viz obr. 24. Fazi lze pouzit
pro separace bazickych i izomernich sloucenin. Diky vlastnostem
svého povrchu a potencidlné odlisné selektivité miize byt pouZzita

jako alternativa k ZrO, (Zr-PHASE kolong).

RP — Stacionarni faze je tvofena TiO,, na jehoz povrchu je ukotvena tenka vrstva
polyethylenu, viz obr. 25. Stabilita je vyrobcem deklarovana
pro oblast pH 1-12 a teplotu do 100°C. Selektivita je velmi
podobna Zr-PBD fazi. Tuto kolonu lze tedy pouzit jako alternativu

k Zr-PBD fazi, zvlasté pro separace bazickych 1éCiv.

Obr. 24 Struktura povrchu TiO,, ptevzato z ref. [192].
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Obr. 25 Struktura povrchu Sachtopore-RP faze, pevzato z ref. [192].
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4.1 Prace publikované ve védeckych Casopisech

1307

Radim Kucera'
Vaclav Zizkovsky'
Jaroslav Sochor’
JiFi Klimes?

Jifi Dohnal?

Utilization of zirconia stationary phase as a tool in
drug control

Zirconia-based stationary phases represent an interesting alternative to silica-based
materials. Two zirconia-based stationary phases were studied as an option for use in
drug analysis. The different properties of zirconia material, distinct from RP silica-
columns, were employed for the development of a novel and rapid stability monitoring
HPLC method. This method enables simultaneous control of possible degradation
processes of active substance (ibuprofen) as well as antimicrobial excipients (methyl-
and propylparaben). The separation of ibuprofen, its two main degradation products
2-(4-isobutyrylphenyl)propionic acid and 4-isobutylacetophenone, parabens, and 4-
hydroxybenzoic acid as their degradation product was successfully accomplished on
a Zr-CarbonC18 column using a mobile phase consisting of acetonitrile-phosphate
buffer (pH 4.8)-propan-2-ol (27:56:17, v/v/v). Detection was performed at 258 nm
and the analysis was completed within 17 minutes.
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1 Introduction

High performance liquid chromatography is a widespread
separation technique that occupies the leading position in
routine pharmaceutical analysis. A chromatographic col-
umn is without doubt the heart of a chromatographic sys-
tem. At present, most analytes are processed on various
RP silica-based stationary phases. Solutes are retained
predominantly by hydrophobic (reversed-phase) interac-
tions with the bonded phase[1, 2]. Silica possesses
known limitations despite its numerous positive proper-
ties [3, 4].

Zirconia-based stationary phases were relatively recently
introduced into HPLC and they offer some advantages
over silica-based phases. Zirconia is a material with many
unique properties that make it attractive as a chromato-
graphic support. These columns represent very useful
alternatives to silica-based materials and they have been
studied extensively [2, 3, 5—14]. Zirconia is an amphoteric
material with anion-exchange properties in neutral and
acid solutions and with cation-exchange properties in
alkaline solutions. The most useful features are its high
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thermal and chemical stability over a wide range of tem-
perature (up to 200°C) and pH (1 to 14) [1-3, 8, 10, 11,
15]. In contradistinction to the behaviour of the silanol
groups, Zr(IV) sites (hard Lewis acids) on zirconia cause
hard Lewis base analytes (R-SO;~, R-PO;~, R-COO-,
etc.) to adsorb quite tenaciously. Such Lewis acid-base
interactions are characterised by especially slow desorp-
tion kinetics, which cause broad and tailed peaks. How-
ever, when a strongly competing Lewis base (PO4*~, F~,
carboxylates) is deliberately added to the eluent in suffi-
cient high concentration, the accessible Zr(IV) sites are
dynamically blocked by adsorption of the eluent. Thus
addition of the hard Lewis base to the eluent greatly
improves the peak shape of the analytes[1, 3, 9, 12].
Polybutadiene-coated zirconia (PBD-ZrO,) has been the
most studied zirconia-based reversed-phase material up
totoday[2, 3, 6, 9, 11].

Zirconia-based stationary phases have been used for
separation of many chemical substances with different
structures and physico-chemical characteristics, for
example variety of nonpolar aromatic positional isomers,
triazines, steroids [13], alkaloids, and antidepressants
[16], beta-blockers, local anesthetics, p-alkylbenzyl-
amines [3, 9], testosterone, and a series of related com-
pounds [8]. From the chemical point of view all these com-
pounds have basic or neutral character. The separation of
samples containing hard Lewis base moieties such as
anions of acidic compounds, nucleotides, peptides or pro-
teins is rather problematic due to the presence of hard
Lewis acid sites on the zirconia surface. Polymers coated
on zirconia’s surface do not completely block these Lewis
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acid sites. The salt content is needed to suppress the
strong coulombic interactions and to block unwanted
Lewis acid-base interactions [17-22].

Quality control of raw materials and consecutive monitor-
ing of potency and safety of pharmaceutical products con-
stitutes an important current subject of investigation in the
pharmaceutical sector. The decomposition process can
result in a loss of potency and quality or in a loss of safety
of drugs and drug formulations due to creation of minor
ineffective or toxic degradation products. In contrast to
model samples used in studies describing features of col-
umns, real samples are usually more complicated
because they contain different moieties with variable phy-
sical-chemical properties. It is also necessary to optimize
resolution. In fact, eluent type and stationary phase type
present effective variables for modulating the selectivity
and thus also for achieving successful separation on an
HPLC column [5, 13].

Ibuprofen — (R,S)-2-(4-isobutylphenyl)propionic acid —

a non-steroidal anti-inflammatory drug with analgesic,
antipyretic, and platelet antiaggregant properties. From
the chemical point of view ibuprofen (Ibu) is relatively
stable, but its sensitivity to oxidation and photolytic degra-
dation has been reported [23]. Especially in solution, 4-
isobutylacetophenone (lbap) and 2-(4-isobutyrylphenyl)-
propionic acid (Bopa) are present. Ibap arises via radical-
induced decarboxylation followed by benzylic oxidation.
Bopa is a product of oxidative processes acting on the
basic structure [24]. 4-lsobutylacetophenone has shown

OOH COOCH,
OH OH
4-hydroxybenzoic acid methylparaben
PhBa MeP
pKa 4.58 pKa 8.30
log P 1.419 log P 1.865

COOH
)\/©/L oo /H(@J\

ibuprofen 2-(4- |sobutyry|phenyl)prop|omc acid
Ibu Bopa
pKa 4.41 pKa 4.08
log P 3.372 logP 2.178
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adverse effects on the central nervous system and pre-
sented high dermal absorption [23, 25].

Alkyl (methyl, ethyl, propyl or butyl) esters of 4-hydroxy-
benzoic acid (parabens) are widely used as antimicrobial
preservatives in the pharmaceutical, cosmetic, and food
industry. They are generally used as a combination of two
or more alkyl esters, because such combinations show
enhanced antimicrobial activity. Parabens degrade by
hydrolysis under alkaline or acidic conditions to form 4-
hydroxybenzoic acid (PhBa), whose antimicrobial activity
is not high enough [6] to prevent microbial attack [26 —-28].

The analysis of Ibu, methyl-, propylparaben and their
degradation products on silica reversed C18 stationary
phases failed. The aim of our study was to exploit the ben-
efits of zirconia-based stationary phases, especially the
combination of reversed phase mechanism and ion-
exchange interaction in the separation process. These
features have been employed in development of the ana-
lytical procedure for monitoring the stability of the active
agent as well as the antimicrobial excipients (Fig. 1) in
topical creams. Two types of zirconia-based stationary
phases were tested to achieve satisfactory results.

2 Experimental

2.1 Instruments and chromatographic columns

All chromatographic work was performed on a Shimadzu
chromatography system equipped with SCL-10Ayr sys-
tem controller, SPD-10Ay, detector, LC-10ADye pump,

COO(CH,),CH,

OH
propyiparaben
PrP

pKa 8.23
log P 2.927

4-isobutylacetophenone

Ibap
Figure 1. Structures, pK,, and
pKa  —— log P values of all analytes
log P 3.530 involved in the study
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SIL-10ADve autoinjector, CTO-10ASye column oven,
DGU-14A degasser, FCV-10ALyp low pressure module,
and computer-based chromatographic software Class-VP
(Shimadzu, Tokyo, Japan). A Shimadzu UV2401PC UV-
VIS spectrometer (Tokyo, Japan) was used for measure-
ment of UV spectra. A K10 Ultrasonic bath (Krainek, Slo-
vakia) and MLW T51 centrifuge (Engelsdorf, Germany)
were used during the extraction process.

The following analytical columns were used in the experi-
mental work: Discovery®Zr-CarbonC18, 150 x 4.6 mm ID,
particle size 3 um, Discovery®Zr-PS, 150 x 4.6 mm ID,
particle size 5 um, Sigma-Aldrich (Schnelldorf, Germany);
and Sepharon SGX RPS, 150 x 4.0 mm ID, particle size
5 um, Tessek (Prague, Czech Republic).

2.2 Chemicals

lbuprofen Sigma (St.Louis, MO, USA), 4-isobutylaceto-
phenone 98% (Lancaster, UK), 2-(4-isobutyrylphenyl)pro-
pionic acid, Zentiva, a.s. (Czech Republic). Methylpara-
ben (MeP), propylparaben (PrP), acetonitrile, propan-2-
ol, ammonium dihydrogenphosphate p.a., phosphoric
acid 85% p.a., and sodium hydroxide p.a. were obtained
from Lach-Ner (Czech Republic). 4-Hydroxybenzoic acid
and butylparaben were purchased from Sigma-Aldrich
(Schnelldorf, Germany).

2.3 Sample preparation

2.3.1 Standard solutions

A mixture of acetonitrile-water (90:10, v/v) was used as
solvent for the preparation of all solutions. All stock solu-
tions were prepared at concentration 1 mg mL~", except
for Ibu (2.5 mg mL-"). The standard solution was pre-
pared by adding appropriate amounts of stock solutions to
the 10 mL volumetric flask. The final concentrations in the
standard solution were Ibu 1.25 mg mL~", methylparaben
0.05 mg mL~", propylparaben 0.0125 mg mL-", Bopa and
Ibap 3.75 x 10-*mg mL~", PhBa 1.25 x 10-*mg mL-".

2.3.2 Extraction

An accurately weighed portion of pharmaceutical cream
corresponding to 2.5 mg of ibuprofen (about 0.5 g) was
transferred into 25 mL extraction flask and 20.0 mL of
extraction solution was added (mixture of acetonitrile-
water (90:10, v/)). The mixture was placed in the ultraso-
nic bath for 10 min and then centrifuged for 5 min (60 Hz).
Avolume of 20 pl of supernatant was analysed.

2.4 Buffer preparation

Phosphate buffers (50 mM) were prepared by dissolving
ammonium dihydrogenphosphate in water and pH value
was adjusted by adding 0.1 M NaOH or 5% phosphoric
acid.
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3 Results and discussion

Our attempt to accomplish the separation of all com-
pounds with a conventional silica C18 stationary phase
failed, even when the column with higher carbon content
was tested. The co-elution of peaks due to PrP and Bopa
constituted the problematic point of the analysis using
acetonitrile-water (pH 2.6) (60:40, v/V) as the eluent. It
was necessary to decrease the percentage of acetonitrile
in the mobile phase to 40% or below in order to achieve
better separation of PrP and Bopa. Unfortunately, this
change in composition of the mobile phase dramatically
increases the retention times of other analytes, especially
of Ibap. For this reason, alternative stationary phases
were tested as a potential key to solve the above-men-
tioned separation problem, including acceptable analysis
time. Zirconia-based stationary phases exhibit unique
properties and selectivity for different type of solutes. One
of the most chemically interesting aspects of using zirco-
nia supports is that of their surface chemistry, which is
radically different from that of silica supports. In particular,
there are many hard Lewis acid sites on the zirconia sur-
face [29, 30]. In aqueous media the surface is populated
with hydroxylated and aquated Zr(IV) sites which can
undergo ligand exchange with hard Lewis bases. This
type of coordination chemistry does not take place on
silica as it is not a metal [4]. Thus ionised carboxylic acid
analytes show strong ligand exchange interactions with
the accessible hard Lewis acid sites. To avoid long reten-
tion times and very poor peak shapes, phosphate was
added to the eluent in all experiments. If phosphate buffer
was replaced with acetate buffer the analysis was no
longer feasible. Since acetate is a weaker Lewis base
than phosphate, interactions between the analyte and sta-
tionary phase became stronger which resulted in unac-
ceptable peak tailing and long analysis times.

3.1 Polystyrene coated zirconia stationary phase

According to our recent study [31] dealing with quality
control of raw material of Ibu using zirconia stationary
phase, the polystyrene-zirconia stationary phase (PS-
ZrO,) was chosen first. PS-ZrO, exhibits different selectiv-
ity from octadecyl-bonded silica (C18-SiO,) towards a
variety of analytes and it is a unique, selective stationary
phase, which can provide effective separations for many
compounds [15]. In order to achieve separation of all ana-
lyzed compounds, several experiments were performed.
The percentage and type of organic solvent (MeOH, ACN)
in a mobile phase and pH value were tested as the most
important variables to influence the performance of the
column. Retention of PhBa was weak under all tested con-
ditions, even though other compounds were base-line
separated. PhBa was mostly eluted with the system peak.
Its retention was not greatly improved by the changes of
organic solvent or the changes of pH. Its highest retention
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Figure 2. Effect of phosphate
buffer pH on retention factors of
all solutes on PS-ZrO, stationary
phase. Mobile phase acetoni-
trile-phosphate buffer-tetrahy-
drofuran 25:70:5 (v/v/v), flow
rate 0.6 mL min-’, temperature
60°C. Phosphate buffer pH 3.67;
3.97; 4.5; 4.83; and 5.48. The
system dead time (&) was esti-
mated from the first significant
baseline disturbance.

Figure 3. The best separation
achieved on PS-ZrO, stationary

phase. Mobile phase MeOH-
phosphate buffer (50 mM,

pH 5.48)-tetrahydrofuran
25:70:5 (vv/V), flow rate

0.6 mL min-', temperature

60°C, and detection at 258 nm.

a) Bopa; b) MeP; ¢) Ibu; d) PrP;
e) ibap.
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was observed at pH 4.0, Fig. 2, but peaks due to MeP,
Bopa and Ibu, Ibap were co-eluted. The best condition for
separation of all compounds (except PhBa) are as follows:
mobile phase MeOH-phosphate buffer (50 mM, pH 5.48)-
tetrahydrofuran 25:70:5 (v/v/), flow rate 0.6 mL min—',
and temperature 60°C, see Fig. 3. The experiments show
that the retention of PhBa on the PS-ZrO, column is insuf-
ficient and thus it is impossible to obtain reasonable sep-
aration of this diverse group of solutes.

3.2 Zr-CarbonC18 stationary phase

To increase the retention especially of PhBa another type
of zirconia-based stationary phase was chosen. Zr-Car-
bonC18 is more hydrophobic than the PS-ZrO, stationary
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phase and also offers ion-exchange interactions to influ-
ence the separation process as opposed to conventional
silica C18 phase. The simultaneous action of reversed
phase mechanism and ion-exchange interactions
between stationary phase and solute led to the expected
effect. All compounds including PhBa were retained and
satisfactorily resolved within an acceptable analysis time.
As in the case of PS-ZrO,, the pH optimization of the elu-
ent was the most important variable to influence separa-
tion. Decreasing the pH value increased the retention
times of all analytes because of the enforcement of hydro-
phobic interactions with the stationary phase. Increasing
pH negatively influenced the retention of PhBa due to the
impairment of hydrophobic interactions and due to possi-
ble electrostatic repulsion of analyte from the negatively
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Figure 4. Effect of phosphate
buffer pH on retention factors of
all solutes on ZrCarbonC18 sta-
tionary phase. Mobile phase

—o—PhBa acetonitrile-phosphate buffer-tet-
~&-Bopa, rahydrofuran 45:55:5 (v/w/v), flow
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Figure 5. The best separation
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27:56:17 (v/v/v), flow rate
0.6 mL min-", temperature 70°C
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charged zirconia surface. Decreasing retention of PhBa
with increasing pH is more marked on PS-ZrQ, stationary
phase. Hence, a pH range from 3.45 to 5.0 was tested to
reach a compromise between sufficient retention and
acceptable analysis time, see Fig. 4. The experiments
established an optimal pH 4.8 for separation of all six
compounds. The final mobile phase composition was
acetonitrile-phosphate  buffer (50 mM, pH 4.8)-IPA
27:56:17, v/v/v), see Fig. 5. The retention time of Ibap
under these conditions was approximately 17.5 min and
the total analysis time was 19 min. Ibap exhibits stronger
interactions with stationary phase on account of its physi-
cal-chemical properties (Fig. 1). In order to shorten the
analysis time some gradients of acetonitrile in the mobile

J. Sep. Sci. 2005, 28, 13071314 www.jss-journal.de

phase were tested. Higher content of organic solvent did
not shorten the retention time as expected. In addition, the
time needed for equilibration of the column even pro-
longed the analysis. Increasing the flow rate proved to be
more useful than the use of the acetonitrile gradients
given in Table 1. This approach cut the total analysis time
by six minutes (including re-equilibration), Fig. 6.

3.3 Detection and temperature

Compared to Ibu, Ibap and Bopa exhibit a bathochromic
shift, and their absorption maxima are shifted to 258 nm.
Therefore, UV detection was performed at 258 nm to
attain maximal sensitivity for detection of Ibu degradation

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

87



1312 Kucera, 2i2kovsky, Sochor, Klimes, Dohnal

125

MeP PrP

. /

@
2

absorbance [mAU]
&
g
=
o
7

Figure 6. Chromatogram of all
analytes including internal stan-
dard for quantitative assay of lbu

Ibap and both parabens. Chromato-
graphic conditions: mobile phase
/ acetonitrile-phosphate buffer

(50 mM, pH 4.8)-propan-2-ol
(27:56:17, v/v/V), detection at
258 nm, flow rate step gradient,

and the column temperature
70°C. IS content 0.033 mg mL.~",
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time [min]

Table 1. Step gradient of flow rate.

as an important retention-affecting factor, was adjusted to
avalue of 4.8. The retention of PhBa as well as the resolu-
tion of MeP and Bopa were sufficient. Acetonitrile pos-
d higher elution power and that is why it was pre-

Time [min] Flow rate [mL min~"]
0-5 0.6
5-15 0.8
15-16 0.8—-0.6
16-17 0.6

products. The detection of parabens and 4-hydroxyben-
zoic acid is also sensitive at this wavelength. If it is needed
to make the method more sensitive to PhBa as a stability
marker of parabens, it is possible to use the dual wave-
length mode for its detection (absorption maximum at
274 nm).

