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Abstrakt (CZ)

V ramci prvni ¢asti této prace byly vyvinuty analytické metody pro stanoveni
necistot uc¢innych latek v kombinovanych lé¢ivych ptipravcich. Vyvoj metod zahrnoval
optimalizaci pfipravy vzorkd i jejich chromatografického stanoveni. Metody byly
zvalidovany dle platné mezinarodni smérnice International Conference on
Harmonization (ICH) a byla potvrzena jejich aplikovatelnost pro stanoveni necistot ve
stabilitnich vzorcich 1é¢ivych piipravkl. Necistoty paracetamolu, kodein fosfat
hemihydratu a pitofenon hydrochloridu v pfitomnosti Ctvrté ucinné latky fenpiverin
bromidu byly separovany iontové parovou reverzni chromatografii s gradientovou eluci.
Byla pouzita kolona Symmetry Cis, 250 x 4,6 mm, 5 um vyhiata na teplotu 35 °C.
Detekéni metoda byla zvolena spektrofotometrickd s vinovymi délkami 220 nm pro
necistotu K paracetamolu, 245 nm pro paracetamol a jeho ostatni necistoty a 285 nm
pro kodein, pitofenon a jejich necistoty. Pro separaci a stanoveni necistot valsartanu,
amlodipin besilatu a hydrochlorothiazidu byla vyvinuta UHPLC metoda v reverznim
chromatografickém modu s gradientovou eluci. Byla pouzita kolona Zorbax Eclipse Cs
RRHD, 100 x 3,0 mm, 1,8 pm vyhtata na teplotu 30 °C. Detekéni metoda byla zvolena
spektrofotometrickd s vlnovymi délkami 225 nm pro valsartan, jeho necistoty a
necistotu D amlodipin besildtu, 360 nm a 271 nm pro amlodipin, respektive
hydrochlorothiazid a jejich necistoty.

Ve druhé ¢asti prace byly pfipraveny monolitické stacionarni faze ve formé tenké
vrstvy na sklenéném nosici. Polymerizacni smési obsahovaly glycidyl-methakrylat a
2-hydroxyethyl-methakrylat (monomery), ethylenglykol-dimethakrylat (sitovaci
¢inidlo), dekan-1-o0l, cyklohexan-1-o0l, propan-1-ol a butan-1,4-diol (porogenni slozky)
v ruznych pomeérech a 2,2-dimethoxy-2-fenyl-acetofenon (iniciator). Polymerizace
monolitt (UV iniciace, 254 nm) probihala mezi plexisklovou desti¢kou a silanizovanym
mikroskopickym sklickem oddélenymi teflonovym tésnénim s definovanou tloustkou
25,50, 76 a 127 pm. Sledovanymi charakteristikami monolitickych vrstev byly zejména
jejich mechanicka odolnost a rychlost vzlindni hexanu v zavislosti na sloZeni
polymerizacni smési. Vybrand monoliticka vrstva byla testovana jako staciondrni faze

pro hmotnostni detekci s desorpcni atmosférickou fotoionizaci (DAPPI).



Abstract (EN)

In the first part of this work, analytical methods for determination of impurities of
active pharmaceutical ingredients (API) in combined pharmaceutical dosage forms were
developed and validated. Development of the methods covered both the optimization of
sample preparation procedure and chromatographic conditions. The methods were
validated according to International Conference on Harmonization guideline and both of
them were confirmed to be able to analyze stability samples. Impurities in paracetamol,
codeine phosphate hemihydrate and pitophenone hydrochloride in the presence of fourth
API fenpiverinium bromide were separated by using ion-pair reversed phase
chromatography with gradient elution. Symmetry Cis, 250 x 4,6 mm, 5 um heated to
35 °C was used as a separation column. A diode array detector was used. The detection
wavelengths were set as follows: 220 nm for paracetamol impurity K, 245 nm for
paracetamol and its other impurities and 285 nm for codeine, pitophenone and their
impurities. Impurities in valsartan, amlodipine besylate and hydrochlorothiazide were
separated by reversed phase UHPLC method with gradient elution. Chromatographic
column Zorbax Eclipse Cs RRHD, 100 x 3,0 mm, 1,8 pm heated to 30 °C and
spectrophotometric detection were used. The detection wavelengths were set as follows:
225 nm for valsartan, its impurities and for impurity D of amlodipine besylate, 360 nm
and 271 nm for amlodipine, respectively hydrochlorothiazide and their impurities.

In the second part of this work, thin-layer monolithic stationary phases were
prepared on a glass holder. Polymerization mixtures contained glycidyl-methacrylate
and 2-hydroxyethyl-methacrylate (monomers), ethyleneglycol-dimethacrylate (cross-
linker), decan-1-ol, cyclohexan-1-ol, propan-1-ol and butan-1,4-diol (porogens) in
different ratios and 2,2-dimethoxy-2-phenyl-acetophenone as an initiator. Monolithic
layers were prepared in-situ (UV initiation, 254 nm) between plexiglass and silanized
glass layers separated by teflon gasket with defined thickness of 25, 50, 76 and 127 um.
The main examined characteristic of the monolithic layers were their mechanical
stability and speed of capillary action of hexane depending on composition of
polymerization mixture. The selected monolithic layer was tested as a stationary phase

for mass detection with desorption atmospheric pressure photoionization (DAPPI).
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Seznam zkratek a symboli

Ao koeficient van Deemterovy rovnice
AMLO ...ooiiiiiieeiee e, amlodipin
APL.oiie ucinna léciva latka

AT it plocha piku

AU oo absorbance
B koeficient van Deemterovy rovnice

DAL e bar

BEH ..o, Ethylene bridged hybrid

BP oo, Britsky 1ékopis
G koeficient van Deemterovy rovnice

OC ittt stupeni Celsia

Cr8 et oktadecyl

8 et oktyl

CL e Cesky 1ékopis

(6311 PRSPPI centimetr
o operator derivace
DAPPL.....ooiiieeeeeeeeee, desorp¢ni fotoionizace za atmosférického tlaku
DM oo, difuzni koeficient
DMPAP.....oooiiiiieeeeeee, 2,2-dimethoxy-2-fenyl-acetofenon
APt velikost (primér) ¢astice

AP oo, tlakovy spad

EDMAL.....cooiiiieeeeeeeee e ethylenglykol-dimethakrylat

D oo faktor odporu kolony
ettt gram

/Lo gram na litr
/MO gram na mol

GMA ... glycidyl-methakrylat

H oo, vyskovy ekvivalent teoretického patra
Tl vyska piku

HCTZ. oo hydrochlorothiazid

HEMA. ..., 2-hydroxyethyl-methakrylat
HILIC....ciiiiiieeeeeeeeeeeeee, hydrofilni interak¢ni kapalinova chromatografie
HPLC ..o, vysokoucinna kapalinova chromatografie
HPTLC.....oooiieeeeeeeeee, vysokouc€innd tenkovrstva chromatografie
Hz.ooovoiiiiii, Hertz

TEC .. iontoveé vymeénna chromatografie
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ICH o, International Conference on Harmonization

TP ionotove parova chromatografie
TP Japonsky 1€kopis

L e délka kolony

LC e kapalinova chromatografie

LOD oo limit detekce

LOQ .o, limit stanovitelnosti

) R molarni koncentrace, mol/L

IM oo milimolarni koncentrace, mmol/L
MEF o relativni molekulova hmotnost
MALDI ....coooviiiiiieieeeeeeeeee, matrix assisted laser desorption and ionozation
MEKC ..., micelarni elektrokineticka chromatografie
TN coviiiieeiie e etee e eeeeereesieeeseenenes miligram
mE/ML...c..oooiriiniinininieeeceee, miligram na mililitr
ML, mililitr

ML/MIN .o, mililitr za minutu

100100 HRU PR UURRO milimetr

INIMY/S oo milimetr za sekundu

10070) V4 USSR mol na litr

mMmMO/L ..o, milimol na litr

MS e hmotnostni spektrometrie

MV e milivolt
MV/Suuiiiiiiiieeeeeeeeee e milivolt za sekundu
1007 hmotnost ku naboji
I mikrolitr

UL/MIn ..o mikrolitr za minutu

V53 F S mikrometr

0000 PP PP POPOPSPOPOPPPOPOPPPPRRRN nanometr

NMR ., nuklearni magnetickd resonance

T ettt ettt viskozita

PDA oo, detektor s diodovym polem

Ph. Eur. ...ccoooviiiiiieeeeee, Evropsky 1ékopis

PIF UK. oo, Piirodovédecka fakulta Univerzity Karlovy
PVDF .o, polyvinylidene fluoride (teflon)
R, chromatografické rozliseni

RP o, reverzni stacionarni faze (nepoléarni)
150) 11 DORU RS RRRT otacky za minutu
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RSD oo, relativni smérodatna odchylka

SEC ...t vylucovaci chromatografie

N S O superkriticka fluidni chromatografie

S et faktor symetrie

B e cas

TR weeeeeeeeiee ettt retencni Cas

TLC e tenkovrstva kapalinova chromatografie
TOF oot detektor doby letu

U oottt linearni pratokova rychlost

LOPT wvveeeeeeeeaeeeeeiiteeeieeseieee s s optimalni linearni pritokova rychlost

U oot napcti

UV e ultrafialova oblast spektra

UHPLC .....oooviiieieieeeeeeeeee, ultra vysokoucinnd kapalinova chromatografie
UPLC® ..o Ultra performance liquid chromatography
UTLC.cieeeeeeeeeeeee e, Ultra thin-layer chromatography

USP . Americky 1ékopis

UZ oo ultrazvuk

VALS e valsartan
Ve volt

W o, watt

Q0 ML .o % hmotnostni
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Cile prace
Cilem prvni ¢asti této prace byl vyvoj analytickych metod pro stanoveni necistot
ucinnych latek v kombinovanych 1é¢ivych ptipravcich. Pro tento ucel byly vybrany dva

1é¢ivé pripravky:

* Spasmopan®, lékova forma ¢ipky kombinujici u¢inné latky paracetamol
v obsahu 500 mg, kodein fosfat hemihydrat v obsahu 19,2 mg, pitofenon
hydrochlorid v obsahu 10 mg a fenpiverin bromid v obsahu 0,1 mg na jeden
Cipek.