High temperature provides an opportunity to increase
analyte mass transfer rates (and thereby decrease peak
width). Within the mobile phase, increased temperatures
serve to increase diffusion and decrease viscosity, where
the ratio of the diffusion coefficient to the viscosity-tem-
perature product is appropriately constant over a wide
range of pressure and temperature conditions. An addi-
tional benefit of lower viscosity is the potential to operate
at higher flow rates and thereby reduce total analysis
time [8]. The temperature 70°C has been found to be suffi-
cient for shortening the analysis time and for improvement
of peak shape.

3.4 Optimai chromatographic condition for
analysis of all decomposition products

The choice of optimal chromatographic conditions was
based on the experiments described above. Oniy the
ZrCarbonC18 stationary phase, due to its higher hydro-
phobicity, could be used in separation of all studied com-
pounds. The pH of phosphate buffer in the mobile phase,
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ferred to MeOH as an organic component of the mobile
phase. To improve peak shape, propan-2-ol was added to
the mobile phase. Optimal mobile phase contained aceto-
nitrile-phosphate  buffer (50 mM, pH 4.8)-propan-2-ol
(27:56:17, v/v/v). Detection was performed at 258 nm; the
flow gradient was as specified in Table 1; a column tem-
perature of 70°C was found to be satisfactory with regard
to analysis time and peak shape. These chromatographic
conditions were optimal for the analysis of all the above-
mentioned compounds. Analysis under these conditions
was complete within 17 min.

The developed method is applicable for determination of
both the active agent and preservatives. The response of
Ibu, MeP, and PrP is linear in the range of 10%—120% of
the defined amount (seven concentrations). Butylparaben
has been chosen as suitable internal standard for the
assay, see Fig. 6. The linear response of decomposition
products was tested in the range of 10%-120% of the
admissible amount (seven concentrations). The correla-
tion coefficients, r, found were higher than 0.999 for all
compounds. A signal-to-noise (S/N) ratio of 3 is generally
considered to be acceptable for estimating the detection
limit. A typical S/N ratio for calculating the quantitative limit
is 10: 1. Both limits were calculated, see Table 2.

Accuracy was determined using spiked placebo (six pre-
parations). Relative standard deviation values (RSD)
were calculated for repeated standard injections (system
precision) as well as injections of multiple sample prepara-
tions (method precision), Table 2. The responses of the
detector to 0.3% solutions of PhBa, Bopa, and Ibap at
258 nm were divided by response of the detector to a
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Table 2. Validation results. (repeatability six injection of standard; method precision, accuracy six preparation of spiked placebo;
linearity — 10%, 20%, 40%, 60%, 80%, 100%, 120% for Ibu, MeP, and PrP; 10%, 20%, 40%, 60%, 80%, 100%, 120% of admis-

sible amount for PhBa, Bopa, and Ibap).

PhBa Bopa MeP PrP lbu Ibap
Repeatability RSD [%] 1.30 1.36 0.62 0.85 0.56 0.63
Method precision RSD [%] 1.53 1.57 0.98 1.01 1.28 1.52
Accuracy recovery [%] 97.04 97.50 101.00 99.23 97.09 100.28
Linearity correlation 0.9992 0.9993 0.9993 0.9995 0.9995 0.9991
coefficient
slope 2.14 4.18 92.7 15.68 19.57 5.41
intercept 20.8 -13.8 8 82 72 4.3
LOD [mg-mL-"] | 1.88x10°* 45x1074 - - - 4.3x1078
LoQ [mg-mL""] | 6.25x10°* 1.5x1073 - - - 1.43x10°*

0.3% solution of lbu at 258 nm, see Table3. The
response factors differ considerably from one another;
and thus it is necessary to prepare the solution with limited
concentrations of all impurities for monitoring of bu, MeP,
and PrP stability.

The influence of small changes of composition of mobile
phase, flow rate, and temperature on separation was also
tested. The most important factor for sufficient separation
of all compounds from one another, especially Bopa-MeP
and PrP-lbu, is the pH value of the phosphate buffer. It
has been verified that the separation is not influenced in
range of pH 4.8 = 0.1. The temperature does not affect the
separation very much but it is worth keeping the column
above 60°C with regard to peak shape. The flow rate at
the beginning of analysis should not be higher than
0.6 mL min~" with respect to resoiution between PrP and
Ibu. The experiments have shown that small changes of
optimal parameters do not dramatically affect the perform-
ance and the developed method could be used for evalua-

Table 3. Responses of the detector to 0.3% solutions of
PhBa, Bopa, and Ibap were divided by the response of the
detector to a 0.3% solution of Ibu at 258 nm.

Analyte Response factor
PhBa 0.05
Bopa 16.67
lbap 33.33

tion of Ibu, parabens, and their degradation products. The
chromatogram of real pharmaceutical cream sample
(after expiration) is also shown, Fig. 7. The degradation
products of Ibu and parabens were detected.

4 Conclusion

Two types of zirconia-based stationary phases were
tested as a possible alternative to commonly used silica
reversed phases. Considerable differences were

MeP
115 ~ PrP

Tbi
85 \ !

/

absorbance [mAU]

Ibap Figure 7. Chromatogram of real
sample, pharmaceutical cream
after its expiration. Chromato-
5/ graphic conditions mobile phase
acetonitrile-phosphate buffer

(50 mM, pH 4.8)-propan-2-ol
(27:56:17, v/v/v), detection
258 nm, step gradient of flow

o 2 4 6 B 10 12
time [min.]
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rate, column temperature 70°C.
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observed in retention on zirconia stationary phases and
on C18 silica stationary phase.

Zirconia as an amphoteric material possesses anion-
exchange properties in acidic or neutral pH. The presence
of hard Lewis acids — Zr(IV) sites ~ causes hard absorp-
tion of analytes — especially Lewis bases — on the zirco-
nia surface which results in broad peaks. To avoid these
unwanted interactions a competing Lewis base which
blocks dynamically accessible zirconia sites was added.
According to our previous study {31], acetate is not strong
enough to suppress such interaction — tailed peaks and
increased retention time were observed. When phosphate
was used in the eluent the peak shape was acceptable, as
was the analysis time. The tested zirconia columns differ
from each other in selectivity and retention, see Fig. 2 and
Fig. 4. The carbon content in PS-ZrO, is much lower than
that of conventional reversed-phase material and ZrCar-
bonC18, but most of the studied compounds were well
separated from one another. The lower hydrophobicity
was insulfficient only for PhBa. The most important factor
affecting separation was the pH of phosphate buffer on
both types of zirconia columns. The effect on retention is
more significant on the PS-ZrO, column. Retention of car-
boxylic acids (lbu, Bopa, and PhBa) decreased remark-
ably with increasing pH compared to parabens and Ibap.
From a practical point of view higher hydrophobicity is
needed especially for sufficient retention of 4-hydroxyben-
zoic acid and thus the ZrCarbonC18 column was chosen
for simultaneous analysis of ibuprofen, its degradants,
parabens and their decomposition product. Detection of
Bopa and Ibap as first products of degradation of ibupro-
fen enables evaluation of degradation progression in topi-
cal pharmaceuticals. In addition, monitoring of 4-isobutyl-
acetophenone is important because of its toxic effect on
the nervous system. Simultaneous monitoring of 4-hy-
droxybenzoic acid enables identification of possible
decomposition of antimicrobial excipients. The method
can serve also for quantification of the active substance
ibuprofen and parabens, using butylparaben as an inter-
nal standard. The possible applicability of zirconia-based
stationary phase in pharmaceutical analysis was docu-
mented for a practical example. Simultaneous activity of
ion-exchange and hydrophobic (reversed) interactions on
zirconia-based stationary phase provides a wide range for
modulating column selectivity and thus attaining appropri-
ate resolution between analytes in the mixture.
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Abstract

The absolute majority of the HPLC applications use silica-based columns for the separation of active substance and its impurities. However,
stationary phases based on metal oxides appear as an interesting alternative. The aim of our study was to investigate the potential utilization of metal
oxide-based stationary phases in analytical evaluation of ondansetron and its five pharmacopoeial impurities. In our study commercially available
ZrO,-based columns (e.g. Zr-PBD, Zr-PS, Zr-C18) and TiO,-based column were used. The effect of an organic modifier (type and ratio), a buffer
(type, pH and concentration) and the influence of temperature was investigated. The separation of ondansetron and its five pharmacopoeial impurities
was successfully accomplished on a Zirchrom®-PBD column using a mobile phase consisting of acetonitrile-ammonium phosphate (25 mM, pH
7.0) (18:82, v/v). Detection was performed at 216 nm and the analysis was completed within 7.5 min. The paper proves metal oxide-based stationary
phases as an alternative to classical silica-based stationary phases in pharmaceutical analysis.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Metal oxide-based stationary phase; Zirconia-based stationary phase; RP-HPLC; Ondansetron; Impurities

1. Introduction for an analysis of related compounds in a drug. In fact, eluent
type and stationary phase type present effective variables for
Quality control of raw materials and consecutive monitoring ~ modulating the selectivity, and thus also for achieving sufficient

of potency and safety of pharmaceutical products constitute an  separation on an HPLC column [1,2].
important current subject of investigation in pharmaceutics. The Properties of allied compounds and degradation products,
impurities present in a drug or a drug formulation lower its qual- ~ which occur in drugs as impurities, are often very similar to the
ity and potency. The impurities are either residuals fromthedrug ~ parent drug substance. This is the reason why new analytical
synthesis (e.g. by-products, residual solvents, etc.) or compound  separation methods, which show high selectivity for separation
arising from decomposition reactions. Products of the decom-  of complicated mixtures, should be developed. The HPLC is
position process could be, on the one hand, ineffective (i.e. the  without doubts the most important analytical procedure in the
drug quality is debased) but, on the other hand, toxic and thus field of drug analysis. The absolute majority of applications use

for safety the quantity of drug is reduced. silica-based columns, even though the use of silica support is
The analytes are usually more complex than the model mix-  limited by pH and temperature in relation to column stability

tures used in studies describing features of analytical columns. [3-8].

The model mixtures contain mostly easily separable components To overcome these disadvantages stationary phases based

(i.e. the same nature but different structure), whereas real sam- on metal oxides — zirconia, aluminia and titania — have been
ples involve both moieties with different as well as very similar ~ developed [7,9]. Zirconia-based stationary phases have been
properties. The resolution between peaks is a basic parameter, the most investigated metal oxides stationary phases up to
which is usually optimised during method development process  date [1,2,7,9-21]. High thermal and chemical stability over a
wide range of temperature (up to 200 °C) and pH (1-14) are

the most useful features of zirconia-based stationary phases

* Corresponding author. Tel.: +420 495 067 446; fax: +420 495 067 167. [1,11,14,16,17,20,22]. The other advantage of zirconia-based
E-mail address: radim.kucera@faf.cuni.cz (R. Kugera). columns is their different selectivity compared to silica-based
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doi:10.1016/j.jpba.2007.04.027
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Table 1
Commercially available RP ZrO;-based stationary phases and their properties
Stationary phase Surface of stationary phase Advantages, analysed substances Stability
Zr-PBD Polybutadiene-modified zirconia Intended to bases, amines (similar to silica-C18) 150°C, pH 1-13
Zr-Carbon C18 Octadecyl-modified carbon-clad zirconia Partitioning mechanism, shape selectivity 200°C, pH 1-14
Zr-Carbon Carbon-clad zirconia Geometric isomers and diastereomers 150°C, pH 1-14
Zr-PS Polystyrene-modified zirconia Very hydrophobic compounds, basic compounds and amines 150°C, pH 1-13

columns. This enables their convenient utilisation also at mild
conditions. The zirconia-based columns are also feasible for
analysis of carboxylic compounds besides basic analytes. The
potential problematic strong interactions with Lewis acids on the
zirconia surface can be reduced due to addition of Lewis base
(PO43", F~, CH3COO™) into a mobile phase [7]. Nowadays
four reversed-phase ZrO,-based stationary phases are commer-
cially available: Zr-PBD, Zr-Carbon C18, Zr-Carbon and Zr-PS.
Each type of column possess different retention properties and
has been developed for different analytical purpose [23,24] (see
Table 1).

The next metal oxide studied as a chromatographic support
is aluminia. Al,O3-based packings cannot be used for analytes
containing carboxylic groups, because these compounds are
bonded irreversibly on the aluminia surface. Moreover, except
for mobile phases with pH above 10, aluminia-based packings
have separation properties quite similar to those for silica, with-
out obvious advantages [5].

The other metal oxide, which can be used as stationary phase
bed for HPLC is TiO;. Its properties and usefulness for chro-
matography have been investigated recently. There is still lack
of data describing its properties and applicability to separation
purposes. Some stationary phases based on TiO; have been used
to separate basic or non-basic molecules under normal phase
conditions [25,26]. Polyethylene-covered TiO; stationary phase
has been developed for reversed-phase separation. The polymer
layer causes decrease of Lewis acid-base interactions and thus
improves the peak shape [7]. This stationary phase should have
similar properties as Zr-PBD [23,27], which enables its utilisa-
tion as an alternative, when separation on Zr-PBD is insufficient.

The serotonin (5-hydroxytryptamine; 5-HT) type 3 receptor
(5-HT3) antagonist ondansetron has become first line therapy
for the treatment of postoperative nausea and emesis as well as
of emetogenic side effects accompanying cancer chemotherapy.
Its quality assurance is implicit just as the other pharmacopoeial
substances and pharmacologically active compounds present in
pharmaceutical preparations of current use.

Racemic ondansetron hydrochloride dihydrate has been
firstly mentioned in the 5th edition of European Pharmacopoeia
(Ph. Eur.) [28], whereas the United States Pharmacopoeia, has
mentioned ondansetron 6 years ago in the 24th edition [29].
The Pharmacopoeias [28,30,31] use nitrile silica-based station-
ary phase for determination of ondansetron and its impurities
(except of impurity B) and the retention time of the last substance
(ondansetron) is about 18 min.

Silica-based stationary phases are mostly used for HPLC
analysis of ondansetron in human plasma [32-35] and phar-
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maceutical preparations [36-39] according to the literature.
No publication has described a method for determination of
ondansetron and its impurities and degradation products.

The aim of our work was to investigate the potential uti-
lization of non-silica-based stationary phases in analytical
evaluation of ondansetron and its five pharmacopoeial impu-
rities (Fig. 1). Commercially available ZrO;-based columns
(DiamondBond®-C18, ZirChrom®-PBD, Discovery®Zr-PS)
and TiOp-based column (Sachtopore®—RP) were used in our
study. The retention behaviour of analysed substances has been
investigated.

2. Experimental
2.1. Instruments

All chromatographic experiments were performed on a Shi-
madzu chromatography system assembled of communication
bus module CBM 20A, DAD detector SPD-M20A, pump
LC-20AD, autoinjector SIL-20AC, column oven CTO-20AC,
degasser DGU-20A3 and a computer-based chromatographic
software LC solution, Shimadzu (Tokyo, Japan).

2.2. Chromatographic columns

The following analytical columns were used during
experiments: Zorbax SB-Aq, 150 mm x 4.6 mm i.d., particle
size 3.5 pm, HPST (Czech Republic), DiamondBond®-C18,
150mm % 4.6 mm i.d., particle size 5pum, Sachtopore®-RP,
150 mm x 4.6 mm i.d., particle size 5um, ZirChrom®-PBD,
150 mm x 4.6 mm i.d., particle size 5 pm, ZirChrom Separa-
tions (Anoka, USA), Discovery®Zr—PS, 150 mm x 4.6 mm i.d.,
particle size 5 pm, Supelco-CN, 120 mm x 4.6 mm i.d., particle
size 5 pm, Sigma—Aldrich (Schnelldorf, Germany).

2.3. Chemicals

Ondansetron hydrochloride dehydrate — (3RS)-9-methyl-3-
[(2-methyl- 1 H-imidazol- 1-yl)methyl]-1,2,3,9-tetrahydro-4H-
carbazol-4-one — and its five pharmacopoeial impurities (Fig. 1)
were kindly provided by Zentiva a.s. The other chemical
substances came from common commercial sources.

2.4. Standard solutions

- Stock solutions of ondansetron and its five impurities were
prepared at concentration 1 mg mL~! in methanol.
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and enantiomer

Ond

Ondansetron hydrochloride dihydrate

Imp. 2

HCl - 2H,0
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Imp. 1

9-methyl-1,2,3,9-tetrahydro-4H-carbazol-4-one

9-methyi-3-methylene-1,2,3,9-tetrahydro-4H-

carbazol-4-one

CH,
HN N
\—/
Imp. 4

2-methyl-1H-imidazole

H
HN)§N

\—/

fmp. 3

1H-imidazole

imp. 5

(3RS)-3-[(1H-imidazol-1-yl)methyl]-9-methyl-1,2,3,9-

tetrahydro~4H-carbazol-4-one

Fig. 1. Chemical structures of analysed compounds.

- Standard solutions were prepared by diluting stock solutions
with methanol to the concentration 20 pg mL ™!

- The same operation was used for preparation of mixture of
ondansetron and its five impurities.

For determination of dead volume, potassium iodide
(1 mg mL™") for silica-based columns and acetone (1 mg mL~!)
for zirconia-based and titania-based columns, were used. The
injection volume of standard solutions was 5 pL.

2.5. Model sample

The model sample of ondansetron hydrochloride dihydrate,
containing admissible amount of impurities, was prepared as
follows: the stock solutions was diluted by mobile phase to
these final concentrations: Imp. 1, 3, 4 and 5—1 pgmL~"; Imp.
2—0.5 pgmL~'; Ond—500 pg mL~! [28]. The injection vol-
ume of model of impure ondansetron was 20 pL.