* Potahované tablety kombinujici uc¢inné latky valsartan v obsahu 320 mg,
amlodipin besilat v obsahu 10 mg a hydrochlorothiazid v obsahu 25 mg na

jednu potahovanou tabletu.

Vyvoj metod zahrnoval paralelni optimalizaci pfipravy vzorku a
vytéznost, opakovatelnost, stabilita analytli, kompatibilita s chromatografickymi
podminkami, jednoduchost a ¢asovd nenaroc¢nost. Vlastni chromatografické metody
byly optimalizovany z hlediska selektivity, preciznosti, pfesnosti, rozsahu, citlivosti,
robustnosti a byly zvalidovany dle platné mezinarodni smérnice ICH. Vhodnost metod
pro stabilitni studie léc¢ivych ptipravkll byla potvrzena analyzou expirované SarZze
Spasmopanu® a degradac¢ni studie v pfipadé potahovanych tablet.

Cilem druhé casti prace byla pfiprava monolitickych stacionarnich fazi pro
tenkovrstvou chromatografii s hmotnostni detekci analyti pomoci desorpéni
fotoionizacni techniky DAPPI. Na zakladé¢ publikovanych praci byl vyvinut postup
pripravy monolitickych tenkych vrstev v podminkach nasi laboratofe. Monolity byly
pfipraveny na bazi methakrylatu z divodu moZnosti iniciace UV zadfenim a
ptedpokladaného pouziti v normélnim chromatografickém modu. Klicovymi
sledovanymi parametry byla mechanickd odolnost nutnd pro desorpéni ionizaéni

techniku a rychlost vzlinani mobilni faze umoziujici chromatografickou analyzu.
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1. Stanoveni obsahu necistot uc¢innych latek

v kombinovanych 1é¢ivych pripravcich

1.1 Teoreticky uvod

1.1.1 HPLC a UHPLC ve farmaceutické analyze

Kapalinova chromatografie (LC) je dnes nejéastéji pouzivanou metodou ve
farmaceutické analyze pro stanoveni obsahu a Cistoty u¢innych latek jak samotnych, tak
1 jako slozek v lécivych pfipravecich [1]. Masivni rozvoj HPLC v druhé poloviné
20. stoleti vedl ke standardizaci této metody ve farmaceutické analyze a zejména diky
jeji selektivité a citlivosti umoznil zvysit naroky na kvalitu 1é¢iv. Metodika LC, v¢etné
pozadavkl na chromatograficky systém, zahrnujici parametry HPLC 1 UHPLC, je
obecné popséana v Evropském lékopisu [2].

Technologicky vyvoj LC prakticky kopiruje neustdlou snahu o dosaZeni vys$si
separacni ucinnosti pii kratSim Case analyzy. Z van Deemterovy rovnice (1) ve
zjednoduseném tvaru [3] je patrné, ze zvysSeni ucinnosti separa¢niho systému lze

dosahnout snizenim velikosti ¢astic a optimalizaci linearni pratokové rychlosti:

H=A-dp +B-Du/u+ C-(dp)>u/Du (1)

kde H je vyskovy ekvivalent teoretického patra, 4 koeficient piispévku vifivé
difuze, dp velikost ¢astic, B koeficient piispévku molekularni difuze, Dy difuzni
koeficient analytu, u linearni pritokova rychlost a C koeficient odporu prenosu

hmoty.

Na obrazku 1 jsou znadzornény van Deemterovy kiivky pro izokratickou analyzu
propranololu pfi pouziti kolon o velikosti ¢astic 5 um a 1,7 pm jako typickych zastupct
podminek HPLC, respektive UHPLC [3]. Z pribéhu kiivek jsou patrné hlavni vyhody
pouziti malych ¢astic: snizeni minimalni hodnoty H a vyrazné ploSsi charakter

vzestupné casti kiivky. V. UHPLC se vzristajici linearni rychlosti, a tedy rychlosti

14



analyzy nedochéazi k vyrazné ztraté ucinnosti jako u HPLC. Tato vlastnost se dle

rovnice (1) projevuje u ¢astic mensich nez 2,5 um [4].
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Obr. 1 Zavislost vyskového ekvivalentu teoretického patra (H) na linedrni
prutokové rychlosti (u) pro analyzu propranololu (0,025 mg/mL) za podminek
HPLC (diamanty): kolona Hypersil Advance 150 x 4,6 mm, 5 um, mobilni faze:
25 % acetonitrilu a 75 % vodného 50mmol/L octanamonného pufru o pH 4 a za
podminek UHPLC (ctverce): kolona Acquity BEH Cis 100 x 2,1 mm, 1,7 um,
mobilni fdaze: 30 % acetonitrilu a 70 % vodného 10mM octanamonného pufru o
pH 4. Prevzato z [3].

Hlavni pfekazku pro rozsifeni kolon s ¢asticemi menSimi nez 3 um piedstavoval
tlak systému, ktery se generuje pii prutoku mobilni faze. Velikost zpétného tlaku je
nepfimo umérna druhé mocniné poloméru ¢astice dle Darcyho zakona (2) a pti pouziti
optimalni linedrni pritokové rychlosti uopr dle rovnice (3) (ziskané derivaci

rovnice (1); dH/du [3]) je tlak neptfimo imérny dokonce tieti mocning dp [5].
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AP = ul'n-®/(dp)? (2)

kde 4P je tlakovy spad, / délka kolny, # viskozita mobilni faze, @ faktor odporu

kolony, u a dp maji stejny vyznam jako v rovnici (1).

uopr = (Du/ dp)-(B/ C)V? (3)

kde uopr je optimalni linedrni pritokova rychlost a ostatni symboly maji vyznam

stejny jako v rovnici (1).

Za optimalniho pratoku a shodné délky kolony pak 1,7um UHPLC ¢astice
generuji 27krat vyssi tlak nez ¢astice o priméru 5 pm. Tlakovy limit standardni HPLC
instrumentace (400 bar) pfi pouziti 1,7um castic by byl dosaZen jiz s kolonami o délce
30 az 50 mm [5]. Prvni vyznamny technicky pokrok v instrumentaci Cerpadla a
injektoru feSici problematiku vysokého tlaku pfiSel v roce 1997, kdy MacNair a kol.
publikoval schéma mikrokapalinového UHPLC systému [6]. Kapilarni kolona o délce
66 cm a praméru 30 um byla naplnéna 1,5um neporéznimi oktadecylovanymi ¢asticemi
silikagelu pfi tlaku 4100 bard. Optimalni pratok mobilni faze vyzadoval 1400 barh a
bylo dosazeno hodnoty H 2,1 um. Dalsi pokrok v laboratornich podminkach zahrnoval
propojeni UHPLC s TOF hmotnostnim detektorem v roce 1999 [7], testovani
gradientového systému a tlaku az 9000 bard pti pouziti 1,0um ¢astic v témze roce [8] a
dal§i vylepSeni néstfikového systému v roce 2001 [9]. Prvotni prdce o UHPLC
vyuzivaly vyhradné mechanicky odolnych neporéznich ¢astic a kapiladrnich kolon dobte
odvadejicich frikéni teplo z divodu jejich vyhodného pomeéru povrchu kolony
k objemu [5]. Frikéni teplo, generované pfti pritoku mobilni fdze kolonou o priméru
4,6 mm naplnénou 1,0um neporéznimi c¢asticemi by vedlo k vyznamnému ohievu
mobilni faze a ztrat¢ ucinnosti separacniho systému vlivem axialniho a radialniho
gradientu teploty v kolon¢ [6]. Pro pouziti poréznich 1,5um ¢astic byl potvrzen pramer
kolony 1,0 mm jako plné vyhovujici, kdy frik¢éni teplo dosahovalo hodnot béznych

v HPLC a nemélo vliv na reten¢ni faktor a separacni ucinnost [10].
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V roce 2004 spolecnost Waters predstavila prvni komeréni UHPLC systém
Acquity UPLC®. Zakladem systému bylo binarni ¢erpadlo s vysokotlakym gradientem,
inovativni injektor, kolonovy termostat s aktivnim ptedehfevem mobilni fize a
spektrofotometricky detektor. Systém byl optimalizovany pro analyzy pii tlaku
1000 bart. Soucasné byly uvedeny nové UHPLC stacionarni faze z poréznich ¢éstic
o priméru 1,7 um. Céstice byly vyrobeny ze silikagelu, jehoz vnitini struktura byla
modifikovana ethylenovymi mistky (BEH technologie™). Acquity UPLC BEH Cis
separa¢ni kolony tedy byly dostatecné mechanicky odolné a zaroven stabilni v rozsahu
hodnot pH mobilni fdze 1 - 12 [11, 12]. Staciondrni faze byla naplnéna do kolon
o pruméru 2,1 mm, u kterych frikéni teplo nema vyznamny vliv na separacni ti¢innost
[13]. Vysoky tlak a frikéni teplo vSak maji vzajemné opacné efekty na retenci analytd
v reverzni chromatografii a chromatografické systémy tedy musi byt schopny udrzovat
konstantni podminky separace i za podminek UHPLC [13, 14].