2.6. Buffer preparation

Buffers were prepared by dissolving appropriate salt (ammo-
nium dihydrogenphosphate, diammonium hydrogenphosphate
and ammonium fluoride or ammonium acetate) in water, and
the pH value was adjusted by addition of 0.1 M ammonium
hydroxide or 10% phosphoric acid.
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3. Results and discussion

The separation of ondansetron and its impurities was tested
on six HPLC columns. A special attention was paid to the influ-
ence of the experimental conditions on separation of studied
compounds on metal-based stationary phases. The effect of an
organic modifier (type and ratio), a buffer (type, pH and con-
centration) and the influence of temperature was investigated.
All performances were realised using universal detection wave-
length 216 nm and the ratio of acetonitrile in a mobile phase was
20% [28].

Achieving the sufficient resolution between imidazole (Imp.
3) and 2-methylimidazole (Imp. 4) constituted the main prob-
lematic point of the separation on all stationary phases. The
experiments and obtained results are summarised for each col-
umn below.

3.1. Silica-CN

Using 20% acetonitrile in the mobile phase resulted in weak
retention of all analysed substances on silica-CN stationary
phase (kppq = 1.33;k§mp‘ 3,4 = 0). The effect of pH and buffer
concentration on retention of first eluted compounds — Imp. 3
and 4 — was negligible. These compounds were eluted constantly
in dead retention time. The only way how to attain sufficient
retention of both impurities was decreasing the amount of the
organic modifier. Even if the mobile phase was composed of
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acetonitrile-ammonium phosphate (pH 5.4; 20 mM) (5:95, v/v)
the retention factor of Imp. 3 and 4 was insufficient and both
impurities were eluted at the same retention time as potassium
iodide. Further decreasing of the amount of acetonitrile in
the mobile phase was improper with respect to stability of
silica-based stationary phase [5].

The studied silica-CN stationary phase appeared unsuitable
for the separation of ondansetron and its five impurities.

3.2. Silica C18

Zorbax SB-Aq is an alkyl reversed-phase bonded phase
especially designed to operate under highly aqueous condi-
tion (including 100% water phase) for sufficient retention of
hydrophilic compounds [40].

Retention of analysed substances was naturally higher in
comparison with silica-CN column, but unfortunately the selec-
tivity for above mentioned Imp. 3 and 4 was also insufficient.
The effect of a pH value and a buffer concentration on retention
and selectivity of these analytes, i.e. Imp. 3 and 4, was mini-
mal. The ratio of acetonitrile in mobile phase affected strongly
the retention of all analysed compounds. One-minute increase
in retention time of Imp. 4 was followed by 40 min rise in
retention time of last eluted substance—Ond (flow rate was
1.50 mL min~1). The effect of pH and concentration of a buffer
on retention of ondansetron was negligible. Higher resolution
than 2.00, between peaks due to Imp. 3 and 4 could be achieved,
but the total analyses time for isocratic elution would be higher
than 60min. That is why this column appeared improper for
isocratic separation of ondansetron and its five impurities.

3.3. Zr-PS

Zr-PS stationary phase is made of ZrO,, which is covered by
a polystyrene layer [24]. This column has been developed for
separation of very hydrophobic compounds, basic compounds
and amines.

The order of eluted substances on Zr-PS stationary phase
remained the same as on silica-based columns. Using mobile
phase composed of acetonitrile-ammonium phosphate (pH 5.4;
20 mM) (20:80, v/v) Imp. 3 was eluted at the same retention
time as dead retention time indicator—acetone. There was prac-
tically no observable resolution between peaks of first eluted
substances. The effect of pH and buffer concentration on reten-
tion of Imp. 3 and 4 was minimal with 20% acetonitrile in mobile
phase. Decrease of amount of acetonitrile in mobile phase was
essential to increase retention of Imp. 3 and 4 and to examine
the effect of buffer pH and buffer concentration on resolution
between bands of Imp. 3 and 4.

The best results were obtained by using mobile phase
composed of acetonitrile-diammonium phosphate (pH 7.5;
20mM) (7:93, v/v), column temperature 50 °C and flow rate
1.50mL min~'. After all, the resolution between peaks due to
Imp. 3 and 4 was 1.20 and the resolution between Imp. 2 and 5
(fourth and fifth eluted compound) was 1.45. The last two peaks
(Imp. 5 and Ond) were broad and tailed and total analysis time
was about 32 min.
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Due to inappropriate peak shapes of Imp. 5 and Ond and
also relatively long time of analysis, Zr-PS column appeared
improper for isocratic separation of ondansetron and its five
impurities.

34. Zr-CI8

DiamondBond®-C18 stationary phase belongs also to a group
of zirconia-based columns. The stationary phase is analogous
to conventional ODS columns. The C18 ligands are attached
to the carbon layer on the surface of zirconia with ultra-
stable carbon-carbon bonds—so the columns are impervious
to extremes mobile phase chemistry and temperature [23]. This
stationary phase is ideal for the reversed-phase separation of
positional isomers and diastereomers [23,24].

The retention of analysed compounds on Zr-C18 column
was obviously the highest of all investigated columns as was
expected. Double amount of acetonitrile in mobile phase, com-
pared to the other investigated columns, was essential for
achieving separation of ondansetron and its studied impurities
in acceptable time. The best results were obtained by using
mobile phase composed of acetonitrile-diammonium phosphate
(pH 8.0; 20mM) (50:50, v/v), column temperature 50 °C and
flow rate 1.50mL min~!. The separation of all compounds was
achieved. The retention factor of first eluted substance (Imp. 3)
was only 0.16 but the retention factor of the last eluted substance
(Ond) was 88.41 and tailing factor of Ond was 3.2.

Due to inappropriate peak shape of ondansetron and high
total time of analysis, DiamondBond®-C18 column appeared
improper for isocratic separation of ondansetron and its five
impurities.

3.5. Titania-RP

Sachtopore®-RP stationary phase is a new type of metal-
based RP stationary phase. It is made of TiO and covered by a
thin layer of polyethylene [23].

The similar selectivity towards Imp. 3 and 4 has been
observed also on this column. After preliminary experiments the
best results were achieved with acetonitrile-ammonium phos-
phate (pH 6.0; 20 mM) (18:82, v/v) as a mobile phase, column
temperature 50 °C and flow rate 1.50mL min~!. Under these
conditions the first eluted substance was Imp. 4 (¥ =0.58) and
then Imp. 3 as opposed to other columns. The resolution between
them was 2.13. The tailing factor of peak of the last eluted com-
pound (Ond) was 1.41. The total analysis time was reduced to
10.5 min.

The Sachtopore®-RP column appeared suitable for isocratic
separation of ondansetron and its five impurities. Since titania-
RP stationary phase is similar to Zr-PBD stationary phase [23]
also the Zr-PBD column has been tested before detailed study
of retention behaviour was performed.

3.6. Zr-PBD

Zr-PBD stationary phase is made of ZrO, and its surface is
covered by polybutadiene layer.
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A

Fig. 2. Influence of Lewis-base additives on column selectivity; conditions:
temperature 50°C, flow rate 1.50mL min~! and mixture of acetonitrile-buffer
(20mM, pH 7.0) (18:82, v/v) as mobile phase; A, ammonium fluoride; B,
ammonium acetate; C, ammonium phosphate.

Satisfactory separation on Zr-PBD under the same conditions
as on titania-based column was not achieved. There was prac-
tically no resolution among peaks of Imp. 2-4. Increase of pH
to 7.0 was sufficient for satisfactory separation of all analysed
compounds in total analysis time 9.5 min. In contrast to titania-
RP column the first eluted substance on Zr-PBD column was
Imp. 3.

Owing to sufficient separation of all analysed compounds
in total analyses time 9.5 min, Zr-PBD column was chosen for
further experiments. The aim was to describe the influence of
experimental conditions on retention behaviour of studied ana-
lytes and optimization of separation.

3.6.1. Effect of type, pH and concentration of buffer

Ammonium phosphate, ammonium fluoride and ammonium
acetate were tested as Lewis-base additives to the mobile phase.
The presence of Lewis-base in the mobile phase influences the
interaction between an analyte and Lewis-acid sites on the sur-
face of zirconia.

The fluoride anions as a constituent of mobile phase affected
the selectivity of the stationary phase, and thus coelution of peaks
due to Imp. 4 and 1 was observed. Simultaneously the retention
of ondansetron slightly increased comparing to the mobile phase
with phosphate instead of fluoride.

30

(@
25

20

pH
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When fluoride is replaced by acetate the cation-exchange
interactions are weaker. Therefore, the retention of all com-
pounds is lower. The resolution between peaks of Imp. 3 and
4 was improved, in contrast to mobile phase with fluoride. The
best result were obtained using phosphate buffer as a constituent
of mobile phase (see Fig. 2).

The influence of buffer pH on separation of all six analysed
compounds was investigated in pH range of 2.0-9.0. The depen-
dence between retention factor k¥’ and pH of buffer using mobile
phase acetonitrile-ammonium phosphate (20 mM) (18:82, v/v)
is shown in Fig. 3. In respect of absence of the imidazole part
of molecule with acid—base character the effect of pH of mobile
phase on retention of Imp. 1 and 2 is negligible. The other inves-
tigated compounds showed the highest retention in the range of
pH 4.5-5.0 and manifested retention behaviour typical for Lewis
bases. Based on these results the pH value 7.0 was chosen. The
time of analysis and robustness of the method, especially the res-
olution between two first peaks (i.e. Imp. 3, Imp. 4, respectively),
was also taken into account.

The effect of buffer concentration was investigated in concen-
tration range of 5-50 mM. The dependence between retention
factor k' and buffer concentration is shown in Fig. 4. With regard
to the neutral character of Imp. 1 and 2, no effect of buffer con-
centration on retention of these two compounds was observed.
The retention of all other analysed substances and resolution
due to peaks of Imp. 3 and 4 decreased with higher buffer con-
centration. The appropriate concentration of phosphate buffer to
keep the sufficient resolution within the group of analytes was
25mM.

3.6.2. Effect of organic modifier

The effect of acetonitrile (ACN) and methanol (MeOH) on
retention of ondansetron and its impurities was examined. Rel-
atively great difference between these organic modifiers was
observed. MeOH in mobile phase caused long retention times,
broader peaks and higher column pressure. For these reasons
ACN was chosen as the organic modifier.

The influence of ratio of acetonitrile in the mobile phase
on separation was studied in range 14-22% (v/v) (5 values)
(flow rate 1.50 mL min—!, 50 °C, 25 mM ammonium phosphate
buffer, pH 7.0). The reversed-phase behaviour was observed,
i.e. an increase of acetonitrile in mobile phase caused decrease

(b)

O = N W s OO N ©

(=]

Fig. 3. The dependence between retention factor & and pH of buffer; conditions: temperature 50 C, flow rate 1.50 mL min™! and mixture of acetonitrile-ammonium

phosphate (20 mM) (18:82, v/v) as mobile phase (a) and detailed image (b).
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Fig. 4. The dependence between retention factor ¥ and concentration of buffer; conditions: temperature 50 °C, flow rate 1,50 mL min~' and acetonitrile-ammonium

phosphate (pH 7.0) (18:82, v/v) as mobile phase (a) and detailed image (b).

of retention of all analysed compounds. Higher amount of ace-
tonitrile in mobile phase than 20% (v/v) resulted in resolution
between peaks of Imp. 1 and 4 under the value 2.00. According
to these facts and sufficient method robustness, the best ratio for
separation of ondansetron and its five impurities appeared 18%
viv).

3.6.3. Effect of temperature and flow rate

The effect of column temperature on separation was investi-
gated in the range 40~70 °C (4 values) under following condition
acetonitrile-ammonijum phosphate (25mM, pH 7.0) (18:82,
viv), flow rate 1.50 mL min~, Increase in column temperature
resulted in better peak shape, lower column pressure, gentle
decreasing of retention of all analysed compounds and implic-
itly in decrease of total analysis time. But the resolution between
peaks of Imp. 3 and 4 and between Imp. 2 and 5 decreased. Set-
ting up the column temperature higher than 60 °C, the resolution
between peaks of Imp. 2 and 5 decreased below 2.00. Column
temperature higher than 70°C induced decrease of resolution
between peaks of Imp. 3 and 4 under the value 1.95. In view
of sufficient method robustness and potential analyte instabil-
ity, the column temperature 50 °C was chosen as the best for
separation of analysed compounds.

The influence of flow rate on separation was investigated
in the range 1.25-3.50 mL min~! (10 values), under following
condition acetonitrile-ammonium phosphate (25 mM, pH 7.00)
(18:82, v/v), temperature 50 °C. Flow rate above 3.00 mL min~!
reduced the resolution between peaks of Imp. 3 and 4 below the
value 2.00. The flow rate 2.70 mL min~! was chosen with respect
to the analysis time and the method robustness.

3.6.4. Linearity, LOD and LOQ, precision, robustness

The optimised conditions for separation of ondansetron and
its five impurities are mobile phase acetonitrile-ammonium
phosphate (25 mM, pH 7.0) (18:82, v/v), column temperature
50°C and flow rate 2.70mL min~!. All analysed compounds
were separated with higher resolution than 2.00 under these con-
ditions. The total analysis time was 7.5 min and column pressure
was 15.1 MPa. The chromatogram of model sample, containing
limit concentrations of Imp. 1-5 in presence of ondansetron [28]
is presented in Fig. 5.

96

The suitability of the developed method was confirmed by
means of linearity, precision, robustness and determination of
LOD as well as LOQ.

Linear response of impurities was tested in the range
10-120% of the admissible amount (seven concentra-
tions). Response of ondansetron is linear in the range
9.0-108.0 pgmL~! (seven concentrations) [28]. The correla-
tion coefficients () were higher than 0.997 for all compounds
(see Table 2).

A signal-to-noise (S/N) ratio of 3 is generally considered to
be acceptable for estimating the detection limit. A typical S/N
ratio for calculating the quantitative limit is 10:1. Both limits
were calculated (see Table 2).

Precision was determined using spiked standard substance
of ondansetron (six preparations). Relative standard deviation
values (R.S.D.) were calculated for multiple sample preparations
(method precision) (see Table 2).

The effect of small changes of analytical parameters on sepa-
ration, was also investigated. The results have proven that pH of
mobile phase in the range of 6.8-7.2 and buffer concentration in
the range of 20-30mM do not affect the separation process,
however total analysis time is slightly affected. The column
temperature should not be higher than 60 °C and flow rate not

7.5 Ond.
6.5 -
55 4,
45] o i
mAU 3’5 l 2. 5.

25 /oy

15

o |

-0.5
0
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Fig. 5. The chromatogram of real pharmaceutical (ondansetron) spiked with
admissible amount of studied impurities under the optimal conditions for sepa-
ration; conditions: ZirChrom®-PBD column, acetonitrile-ammonium phosphate
(25mM, pH 7.0) (18:82, v/v) as the mobile phase, temperature 50 °C and flow
rate 2.70mL min™1.
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Table 2

Results of validated parameters for each analysed compound; Zr-PBD column, acetonitrile-ammonium phosphate (25 mM, pH 7.0) (18:82, v/v) as the mobile phase,

50"C and flow rate 2.70 mL min~!

Imp. 1 Imp. 2 Imp. 3 Imp. 4 Imp. 5 Ond

Method precision

R.S.D. [%] 2.11 2.12 2.45 1.54 2.34 241
Linearity

Correlation coefficient 0.9984 0.9971 0.9984 0.9992 0.9978 0.9990

Slope 523 56.5 18.1 19.9 36.5 5.48

Intercept —1.89 ~2.84 —0.19 0.26 -4.14 —-4.90
LOD

pgmL~! 1.5x 1072 7.5%x 1073 1.5x 1072 6.0x 1073 1.5x 1072 -

% 3.0 x 1073 1.5x1073 3.0x 1073 12x 1073 3.0 x 1072 -
LOQ

wgmL! 5.0x1072 25x1072 5.0x 1072 2.0x 1072 5.0x 1072 -

% 1.0 x 1072 5.0x 1073 1.0x 1072 4.0x 1073 1.0x 1072 =
Table 3 Table 4

Response factors and correction response factors for each compound

Impurity Response factor Correction response factor
Imp. 1 0.44 227
Imp. 2 0.52 1.92
Imp. 3 1.33 0.75
Imp. 4 1.29 0.78
Imp. 5 0.80 1.25

higher than 3.00 mL min—!. The maximal amount of acetonitrile
in mobile phase must not get over 20%. According to these facts
we found this method robust enough for analytical evaluation of
ondansetron and its five impurities.

The responses of the detector to 20 wg mL ™! solutions of
Imp. 1-5 at 216nm were divided by response of the detector
to 20 pgmL~! solution of Ond at 216 nm (see Table 3). The
response factors differ considerably from one another; and thus
itis necessary to prepare the solution with limited concentrations
of all impurities for purity control or use the reciprocal values
of response factor—correction response factors.

4. Conclusion

Four HPLC metal oxide-based columns (Sachtopore®-RP,
ZirChrom®-PBD, DiamondBond®-C18, Discovery®Zr-PS) and
two silica-based columns (Zorbax SB-Aq and Supelco-CN)
were tested for utilization in analysis of ondansetron and its
pharmacopoeial impurities (Fig. 1). Different properties of zir-
conia with regard to silica allowed better separation of analysed
compounds. The Zr-PBD column appeared as the best one.
The optimization of chromatographic condition consisted in
achieving satisfactory resolution between imidazole and 2-
methylimidazole with regard to reasonable analysis time. The
best results achieved on each column are shown in Table 4.

Optimal conditions for separation of ondansetron and its five
impurities on Zr-PBD column were: acetonitrile-ammonium
phosphate (25 mM, pH 7.0) (18:82, v/v) as the mobile phase,
column temperature 50 °C and flow rate 2.70 mL min~!. Detec-
tion was performed at universal wavelength 216 nm. Under these
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Resolution between peaks due to Imp. 3 and 4 on each investigated column
(mobile phase composed of ACN + 20 mM ammonium phosphate buffer, 50°C
and flow rate 1.5 ml min~!)