Kontrola tlaku, pritoku, teploty, vysoce odolna tésnéni, rychlost a opakovatelnost
malych néstfikovych objemtl, minimalni pfenos mezi nastfiky, frekvence sbéru dat a
snizeni mrtvého objemu celého systému jsou jen zakladnimi parametry, které musely
byt v ramci vyvoje UHPLC vyrazné vylepSeny [5, 15, 16]. Zejména systémovy objem
byl limitujicim parametrem pro velmi rychlé analyzy pfi pouziti kolon o rozmérech
50 x 2,1 mm a 50 x 1,0 mm. I pfes souCasny vyvoj instrumentace, vlivem
mimokolonového objemu muze ztrata u¢innosti pro tyto kolony dosahovat 20 - 30 %,
respektive 30 - 80 % [16]. Rozdil mezi teoretickou a dosaZenou ucinnosti kratkych
kolon se také zvySuje se snizujici se velikosti ¢astic [17]. Uvedeni Acquity UPLC na trh
odstartovalo technologicky rozvoj a dnes vSichni vyznamni vyrobci nabizeji sva
UHPLC fteSeni zahrnujici i kvartérni pumpy s nizkotlakym gradientem a detektory
rozptylu svétla, fluorescencni, refraktometrické a hmotnostni. Jednotlivé systémy se
vSak samoziejme 1i$i v provedeni a konkrétnich specifikacich, na coz je tieba brat zietel
pii vyvoji a ptenosu metod [16, 18]. V tabulce 1 jsou uvedeny vybrané charakteristiky

porovnavajici systémy HPLC a UHPLC, které byly pouzity v ramci této prace.
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Tab. 1 Srovnani hodnot vybranych parametrii: tlak (bar), priitok (mL/min), rozmeér
kolony (mm), primer castic (um), objem ndstriku (uL), minimalni objem vzorku pro
nastrik (uL), mrtvy objem systému (ul), objem detekcni cely (ul) a frekvence sbéru
dat (Hz) typickych pro systéemy HPLC (Waters Alliance 2695) a UHPLC (Waters
Acquity UPLC H-Class) s PDA detektory [11].

Parametr HPLC UHPLC
maximalni tlak (bar) 345 1034
pratok (mL/min) 0,5-2,0 0,2-0,5
rozmeér kolony (mm) 250x 4,6 100 x 2,1
pramér castic (um) 2,7%-5,0 1,6¢-1,8
objem nasttiku (uL) 5-100 1-10
minimdlni objem vzorku pro nasttik (uL) 650 360
mrtvy objem systému (uL) 900 350
objem detekéni cely (uL) 8,4 0,5
frekvence sbéru dat (Hz) 1-2 10 - 40

@ ¢astice s pevnym jadrem

Vzhledem k technickym rozdilim mezi HPLC a UHPLC systémy je pouziti
kolon naplnénych céasticemi menSimi nez 2 um efektivni pouze pro UHPLC
chromatografy. Ctyfi skupiny fenolickych latek (kyseliny, flavonoidy, katechiny a
kumariny) byly analyzovany metodami UHPLC (kolona 100 x 2,1 mm, 1,7 pm) a
HPLC (kolona 50 x 4,6 mm, 1,8 um). Pfestoze HPLC metody byly pro stanoveni
vyhovujici, UHPLC metody byly az 8x rychlejsi a krom¢ analyzy katechinii vyrazné
ucinnéjsi, poskytujici lepsi rozliSeni a vétsi kapacitu pikd [19]. Analyzy farmak
triamcinolonu, hydrokortisonu, indomethacinu, estradiolu a diklofenaku byly
transferovany z HPLC na UHPLC. Porovnanim byly potvrzeny vSechny vyhody
UHPLC oproti HPLC jako zkraceni doby analyzy, niZ$i spotfeba mobilni faze, vyssi
citlivost a ucinnost a tedy i lepsi rozliSeni analytd bez negativnich vlivli vyssiho tlaku
mobilni faze [20, 21]. Podobné zavéry byly ovéfeny i pro stanoveni pesticidil

v potravindch pro déti metodami HPLC/UHPLC s MS detekci [22], vitaminu C
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v napojich a léCivych ptipravcich [23], kyseliny listové [24], chloroquinu a primaquinu
v tabletach [25], trans-10-hydroxy-2-decenové kyseliny v matefi kaSi¢ce [26], ftalath
[27] a retinolu a a-tokoferolu v lidském séru [28]. Vyssi citlivost UHPLC metody
umoznila oproti HPLC pfipravu vzorku z poloviéniho mnozstvi lidské plazmy pro
stanoveni 1é¢iv na potlaceni ptiznaki Alzheimerovy choroby [29]. Nizsi prutok mobilni
faze, kratsi doba analyzy, a tedy 1 vyS$$i pocet analyz za jednotku ¢asu predstavuji hlavni
ekonomickou a ekologickou vyhodu UHPLC oproti HPLC. Teoreticky 1 experimentalné
bylo potvrzeno, ze lze uspotit az 80 % spotieby rozpoustédel a nakladli pti prenosu
metody z HPLC (3,5 pm) na UHPLC [30]. Ve dvoudimenzionélni chromatografii je pak
UHPLC vhodné zejména pro pouziti ve druhé dimenzi pii spojeni s HPLC vyuzivajici
3um castice v dimenzi prvni a to vzhledem ke kratkému mrtvému cCasu, vysoké
ucinnosti a kapacité pikit UHPLC kolon [31, 32].

Soucasny vyvoj UHPLC se soustiedi na neustdlé snizovani mimokolonovych
objemu a aplikaci dalSich separa¢nich modu jako chirdlnich separaci, HILIC, SEC a
IEC [33]. Zavedeni UHPLC ¢astic s pevnym jadrem pfineslo dal$i zvySeni ucinnosti
separace, avsak nejmoderné;jsi 1,3um Castice vytvareji zpétny tlak na hranici moznosti
UHPLC instrumentace a lze je tak zatim pouzit pouze v koloniach o délce
50 mm [33, 34]. V nasleduyjicich letech je ofekdvan i narlst aplikaci vyuZzivajicich
spojeni UHPLC a SFC jako moderni vysoce ucinné nahrady chromatografie

v normalnim modu a chirélnich separaci nejen ve farmaceutické analyze [33, 35].

1.1.2 Stanoveni obsahu necistot v 1é¢ivych pripravcich

Zkouska Cdistoty ucinnych latek (API) a 1é¢ivych pfipravki je v dneSni dobé
jednou ze zakladnich soucasti kompletni farmaceutické analyzy. Normativnimi
farmaceutickymi dily pfispivajicimi k zajisténi bezpecnych, ucinnych a jakostnich 1é¢iv
jsou l1ékopisy. V Ceské republice je platnym piedpisem Cesky lékopis (CL) v aktualnim
vydani [36], ktery ovSem z velké ¢asti vychazi z 1€kopisu evropského (Ph. Eur.) [37]. Z
pohledu mezinarodni distribuce 1é¢iv jsou dalSimi vyznamnymi lékopisy: americky
(USP) [38], britsky (BP) [39] a japonsky (JP) [40]. Krom¢ obecnych pozadavki na

zkusebni metody l€kopisy uvadéji pro jednotlivé API zpravidla zkousky totoznosti,
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obsahu, pfipadné ucinnosti pro antibiotika, a pravé Cistoty. Americky a Britsky 1ékopis
na rozdil od 1ékopisu evropského obsahuji monografie nejen pro API, ale i pro 1éCivé
ptipravky [37 - 39]. V roce 1990 se uskutecnilo prvni setkani reprezentantti regulacnich
ufada a primyslu z Evropy, USA a Japonska. Byla zaloZena iniciativa ICH a zapocala
tak dalSi fadze mezinarodniho sjednoceni pozadavkl na testovani a kvalitu 1é¢iv [41].
Podle smérnice ICH Ize nelistoty v léCivech a lécivych piipraveich rozdélit na
organické, anorganické a zbytkova rozpoustédla [42]. Anorganické nelistoty (napf.
tézké kovy, soli) a zbytkova rozpoustédla (napf. acetonitril, methanol, aceton) jsou
zpravidla zndmé latky (i toxikologicky) vstupujici do syntézy a vyroby. Na stanoveni
téchto necistot lze tedy po verifikaci aplikovat standardizované postupy a limity
uvedené v 1€kopisech a z pohledu analytické chemie jsou tyto necistoty vyrazné mensim
problémem nez necistoty organické [43, 44].