Column Conditions Resolution between peaks
due to Imp. 3 and 4
Silica-CN 5% ACN,pH 5.4 021
Silica C18 0% ACN, pH 5.4 1.35
Zr-PS 7% ACN, pH 7.5 1.20
Zr-C18 50 % ACN, pH 8.0 222
Titania-RP 18 % ACN, pH 6.0 213
Z1-PBD 18 % ACN, pH 7.0 2.15

conditions six analysed compounds were separated with higher
resolution than 2.00 and total analysis time was 7.5 min.

The developed method appears suitable for the monitor-
ing of ondansetron and its five pharmacopoeial impurities.
The possible applicability of zirconia-based stationary phase in
pharmaceutical analysis was documented on a practical exam-
ple. Simultaneous activity of ion-exchange and hydrophobic
(reversed) interactions on zirconia-based stationary phase pro-
vides a wide range for modulating column selectivity and thus
attaining appropriate resolution between analytes in the mixture,
unlike silica-based stationary phase.
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Abstract

Improvements in stationary phase stability have been and remain & great task for research of new stationary phases. Mctal oxide-based stationary
phases appear as one of perspeclivc altcrnatives to classical silica based stationary phases regarding to their similar effectiveness, different
selectivity, different retention mechanism and mainly better chemical and thermal stability. In this study, the retention behaviour of ondansetron
and its five pharmacopoeial impurities on TiO,-based reversed phase was investigated. The influence of buffer type, pH and concentration on
retention was studied. Dafferent types and amount of erganic solvent in mobile phase were tested. The etfect of temperature and flow rate on
separation was investigated. The separation conditions were optimized and developed method validated. The retention parameters — retention time
(), retention factor (k'), theoretical plate number (), resolution between peaks duc to nearby peaks (R,) and symmetry factor (A;) have been
compared to parameters achieved on potybutadiene-coated zirconia column. The thermodynamic parameters of retention of analysed compounds
— enthalpy, entropy and Gibbs free energy — werc calculated and compared te those achieved on polybutadiene-coated zirconia column, This worlc
proves similarity of retention behaviour of ondansetron and its five related compounds on zirconia-based and titania-based stationary phases and
potential utilisation of polyethylene covered TiCh-based reversed stationary phase as an alternative to polybutadiene-coated ZrQ, stationary phase

in pharmaceutical analysis of ondansetron.
© 2007 Elsevier B.Y. All rights reserved.

Keywaords: Titania-based stationary phase; Zirconia-based séationary phase;, HPLC; Ondansetron; Pharmaceutical analysis

1. Imtroduction

HPLC has become one of the principal analytical techniques
in the field of drug analysis. Majority of separations are realised
under reversed-phase conditions, Although the properties of
stationary phases differ from one manufacturer to another, gener-
ally the column performance, stability and reproducibility have
improved greatly over past a few years. Despite this fact, need
for more effective and more durable columns and thus more
reliable analytical methods still remains. Improvements in sta-
tionary phase stability have been and remain a challenge for
research dealing with development of new stationary phases [1].

Silica is by far the most popular material for manufac-
turing chromatographic columms. The main disadvantage of
this material (limited chemical and thermal stability) has been

* Corresponding author. Tel.: +420 495 067 446.
E-mail address: radim kucera@faf.cuni.cz (R. Kulera).

002)-9673/8 — sec front matter © 2007 Elsevier B.V. All rights reserved.
doi: 10,1016/ .chroma.2007.12.017

partly solved by new approaches introduced in a manufacture
process.

The low pH stability was enhanced by prolonging the
organosilane chain [2], and increasing the number of covalent
attachments [3,4]. This procedure increases the steric protection
of silica surface [2,5,6] and extend the range of pH up to 1 [7].
The column stability in the pH range above 7.0 was increased by
the protection of the underlying silica against dissolving through
sterical barrier (Jonger chains and endcapping) [3,4.8-10]. The
second procedure involves formation of an incrganicforganic
hybrid particle |11,12]. After all silica-based columns specifi-
cally designed for use at high pH can only withstand high pH
over a limited time [1].

There are also attempts to replace silica by other materials
possessing higher pH and thermal stabilicy. Some poly-
mers are sufficiently hydrophobic for vse as reversed-phase
(e.g. polystyrene—divinylbenzene copolymer). These station-
ary phases are stable in the pH range 1-13 [4]. Nevertheless
polymer-based stationary phases suffer from low effectiveness
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compared to silica columns and the polymers change their vol-
ume in presence of organic sobvents [4].

Graphitized carbon represents ancther alternative to silica-
based supports. Its hydrophobicity differs considerably from
silica-based and polymer-based materials, and thus its applica-
tion distinct from both, These staticnary phases are usually vsed
for separation of gecmetric isomers. Their advantage Jies in high
chemical {pH 1-14) znd thermal stability. However mechanical
fragility and lower effectiveness are limitations of graphitized
carbon materials. Moreover the column performance could be
changed by adsorbed compounds from either a mobile phase or
a sample [4,13].

The attention of researches has been paid to metal oxide
materials recently. Only a little information concerning ThO2
and CeO; as packing materials for HPLC columns has been
published [14,15]. Celumns based on these supports are not
commercially available. On the other hand Al;O03, ZrO; and
TiO2 have been studied as alternative to silica. The chemistry of
aluminia, titania and zirconia surfaces differs considerably from
that of silica. Unlike silica, metal oxides behave as amphoteric
ion exchangers, le. they can be cation or anion exchang-
ers depending on pH. The existence of Lewis acid sites on
the surface of metal oxide is another difference, which has a
great impact on the vse of metal oxide phases. These sites are
responsible for the ligand exchange ability of zirconia, titania
and alominia [1}. Because of combination of reversed-phase
and ion-exchange retention mechanism on metal oxide-based
columns, the retention behaviour of analysed substances can
be totally different in comparison with silica-based stationary
phases.

The advantage of Al;03-based stationary phases is their
stability up to pH 12, At present reversed-phases based on
Al; O3 covered by polymeric layer have been mostly investi-
gated |4,16]. These columns are not suitable for analysis of
compounds with carboxylic or sulphate group due to irreversible
binding between analyte and aluminia [1,4]. Because of the same
application scope as silica-based stationary phases, these phases
do net bring any special advantages (except the separation at
pH > 10). That is why the application area of these columus is
relatively narrow [4,16].

Mostly investigaied and utilised metal oxide stationary
phases are based on ZrQz [L1,17-26]. Thanks to its high
thermal and chemical stability over a wide range of tem-
perature (up 1o 200°C) and pH (1 to 14) {19,22,23,26-29],
different selectivity, similar effectiveness to silica-based sta-
tionary phases and commercial availability [30,31], utilisaticn
of zirconia-based columns has arisen recently. Dai et al. have
used polybutadiene-coated zirconia as an alternative to octade-
cylsilica for separation of antihistamine and antidepressant drugs
[32]. Different selectivity, caused by combination of reversed-
phase and ion-exchange retention mechanism of ZrOs compared
to 5102, has been exploited for separation of cationic antihis-
tamines, antidepressant and anti-arrhythmic drugs {33]. High
temperature stability of a polybutadiene-coated zirconia column
has been employed for separation of steroids [34] and for analy-
sis of triazole fungicides [35]. Soukupova et al. have compared
retention behaviour of enkephalins on pelybutadiene-coated

(Zr—PBD) and polystyrene-coated Zr0, against classical silica-
based stationary phase and bhas deduced that zirconia-based
columns were proved to be a good alternative to silica-based
stationary phases for separation of enkephalins [36]. Potential
utilisation of zirconia-based stationary phases in pharmaceuti-
cal analysis has been shown on separation of ibuprofen and its
impurities [37,38].

The separation on ZrOy-based stationary phases is strongly
inflnenced by type and concentration of Lewis base in a
mobile phase [1]. Unfortunately commonly used buffers (phos-
phates, fluorides) are not volatile and therefore the connection
with mass spectrometer seems to be problematic. Deactivated
zirconia-based stationary phases have been newly devel-
oped to overcome this problem. The surface is covered by
highly crosstinked, hydrophabic polybutadiene polymer and
the negatively charged EDTPA (ethylencdiamine-N NN N -
tetra(methylenephosphonic) acid) molecules which chelate the
zirconia surface resulting in deactivation of available Lewis acid
sites [30]. This procedure results in great decrease of the acces-
sible amount of charged sites on the particle surface, which
can influence the interaction between an analyte and a parti-
cle surface. This surface modification improves the properties
and enables to operate without non-volatile Lewis base addi-
tives. However, due to their surface modification, their stability
is limited to pH 1-10.

Zirconia is also attractive material for preparation of mono-
lithic columns. Zirconia-based monolithic columns should
combine positive properties of both stationary phases - chemi-
cal and thermal stability, together with low back pressure [39].
This research is at the beginning.

Far less information, compared to zirconia, have been pub-
lished about titania and its utilisation as HPLC stationary
phases. Titania tends 1o have similar properties as zirconia
[1] and thus similar retention behaviour is expected. There is
still lack of information about titania and its usefulness as a
chromatographic support in real analysis. Only a few applica-
tions of titania columns have been published so far [40-42].
Polyethylene-covered TiO: (TiO2-PE) stationary phase has
been developed for reversed-phase separation. This stationary
phase should have similar properties as Zr-PBD [30,431. That
is why polyethylene-covered titania could be utilised as an alter-
native to polybutadiene-coated zirconia.

The aim of our study was to investigate potential utilisa-
tion of stable newly introduced polyethylene-coated TiO--based
reversed-phase in routine pharmaceutical analysis. Ondansetron
and its five pharmacopoeial imnpurities were used as model com-
pounds (Fig. 1). Influence of analytical conditions on retention
behaviour of separated substances has been investigated. Valida-
tion parameters under best analysis conditions were measured.
The separation parameters — retention time (g ), retention factor
(%), theoretical plate number {¥), resolution between adjacent
two peaks (R,) and symmetry factor (Ag) have been compared
to parameters achieved on Z1—PBD column [44]. The thermo-
dynamic parameters — enthalpy, entropy and Gibbs free energy
- were counted, compared with those achieved on Zr-PBD col-
umm [44] and thermodynamic aspects of retention of analysed
compounds on both columns evaluated.
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Fig. 1. Chemical structures of analysed compounds.

2. Experimental
2.1, Instruments

All chromatographic experiments were performed on a
Shimadzu chromatography system assembled of communica-
tion bus module CBM 20A, diode array detector SPD-M20A,
pump LC-20AD, autoinjector SIL-20AC, column compartment
CTO-20AC, degasser DGU-20A3 and a computer-based chro-
matographic software 1.C solution, Shimadzu (Tokyo, Japan).

2.2, Chromatographic columns

The following analytical columns were used in the experi-
mental work: Sachtopore-RP, 150 mm % 4.6 mm LD., pariicle
size 5 pm and ZirtChrom-PBD, 150 mm x 4.6 mm LD, particle
size 5 pm, ZirChrom Separations (Anoka, USA).

2.3. Chemicals

Ondansetron hydrochloride dihydrate — (3RS)-9-methy)
-3-[(2-methyl-1H-imidazel- 1-ylymethyl]-1,2,3,9-tetrahydro-
4H-carbuzol-4-one - and its five pharmacopoeial impurities
(Fig. 1) were kindly provided by Zentiva (Prague, Czech
Republic). The other chemical substances came from common
commereial sources.

2.4, Standard solutions

Stock solutions of ondansetron and its five impurities were
prepared in concentration 1 mg/mE. by dissolving the standard
substances in methanol and diluting with the same solvent.

Standard solutions were prepared by diluting stock solutions
with methanol to the concentration 20 g/mL.

The same operation was used for preparation of standard
mixture of ondansetron and its five impurities.

The dead volume of TiO>-PE column was determined by
injection of acetone (1 mg/ml.) using acetonitrile—~ammonium
phosphate (25 mM, pH 6.0) (18:82, v/v) as the mobile phase,
flow rate 1.50 mL/min. The dead volume of Zr-PBD column was
determined by the same procedure using acetonitrile-ammeonium
phosphate (25 mM, pH 7.0) (18:82, v/v) as the mobile phase,
flow rate 1.50 mL/min.

The injection volume of standard solutions and acetone solu-
tion was 5 pL.

2.5. Model sanple

The model of impure ondansetron hydrochloride dihydrate,
containing pharmacopoeial limits of impurities, was prepared by
dilution of stock solutions by mobile phase to these final concen-
trations: RS1, RS3, RS4 and RS5: 1 pg/ml, RS2: 0.5 pg/ml,
O: 500 ug/mL [45]. The injection volume was 20 L.
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2.6. Buffer prepararion

Buffers were prepared by dissolving appropriate salt (ammo-
mum dihydrogenphosphate, diammonivm hydrogenphosphate,
ammonium fluoride or ammonium acetate) in water and the pH
value was adjusted by adding 0.1 M NH4OH or 10% phosphoric
acid.

2.7. Caleulation of chromarographic parameters

Chromatographic parameters &', N, R; and A; were calculated
according to the European pharmacopoeia [45].

Assuming the eluite in the standard state at infinite dilution,
Eq. (1) relates the relative retention, £, to the standard Gibbs free
energy {AG?), enthalpy (AH”) and entropy (AS®) of transfer
from the mobile to the stationary phase [46]:

Ge —AHY  AS®

®T +h¢= T + R

where R is the gas constani, T the absolute temperature and @
is the phase ratio of the column (i.e. the volume of stationary to
that of mobile phase). The approach according to Jandera et al.
was chosen for determination of stationary phase volume. The
volume of the stationary phase is determined as the difference
between the geometrical volume of the empty column and the
volume of the mobile phase in the column determined using a
non-retained marker (acetone) [47]. Slight simplification of this
approach is obvious however it is satisfactory for the comparison
of both celumns in this stage of investigation (particularly if both
columns are of very similar nature).

[f the dependence between Ink" and 1/ (van’t Hoff plot) is
linear, thus the relation can be expressed analogically as Eq. (2):

a+b
=
where a is the intercept and & is the slope of the straight line.
This form of relation enables to count standard enthalpy (AH®)
and standard entropy (AS°) of transfer of analysed compounds
from the mobile to the stationary phase from slope and intercept
of van’t Hoff plot, if it is linear [46].

The Gibbs free energy (AG™) change of transfer from the
mobile to the stationary phase was calculated at the mean of the
working temperature range (i.e. 328 K) by the Gibbs-Helmheltz
equation:

nk =—

+In &, 45,

In k' 2)

AG® = AH" — TAS®. )

‘When the values of AH® and AS® are both either negative or both
positive, the Gibbs free energy change indicates the prevaited
contribution of AH® or TAS® and thus, if the retention process
is enthalpically or entropically controlled.

3. Results and discussion

The separation of the studied compounds on reversed-phase
TiO;—PE column has been tested. A special attention was paid
to the influence of the experimental conditions on separation of
the studied compounds on the investigated stationary phase, i.e,

the effect of orgamic modifier (type and ratio), buffer (type, pH
and concentration), temperature and flow rate. All experiments
were realized using universal detection wavelength 216 nm [45].
The retention behaviour and separation parameters g, &', Ry, N,
Rs and Ag of all analysed compounds were compared to those
found out on Zr-PBI) column [44]. The obtained results are
summarised below.

3.1. Investigarion of the retention behaviour and
optimization of separation

311, Effect of type, pH and concentration of buffer

Firstly a strong Lewis base (phosphate buffer) was chosen
for investigation of influence of pH and buffer concentration on
retention of analysed substances, The influence of buffer pH on
separation was investigated in the pH range 2.0-9 1. The depen-
dence between retention factor & and buffer pH was plotted and
is shown in Fig. 2. In respect of absence of the imidazole part
of molecule with acid-basic character the effect of pH of mobile
phase onretention of RS 1 and RS2 is negligible. The other inves-
tigated compounds showed the highest retention in the range
of pH 4.5-5.0 and manifested retention behaviour typical for
Lewis bases. The higher &’-values of ondansetron and compound
RS35 were caused by higher contribution of reversed-phase inter-
action to retention. But not only reversed-phase mechanism
is responsible for retention on metal oxide-based stationary
phases. Ion-exchange interactions are also involved significantly
in retention [33]. The ion-exchange interactions between neg-
atively charged PQ4 " ions coordinatively bonded to the TiO2
surface and positively charged ions of analyte are responsible for
increased retention. The increase of pH causes deprotonisation
of the molecules of RS5 and ondansetron and leads to decrease
of jon-exchange interactions and consequently decrease of &
is observed. The optimal pH value 6.0 was chosen based on
these results. The time of analysis and robustness of the method,
especially the resolution between two first peaks (i.e. RS4, R83,
respectively), was also taken into account.

The effect of buffer concentration was investigated in concen-
tration range of 5-50mM. The dependence between retention
factor & and buffer concentration is shown in Fig. 3. With regard

25
20
15
x
0
5
——
—m— e
Q0
Q 1 2 3 4 5 3] 7 8 ] 10
PH

Fig. 2. The dependence between retention factor & and pH of buffer; TiO;—PE
column, conditions: acetonitrile—ammonium phosphate (20 mM) {15:85, v/) as
the mobile phase, temperature 50 “C, flow rate 1.50 mL/min.
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Fig. 3. The dependence between retention factor &' and concentration of
buffer; TiO:—PE column, conditions: itrile— omium phosphate (pH
6.0) (15:85, v/v) as the mabile phase, temperature 50 “C, flow rate 1.30 mL/min.

to the neutral character of RS1 and RS2, no effect of buffer con-
centration on retention of these two compounds was observed.
The retention of all other analysed substances and especially
reselution due to peaks of R84 and RS3 decreased with higher
buffer concentration. The appropriate concentration of phos-
phate buffer to keep the sufficient resolution within the group of
analytes was 25 mM.