Organické necistoty jsou pievazné vstupni reaktanty, meziprodukty, vedlejsi
produkty a degradacni produkty. Struktura necistot miize byt odvozena z piredpokladané
syntetické cesty. Smérnice ICH udéavaji postup pro vypocet identifikacniho a
kvalifika¢niho limitu. Pokud se necistota vyskytuje nad danym limitem, musi byt
exaktné identifikovana, pfipadné musi byt kvalifikovdna jeji biologicka
bezpecnost [42, 45]. Pokud je API uvedena v Iékopisu zpravidla jsou u ni uvedeny
1 necistoty urcité syntetické cesty a pfipadné i degradacni produkty a jejich limity
[36 - 40]. Rozdilné postupy syntézy, slozeni a formulace konecnych 1é€ivych ptipravki
u jednotlivych vyrobct vSak znamenaji, ze vzdy je nutné lékopisnou metodu verifikovat
pro danou API a ve vétSing€ ptipadl vyvinout a zvalidovat metodou vlastni. Rovnéz je
z4douci provést stresové testy a predbézné stabilitni studie API ¢i 1é¢ivého piipravku za
ucelem ziskani informace o stabilit¢ API, identifikace vyznamnych degradacnich
produktli a potvrzeni vhodnosti analytické metody pro analyzu stabilitnich vzorkl
(stabilitu indikujici metoda) [42, 45]. Metoda stanoveni Cistoty je tedy nezbytnd pro
zajisténi kvalitnich a bezpecnych léciv [44, 46] a jako takovd je vyzadovéana

registra¢nimi autoritami.
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Chromatografickd metoda na stanoveni Cistoty se vzhledem ke své komplexnosti
fadi mezi aplikace zalozené na vysoké ucinnosti a rozliSeni, jelikoz musi byt oddéleny
vSechny necistoty od sebe samotnych, od hlavni latky nebo latek, pik placeba a
rozpoustédla vzorku. Naproti tomu jednoduché metody na stanoveni obsahu hlavnich
latek nemusi byt natolik selektivni a vyviji se jako rychlé metody na kratkych kolonach
(30 a 50 mm pro UHPLC) s cilem co moZzna nejvyssiho poc¢tu vzorkil za jednotku
Casu [47]. Kritickymi parametry u metod na stanoveni Cistoty jsou pravé selektivita,
citlivost, opakovatelnost a robustnost. Pro dosazeni dostate¢né ucinnosti a rozliSeni se
metody na Cistotu zpravidla vyviji na delSich kolonach (100 nebo 150 mm pro UHPLC)
a Cas analyzy neni urcujicim parametrem [47, 48].

Vyvoj chromatografické metody zacind definovanim jejiho Ucelu a studiem
dostupné literatury. Nasleduji prvotni experimenty zalozené na teoretickych znalostech,
piipadné aplikace pozvolnych gradientii na riznych kolonach, testovani vhodné oblasti
pufru a nasleduje optimalizace jednotlivych parametri metody: gradientovy program,
piesné pH pufru, teplota, piipadné testovani dalSich typa kolon. Pro zajisténi dostatecné
selektivity se vyvoj metody provadi se vzorkem spikovanym zndmymi necistotami,
pfipadné vzorkem stresovanym teplem a vlhkem, ktery by mél obsahovat i hlavni
degradacni produkty. Rozpoustédlo vzorku musi byt kompatibilni s pocate¢nimi
podminkami gradientu, aby nedochédzelo k deformaci pikii na pocatku analyzy.
Kone¢nym krokem je pfedbézné ovetfeni opakovatelnosti, citlivosti a linearity metody
pted vlastni validaci [48].

Dostatecné citlivosti metod na Cistotu je Casto dosazeno vyraznym koncentraCnim
pfedavkovanim hlavni latky, které v UHPLC vedou i pfes vyss§i ucinnost k méné
symetrickym pikiim nez v HPLC, coZ miiZze mit za nasledek nesplnéni 1ékopisnych
jednotlivych parametrq, jelikoz Casy analyzy a ekvilibrace kolon jsou vyznamné kratsi.
Optimalizace metody také muze byt efektivnéji zautomatizovana pomoci vhodného
softwaru a vybéru kritickych parametr [48, 50]. Nevyhodami UHPLC jsou nutnost

vlastnit odpovidajici chromatograf, jehoz pofizeni je asi 0 25 % finan¢né nakladnéjsi, a
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prozatim ne tak Sirokd nabidka staciondrnich fazi jako pro HPLC [48]. Laboratote
rutinnich analyz ¢asto nebyvaji vybaveny UHPLC chromatografy a vyvinutd metoda se
tak musi zpétné transferovat na HPLC instrumentaci. Siroce vyuZzivané jsou tak
alternativy k UHPLC poskytujici rychlé a G€inné separace jako monolitické kolony a
staciondrni faze s pevnym jadrem [51]. Smérnice ICH o validaci analytickych metod
ptedepisuje pro metodu na stanoveni Cistoty validovat parametry preciznost, presnost,
linearitu, citlivost, selektivitu a robustnost [52]. Preciznost metody vyjadiuje, naptiklad
pomoci RSD, tésnost shody vysledkil ziskanych opakovanou analyzou minimaln¢ Sesti
ptiprav téhoz vzorku v ramci jednoho meéfeni. Soucasti ovéfeni preciznosti je i
mezilehld preciznost, coz je vnitrolaboratorni reprodukovatelnost, kdy stejny vzorek je
Sestkrat analyzovan jinym analytikem, v jiny den pomoci jiné instrumentace. Mezilehla
preciznost se vyjadiuje jako rozdil mezi absolutnimi vysledky obou analytiki, ptipadné
jako RSD vysledki vSech dvanacti ptiprav [53].

Piesnost metody je t&snost shody mezi naméfenou a spravnou hodnotou. Ciselng
se ovéfuje jako procentudlni vytéznost metody analyzou vzorki spikovanych znamym
mnozstvim necistot na n¢kolika hladinach pokryvajicich rozsah metody. Schopnosti
metody poskytovat odezvu pifimo umérnou koncentraci je linearita metody, kterd
definuje pracovni rozsah metody. Stanovované necistoty by dle smérnice ICH mély byt
validovany v rozsahu od reportovaciho limitu po 120 % specifikaéniho limitu [52].
Pomér smérnic regresnich kiivek necistoty a API z linearity je odezvovy faktor
necistoty vici hlavni latce, na kterou se necistoty kvantifikuji (pfevazné z divodu
vysoké pofizovaci ceny referencnich standardii necistot) [54]. Citlivost metody se
ovéfuje stanovenim LOD a LOQ, pficemz hodnota LOQ by neméla byt vySsi nez
reportovaci limit necistoty. LOD i LOQ mohou byt vypocteny na zdkladé poméru
signalu k Sumu, piipadné¢ pomoci smérnice a smérodatné odchylky tseku regresni
kiivky ¢i signalu pozadi [45, 52].

Analyzou placeba, rozpoustédla vzorku a vzorku spikovaného vSemi dostupnymi
necistotami se ovétfuje selektivita metody, tedy jeji schopnost stanoveni analytu
v ptitomnosti potencidln¢ interferujicich latek [52, 53, 55, 56]. Velmi diilezitou soucasti

validace je studie robustnosti metody, neboli jeji odolnosti viici malym experimentalnim
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zménam, které by mohly nastat v rutinnim provozu. V ptipadé HPLC/UHPLC metod se
sleduje vliv parametri, jako sloZeni a pritok mobilni faze, teplota kolony, koncentrace a
pH pufru, stabilita roztokd a ovéfeni analyzy na vice kolonach stejného
typu [52, 53, 56].

Degradacni studie se provadi za ucelem potvrzeni vhodnosti metody pro analyzu
stabilitnich vzorkl. Lécivy ptipravek se zatizi stresovymi podminkami tak, aby G¢inné
latky degradovaly z 5 az 15 procent a simulovaly tak potencidlni degradaci ptipravku
béhem jeho zivotniho cyklu. Standardnimi podminkami jsou zvysena teplota, vlhkost,
kyselé, zasadité a oxidacni prostiedi a expozice dennim svétlem, ptipadné UV zarenim.
Analyzou degradovanych vzorki se ovéfuje separace a piipadna identifikace
degrada¢nich produktii a spektralni Cistota piktt hlavnich latek. Jsou-li vSechny
vyznamné degradac¢ni produkty separovany a neni indikace o koeluci neznamych latek

s piky API, analyticka metoda je vhodna pro méteni stabilitnich vzorka [52].

1.1.3 Stanoveni obsahu nedistot ve Spasmopanu®

Spasmopan® je 1é¢ivy piipravek kombinujici v ¢ipkové 1ékové formé étyti ucinné
latky: paracetamol, kodein fosfat hemihydrat, pitofenon hydrochlorid a fenpiverin
bromid. Spasmopan® se uziva na tlumeni bolestivych kieé¢i traviciho traktu a mocového
méchyfe. Kombinuje analgetické a antipyretické ucinky paracetamolu [57]
s analgetickymi a antimotolickymi ucinky kodeinu [58] a spasmolytickymi ucinky
pitofenonu a fenpiverinu [59]. Cesky, Evropsky, Britsky, Americky i Japonsky lékopis
obsahuji monografie pouze pro paracetamol a kodein fosfat hemihydrat [36 - 40].