The type of Lewis-base also influences the interaction
between an analyte and Lewis-acid sites on the surface of
titania. That is why ammonium acetate and ammonium fluo-
ride were tested as other Lewis-base additives to the mobile
phase, see Fig. 4. The fluoride anions as a constituent of mobile
phase affected the selectivity of the stationary phase, and thus
co-elution of peaks due to RS4 and RS3 was observed. Simul-
taneously the retention of ondansetron slightly decreased, and
thus co-elution of peaks due to RS3 and O occurred. When phos-
phate is replaced by acetate, the cation-exchange interactions
are weaker. Therefore the retention of all compounds decreases.
Moreover the order of the last two eluted substances has changed
in conirast to the mobile phase with phosphate. The substitution
of phosphate by acetate anions has resulted also in modification
of selectivity and consequently endansetron was eluted in the

5 10 15 20 25
tp (min)

Fig. 4. Influence of Lewis-base additives on column selectivity; TiO;~PE col-
umn, conditiens: acetonitrile-buffer (20 mM, pH 6.0) (15:85, v/v) as the mobile
phase, temperature 50 °C, flow rate 1.50 mL/min, detection wavelength 216 nm;
A: ammenium phosphate; B: ammonium acetate; and C: ammonium fuoride.

same time as RS2. The resolution between peaks due to RS4
and RS3 apparently decreased. The best resuli were obtained
using phosphate buffer as a constitvent of mobile phase.

3.1.2. Effect of organic modifier

The effect of acetonitrile (ACN) and methanol (MeOH) on
retention of ondansetron and its impurities was examined, Rela-
tively great differences between these organic modifiers were
observed. Weaker elution stremgth of MeOH caused longer
retention times and broader peaks. Furthermore, using methanol
resulted in higher pressure on the column, due to higher viscosity
of the mobile phase. Additionally, using methanol-ammonium
phosphate (20 mM, pH 6.0} (20:80, v/v} total analysis time wag
18 min and co-elution between peaks due to RS3 and O occurred.
Using similar mobile phase that contains acetonitrile (ACN-
ammonium phosphate (25 mM, pH 6.0) (19:81, v/v)) sufficient
resolution among all analysed compounds was achieved and
retention time of last eluted compound was round about 7 min.
ACN was chosen as the organic modifier for these reasons.

The influence of ratio of acetonitrile in the mobile phase on
separation was studied in the range 13-219% (v/v) (5 values), flow
rate 1.50 mL/min, 50°C, 25 mM ammonium phosphate buffer,
pH 6.0. The reversed-phase mechanism contributes to retention
of all analytes in the tested range. Nevertheless higher amount of
acetonitrile in mobile phase than 19% (v/v) resulted in resolution
between peaks of R54 and RS3 under the value 2.00. According
to these facts and sufficient method robustness, the best ratio for
separation of ondansetron and its five impurities appeared 18%
(v/v), when resolution between peaks due to RS4 and RS3, as
critical factor of separation, was above 2.00.

3.1.3. Effect of temperature and flow rate

The effect of column temperature on separation was inves-
tigated in the range 4{0-70°C (4 values) under following
condition: acetonitrile—ammonium phosphate (25 mM, pH 6.0)
(18:82, v/v), flow rate 1.50 mL/min. Increase in column tem-
perature resulted in better peak shape, lower column pressure,
gentle decrease of retention of all analysed compounds. The ele-
vated temperature resulted in a decrease of resolution between
peaks of RS4, RS3 and RS2, RSS, respectively. Setting up the
column temperature higher than 60°C, the resolution between
peaks of RS4 and RS3 decreased below 2.00. In view of suf-
ficient method robustness, the column temperature 50°C was
chosen as the best for separation of analysed compounds.

The influence of flow rate on separation was investigated
in the range 1.25-3.50mL/min (10 values), under following
conditions: acetonitrile—ammonium phosphate (25 mM, pH 6.0)
(18:82, v/v), temperature 50 °C, The higher flow rate, the faster
analysis, but worse resolution between adjacent peaks duoe to
RS54, R§3 and RS5, O. Flow rate 1.75 mL/min caused decrease
of resolution between peaks due to RS4 and RS3 to the value
1.89 and resolution between peaks due to RS5 and O to the value
1.91, The flow rate 1.50 mL/min was chosen with respect to the
analysis time and the method robustness.

The optimised conditions for separation of ondanseiron and
its five impurities are mobile phase acetonitrile-ammonivm
phosphate (25 mM, pH 6.0} (18:82, v/v), column temperature

| Please cite this article in preas as: V. ZiZkovsks, et al., J. Chromatog. A (2008); doi:10.1016/].chroma.2007.12.017 " -+ -/
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70 nation of LOD and LOQ of ondansetron is not required [48).

60 o Both limits were determined for all impurities, see Table 1.
Precision was determined using spiked standard substance
50 RS of ondansetron (six preparations). Relative standard deviation
a0 values (RSD) were calculated for multiple sample preparations

= P (method precision), see Table 1.

E . asz The effect of small changes of analytical parameters on sep-
o aration, were also investigated. The results has proven, that pH
10 e of water component of mobile phase in the range of 5.8-6.2
9 and buffer concentration in the range of 2030 mM do not affect
I the separation process, however total analysis time is slightly

tg {min}

Fig. 5. The chromatogram of the model sample contaiming limit concentra-
tions of RS 1-5 in presence of cndansetron under the optimal conditions for
scparation; TiOz2-PE column, conditions: acetenitrile—ammonivm phosphate
(25 mM, pH 6.00 (18:82, v/v) as the mobile phase, temperatare 50°C, flow
rate 150 mL/min, detection wavelength 216 nm.

50°C and flow rate 1.50 mL/min. ANl analysed compounds were
separated with resolution higher than 2.00 under these condi-
tions, The total analysis time was 9.5 min. The chromatogram
of the model sample, containing limil concentrations of RS,
RS2, R83, R54, and RS5 in presence of ondansetron [45] is
presented in Fig. 5.

3.2, Linearity, limit of detection (LOD) and limit of
quantification (LOQ), precision, robustness

The suitability of the developed method was confirmed by
means of linearity, precision, robustness and determination of
L.OD as well as LOQ.

Linear response of impurities was tested in the range 5-120%
of the admissible amount (13 values). Response of ondansetron
1s linear in the range 4.5-108.0 pg/mL [45}. The comrelation
coefficients (r} were higher than 0.998 for all compounds, see
Table 1.

A signal-to-noise (S/N) ratio of 3 is generally considered to be
acceptable for estimating the detection limit. A typical S/N ratio
for calculating the quantitative limit is 10:1. The concentration of
principle compound in a real sample is 500 or 1000 times higher
than admissible amount of analysed impurities. Thus determi-

affected. The column temperature should not be higher than
60 “C and flow rate not higher than 1.70 mL/min. The maximal
amount of acetonitrile in mobile phase should be lower than
19%. According to these facts the method was found robust
enough for analytical evaleation of ondansetron and its five
impurities.

3.3. Comparison of TiO2—PE and Zr—PBD colurnm

Polyethylene-covered TiO,-based stationary phase has been
developed for reversed-phase separation and experimental work
of McNeff et al. indicates similar properties as Zr—PBD station-
ary phase {43]. Therefore the differences in retention properties
of both columns were compared on mixture of related substances
with similar properties. The retention behaviour of ondansetron
and its five impurities on Zr—PBD column was described in our
previous stndy [447. The difference between retention behaviour
of analysed compounds on TiO;-PE and Zr-PBD column is
evaluated below.

The comparison of influence of pH on retention of analysed
compounds on both columns is showed in Fig. 6. The influence of
pH cn retention of each compound are similar on both columns,
however the selectivity is different. Using pH 6.0 for separation
on Zr-PBD column resuléed in coelution of peaks due to RS2,
RS3 and RS54, unlike on TiO»-PE. The pH had to be adjusted
to the value 7 for baseline separation of all analysed compounds
on Zr-PBD stationary phase [44].

Retention parameters ig, &', N, Ry and A; on Ti0,-PE and
Zi—PBD celumns were investigated, see Table 2. The parameters
were calculated for the model sample of impure endansetron
under optimized cenditions on both columns:

Table 1
Results of validated parameters for each analysed compound
RSi RS2 RS3 RS4 RS3 0
Method precision RSD (%) 066 097 0.91 1.22 1.23 0.59
Linearity
Correlation coefficient 0.9996 0.9994 0.9995 0.9994 0.9981 0.9996
Slope 11,300 5370 3094 3928 6614 547314
Intercept —8113 —3701 —1881 3574 —4817 ~404,140
LOD ¢ng/mL) 16.7 8.33 167 0.17 333 -
LOQ {ng/mL) 50 25 50 0.50 100 -

TiO2-PE column, acetonitrile-anmmonium phosphate (25mM, pH 6.0) (18:82, v/v) as the mobile phase, temperature 50 °C, flow rate 1.50 mL/min, detection

wavelength 216 nm.
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Fig. 6. Comparison of dependence between retention factor & and pH of butfer; conditions: acetonitrile-ammonium phosphate (20 mM) (18:82, v/v) as the mobile
phase, temperature 30V C, flow rate 1.50 mL/min. (a) TiO2—PE celumn and {b) Zr-PBD column.

¢ TiO,—PE: acetonitrile—ammonium phosphate (25 mM, pH
6.0) (18:82, v/v), column temperature 50°C, flow rate
1.50 mL/min, detection at 216 nm.

¢ Zr-PBD: acetonitrile-ammonium phosphate (25mM, pH
7.0) (18:82, v/v), column temperature 50°C, flow rate
1.50 mL/min, detection at 216 nm.

The selectivity of both stationary phases is influenced by the
butfer type. The presence of the phosphate is essential for suf-
ficient separation as mentioned above. The selectivity is quite
similar for non-ionisable compounds {RS1, RS2), but there are
some differences for ionisable compounds. The order of eluted
compounds is the same on both columns, except for the first two
eluted substances — on Zr-PBD column RS3 is firstly eluted sub-
stance, on Ti02-PE column it is RS4. The asymmetry of peaks
due to all analysed compounds apart from ondansetron is on
Zr-PBD stationary phase worse than on TiO>—PE column. The
higher value of peak asymmetry implies that there are slightly
stronger interactions between an analyte and the Zr—PBD phase,
and thus the mass transfer between stationary phase and mobile
phase is slightly different.

Table 2

Retention parameters of analysed compounds

Column Substance g {min) ¥ N A Ry

TiO,-PE  RS4 1.69 0.50 3108 1.54 -
RS3 1.94 07 3494 131 2,08
RS1 2.84 151 3946 118 593
R8Z 4.05 258 4530 113 5.74
RS3 6.26 4.54 2536 1.54 6.11
o] 7.36 551 1183 2.63 2,15

Zr-PBIx RS4 1.75 0.56 1814 1.85 2.09
R33 1.42 .27 1339 1.87 -
RS1 2.3 0.99 1929 173 2.61
RS2 2.88 1.57 2310 175 2.92
RS3 3.80 2.39 2060 1.66 321
Q 7.01 5.59 3493 220 941

TiO;—PE column: acetonitrite—ammonium phosphate (25 mM, pH 6.0) {18:82,
v/v), temperature 50 °C, flow rate 1.50 mEL/min, detection wavelength 216 nmy;
Zr-PBD column: acetonitrile-ammonium phosphate (25 mM, pH 7.0) (18:82,
v/v), temperature 50"C and flow rate 1.50mL/min, detection wavelength
2ionm.

Resolution between peaks due to firstly eluted compounds
is the critical parameter for separation on both columns, as it
was mentioned above. The increasing flow rate caused greater
decrease of theoretical plates on TiO;-PE column than on
Zr-PBD column. Therefore total analysis time lowering via
increase of flow rate on TiO;—PE column is limited unlike
Zr-PBD column [44].

The mfluence of pH on ¥ (shown in Fig. 6) and separa-
tion parameters (Table 2) prove similar retention behaviour,
but ditferent selectivity of ondansetron and its five investigated
compounds on TiC»-PE and Zr-PBD stationary phases. The
potential of analysis performance using flow rate 2.7 ml/min on
Zr-PBD enables to achieve shorter total analysis time (7.5 min)
[44] compared to total analysis time achieved on TiO,—PE col-
umn (9.5 min), however the mobile phase consumption increases
indeed. ;

As mentioned above, the influence of temperature on thie
retention of all analysed compounds in the range 313-343 K was
investigated. Fig. 7 shows the dependence between In &’ of anal-
ysed substances and 1/T on TiOp~PE column. Fig. 8 shows the
same dependence on Zr-PBD column [44]. Intercept, slope and
r (linear correlation coefficient) of these relations are detailed
in Tables 3 and 4 for TiO;—PE, Zr-PBD column, respectively.
If the plot of In&’ versus 1/T is linear, then the enthalpy and

2.5
o
5 RS
’ RSz
N RS1
-
£ 08 /
RS3
05 /"’Rs“u
-1.5
29 3 3.1 3,2

1000/T {K-1}

Fig. 7. The change of capacity factor of analysed substances with reciprocal tem-
perature on TiO2—PE column; Conditions: acetonitrile—ammonium phosphate
(25 mM, pH 6.0) (18:82, v/v) us the mobile phase, fiow rate 1.50 mL/min.
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o Table 5
2 Standard enthalpy (AJf'), entropy (AS") and Gibbs [ree energy (AG } on
TiO2-PE stationary phase
Rs5
; Analysed compound AHY (Jmol) AS (TK™ mal™ AG* (Jfmol)
Rsz
. RS1 —152279 —43.5 —9509
- il RS2 — 167202 —43.6 —2419.4
=0 a5t RS3 -12230.7 ~398 8237
D__{_—B_______ﬂ__,_—-—ﬂ RS4 —2862.3 —14.7 19593
RS3 R85 —23898.6 —60.2 —4153.0
0 —17851.0 ~39.6 —4862.2

29 3 3,1 3,2
1000/T (K1)

Fig. 8. The change of capacity factor of analysed substances with reciprocal tem-
perature on Zr-PBD column: Conditions: acetonitrile--ammonium phosphate
(25 mM, pH 7.0y {18:82, v/v) as the mabile phase, flow rate 1.50 mL/min.

Table 3
Regression parameters of Eq. (2) for the analysed compounds on TiO;-PE
column

Compound Intercept Slope (K) r (linear correlation cocfficient)
RS1 —5.3254 1831.6 0.9694
RS2 -5.3302 2011.1 0.9995
RS3 —4.8745 1471.1 0.9980
RS54 —1.8559 344.3 0.9902
RS5 —7.3373 2874.5 0.9993
0 —4.8516 2147.1 0.9981

acetonitrile—ammeniuvm phosphate (25 mM, pH 6.0) (18:82, v/v) as the mobile
phase, flow rate 1.50mL/min, temperature range 313-343 K.

entrapy are constant and the mechanism of the retention process
ts invariani over the whole range of temperature under investi-
gation [49]. This criterion is fulfilled for both columns, because
al] the linear correlation coefficients are higher than (1,99,

The thermodynamic parameters standard enthalpy (AH®),
standard entropy (AS”) and Gibbs free energy (A G®) of transfer
of analysed compounds from the mobile to the stationary phase
at the mean of the working temperature range (i.e. 328 K} were
counted vsing Eq. (1)—(3} for the Ti0»—PE column as well as
far the Zr—PBD. Results for TiO>,—PE column are showed in
Table 5. Table 6 shows thermodynamic parameters for Zr-PBD
column. AH® and AS” are negative for all analysed compounds
on both columns. This signifies an exothermic character of reten-
tion process with increase of molecular order by interaction of

Table 4
Regressien parameters of Eq. (2) for the analysed compounds on Zr—PBD
column

Compound Intercept Slepe (K) + (linear correlation cocfficient)
RSI -4.6413 1497.5 0.9988
RS2 —4.3851 1562.8 09999
RS3 —8.6288 2366.1 0.5980
R84 —4.6480 13185 0.9986
RSS —7.0077 2739.6 0.9994
o} —6.8107 2748.6 0.9998

acetonitrile—ammoninm phosphate {25 mM, pH 7.0) {18:82, v/v) as the mobile
phase, flow rate 1.50 mL/min, (emperature range 313-343 K.

acelonitrile—ammonium phosphate (23 mM, pB 6.0) (18:82, v/v) as the mobile
phase, 328 K, flow rate 1.50 mL/min, detection wavelength 216 nm.

Table 6
Slandard enthalpy (Al{7), entropy (AS") and Gibbs free energy (AG’) on
Zr-PBD stationary phase

Analysed compound A (Fmel) AS JK Tmol™") AG" (J/mol}
RS1 -12450.2 -37.9 -19.0
RS2 —12993.1 —35.7 —12835
RS3 —19671.8 —-71.0 3616.2
RS4 —10962.0 ~379 1469.2
R85 -2771.0 —62.5 —2277.0
83 —23151.2 —55.9 —4816.0

acelonitrile-ammonium phosphate (25 mM, pH 7.0) (18:82, v/v) as the mobile
phase, 328 K, flow ratc 1.50 mL/min, detection wavelength 216 nm.

analytes with the stationary phase. The contribution of AH® is
greater than TAS® for RS1, RS2, RS5 and O, because AG® is
negative on both columns. However, the contribution of AH®
is lower than TAS” for RS3 and R84, because AG® is on both
columns positive. These results show that retention process of
RS1, RS2, RS5 and O seems to be enthalpically controlled, but
retention process of R83 und RS4 is on both columns controlled
rather entropically. It could be probably explained due to their
smaller molecule without hydrophobic benzene part compared
to the other investigated compounds.

The changes of AH", AS® and AG” (shown in Tables 5 and 6)
signify similar behaviour of ondansetron and its five impurities
on TiQ2—PE and Zr-PBD column. Considering similar reten-
tion behaviour, similar retention mechanism of all analysed
compounds, but different selectivity, this study proves possibil-
ity of ntilisation of TiO,—PE stationary phase as an alternative
to the Zr-PBD stationary phase in pharmaceutical evaluation
of ondansetron. TiO,-based stationary phases together with
ZrO;-based stationary phases possess a remarkable potential
for pharmaceutical analysis as was demonstrated on example of
ondansetron and its five pharmacopoeial impurities.

4. Conclusion

The retention behaviour of ondansetron and its five phar-
macopoeial impuriies on TiO2-PE stationary phase was
investipated. The influence of buffer type, pH and concentration
on retention was studied. Different types and amount of organic
solvent in mobile phase were tested. The effect of iemperature
and flow rate on separation was examined. The separation con-
ditions were optimized. The optimal conditions for separation of

| Please cite this article in pross ai: V. Zizkovsk, et L, J. Chromaioge A (2008), doi:10.1016fchroma 2007.12017 & = .
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ondansetron and its five pharmacopoeial impurities on TiQ»—PE
column are: mobile phase acetonitrile-ammonium phosphate
(25 mM, pH 6.0) (18:82, v/v), column temperature 50 °C and
flow rate 1.50 mL/mn. All analysed compounds were separated
with higher resolution than 2.00 in total analysis time 9.3 min.
The suitability of the developed method was confirmed by means
of linearity, precision, robustness and determination of LOD as
well as LOQ.