Paracetamol je obecné pouzivan ve vysokych davkach a mize byt
hepatotoxicky [60]. Lékopisné limity pro jeho necistoty 4-aminofenol, 4-nitrofenol a
4-chloracetanilid jsou tedy velmi nizké (0,005 %, 0,05 % a 0,001 %) [36 - 40].
V Iékovych formach musi byt kontrolovan pfedevSim obsah nefrotoxického
4-aminofenolu [61] jako hlavniho degrada¢niho produktu paracetamolu [62]. Pfestoze
paracetamol byl analyzovdn mnoha riznymi metodami jako micelarni elektrokinetickou
chromatografii (MEKC) [63], mikroemulzni kapalinovou a -elektrokinetickou

chromatografii [64], fluorimetrickou spektroskopii [65, 66], NMR [67, 68] a
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TLC [69, 70], HPLC metody s UV spektrometrickou detekci byly pravdépodobné
nejCasteji pouzivanymi [71 - 76]. Pro chromatografické stanoveni 4-aminofenolu byla
rovnéz pouzita ampérometrickd detekce [77]. Byly vyvinuty stabilitu indikujici HPLC
metody na kvantifikaci G€innych latek pro kombinace kodein fosfatu, paracetamolu a
chlorfeniraminu [39, 78 - 80] a pro analyzu kombinace ibuprofenu, kodeinu a jejich
necistot byla validovana MEKC metoda [81]. JelikoZ metoda na stanoveni Cistoty
kodeinu je definovéna Iékopisn€, a piestoZze neseparuje necistoty 10-hydroxykodein a
morfin [37], vyzkum byl soustfedén na stanoveni kodeinu samotného, predevsim ve
smési alkaloidl [82 - 86]. Pitofenon hydrochlorid byl analyzovan pouze jako soucést
screeningovych testl [87 - 90] a obsahovymi metodami spektrofotometrickymi [91, 92]
a chromatografickymi [93 - 96]. Na rozdil od paracetamolu a kodeinu, metoda na
stanoveni Cistoty pitofenonu nebyla dosud publikovéna.

Piestoze Spasmopan® je dostupny na trhu od roku 1987, metoda na stanoveni
obsahu necistot podle soucasné legislativy musela byt vyvinuta a validovana [97].
Struktury vSech API a necistot paracetamolu, kodein fosfat hemihydratu a pitofenon
hydrochloridu jsou znazornény na obrazcich 2 az 5. Necistoty fenpiverin bromidu
nebyly v této praci relevantni z divodu nizkého obsahu fenpiverin bromidu ve

Spasmopanu® (0,02 % vzhledem k obsahu paracetamolu) [97].
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Obr. 2 Struktura fenpiverin bromidu
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Obr. 3 Struktury paracetamolu a jeho necistot dle Ph. Eur. [37]. A) paracetamol,
B) necistota K, C) necistota F, D) necistota J.
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Obr. 4 Struktury kodeinu a jeho necistot dle Ph. Eur [37]. A) kodein fosfat
hemihydrat, B) necistota A, C) necistota B, D) necistota C, E) necistota E.
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Obr. 5 Struktury pitofenonu a jeho necistot. A) pitofenon: methyl ester 2-[4-(2-(1-
piperidinyl)ethoxy)benzoyl] benzoové kyseliny, B) necistota X: 2-[4-[2-(1-
piperidinyl)ethoxy]benzoyl] benzoova kyselina, C) necistota PEE: 2-(I-
piperidinyl)-ethyl ester 2-[4-[2-(I-piperidinyl)ethoxy]benzoyl]benzoové kyseliny,
D) necistota MeKHBB: methyl ester 2-(4-hydroxybenzoyl) benzoové kyseliny,
E) necistota KHBB: 2-(4-hydroxybenzoyl) benzoova kyselina (vse od
Zentiva, k.s.).
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1.1.4 Stanoveni obsahu nedistot v tabletich kombinujicich valsartan, amlodipin

besilat a hydrochlorothiazid

Vysoky krevni tlak je jednim z globélnich zdravotnich problémi dnesni doby. Je
klicovym faktorem zplsobujicim infarkt myokardu a mozkovou mrtvici, a nepfimo tak
zpusobuje umrti 9,4 milionu lidi ro¢né po celém svété [98]. U vétSiny pacienti 1écba
kombinujici vice piistupt ke sniZzeni hypertenze pifinasi lepsi kontrolu krevniho tlaku
nez terapie pouze jednou ucinnou latkou [99]. Valsartan pisobi jako antagonista
angiotensinového receptoru II v renin-angiotensinovém systému, jeho pfitomnosti
dochazi k vazodilataci a snizeni krevniho tlaku. Hydrochlorothiazid se fadi do skupiny
diuretik a snizuje krevni tlak prostym sniZzenim celkového objemu tekutiny v téle [57].
Amlodipin rovnéz zplsobuje vazodilatacni efekt, ovSem skrze blokaci kalciovych
kanala [100].

Vsechny tfi API jsou Siroce pouZivané a piislusné lékopisy obsahuji jejich
monografie definujici HPLC metody pro stanoveni jejich Cistoty [36 - 40]. Pro valsartan
a amlodipin byly publikovany i UHPLC metody separujici jejich necistoty [101 - 102].
Lécivé pfipravky kombinujici valsartan a hydrochlorothiazid byly analyzovany
pievazné pouze obsahovymi metodami [103 - 108] a pfipadné metody na stanoveni
Cistoty této dvojkombinace se zaméfily pouze na jednu necistotu od kazdé
API [38, 109]. Pro kombinaci amlodipin besilatu a valsartanu byly publikovany pouze
metody na stanoveni obsahu API [110 - 116] stejné jako pro kombinaci amlodipin
besilatu a hydrochlorothiazidu s olmesartan medoxomilem [117 - 119] nebo aliskiren
hemifumaratem [120, 121]. Obsah necistot hydrochlorothiazidu byl stanoven metodami
reverzni HPLC spole¢né s necistotami losartanu [122] a telmisartanu [123], dale pak
stabilitu indikujici UHPLC metodou pro kombinaci hydrochlorothiazidu
s eprosartanem [124] a iontové parovou a reverzni HPLC metodou pro kombinaci
s lisinoprilem [125, 126]. Hlavni degrada¢ni produkt amlodipinu, necistota D dle
Ph. Eur. [37], byla kvantifikovana stabilitu indikujici metodou na stanoveni ¢istoty pro

kombinaci amlodipinu s atorvastatin kalciem [127] a amlodipinu s benazeprilem [128].
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Pro 1éc¢ivé pripravky kombinujici valsartan, amlodipin a hydrochlorothiazid byly
dosud publikovany pouze HPLC metody na stanoveni obsahu uc¢innych latek [129].
Retenéni potadi téchto tii API v reverzni chromatografii zavisi na pH pufru v mobilni
fazi. V silné kyselém pH hydrochlorothiazid eluuje jako prvni, nasleduje amlodipin a
nakonec valsartan [130 - 138]. Pfi pouziti pufru s mirn¢ kyselym nebo neutralnim pH se
retencni pofadi amlodipinu a valsartanu obrati [139 - 142]. V zavislosti na konkrétni
metod¢ v neutralnim nebo zasaditém prostfedi se retence valsartanu snizi natolik, ze
eluuje jako prvni, hydrochlorothiazid pak jako druhy a amlodipin jako
posledni [143, 144]. Pouze dv¢ obsahové metody byly publikovany jako stabilitu
indikujici, pfestoze nebyla poskytnuta data o spektralni Cistoté pikd ¢i identifikace
degradac¢nich produktt [131, 145]. Obsah amlodipinu, valsartanu a hydrochlorothiazidu
v trojkombinaci byl stanoven i spektrofotometrickymi metodami [137, 146 - 148].
Stabilitu indikujici metoda na stanoveni obsahu necistot a zadna UHPLC metoda
obecn¢ dosud nebyla publikovana pro trojkombinaci uU¢innych latek valsartan,
hydrochlorothiazid, amlodipin [129]. V USP bude pravdépodobné uvedena ptislusna
monografie s HPLC metodou, aktudlni verze vSak obsahuje informaci pouze o separacni
kolon¢ a zadné dalSi detaily [38]. Na obrdzcich 6 - 8 jsou znazornény struktury
amlodipinu, valsartanu, hydrochlorothiazidu a jejich necistot pouZzitych v ramci této

prace.
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Obr. 6 Struktury amlodipin besilatu a jeho necistot dle Ph. Eur [37]. A) amlodipin
besilat, B) necistota A, C) necistota B, D) necistota D, E) necistota E, F) necistota
E G) necistota G.
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Obr. 7 Struktury valsartanu a jeho necistot. A) valsartan, B) necistota B,
C) necistota C, vse dle Ph. Eur [37] D) necistota 07: (S)-2-(N-{[2’-
kyanobifenyl-4-yl]methyl}pentanamido)-3-methylbutanova kyselina,
E) necistota 09: (S)-3-methyl-2-{[2’-(1H-tetrazol-5-yl)bifenyl-4-yl]methylamino}
butanova kyselina
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Obr. 8 Struktury hydrochlorothiazidu a jeho necistot dle Ph. Eur. [37].
A) hydrochlorothiazid, B) necistota A, C) necistota B, D) necistota C.
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1.2 Vysledky a diskuze - komentar k publikaci I