The retention behaviour of analysed compounnds and separa-
tion parameters /r, k', N, As and R achieved on TiO;-PE and
Zr-PBD columns were compared. Similar dependence between
mabile phase pH and retention of each compound on both
columns, but different selectivity was found. This phenomenon
is likely caused by the difference between polymeric layers and
also slight difference in acid-base properties of TiOa2 and Zr3n
might be involved. The thermodynamic parameters standard
enthalpy (AH), standard entropy (AS°) and Gibbs free energy
(AG") of transfer of analysed compounds from the mobile to
the stationary phase for TiO;—PE and Zr-PBD columns were
counted and compared. The results show that retention process
of R§1, RS2, R85 and O seems to be enthalpically controlled, but
retention process of RS3 and RS4 is or both columns controlled
rather entropically.

The similar retention behaviour and similar thermodynamic
aspects of retention, but different selectivity of analysed com-
pounds on both columns was found, Columns investigated
i our study appear convenient for evaluation of ondansetron
and its impurities. This work proves potential of utilisation of
polyethylene covered TiO;-based reversed stationary phase as
an alternative to polybutadiene-coated ZrQ;-based statiopary
phase in routine pharmaceutical analysis of ondanseiron.
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Abstract

The method for the determination of biotin by high performance liquid chromatography (HPLC) coupled with coulometric detector is presented
here. Chromatographic and detection conditions were tested. A LiChrospher 60RP-select B column (250 mm x 4 mm; 5 pum) and the mobile phase
containing 0.24 mol/L aqueous solution of acetic acid and acetonitrile in the ratio 85:15 (v/v) were found as the most suitable. The flow rate was
1 mL/min and the injected volume of the sample was 20 pL. The hydrodynamic voltammogram of biotin was measured and according to obtained
data the detection parameters were set — channel I 600 mV, channel IT 900 mV, sensitivity 1 wA. The developed method has been validated. The
calibration curve is linear in the range 15-3600 ng/mL, correlation coefficient is 0.9998, limits of detection and quantification are 5 and 15 ng/mL,
respectively. Recovery of the spiked samples was 98.67% with R.S.D. 0.255% on average. The developed method has been successfully applied

for determination of biotin in pharmaceutical preparations.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Biotin; Coulometry; Electrochemical detection; HPLC; Pharmaceutical preparations

1. Introduction

In the last approximately 30 years, the connection of high
performance liquid chromatography and electrochemical detec-
tion (HPLC-ED) has seen many improvements. Even though
questions of HPL.C detectors have been widely discussed and
developed, electrochemical detection still has some interest-
ing advantages over other detectors used with HPLC. One
of the biggest advantages of electrochemical detection is its
high selectivity. This is caused by the property of an elec-
trochemical detector to respond only to substances showing
electrochemical activity. Seeing that many substances do not
readily react electrochemically, the electrochemical detector is

* Corresponding author. Tel.: +420 495 067 446; fax: +420 495 067 167.
E-mail address: radim.kucera@faf.cuni.cz (R. Kucera).

0731-7085/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpba.2007.08.010

employed to advantage when a complex matrix is analyzed. Fur-
thermore, electrochemically active compounds can be detected
with much higher sensitivity. Coulometry, a specialized form
of amperometry, based on an electrochemical principle, uses
measuring of total current as a function of time - that is,
the charge needed to the total chemical change of an analyte
measured in coulombs [1]. Many applications of the utiliza-
tion of coulometric detection have been described: application
in analytical food chemistry [2,3], determination of antioxi-
dants [4], determination of biogenic amines [5,6]. In addition,
owing to the simple instrumentation the determination of bio-
genic amines was also carried out in vivo [7]. A coulometric
detector has also been used for determination of illicit drugs
[8] and enantioseparations [9]. For its superior selectivity and
sensitivity, this technique is usually chosen when compounds
of interest are present only at trace concentrations in compar-
ison with other sample components. This is also the case in
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Fig. 1. Structural formula of biotin (a) and its UV-spectrum (b).

the determination of biotin in pharmaceuticals described in this
paper.

Biotin (Fig. 1a) 5-[(3aS$,4S,6aR)-2-oxohexahydrothieno[3,4-
dJimidazol-4-yl]pentanoic acid, also known as vitamin H or Bg,
is a water-soluble vitamin belonging to the B-complex. It acts as
a cofactor responsible for the carbon dioxide transfer in several
carboxylase enzymes. It is involved in the biosynthesis of fatty
acids, gluconeogenesis, energy production, the metabolism of
the branched-chain amino acids and the de novo synthesis of
purine nucleotides. Recent research indicates that biotin plays a
role in gene expression and that it may also act in DNA replica-
tion. A sufficient intake is necessary for healthy hair, skin, sweat
glands, nerve tissue, bone marrow and it also assists with muscle
pain [10,11].

The analytical techniques for biotin determination can be
divided into four main categories:

(1) Microbiological methods, based on growth of microorgan-
isms in presence of biotin, are very sensitive but they lack
specificity and they are very time-consuming [12].

(2) Biological techniques are based on the animal development
curve. These are used mainly for the determination of biotin
in food [12].

(3) Binding assays make use of formation of a specific avidin
(or streptavidin)-biotin complex [12].

(4) The last group of methods includes all physicochem-
ical methods such as spectrophotometry, polarography,
thin layer chromatography, gas chromatography, high
performance liquid chromatography and capillary zone
electrophoresis [12,13].

HPLC was coupled with UV/VIS [14~17], fluorescence [12]
or MS detection [18,19]. There have also been some experi-
ments employing electrochemical detectors. The amperometric
detection of biotin was published in 1986 but the detection limit
was very similar to limits usually reached with UV detection
[20]. A voltammetric detector was also tested for determination
of biotin; the experiment was based on avidin—biotin interaction
[21]. A coulometric detection was used for determination of two
B-group vitamins (pyridoxine and cyanocobalamin) [22].

In our paper, a very sensitive and advantageous analytical
method for determination of biotin in pharmaceutical prepa-
rations using HPLC coupled with a coulometric detector is
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described. The defined daily dose of biotin is about 30 pg/day,
and thus its content is proportional in pharmaceuticals unlike
the amount of other water-soluble vitamins (e.g. vitamin C), in
which the content is much higher. This fact together with its non-
specific UV-spectrum — maximum at 190nm (Fig. 1b) causes
problems when UV/VIS detection for determination of biotin is
used. Therefore, the employment of the coulometric detector is
more than suitable. A procedure for extraction of biotin from the
pharmaceuticals has been developed, conditions for chromatog-
raphy with regard to usage of coulometric detection have been
optimized and the method has been validated. This developed
method was consequently applied to determine the amount of
biotin in some pharmaceuticals available on the Czech market.

2. Experimental
2.1. Reagents

All reagents were of analytical or gradient grade. Water was
purified in a Milli-Q system (Millipore). Acetonitrile, methanol,
propan-2-ol, formic acid and phosphoric acid were supplied by
Sigma-Aldrich. Citric acid, acetic acid, potassium phosphate
monobasic anhydrous and potassium phosphate dibasic anhy-
drous were obtained from Fluka. Sodium acetate trihydrate was
supplied by Lach-Ner. Biotin and placebo were obtained from
Zentiva, a.s. Prague, Czech Republic.

2.2. Materials

Pharmaceuticals or dietary supplements, which were inves-
tigated during the experiment, are commercially available in
pharmacies in the Czech Republic.

2.3. Instrumentation

Analyses were performed using an Esa Solvent Delivery
System (model 582) coupled with Coulochem® III, Esa Inc.
(model 5011A High Sensitivity Analytical Cell) working in an
oxidation mode. Column temperature was set to 35 °C. Chro-
matographic software CSW 1.7 was used for data collection
and processing. The following chromatographic columns were
used — Zorbax SB-Aq 150mm x 4.6mm 3.5 um (Agilent);
Symmetry C18 150mm x 3.9mm 5pum (Waters) Pathfinder
150 mm x 4.6 mm 3.5 pm (Shimadzu); BDS HYPERSIL C18
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100mm x 4.6mm 3 pm (Thermo) and LiChrospher 60RP-
select B 250 mm x 4 mm 5 pm (Merck).

2.4. Preparation of mobile phases and extraction buffer

Various mobile phases were tested during searching for the
optimal separation and detection conditions. In general, aqueous
and organic parts were prepared separately and mixed together
in the desired ratio. Acetonitrile and methanol were used as
organic solvents. The following aqueous solutions were used
(in parentheses there is a way of its preparation): phosphate
buffer 0.05mol/L. (3.40¢g of potassium phosphate monobasic
anhydrous were dissolved in 500 mL of water and then pH was
adjusted with phosphoric acid to 3.0; for testing of robustness
pH was also adjusted to 2.6 and 3.2), acetate buffer 0.05 mol/L
(5.64 g of sodium acetate trihydrate were dissolved in 500 mL of
water and then pH was adjusted with formic acid to 3.0), solu-
tion of acetic acid 0.24 mol/L pH 3 (7.0 mL of 98% acetic acid
were diluted to 500 mL with water), solution of phosphoric acid
0.003 mol/L pH 3 (0.09 mL was diluted to 500 mL with water),
solution of citric acid 0.001 mol/L pH 3 (0.096 g was dissolved
in 500 mL of water) and solution of formic acid 0.0015 mol/L pH
3(0.03 mL was diluted to 500 mL with water). All aqueous parts
were filtered through a 0.22 pum filter before being mixed with
an organic part. The following mobile phase was chosen as the
most convenient for a determination of biotin in pharmaceuti-
cals: 0.24 mol/L aqueous solution of acetic acid and acetonitrile
in the ratio 85:15 (v/v) (7.0 mL of 98% acetic acid were diluted to
500 mL with water, 75 mL of acetonitrile were put into a 500 mL
volumetric flask and it was filled up to the mark with acetic acid
solution). The flow rate of the mobile phase 1 mL/min was con-
stant during all analyses. The extraction buffer was prepared by
dissolving 1.74 g of potassium phosphate dibasic in 100 mL of
water and adjusting pH to 8.0 with phosphoric acid [21]. The
use of this buffer was found as suitable because this buffer did
not influence coulometric detection.

2.5. Preparation of stock solution, standard solution and
solutions for linearity

Stock solution of biotin was prepared in the concentration of
600 pg/mL. The exactly weighed quantity of the compound was
dissolved in water. Standard solution was prepared by diluting
the stock solution with water to the concentration of 2 pg/mL.
Linearity solutions were prepared in the following 12 concentra-
tion levels of 15, 30, 50, 100, 200, 400, 600, 1200, 1800, 2400,
3000 and 3600 ng/mL by diluting the stock solution with water.

2.6. Preparation of samples

Fortified samples for accuracy and precision evaluation were
prepared as follows. Placebo was spiked with the stock solution
to the absolute concentration of 2 wg/mL, this was considered
to be 100% of the average content of biotin in tablets. Samples
with an 80% and a 120% content of biotin were also prepared:
80% (1.6 wg/mL), 100% (2 pg/mL) and 120% (2.4 pg/mL).
These fortified samples and real samples underwent the fol-
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Fig. 2. The hydrodynamic voltammogram of biotin. Mobile phase:
acetonitrile~0.24 mol/L acetic acid 15:85 (v/v), flow rate: 1 mL/min, guard cell
1000 mV, channel I 0mV, channel II from 100 to 900 mV, sensitivity 5 wA.

lowing procedure. Tablets were powdered and an appropriate
amount corresponding to 150 p.g of biotin in the sample (approx-
imately 0.4 g) were weighed into a volumetric flask. Then 1 mL
of acetonitrile and 10 mL of extraction buffer were added and
the sample was placed into an ultrasonic bath for 15 min. After
sonication the samples were centrifuged at 3600 rpm for 5 min.
Then 1mL of supernatant was diluted with water to 10 mL.
All solutions were filtered through a 0.22 um filter before the
injection to the HPLC. The injected volume of all samples
was 20 pL.

2.7. Conditions of coulometric detection

The following potentials were set for testing of separation
conditions: guard cell 1000 mV, channel I 400 mV, channel II
750 mV, sensitivity 1 pA. The hydrodynamic voltammogram
of biotin was measured under the following potentials set to
the cells: guard cell 1000 mV, channel I 0 mV, channel II from
100 to 900 mV, sensitivity 5 pA. Validation of the method and
determination of biotin in real samples was performed under the
following detection conditions: guard cell 1000 mV, channel I
600 mV, channel I 900 mV, sensitivity 1 pA.

3. Results and discussion
3.1. Chromatography and coulometric detection

The optimization procedure was performed with regard
to the best possible separation as well as detection of biotin
among other water-soluble vitamins commonly present in
multivitamin preparations. The experiment started with Waters
Symmetry C18 column. The mobile phase contained phos-
phate buffer and acetonitrile. The percentage of acetonitrile
decreased from 25% to 10%, but the separation was either
unsatisfactory or the retention times were too long. The
next tested column was Agilent Zorbax SB-Aq. Binary and
also ternary mobile phases were tested. Binary phases were
composed of phosphate buffer and acetonitrile (from 6% to
15%). Ternary mobile phases contained methanol (methanol:
acetonitrile:phosphate  buffer—26:104:870) or propan-2-ol
(propan-2-ol:acetonitrile:phosphate  buffer—48:95:857 or
48:124:828). All mentioned ratios were v/v/v. None of the used
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Fig. 3. Chromatograms: placebo (1), standard of biotin (2), sample of Phar-
maceutical 3 (3). Column: LiChrospher 60RP-select B 250 mm x 4 mm 5 pm
(Merck), mobile phase: acetonitrile—0.24 mol/L acetic acid 15:85 (v/v), flow
rate: 1 mL/min, injected volume: 20 uL, guard cell: 1000 mV, channel I: 600 mV,
channel IT: 900 mV, sensitivity: 1 pA.

combinations provided satisfactory results. Similar results were
also obtained on BDS HYPERSIL C18. The fourth employed
column was Pathfinder, but the retention was too strong on this
sorbent, even with 40% of acetonitrile in the mobile phase.
A higher percentage of an organic solvent is not suitable for
coulometric detection. The last tested column was LiChrospher
60RP-select B. Its combination with the mobile phase contain-
ing phosphate buffer and acetonitrile in the ratio 87:13 (v/v),
proved to be the best. When the separation conditions were
optimized, robustness was tested. Percentage of acetonitrile
(9%, 11% and 15%) and pH of phosphate buffer (2.6 and 3.2)
were tested. The results are tabled (Table 1). From these results,
it is obvious that the percentage of acetonitrile has a much
higher impact on retention time of biotin than pH of the aqueous
part.

Table 1

Influence of changes in composition of the mobile phase (the percentage of
acetonitrile and pH of phosphate buffer) on retention time of biotin, tailing
factor and theoretical plate number ()

Conditions RT of biotin (min) ~ Tailing factor N
Percentage of acetonitrile
13% (standard condition)  11.2 1.172 9,954
9% 23.0 1.155 10,652
11% 15.8 1.175 10,204
15% 7.0 1.108 9,411
pH of phosphate buffer
3.0 (standard condition) 11.22 1.172 9,954
26 11.23 1.119 10,135
32 11.21 1.141 6,844

Table 2a

Linearity parameters in the whole concentration range

Linearity parameter Biotin
Concentration range (ng/mL) 15-3600

Regression line y=11.380x+25.104

Slope (k) 11.380£0.071
Intercept (q) 25.104+£11.711
Residual sum of squares (s) 29.991
Correlation coefficient (r) 0.9998

Limit of detection (ng/mL) 5

Limit of quantification (ng/mL) 15

Table 2b

Linearity parameters of curve of the working range

Linearity parameter Biotin
Concentration range (ng/mL) 15-400

Regression line y=12.956x+5.974

Slope (k) 12,956 +0.188
Intercept (g) 15.974 +3.549
Residual sum of squares (s) 6.189
Correlation coefficient (r) 0.9996
Table 3a
Accuracy and precision data
Sample % Recovery (%) S.D. R.S.D. (%)
Spiked placebo 80 97.1 5.436 0.376

100 98.4 3.535 0.192

120 100.5 4.431 0.197

As has already been mentioned, the composition of the
mobile phase influences not only separation but in case of
electrochemical detector also the sensitivity of detection. With
regard to this fact, various aqueous solutions were tested but pH
(3.0) and the percentage of acetonitrile (13%) were kept con-
stant to preserve separation already developed. Except for the
phosphate buffer used in separation experiments, the follow-
ing aqueous solutions were tested to optimize the sensitivity of
the assay: acetate buffer, acetic acid solution, phosphoric acid
solution, citric acid solution and formic acid solution. The most
sensitive detection was observed using acetic acid solution. The
change of the aqueous part shifted the retention time of biotin
a little. Therefore, the percentage of acetonitrile was increased
to 15%. The separation of bjotin from the other vitamins pos-
sibly present in multivitamin preparations was not influenced.
Under the chosen conditions other B-group vitamins had, due
to their positive charge, much shorter retention times than biotin
thus the determination of biotin was not interfered with. The
only exception was folic acid (possessing negative charge) but

Table 3b

Inter-day precision data

Pharmaceutical 1 Day 1 Day 2
Obtained amount (%) 91.16 92.84
S.D. 1.190

R.S.D. (%) 1.294

111



734 A. Zerzariovd et al. / Journal of Pharmaceutical and Biomedical Analysis 45 (2007) 730-735

Table 4

Quantification of biotin in pharmaceuticals

Sample Declared amount Determined amount Obtained amount (%) S.D. R.S.D. (%)
Pharmaceutical 1 300 pg/tbl 273.48 pgftbl 91.16 0.432 0.474
Pharmaceutical 2 75 pgftbl 73.49 pg/tbl 97.72 0.391 0.400
Pharmaceutical 3 150 pg/tbl 146.66 pg/tbl 98.04 0.373 0.381
Pharmaceutical 4 322 nglg 33552 pglg 103.90 0.426 0.410

its electrochemical properties (high oxidation rate at 600 mV)
provided its oxidation at the first channel and thereby its signal
was eliminated at the second channel.

‘When having these conditions developed, the hydrodynamic
voltammogram was measured to acquire working potentials of
the detection cells for the best possible sensitivity of the method.
The hydrodynamic voltammogram was measured from 100 to
900 mV set to the channel II (see Fig. 2). Even though the maxi-
mum of the voltammogram was not reached, the experiment was
finished, because long duration measuring above 900 mV, which
would be necessary for a validation, is not recommended on this
instrument. Seeing the behaviour of the hydrodynamic voltam-
mogram the following potentials were set on coulometric cells:
guard cell 1000 mV — the highest possible potential to eliminate
oxidizable compounds present in the mobile phase, channel I
600mV — the highest possible potential to eliminate oxidizable
impurities in a sample but not so high to oxidize biotin yet,
channel I 900 mV - the potential suitable to oxidation of biotin.
Fig. 3 shows coulometric chromatograms measured under the
optimal conditions.

3.2. Validation

Linearity, accuracy, precision and robustness were tested as
validation parameters. The calibration curve was constructed by
quadruple injection of 12 concentration levels of linearity solu-
tions. Table 2a summarizes linearity parameters in the whole
concentration range such as equation of regression line, slope,
intercept, residual sum of squares, correlation coefficient, limit
of detection (LOD) and limit of quantification (LOQ). The LOD
and LOQ were calculated as three and ten times a signal-to-noise
ratio, respectively. Table 2b shows linearity parameters of the
curve of the working range from 15 to 400 ng/mL. Sensitivity of
200 nA was adjusted for trying to reach a lower detection limit.
Setting this sensitivity LOD of 0.25 ng/mL was reached. Accu-
racy was measured at three concentration levels (80%, 100%
and 120%) of spiked placebo samples. Every concentration level
was made in triplicate and every sample was injected three times.
Using these samples, precision was tested too. Table 3a presents
accuracy and precision results. Precision was also proved on
real samples of Pharmaceutical 1. Inter-day precision data was
measured also using Pharmaceutical 1 and the obtained data is
tabled in Table 3b. Six samples of Pharmaceutical 1 were pre-
pared and each was injected in triplicate (Table 4). Robustness
was tested during optimization of separation, see Section 3.1 and
Table 1.

3.3. Quantification of biotin in pharmaceutical
formulations

The proposed and validated method was applied to deter-
mine biotin in pharmaceutical preparations. Two samples of each
preparation were prepared and injected in triplicate. The results
are summarized in Table 4. As has been mentioned above, Phar-
maceutical 1 was also used to prove the precision. The obtained
results agree with the labeled amounts of biotin in particular
pharmaceutical preparations (Pharmaceutical 1 might be men-
tioned like the only exception, tablets contained only 91.2% of
declared amount). No interferences were found during analyses
of the pharmaceutical preparations. The results demonstrate the
ability of the proposed method for quantitative determination of
biotin in pharmaceuticals and dietary supplements.

4. Cenclusion

A novel method for the determination of biotin using HPLC
coupled with a coulometric detector has been described in this
article. Such a type of detection had not been reported previ-
ously for the determination of biotin. The chromatographic and
detection conditions have been optimized for this purpose. The
developed method has been validated and very good linearity,
sensitivity, accuracy, precision and selectivity have been proven.
The validated method has been applied for determination of
biotin in pharmaceutical preparations.

Using this presented method much lower detection and
quantification limits were reached in comparison to previously
developed methods using UV and amperometric detection.
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4.2 Komentare k publikovanym pracim

Kontrola 1é¢iv tvoii vyznamné odvétvi farmacie. Sledovani kvality ucinnych
latek a léCivych piipravki je nezbytnym piedpokladem kvalitni terapie pacientt.
Ptitomnost necistot (ptfibuznych latek nebo degradacnich produktl) vede vzdy
ke snizeni kvality a G¢innosti 1é¢ivé latky nebo piipravku. Ma-li neéistota i toxicky
efekt, predstavuje jeji pritomnost 1 zdravotni riziko pro pacienta.

Vlastnosti piibuznych latek a degradacnich produktd, které se vyskytuji
Vv [éCivech jako necistoty, jsou cCasto velmi podobné vlastni ucinné latce. Proto
pfetrvavd potfeba rozvoje novych separacnich pfistupli vykazujicich vysokou
selektivitu pro déleni slozitych smési latek s velmi podobnymi vlastnostmi.
Staciondrni fadze na bazi oxidi kovl vykazuji fadu odliSnych vlastnosti oproti
stacionarnim fazim na bazi silikagelu, ¢ehoz lze s vyhodou vyuzit pii vyvoji novych
separa¢nich metod v oblasti farmaceutické analyzy. Obzvlasté kombinace riznych
mechanism@ uplatitujicich se pfi retenci molekul analytu nabizi moZznost docilit
dostate¢ného rozdeleni vSech analyzovanych slozek 1é¢iva, pti zachovani uspokojivé
doby analyzy. Tato vlastnost stacionarnich fazi na bazi oxidd kovi ptredurcuje

moznost jejich uplatnéni v oblasti praktické farmaceutické analyzy.

e R. Kucera, V. Ziikovsk}'/, J. Sochor, J. Klime$, J. Dohnal, Utilization
of zirconia stationary phase as a tool in drug control, J. Sep. Sci. 28 (2005)
1307-1314.

V této publikované praci byla pozornost zaméfena na moZnost vyuZiti
perspektivnich stacionarnich fazi na bdzi ZrO, ve farmaceutické analyze. Jako
modelova struktura slouzila 1éCiva latka ibuprofen, jeji pfibuzné latky a degradacni
produkty. Cilem prace byl vyvoj nové HPLC metody pro monitorovani mozného
rozkladného procesu ibuprofenu v topické 1€kové formé, véetné sledovani degradace

konzervacnich latek (parabentt).
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Ibuprofen, (R, S)-2-(4-isobutylfenyl)propionova kyselina, patii mezi
nejpouzivanéjsi nesteroidni antiflogistika, pficemz do terapie byl zaveden jiz koncem
Sedesatych let.

Analyzu ibuprofenu (Ibu), jeho degradacnich produkta
2-(4-isobutyrylfenyl)propionové kyseliny (Bopa), 4-isobutylacetofenonu (lbap)
a dale methylparabenu (MeP), propylparabenu (PrP) a jejich degradacniho produktu
kyseliny 4-hydroxybenzoové (PhBa) nebylo mozné provést na silikagelové C18
koloné¢ pomoci jiz diive vyvinuté metody pro hodnoceni Ibu, MeP, PrP a Ibap
Vv topickych ptipravcich [193]. Pii pouziti této metody (mobilni faze: ACN-voda (pH
2,6, upraveno HsPO,) (60:40, v/v), pritok 0,6 ml'min™) doslo ke koeluci PrP a Bopa.
Jejich rozdéleni bylo mozné pouze pfi snizeni obsahu ACN v mobilni fazi o 20 %,
coz vedlo k vyrazné vyS$§i retenci ostatnich analyti, zejména pak Ibap. Jednou
z alternativnich moznosti pro docileni vhodné separace vSech studovanych latek bylo
pouziti stacionarnich fazi na bazi oxidta kovu.

Ke sledovani stability ibuprofenu a jeho konzervacnich piisad methylparabenu
a propylparabenu v topickém lé¢ivém piipravku byly testovany dvé stacionarni faze
na bazi oxidu zirkoni¢itého Zr-PS a Zr-Carbon C18. Obé testované kolony se
vzajemné ligily v selektivitd i retenci, viz Fig. 2 a 4 v textu publikace. Upravou
experimentalnich podminek (pH pufru, typ organické slozky a jejtho mnozstvi
v mobilni fazi) se na koloné Zr-PS nepodatilo dosdhnout pro PhBa dostate¢né
retence. Zaménou stacionarni faze Zr-PS za Zr-Carbon C18 svyssim obsahem
uhliku, tzn. vyS$i retencni schopnosti, se podafilo tento problém vyfesit. Finadlni
chromatografické podminky pro analyzu vSech studovanych latek byly: mobilni faze
ACN-fosforecnanovy pufr (50 mM, pH 4,8)-IPA (27:56:17, v/v/v). Pritok mobilni
faze byl na po¢atku 0,6 ml'min™ a b&hem analyzy byl zvysen na 0,8 ml-min™,
viz Table 1 vtextu publikace. Tento pfistup nevyzadoval tak dlouho dobu
pro ustaleni kolony na konci analyzy, kterd byla zapotfebi v pfipadé pouziti
gradientové eluce. S ohledem na lepsi kinetiku separa¢niho procesu a zaroven niZsi
pracovni tlak byla kolona temperovana na 70°C. Detekce pfi 258 nm umoziovala
docilit co nejvyssi citlivosti pro rozkladné produkty Ibu. Pii této vinové délce bylo
mozné sledovat 1 rozkladny produkt parabent, 1 kdyZz maximum absorpce
4-hydroxybenzoové kyseliny je pii 274 nm (v pifipadé potieby citlivéjsi detekce
degrada¢niho produktu parabent je mozné ptepnout detektor do dudlniho modu).

Vyse popsand metoda byla zvalidovana, viz Table 2 v textu publikace.
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Popsana metoda je vhodnd pro monitorovani pfipadného rozkladného procesu
Ibu i parabenti a také pro jejich stanoveni v 1é¢ivém piipravku. Jako vhodny vnitini
standard pro stanoveni byl zvolen butylparaben, viz Fig. 6 v textu publikace.
Na chromatogramu — Fig. 7 v textu publikace — je zaznam vzorku krému po dobé
pouzitelnosti, kde byly detekovany degrada¢ni produkty ibuprofenu i parabenti.

Prace dokazuje na praktickém piikladu moznost vyhodného pouziti stacionarnich

fazi na bazi ZrO, pro kontrolné-analytické ucely.
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e V. Zizkovsky, R. Kuéera, J. Klimes, Potential employment of non-silica-
based stationary phases in pharmaceutical analysis, J. Pharm. Biomed. Anal.
44 (2007) 1048-1055.

Cilem prace bylo prostudovat moznost vyuziti nesilikagelovych stacionarnich
fazi pro analytické hodnoceni ondansetronu a jeho péti Iékopisnych necistot,
viz Fig. 1 v textu publikace. V nasi studii byly pouzity komeréné dostupné kolony
na bazi ZrO, (DiamondBond-C18, ZirChrom-PBD, Discovery Zr-PS), na bazi TiO,
(Sachtopore-RP) a na bazi SiO, (Zorbax SB-Aq a Supelco CN), na nichz bylo
zkoumano reten¢ni chovani analyzovanych latek.

Ondansetron patii do skupiny antagonisti 5-HTj3; receptord. Pouziva se
K terapii postoperativni nauzey a zvraceni, také pro potlaceni emetogenniho efektu
vyvolaného chemoterapii pfi 1écbé rakoviny. JiSténi jeho kvality je nezbytné stejné
jako u ostatnich lékopisnych substanci a farmakologicky aktivnich latek ptitomnych
v bézné¢ uzivanych lécivych ptipraveich. Evropsky, americky a britsky lékopis
pouziva pro hodnoceni ondansetronu a jeho necistot stacionarni fazi tvofenou
silikagelem, na jehoz povrchu jsou navazané nitrilové skupiny [194-196]. Reten¢ni
Cas posledni latky (ondansetronu) je okolo 18 min.

Odlisné vlastnosti sorbentdi na bazi ZrO, a TiO, oproti silikagelovym
sorbentim umoZnily dosédhnout lepSich separaci analyzovanych latek. Klicovym
parametrem se jevilo dostatecné rozliSeni nejméné zadrZovanych necistot Imp. 3
a lmp. 4.

Retence Imp. 3 a Imp. 4 na silikagelové kolon€ s povrchem tvofenym
C3HeCN skupinami (Supelco-CN) byla nedostacujici. Obé latky byly eluovany
vV mrtvém case 1 pfi pouZiti pouze 5% ACN v mobilni fazi.

Na oktadecylsilikagelové koloné (Zorbax SB-Aq) bylo mozné dosdahnout
dostate¢ného rozliSeni pro piky prvnich dvou necistot (Imp 3 a Imp. 4), ale celkova
doba analyzy by byla pii pouziti isokratické eluce vyssi nez 60 min.

Utinna separace vSech analyzovanych latek na Zr-PS kolon& (Discovery
Zr-PS) se nezdatila. NejlepSim vysledkem bylo rozdéleni piktt Imp. 3 a Imp. 4

s rozliSenim pouze 1,2 a celkova doba analyzy byla okolo 32 min.
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Na kolon¢ Zr-C18 (DiamondBond-C18) se latky podafilo rozdélit, nicméné
retenéni faktor prvni latky (Imp. 3) byl 0,16 a retencni faktor posledni latky (Ond)
byl 88,44. Navic faktor symetrie piku Ond byl 3,2.

Na koloné na bazi TiO,, jehoz povrch je modifikovany vrstvou polyethylenu
(Sachtopore-RP) se vSechny latky podafilo rozdé¢lit s dostateCnym rozliSenim
v celkovém case 10,5 min. Mobilni fadze byla tvofena smési ACN-fosfore¢nan
amonny (20 mM, pH 6,0) (18:82, v/v), teplota na kolon¢ byla 50 °C, pratok
1,5 ml'min™,

Na kolon¢ Zr-PBD (ZirChrom-PBD) se podafilo pifi pouziti pritoku
1,5 ml'min* rozd&lit vSechny latky v celkovém case 9,5 min, coz dokazovalo, Ze
tento typ staciondrni faze je nejvhodnéj$i pro separaci studovanych latek. Tato
kolona byla tedy pouzita pro dalsi experimenty a findlni optimalizaci separacnich
podminek. V pribéhu vyvoje metody byla zkoumana zavislost retence latek na typu,
pH a koncentraci pouzit¢ho pufru, viz Fig. 2, 3 a 4 v textu publikace. Déle byl
zkouméan vliv typu a mnozstvi organické slozky pfidané do mobilni faze.
Nésledovala optimalizace teploty na kolon¢ a rychlosti priitoku mobilni faze.

Optimélni podminky pro separaci ondansetronu a péti jeho lékopisnych
necistot na Zr-PBD koloné byly: mobilni faze ACN-fosfore¢nan amonny (25 mM,
pH 7,0) (18:82, v/v), teplota na kolon& 50°C a pritok 2,70 ml-min™. Detekce byla
provadéna pii univerzalni vlnové délce 216 nm. Za téchto podminek bylo vSech Sest
analyzovanych latek rozdéleno s rozliSenim vys$im nez 2,00 v celkovém case
7,5min, viz Fig. 5 v textu publikace. Validita vyvinut¢é metody byla potvrzena
pomoci proméfeni linearity, pfesnosti, robustnosti a uréenim LOD a LOQ necistot,
viz Table 2 v textu publikace.

Moznost uplatnéni stacionarni faze na bazi ZrO, ve farmaceutické analyze
byla prokazana na praktickém piiklad€. Spoluticast iontové-vyménnych a reverznich
interakci na ZrO, stacionarni fazi poskytla oproti silikagelovym reverznim
stacionarnim fazim $irS§i moZnosti Upravy kolonové selektivity, tudiz i lep$i potencial

pro dosazeni vhodného rozliSeni mezi analyty.
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e V. Zizkovsky, R. Kudera, J. Klime$, J. Dohnal, Titania-based stationary
phase in separation of ondansetron and its related compounds,
J. Chromatogr. A (2008), v tisku.

Prace navazuje na na$i pfedchozi studii [197], v niz se jako jedna ze vhodnych
kolon pro separaci ondansetronu a jeho piibuznych latek ukazala kolona na bazi
TiO,, jehoz povrch je modifikovany vrstvou polyethylenu. Cilem prace bylo
zoptimalizovat podminky separace ondansetronu a péti jeho 1ékopisnych necistot,
viz Fig. 1 vtextu publikace, na TiO,-PE kolon¢, vyvinutou metodu zvalidovat
a porovnat retenc¢ni chovani separovanych latek na kolonach TiO,-PE a Zr-PBD.

Byl studovan vliv pH, koncentrace a typu pufru na retenci analyzovanych
latek, viz Fig. 2, 3 a 4 v textu publikace. Déle byl testovan vliv typu a koncentrace
organické sloZzky mobilni faze na retencni chovani latek. Nasledovala optimalizace
teploty a rychlosti pritoku mobilni faze. Optimalni podminky pro separaci latek
byly: mobilni faze tvofena smési ACN-fosfore¢nanovy pufr (25 mM, pH 6,0) (18:82,

v/v), teplota na kolon& 50 °C, rychlost pritoku 1,5 ml-min™

, Viz Fig. 5 vtextu
publikace. Validita vyvinuté metody byla potvrzena ovéfenim linearity a presnosti,
dale uréenim LOD a LOQ necistot, viz Table 1 v textu publikace.

Nésledovalo porovnani reten¢niho chovéani analyzovanych latek na kolonach
TiO,-PE a Zr-PBD. Vliv pH na retenci studovanych latek byl na obou kolonach
podobny, avSak selektivita byla odliSnd, viz Fig. 6 v textu publikace. Nastaveni pH
na hodnotu 6,0 vedlo na Zr-PBD koloné ke koeluci nec¢istot RS2, RS3 a RS4, které
byly za stejnych podminek na TiO,-PE dostate¢né rozdéleny. Pro vyhovujici
rozdéleni vSech studovanych slou€enin bylo nutné na Zr-PBD koloné posunout pH
na hodnotu 7,0 [197]. Byly uréeny retenéni parametry tgr, k£, N, As a Rs
za srovnatelnych podminek analyzy, pifi nichZz jsou vSechny latky dostatecné
separovany na obou kolonach, viz Table 2 v textu publikace. Selektivita obou kolon
byla podobna pro neionizovatelné latky (RS1, RS2), avSak pro ionizovatelné latky se
lisila. Elu¢ni potadi latek bylo stejné, kromé prvnich dvou sloucenin. Na Zr-PBD
kolon¢ byla nejméné zadrZzované necistota RS3, zatimco na TiO,-PE kolon¢ byla
prvni eluovanou slouceninou RS4. Kritickym parametrem separace bylo rozliSeni
mezi prvnima dvéma latkami na obou kolonach. ZvySeni rychlosti pratoku vedlo
Kk vyraznéjsimu poklesu poctu teoretickych pater na TiO-PE kolon€, nez na ZR-PBD
kolon&. Na rozdil od Zr-PBD kolony, kde i pii pritoku 2,7 ml-min™ bylo dostate¢né
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rozliSeni mezi v§emi analyzovanymi latkami [197], nebylo tedy na TiO,-PE koloné
mozné zkratit celkovou dobu analyzy pomoci zvyseni rychlosti pratoku mobilni faze,
nebot’ pii vysSim prutoku doslo k vyraznému poklesu rozliSeni mezi piky necistot
RS4, RS3 a necistoty RS5 a ondansetronu.