1.2.1 Data a komentar k vyvoji RP-HPLC metody

Prvnim cilem pro separaci API a necistot ve Spasmopanu® byl vyvoj RP-HPLC
metody zaloZzené na poréznich casticich o priméru 3 pum nebo 2,7um casticich
s pevnym jadrem. Zvolené stacionarni faze s niz§im zrnénim nez 5 um umoznily pouziti
150mm a 100mm kolon, a tedy vyvoj rychlych a pfitom dostate¢né uc¢innych metod.
Vyvoj UHPLC metody nebyl realizovan z divodu pfistrojového vybaveni cilové
laboratoie kontroly kvality a potencidlniho ucpavani UHPLC kolon zbytkovymi
slozkami placeba. Vzhledem k polarité¢ paracetamolu, kodeinu a jejich necistot jsou
Iékopisné metody zalozeny na iontové parové chromatografii [37, 38]. Iniciacni
experimenty v chromatografickém modu RP-HPLC tedy byly zaméfeny na orientacni
testovani kolon a hodnot pH pii sledovani retence zejména kodeinu, paracetamolu a
jeho necistot. Na obrazku 9 jsou zndzornény chromatogramy analyz vzorku
spikovaného necistotami v 50% acetonitrilu (viz kapitola 1.2.3) na kolon¢ ACE 3 (Cis),
150 x 4,6 mm, velikost Castic 3 pum (Advanced chromatography technologies;
Aberdeen, Skotsko), pfi pouziti 10mmol/L fosfore¢nanového pufru o hodnotach pH 3,0,
5,5 a 7,0. Vzhledem k ptfedpokladané slabé retenci polarnich latek byl zvolen pozvolny
gradient zacinajici na 15 % acetonitrilu (gradient 1) pro hodnoty pH pufru 3,0 a 7,0 a na
zaklad¢ téchto analyz byl gradient zrychlen pro analyzu s pufrem o hodnoté pH 5,5
(gradient 2). Znazornéno je prvnich 30 minut méfeni, béhem kterych eluovaly vSechny
cilové analyty. Analyzy byly provedeny na systétmu Acquity UPLC H-Class (viz

Publikace IT) pfevedeného do modu pro meéteni s HPLC kolonami.
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Obr. 9 Analyza vzorku Spasmopanu® spikovaného necistotami paracetamolu F, J, a K
na hladiné 0,1 %. Rozpoustédlo vzorku: 50% acetonitril. Kolona: ACE 3 (Cis)
150 x 4,6 mm, 3 um. Teplota kolony: 25 °C. Objem nastiiku: 5 ulL. Detekce: UV,
A =225 nm. Mobilni faze: 10mmol/L NH;H>PO4/(NH4):2HPO, pufr o pH 3,0 (4), 5,5 (B)
a 7,0 (C). Prutok: 0,8 mL/min. Gradientova eluce [t(min)/acetonitril(%)]
chromatogramy A, C (gradient 1): 0/15, 8/30, 40/60, 45/60, 46/15, 60/15 a
chromatogram B (gradient 2): 0/15, 22/85, 23/15, 30/15. Identifikace pikii: 1 - necistota
K, 2 - kodein, 3 - paracetamol, 4 - pitofenon, 5 - necistota F, 6 - necistota J.

Z obrazku 9 je patrny vyznamny vliv pH pufru pfedevs$im na retenci kodeinu. Pii
pouziti pufru o pH 3,0 kodein prakticky koeluoval s paracetamolem, zatimco pti pH 7,0
byly vSechny API dostatecné¢ odd€leny v potadi paracetamol, kodein a pitofenon.
V neutralnim pH rovnéz doslo ke zméné retencniho poradi pitofenonu a necistot F a J
oproti analyzdm v kyselém prostfedi vlivem zejména zvySeni retence pitofenonu. Pii
pouziti pufru o neutralnim pH bylo dosazeno symetrickych pikti necistoty K, kodeinu a
pitofenonu na rozdil od analyz s pufry o pH 3,0 a 5,5, kdy byly tyto piky deformovany.

Nejvhodnéj$imi podminkami pro dal$i vyvoj metody na koloné¢ ACE 3 tedy bylo
pouziti pufru o pH 7,0 a gradientu 2 odpovidajiciho chromatogramu B, ktery vyznamné
zkratil dobu analyzy. Druhou uvazovanou moznosti bylo pouziti kolony vyuzivajici

stacionarni fazi s ¢asticemi s pevnym jadrem. Byla testovana kolona Ascentis Express
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RP-Amid 100 x 3,0 mm, velikost ¢astic 2,7 um (Sigma-Aldrich; Praha, Ceska
republika), vhodna pro separace poldrnich latek, s pufry o hodnotach pH 3,0 a 7,0.
Vzhledem k rozdilnym rozmértim kolon, byl pouzit gradient 3 ([¢# (min)/acetonitril(%)]:
0/15, 12/85, 13/15, 17/15; priatok 0,5 mL/min), pfiblizn€¢ odpovidajici gradientu 2
(pfepocteno pomoci softwaru Acquity UPLC columns calculator™, Waters; Milford,
USA). V kyselém prostiedi bylo elu¢ni pofadi srovnatelné s kolonou ACE 3, pik
kodeinu na kolon¢ RP-Amid byl vSak deforomovéan a koeluoval s necistotou K. Pti
pouziti neutralniho pufru byla analyza na koloné¢ RP-Amid piiblizné dvakrat rychlejsi
nez na koloné¢ ACE 3. Retenc¢ni potadi hlavnich latek bylo pro obé€ kolony srovnatelné
(necistota K, paracetamol, kodein, necistota F, neCistota J a pitofenon). Reten¢ni Cas
pitofenonu na koloné¢ RP-Amid byl 6,9 min a na koloné¢ ACE 3 13,9 min, nicméné
zrychleni analyzy na koloné¢ RP-Amid zapfiCinilo vyrazné sniZeni rozliSeni mezi
paracetamolem a kodeinem (2x) a necistotami F a J (5x). Na kolon¢ RP-Amid tedy
doslo ke koeluci dalsich necistot paracetamolu a pitofenonu, které na kolon¢ ACE 3
eluuji mezi paracetamolem a kodeinem (viz déle). ZlepSeni separace na koloné Ascentis
Express RP-Amid by pravdépodobné bylo dosazeno tpravou gradientového programu,
ktery by 1épe zohlednoval technologii ¢astic s pevnym jadrem. I pies delsi cas analyzy
byla do dalsiho vyvoje vSak zvolena kolona ACE 3 poskytujici dostatecnou pocatecni
selektivitu.

Po primarni selekci separacni kolony a oblasti pH pufru vhodné pro analyzu byly
experimenty zaméfeny na optimalizaci gradientového programu. Bylo sledovéano
retenéni chovani pikd pfitomnych ve vzorku spikovaném vSemi necistotami
paracetamolu F, J a K. Necistoty pitofenonu a necistota A kodeinu byly identifikovany
na zaklad€ shody retencnich Casti pikli s referen¢nimi roztoky necistot a UV spekter.
Necistoty C a E kodeinu byly pfifazeny kodeinu na zaklad€ analyzy samotné API, UV
spekter a identifikovany zpétné po analyzach metodou IP-RP-HPLC (viz kapitola
1.2.2). Nedistota B kodeinu nebyla v této ¢asti vyvoje pouzita z diivodu nedostupnosti.
Neznamé necistoty byly pfifazeny ke konkrétnim API na zékladé¢ podobnosti UV
spekter, pfipadné analyzy samotné API tyto necistoty obsahujici. Na obrazcich

10 A - 10 C jsou znazornény chromatogramy analyz spikovaného vzorku na koloné
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ACE 3 (Cig), 150 x 4,6 mm, 3 pm pii pouziti 10mmol/L fosfore¢nanového pufru o pH

7,0 s gradientovou eluci acetonitrilu, ptipadné¢ methanolu (gradienty 2, 4 a 5).
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Obr. 10 Analyza vzorku Spasmopanu® spikovaného necistotami paracetamolu F, J, K
na hladine 0,1 % na systemu Waters UPLC H-Class. Rozpoustédlo vzorku:
50% acetonitril. Kolona: ACE 3 Cis 150 x 4,6 mm, 3 um. Teplota kolony: 25 °C. Objem
nastriku: 5 uL. Detekce: UV, 1 = 225 nm. Mobilni faze: 10mmol/L. NH.H>PO4/
(NH4):HPO, pufr o pH 7,0. Priitok: 0,8 mL/min. A) Gradient 2: [t(min)/acetonitril(%)]
0/15, 22/85, 23/15, 30/15. B) Gradient 4:[t(min)/acetonitril(%)] 0/10, 5/20, 25/85,
26/10, 35/10. C) Gradient 5:[t(min)/acetonitril(%)/methanol(%)] 0/5/5, 5/15/5, 25/85/0,
26/5/5, 35/5/5. Identifikace pikii:1 - necistota K, 2 - paracetamol, 3, 5, 8 - neznamé
necistoty paracetamolu, 4 - necistota KHBB, 6 - necistota E, 7 - necistota X, 9 - kodein,
10 - necistota C, 11 - necistota F, 12 - fenpiverin, 13 - necistota A, 14 - necistota J,
15 - neznama necistota kodeinu, 16 - necistota MeKHBB, 17 - pitofenon, 18 - necistota
PEE.