Vliv pH na retenci (Fig. 6 v textu publikace) a separa¢ni parametry (Table 2
Vtextu publikace) prokdzaly podobnost retenéniho chovani, avSak odliSnou
selektivitu obou studovanych kolon pro ondansetron a pét jeho necistot. Na Zr-PBD
kolon¢ bylo diky pouziti vysSiho pritoku mozné dosdhnout kratS$i doby analyzy
(7,5 min) nez na TiO,-PE kolon¢ (9,5 min), samoziejm¢ za cenu vys§i spotieby
mobilni faze.

Posledni ¢ast prace se zabyva termodynamickym pohledem na chovani
analyzovanych slouc¢enin pfi prichodu kolonami. Byly spocitdiny a porovnany
standardni entalpie (4H°), standardni entropie (4S5°) a Gibbsova energie (4G°)
pfechodu latek z mobilni do stacionarni faze pro TiO,-PE i ZR-PBD kolonu.
Vysledky ukazaly, Ze retencni proces latek RS1, RS2, RS5 a ondansetronu se jevi
spiSe jako entalpicky kontrolovany, zatimco retenc¢ni proces latek RS3 a RS4 je
kontrolovan spise entropicky, viz Table 5 a 6 v textu publikace.

Prace dokazuje podobné retencni vlastnosti, podobné termodynamické
aspekty retence, avSak odliSnou selektivitu kolon TiO,-PE a Zr-PBD. Ob¢ studované
kolony se ukazaly byt vhodnymi pro kontrolné-analytické hodnoceni ondansetronu.
Prace dokazuje moznost vyuziti reverzni stacionarni faze na bazi TiO,-PE jako
alternativy pro Zr-PBD stacionarni fazi v rutinni farmaceutické analyze

ondansetronu.
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e A.Zerzanova, V. Ziikovsk}'/, R. Kucera, J. Klimes, 1. Jesensky, J. Dohnal, D.
Barron, Using of HPLC coupled with coulometric detector
for the determination of biotin in pharmaceuticals, J. Pharm. Biomed. Anal.
45 (2007) 730-735.

Cilem prace bylo vyvinout a zvalidovat dostatecné citlivou metodu
pro stanoveni obsahu biotinu v pfitomnosti dalSich ve vodé rozpustnych vitamint,
vyskytujicich se ve vitaminovych pfipravcich.

Doporucena denni davka biotinu je okolo 30 pg/den, proto je jeho obsah
Vv ptipravcich podstatné mensi nez fady dalSich vitamint (napf. vit. C). Tento fakt
spole¢n¢ s nespecifickym UV-spektrem biotinu, jehoz maximum je pti 190 nm, vede
ke znacné nizké citlivosti pfi pouziti UV/VIS detekce. Jako vhodna alternativa
pro zvyseni citlivosti a selektivity detekce biotinu se nabizi coulometricky detektor.

Jednou z nejvétSich vyhod elektrochemické detekce je vysoka selektivita,
zpusobend schopnosti detektoru reagovat pouze na elektrochemicky aktivni latky.
Toho lze s vyhodou pouzit zvlasté pro analyzu slozitych matric, v nichz fada slozek
byva bez elektrochemické aktivity. Krom¢ toho elektrochemicky aktivni latky
mohou byt detekovany s mnohem vyssi citlivosti. Coulometrie, zvlastni forma
amperometrie, vyuzivdA meéfeni celkového naboje (v coulombech) potiebného
pro tplnou elektrochemickou preménu analysu [198]. Jako selektivni a vysoce citliva
metoda pro elektrochemicky aktivni latky byla tato detekce zvolena pro vyvoj
metody urCené ke stanoveni obsahu biotinu v béznych multivitaminovych
piipravcich.

V pribehu optimalizace separacnich podminek bylo testovano 5 HPLC kolon.
Na Symmetry C18 koloné, Zorbax SB-Aq, BDS Hypersil C18 kolon¢ ani na koloné
Pathfinder se nepodafilo dosahnout uspokojivych vysledkl. Dostatecna separace
biotinu od ostatnich vitaminl s rozumnou celkovou dobou analyzy se zdafila
na kolon¢ LiChrospher 60RP-select B. V prubéhu optimalizace podminek analyzy
byl zkouSen vliv typu a mnoZstvi organické slozky v mobilni fazi a dale typu i pH
pufru na retenci biotinu i odezvu detektoru. Po dosazeni optimdlni separace,
1 s ohledem na citlivost detekce, byl proméfen hydrodynamicky voltamogram
za uCelem ziskani pracovnich potenciali na elektrodach pro docileni co nejvyssi

citlivosti, viz Fig. 2 v textu publikace.
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Optimalni podminky na koloné LiChrospher 60RP-select B byly: mobilni
faze tvorend smési ACN-k. octova (0,24 M) (15:85, v/v), rychlost pritoku
1 ml-min’l; potencialy na celach: ochranna cela 1000 mV, kanal 1. 600 mV, kanal II.
900 mV, citlivost 1 pA, viz Fig. 3 v textu publikace. Po ziskdni optimalnich
podminek analyzy nasledovalo ovéfeni linearity, pfesnosti, mezilehlé piesnosti
a spravnosti vyvinuté metody - viz Table 2 a 3 v textu publikace - a uréeni limitt
detekce 1 kvantifikace. V pribéhu vyvoje metody byla téZ testovana robustnost
metody. Vyvinuta metoda byla pouzita pro stanoveni obsahu biotinu ve Ctyiech
vitaminovych pfipravcich. Ziskané vysledky odpovidaly vyrobcem deklarovanému
obsahu biotinu (kromé ptipravku 1, kde bylo zjistetno 91,2 % deklarovaného
mnozstvi), viz Table 4 v textu publikace.

Kombinace selektivity a vysoké citlivosti coulometrické detekce se ukazala
jako vyhodna pro stanoveni obsahu minoritni slozky v pomérn¢ slozitych matricich
se znacn¢ se liSicimi koncentracemi aktivnich slozek. Pouziti popsané metody
umoznuje dosahnout mnohem nizsich limith kvantifikace nez dfive vyvinuté metody
vyuzivajici UV nebo amperometrické¢ detekce. Prace dale dokazuje moZnost
a vyhody wvyuziti HPLC s coulometrickou detekci jako alternativy

pro elektrochemicky aktivni latky v oblasti praktické farmaceutické analyzy.
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4.3

Prace publikované formou posteru na védeckych
konferencich a formou abstrakti v odbornych
casopisech
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5 Souhrn vysledku






Vyzkum zabyvajici se moznostmi uplatnéni jinych nez silikagelovych
stacionarnich fazi probiha jiz fadu let. Pozornost je vénovana mimo jiné i kolonam
na bazi oxida kovu, které se zdaji byt vhodnou alternativou k silikagelu. Tyto
sorbenty se liSi od silikagelovych v retenci i selektivité. Rozdily, které vyplyvaji
z odlisSnych chemickych vlastnosti oxid kovl, se mohou vyrazné uplatnit
pii procesu separace. K retenci analytu na stacionarnich fazich na bazi oxidi kovii
prispiva soucasn¢ vice druht interakci (reverzni interakce, vyména ionti a vyména
ligand®). To, jak se na retenci konkrétni latky projevi ptispévky jednotlivych typt
interakci, zavisi na podminkach analyzy (typu pouzitého pufru, jeho koncentraci, pH
1 pouzité organické sloZzce mobilni faze). Efektivita kolon na bazi oxidi kovl je
vyrazn€é vyssi, nez dosahuji polymerni stacionarni faze, a Vv soucasnosti je plné
srovnatelnd se silikagelovymi kolonami. Navic tyto sorbenty maji podstatné vyssi

chemickou i tepelnou stabilitu nez silikagelové reverzni faze.

Tato disertacni prace se ve svém teoretickém tvodu kratce dotykd obecnych
vlastnosti i moznosti uplatnéni HPLC ve farmaceutické analyze a hlavni ¢ast se
zabyva problematikou stacionarnich fazi pouzivanych v soucasné analytické praxi.
Pozornost je zaméfena na Siroce pouzivané silikagelové faze, dale na hybridni faze,
polymerni faze a faze na bazi grafitizovaného uhliku. Hlavni soucast teoretické ¢asti
je pak vénovana staciondrnim fazim na bazi oxidi kovi, zejména na bazi oxidu
zirkonicitého.

Vysledky experimentalni prace jsou obsaZeny v textu praci publikovanych

Vv zahrani¢nich impaktovanych ¢asopisech.

Ptehled dosazenych vysledki, odpovidajici publikovanym pracim:

e Byla vyvinuta a zvalidovdna metoda vhodna pro monitorovani ptipadného
rozkladného procesu ibuprofenu a parabent v topické 1ékové forme. Odlisna
selektivita stacionarni faze na bazi ZrO, (oproti SiO; fazim) umoznila docilit
dostatecného rozliSeni pro vSechny hodnocené latky. Metoda, vyuZivajici
Zr-Carbon C18 kolonu pro rozdéleni ibuprofenu a jeho dvou rozkladnych

produktli, a souc¢asn¢ methylparabenu, propylparabenu a jejich degrada¢niho
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produktu, na praktickém ptikladé dokazuje moznost vyuziti stacionarni faze

na bazi ZrO; V rutinni analyze 1&Civ.

Bylo prostudovano retenc¢ni chovani ondansetronu a jeho péti Iékopisnych
nedistot na ruznych stacionarnich fazich na bazi silikagelu a oxida kovu.
Odlisné vlastnosti sorbenti na bazi ZrO, a TiO, oproti silikagelovym
sorbentim umoznily dosahnout lepSich separaci analyzovanych latek.
Vyvinuta a zvalidovand metoda pro hodnoceni ondansetronu, vyuzivajici
pro separaci kolonu Zr-PBD, potvrzuje moznost uplatnéni reverzni

stacionarni faze na bazi ZrO, ve farmaceutické praxi.

Bylo zmapovano retenéni chovani ondansetronu a péti jeho necistot
na TiO,-PE stacionarni fazi. Byly zoptimalizovany separa¢ni podminky
a ovéfena validita vyvinut¢ metody. Déle byly porovnany nékteré
chromatografické parametry separaci analyzovanych latek na kolonach
TiO,-PE a Zr-PBD. Pozornost byla ve€novana téZ porovnani
termodynamického chovéni latek na obou kolonach. Byla prokdzana
pouzitelnost TiO,-PE kolony jako alternativy k Zr-PBD koloné pro rutinni

kontrolné-analytické hodnoceni ondansetronu.

Byla vyvinuta a zvalidovana HPLC metoda pro stanoveni obsahu biotinu
ve vitaminovych pfipravcich s coulometrickym zplisobem detekce. Pti vyvoji
metody byla vyuZita selektivita a vysoka citlivost coulometrického detektoru,
kterd umoznila stanoveni obsahu minoritni slozky v pomérné slozitych
matricich se zna¢né se liSicimi koncentracemi aktivnich slozek. Byla
dokézana moZnost a vyhodnost vyuziti HPLC s coulometrickou detekei jako
alternativy pro elektrochemicky aktivni latky v oblasti praktické

farmaceutické analyzy.
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6 Summary






The research engaged in potential utilization of non-silica-based stationary
phases has proceeded many years. The attention has been focused among other
on metal oxide-based stationary phases, which appear to be an appropriate alternative
to SiO,. These sorbents differ from SiO, in retention and selectivity. Differences,
which are caused by different chemical properties of metal oxides, can influence
the separation process. More types of interactions (reversed-phase interaction,
ion-exchange and ligand exchange) simultaneously contribute to the retention
of an analyte on stationary phases based on metal oxides. How much is the retention
of a defined substance affected by each type of interaction depends on conditions
of analysis (the buffer type, pH, buffer concentration and type of organic modifier
used). The effectiveness of metal oxide-based columns is much higher
than effectiveness of polymer-based stationary phases, and in recent time it is fully
comparable with silica-based columns. Additionally these phases dispose of higher
thermal and chemical stability in comparison to SiO,-based reversed phases.

Theoretical introduction of this dissertation thesis is concerned with general
properties and possibilities of HPLC applications in pharmaceutical analysis
and with stationary phases used in the current analytical practice. Attention is paid
to widely used SiO,-based phases, followed by hybrid phases, polymeric phases
and graphitized carbon-based phases. The main part of the theoretical introduction is

focused on metal oxide-based stationary phases, especially ZrO,-based ones.

The results of experimental work are contained in the text of original

publications in impacted journals.

The summary of results achieved, corresponding to published studies:

e The method for monitoring potential degradation process of ibuprofen
and parabens in topical pharmaceutical preparation was developed
and validated. Different selectivity of ZrO,-based stationary phases
(compared to SiO,-based phases) enabled to achieve sufficient resolution
of all analysed compounds. The method, utilizing Zr-Carbon C18 column
for resolution of ibuprofen and its two degradation products,

and simultaneously methylparaben, propylparaben and their degradation
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product, proves a practical example of potential utilization of ZrO,-based

stationary phase in routine drug analysis.

The retention behaviour of ondansetron and its five pharmacopoeial
impurities on different stationary phases based on SiO, and metal oxides was
studied. Different properties of ZrO,-based and TiO,-based stationary phases
compared to SiO,-based sorbents enabled to achieve better separations
of analysed substances. The developed and validated method for evaluation
of ondansetron, utilizing Zr-PBD column for separation, confirms
the potential of applicability of reversed ZrO,-based stationary phase

in pharmaceutical practice.

The retention behaviour of ondansetron and its five impurities on TiO,-PE
stationary phase was mapped. The separation conditions were optimized
and validity of the method verified. Afterwards different retention parameters
of separation of analysed compounds on TiO,-PE and Zr-PBD columns were
compared. Attention was also focused on comparing of thermodynamic
behaviour of analysed substances on both columns. The applicability
of TiO,-PE column as an alternative to Zr-PBD column for routine

pharmaceutical evaluation of ondansetron has been proved.

The HPLC method coupled with coulometric detection for the assay of biotin
in  multivitamin preparations has been developed and validated.
The selectivity and high sensitivity of coulometric detector, which enabled
quantification of minor component in complex matrices with considerably
differing concentrations of active constituents, was utilized during the method
development. The possibility and convenience of HPLC coupled
with coulometric detection as an alternative for electrochemically active

compounds in the field of practical pharmaceutical analysis was proved.
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7 Seznam zKratek






ACN
APPA
As
ASPA
Bopa
BSA
CDMPC
CE
CEC
CSP
DHNP
DMF
EDTA
EDTPA
ELSD
F-ZrO,
GC
HPLC
HPLC-MS
HPLC-NMR
HTLC
Ibap

Ibu

ICH
IPA

X

LC
LC-MS
LOD
LOQ
LSER

MeOH

acetonitril

kyselina aminopropylfosfonova

faktor symetrie piku

kyselina aspartova
2-(4-isobutyrylfenyl)propionova kyselina
bovinni sérovy albumin
tris(3,5-dimethylfenyl)karbamat celulosy
kapilarni elektroforéza

kapilarni elektrochromatografie

chiralni stacionarni faze
3,4-dihydroxynorefedrin

Drug Master File
N,N-ethylendiamintetraoctova kyselina
N,N-ethylendiamintetramethylfosfonové kyselina
evaporative light scattering detector
fluoridem modifikovany ZrO,

plynova chromatografie

vysokoucinna kapalinovéa chromatografie

vysokoucinna kapalinovéa chromatografie s hmotnostni detekci

vysokoucinna kapalinova chromatografie v kombinaci s NMR

vysokoteplotni kapalinova chromatografie
4-isobutylacetofenon

ibuprofen

International Conference on Harmonisation
propan-2-ol

reten¢ni faktor

kapalinova chromatografie

kapalinova chromatografie s hmotnostni detekci
limit detekce

limit kvantifikace

linear solvation energy relationship
molarni

methanol
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MeP methylparaben

N pocet teoretickych pater

NMR nuklearni magneticka rezonance

NP normalni faze

NPLC kapalinova chromatografie v normalnim médu

Ond ondansetron

PAA N,N-dialkylpolyakrylamid

PAM polyalkylmethakrylat

PBD polybutadien

PDA kyselina pamidronova

PEI polyethylenimin

PGC porozni grafitizovany uhlik

PHpzc pH, pfi kterém je celkovy naboj ¢astice roven nule
PHA poly(hydroxyalkyl)akrylat

PhBa 4-hydroxybenzoova kyselina

PLRP polymerni reverzni faze

PrP propylparaben

PS polystyren

PS-DVB polystyren-divinylbenzenovy kopolymer

PVA polyvinylalkohol

PVE polyvinylether

RP reverzni faze

RP C8 reverzni faze, jejiz povrch je tvofen oktylovymi fetézci
RP C18 reverzni faze, jejiz povrch je tvoren oktadecylovymi fetézci
RP-HPLC vysokoucinna kapalinovéa chromatografie v reverznim modu
Rs rozliSeni mezi piky

SAX silny anex

SFC superkriticka fluidni chromatografie

TEA triethylamin

THF tetrahydrofuran

TiO,-PE polyethylenem modifikovana titaniova stacionarni faze
TLC temkovrstevna chromatografie

R retencni Cas

WAX slaby anex
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Zr-PBD

Zr-PS

Zr-C
Zr-Carbon C18

polybutadienem modifikovana zirkoniova stacionarni faze
polystyrenem modifikovana zirkoniové stacionarni faze
uhlikem modifikovana zirkoniova stacionarni faze

uhlikem  modifikovand  zirkoniova  staciondrni  faze

S navazanymi oktadecylovymi fetézci
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