Neidentifikované piky v chromatogramech pochazeji z rozpoustédla vzorku ¢i se
jednd o piky zpisobené zménami v gradientu (naptfiklad posledni pik
v chromatogramu). Neoznaceny pik eluujici v blizkosti necistoty A kodeinu byl
identifikovan jako doprovodny pik ze standardu necistoty F paracetamolu. Separace
necistot eluujicich mezi paracetamolem a kodeinem byla kritickou oblasti analyzy.
Pouziti gradientu 4 vedlo k rozliSeni piki nezndmé necistoty paracetamolu a necistoty
pitofenonu. VSech Sest pikil retencné spadajicich do této casti zdznamu bylo odd€leno

az pti pouziti gradientu 5, ktery oproti ivodnimu gradientu 2 byl prvnich pét minut
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méné strmy a zaroven obsahoval methanol na tkor obsahu elu¢né silnéjSiho acetonitrilu
pfi zachovani poméru vodné a organické slozky mobilni faze v jednotlivych fazich
gradientu. Z porovnani chromatogrami B a C je patrny vliv obsahu methanolu zejména
na retenci kodeinu a jeho necistoty C. Retencni faktor kodeinu a necistoty C se pfii
pouziti methanolu v gradientu 5 zvysil z 3,82 na 4,32, respektive z 4,24 na 4,75,
zatimco reten¢ni faktor necistoty F se zvysil vyrazné méné z 4,57 na 4,64. Tento efekt
zpusobil ptibliZzeni kodeinu k necistoté¢ F a jeji koeluci s necistotou C. Koeluce téchto
dvou necistot byla vyiesena prenesenim metody z UPLC systému H-Class na klasicky
HPLC systém Alliance. Chromatogram analyzy spikovaného vzorku provedené se

systémem Alliance je zndzornén na obrazku 11.
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Obr. 11 Analyza vzorku Spasmopanu® (jind SarZe oproti obr. 10) spikovaného
necistotami paracetamolu J (hladina 0,2%), F (hladina 0,3 %) a K (hladina 0,2%) a
necistotami pitofenonu KHBB, X, MeKHBB a PEE na hladiné 0,2 %. Analyzovano na
HPLC systemu Waters Alliance 2695. Instrumentadlni podminky a identifikace pikii viz
obr. 10, gradientovy program 5.

Vlivem rozdilné instrumentace necistota F eluovala blize ke kodeinu, pfi¢emZz
rozliSeni (R) téchto dvou pikt kleslo z 2,0 na 1,0. Necistota F vSak neni degradacnim

produktem paracetamolu a jeji obsah je kontrolovdn metodou na stanoveni ¢istoty API
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paracetamolu. V Iékové formé by tedy pravdépodobné byla pfitomna na hladiné€ nizsi
nez reportovaci limit [45] a hrani¢ni rozliSeni 1,0 tak bylo akceptovatelné. Necistota C
se pak vydélila od necistoty F (R = 1,8) a separace vSech ostatnich pikii zistala
zachovana, jak je zndzornéno vySe na obrazku 11. Metoda vyuzivajici kolonu ACE 3
Cis, 150 x 4,6 mm a velikosti ¢astic 3 um, a gradientovou eluci 10mmol/L
fosfore¢nanového pufru o pH 7,0, acetonitrilu a methanolu (dle programu gradient 5,
viz obr. 10) dostatecné separovala vSechny zjisténé necistoty a v dalSi fazi byla
testovana jeji robustnost.

Robustnost metody je nezbytnou soucésti jeji validace. Z vysledki ziskanych
béhem vyvoje byl patrny vliv pH pufru a obsahu methanolu v mobilni fazi na separaci
jednotlivych analyti. Tyto parametry tedy byly testovany ptednostné pro potvrzeni ¢i
vyvraceni vhodnosti metody. V ramci testovani robustnosti mohou byt nalezeny
vhodnéjsi hodnoty nez piivodni podminky metody. Z tohoto diivodu bylo pro analyzy
spikovaného vzorku (viz obr. 11) zvoleno vice hodnot pH pufru (konkrétné 6,5, 6,9, 7,0
a 7,2) nez byva obvyklé ve valida¢ni studii robustnosti [52]. Zastoupeni methanolu
v mobilni fazi bylo ménéno (3 % a 7 %) na ukor obsahu acetonitrilu. Pomér vodného
pufru a organické slozky v mobilni fazi zlstal v jednotlivych fazich gradientu zachovan.
Retencni Casy analytd naméfené za jednotlivych testovanych podminek metody jsou

uvedeny v tabulce 2.
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reten¢niho potadi, jelikoZ necistota A kodeinu eluovala pfed necistotou F paracetamolu,
a také koeluci pitofenonu a jeho necistoty PEE. Velmi mala zména pH o 0,1 méla za
nasledek koeluci nezndmé necistoty paracetamolu (pik 8, obr. 11) s necistotou X.
Separace téchto dvou necistot bylo dosazeno pfi pouziti pufru o pH 6,9 a gradientu 4
(neobsahujiciho methanol, viz obr. 10). V tomto pifipadé¢ se zminéné necistoty
separovaly v retenénim pofadi: neCistota X a neznamd necistota paracetamolu, tedy
obraceném, nez v jakém se separuji gradientem 5 pii pouziti pufru o pH 7,0 (viz
obr. 11). ZvySenim pH na 7,2 se zménilo retencni potadi, jelikoz necistota F eluovala
pred kodeinem. Necistoty kodeinu C a A ¢astecné koeluovaly s fenpiverinem, respektive
necistotou J paracetamolu. Nezndma necistota paracetamolu (pik 8, obr. 11) koeluovala
s necistotou X pfi snizeni zastoupeni methanolu z 5% na 3 %. Za té€chto podminek vSak
bylo dosazeno zlepSeni rozliSeni mezi kodeinem a necistotou F. Vy§si obsah methanolu
zvysil retenci kodeinu a jeho necistot, jak jiz bylo popséano vyse u obr. 10 a zpisobil
koeluci kodeinu a necistoty F, a dale sniZeni rozliSeni mezi necistotou C a fenpiverinem
a mezi necistotami A a J.

Rovnéz byl testovan vliv teploty kolony, ale i v tomto pfipadé se metoda projevila
jako nerobustni. Pfi zvyseni teploty na 30 °C doSlo ke koeluci necistoty E s nezndmou
necistotou paracetamolu (pik 8, obr. 11) a koeluci necistot A a J, a dale pak k vyméné
eluéniho pofadi dvojice pikid kodein a necistota F a dvojice pikdl fenpiverin a
necistota C. U metody RP-HPLC bylo separace vSech analyti dosazeno pouze za
specifickych podminek (pufr pH 7,0 - gradient 5; pufr pH 6,9 - gradient 4; 25 °C), které
by z dlouhodobého hlediska nemusely byt opakovatelné, zejména pti pfenosu metody
do jinych laboratofi. Dal$i vyvoj analytické metody byl tedy zaméfen na iontové

parovou chromatografii (viz kapitola 1.2.2).
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1.2.2 Data a komentar k vyvoji IP-RP-HPLC metody

Vzhledem k problematické dostupnosti necistot kodeinu, jakozto omamné a
psychotropni latky, byla aplikace Ph. Eur. metody na stanoveni Cistoty kodeinu [149]
jednim z prvnich pfistupt pro analyzu Spasmopanu®. Metoda je zaloZena na iontové
parové chromatografii na koloné¢ se silikagelem modifikovanym ftetézcem Cs.
Definované relativni retence kodeinovych necistot umoznily jejich identifikaci ve
vzorku a posouzeni vhodnosti metody pro stanoveni istoty Spasmopanu® ¢i ptipadné
pouze kodeinu, pfi¢emz necistoty ostatnich dvou API by byly stanoveny jinou metodou.
Na obrazku 12 jsou znazornény chromatogramy analyz vzorku Spasmopanu® v 25%
acetonitrilu (viz kapitola 1.2.3) na kolondch Symmetry Cg a Spherisorb Cg (obé od
Waters; Praha, Ceska republika) Ph. Eur. metodou na stanoveni obsahu negistot

v kodein fosfat hemihydratu [149].
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Obr. 12 Analyza vzorku Spasmopanu® Ph. Eur. metodou na stanoveni obsahu necistot
kodeinu. Rozpoustédlo vzorku: 25% acetonitril. Mobilni faze: oktansulfondt sodny
(1,08 g)/kyselina octova (20 mL)/acetonitril (250 mL)/voda (730 mL). Teplota kolony:
25 °C. Priatok: 2,0 mL/min. Detekce: UV, 1 = 245 nm. Objem nastriku: 15 ulL.
A) Kolona Symmetry Cs, 250 x 4,6 mm,5 um. B) Kolona Spherisorb Cs, 250 x 4,6 mm,
5 um. Identifikace piku: 1 - paracetamol a jeho neznamé necistoty, 2 - necistota E,
3 - kodein, 4 - necistota C, 5 - necistota A, 6 - pitofenon.

Z porovnani obou kolon je patrné zejména opacné retencni potadi necistot A a C
kodeinu. Evropsky lékopis piedepisuje kolonu Spherisorb Cs a relativni retencni Casy
necistoty A 2,0 a necistoty C 2,3 [149]. Na této kolon¢ vSak dochazi ke znacné
deformaci piku paracetamolu a kodein i jeho nelistoty prakticky eluuji v jeho zoné.
Necistota E byla integrovana ve strmé klesajici ¢asti eluéni kiivky, coz by mohlo vést
k neprecizni a nepfesné kvantifikaci. Metoda neseparuje necistoty kodeinu B a E a
identifikace piku 2 jako necistoty E byla odvozena zpétné po analyze vzorku findlni
metodou. Kolona Symmetry Cs poskytla vyrazné lepsi separaci kodeinu a jeho necistot
od paracetamolu. V ptipadé nedostupnosti referencnich standardii by vSak nemohla byt
pouzita z ditvodu rozdilné selektivity pro necistoty A a C. Analyza byla provedena i na
dalsich kolonach stejnych parametrti (Cs, 250 x 4,6 mm, velikost ¢astic 5 pm). Kolony

Intersil, ZorbaxSB, ZorbaxRX a Luna poskytovaly selektivitu obdobnou koloné
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Symmetry, zatimco kolona ACE 5 jako jedina odpovidala kolon¢ Spherisorb. Na koloné
YMC pak necistoty A a C eluovaly jako identicky pik. Lékopisnd metoda na stanoveni
Cistoty kodeinu [149] nemohla byt aplikovana na analyzu Spasmopanu® z divodu
interferujiciho paracetamolu. Dalsi testy selektivity této metody potvrdily potencidlni
koeluci kodeinu s necistotou J paracetamolu a necistotou KHBB pitofenonu, pokud by
byly pfitomny. Vzhledem k izokratické eluci by analyza byla ¢asové naroc¢na, jelikoz
pitofenon eluoval pfiblizné po 60 minutich a jeho necistota PEE az téméf po
120 minutéach.

V nasledujici ¢asti vyvoje jiz byly dostupné referen¢ni standardy kodeinovych
necistot A, C a E. Vychozi podminky byly pfevzaty z interni analytick¢é metody na
stanoveni Cistoty 1éc¢ivého ptipravku obsahujiciho kodein a paracetamol. Metoda,
shodné s vySe zminénou lékopisnou metodou [149], vyuzivala pro separaci iontoveé
parové Cinidlo oktansulfonat sodny v kyselém prostiedi. Separacni kolona vSak byla
Symmetry Cig (250 x 4,6 mm, velikost ¢astic 5 pm) pii teploté 35 °C a eluce byla fizena
gradientovym programem obsahujicim acetonitril a methanol. Na obrazku 13 jsou
znazornény pieloZené chromatogramy analyz vzorku Spasmopanu® v 50% acetonitrilu a
roztokd standardll necistot paracetamolu a pitofenonu. Piky necistot kodeinu byly
identifikovany na zaklad¢ validace a tyto necistoty tedy nemusely byt spikovany.
Paracetamol zpravidla neobsahoval necistoty podobné jako kodein, a proto byly jeho

necistoty spikovany, piestoze jejich relativni retence byly rovnéz znamy.
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Obr. 13 Prelozené chromatogramy analyz vzorku Spasmopanu®, referencnich standardii
fenpiverinu, necistot paracetamolu F, J a K a necistot pitofenonu KHBB, X, MeKHBB
a PEE. Rozpoustédlo vzorku: 50% acetonitril. Kolona: Symmetry Cis, 250 x 4,6 mm,
5 um. Teplota kolony: 35 °C. Objem nastriku: 10 uL. Detekce: UV, A = 220 nm. Mobilni
faze: sloZka A - pufr: oktansulfonadt sodny monohydrat (1,44 g/L), pH 2,5 upraveno 85%
H3POy; slozka B - acetonitril; slozka C - methanol. Prutok:1,0 mL/min. Gradientova
eluce [t(min)/acetonitril(%)/methanol(%)]: 0/10/5, 15/15/5, 28/25/5, 38/35/5, 40/10/5,
50/10/5. Identifikace pikii: 1 - paracetamol, 2, 3, 4 - neznamé necistoty paracetamolu,
5 - necistota K, 6 - necistota E, 7 - necistota F, 8 - kodein, 9 - necistota KHBB,
10 - necistota J, 11 - necistota C, 12 - necistota A, 13 - necistota X, 14 - necistota
MeKHBB, 15 - fenpiverin, 16 - necistota PEE, 17 - pitofenon.

Ptelozené chromatogramy na obrazku 13 demonstruji nedostatky vychozi metody
pro analyzu Spasmopanu®. Pik necistoty K (4-aminofenol, hlavni degradaéni produkt
paracetamolu) byl vlivem elu¢ni sily rozpoustédla vzorku rozstipnuty. VétSina pika
eluovala az ve druhé poloviné analyzy a navic v ¢asti, kdy se gradient navracel do
pocatecnich podminek a prubéh zékladni linie byl pro integraci pikii nevhodny.
Rozliseni mezi necistotami kodeinu A a C bylo 1,5 a ¢aste¢né koeluce by se daly
ocekavat 1 pro piky eluujici mezi necistotami pitofenonu X a PEE. Nebyla detekovana
neznama necistota kodeinu (pik ¢islo 15, obr. 10) pravdépodobné z divodu koeluce
s pikem vzniklym gradientovou zménou ve 38 minuté. Vyvoji kompatibilniho

rozpoustédla vzorku je vénovana samostatna kapitola 1.2.3. Z chromatografické ¢asti
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byla zachovana kolona, teplota, pufr a byl ménén gradientovy program za uUcelem
zrychleni prvni poloviny analyzy a zpomaleni druhé poloviny tak, aby doslo k separaci
vSech sledovanych API a nelistot v Case pfed navratem gradientu na pocatecni
podminky. Hlavni zmény v gradientu zahrnovaly zvySeni obsahu organické slozky
v pocatec¢nich podminkach, zrychleni analyzy vynechdnim kroka gradientu od pocatku
analyzy do 15. a 28. minuty a zvySeni elu¢ni sily mobilni fize nahrazenim methanolu
acetonitrilem. Na obrazku 14 jsou znazornény chromatogramy analyz vzorku
Spasmopanu® spikovaného necistotami pii pouziti gradientovych programii (14 A,

14 B) vedoucich k findlnim podminkdm metody (14 C).
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Obr. 14 Analyza vzorku Spasmopanu® spikovaného necistotami paracetamolu F, J a K
a pitofenonu KHBB, X, MeKHBB a PEE na hladine 0,2 %. Instrumentalni podminky a
identifikace piku viz obr. 13. Gradientova eluce: [t(min)/acetonitril(%)/methanol(%)]:
A) 0/15/5, 38/35/5, 40/15/5, 50/15/5 B) 0/20/0, 38/40/0, 40/20/0, 50/20/0, C) 0/15/0,
35/40/0, 40/15/0, 50/15/0.
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SniZeni obsahu pufru v pocatecnich podminkich gradientu a jeho zrychleni
zpiisobilo zménu retencniho potadi kodeinu a necistoty F a koeluci necistot C a J. Piky
v zadni ¢asti chromatogramu vSak oproti vychozim podminkdm eluovaly v delSim
¢asovém obdobi a v ramci vzristajici ¢asti gradientu (obr. 14 A). Nahrazeni methanolu
s neznamymi necistotami paracetamolu. Podobné jako u RP-HPLC retence kodeinu a
jeho necistot A a C byly vyraznéji zavislé na obsahu methanolu v mobilni fazi nez
retence paracetamolovych necistot F a J. Pfi pouziti gradientu neobsahujiciho methanol
(obr. 14 B) tak doslo k jejich separaci na rozdil od ptedchoziho gradientu (obr. 14 A).
Zvyseni retence analytl pii pouziti gradientu bez methanolu bylo dosazeno opétovnym
snizenim obsahu acetonitrilu v po¢ate¢nich podminkach (obr. 14 C). Pii pouziti takto
modifikovaného gradientu byly v§echny necistoty dostatecné separovany (R > 1,7).

Piky necistot K a E byly za vSech podminek deformovény vlivem pouziti 50%
acetonitrilu  jako rozpoustédla vzorku. Necistota K byla od neznamé necistoty
paracetamolu dostate¢né¢ oddélena, jelikoz pifi pouziti kompatibilniho rozpoustédla
vzorku (viz kapitola 1.2.3) retencni ¢as necistoty K odpovidal pravému vrcholu
deformované¢ho piku. Pik pifed neznamou nelistotou paracetamolu (pik cislo 4,
obr. 14 C), byl zplsoben rozpoustédlem vzorku a pribéhem gradientu a postupné
vymizel s ekvilibraci kolony a zmé&nou rozpoustédla vzorku, pficemz separace analytil
se nezménila. Neoznaceny pik mezi necistotami A a J byl identifikovan jako degradacni
necistota ze standardu necistoty F, kterd se v Cerstvé pfipraveném vzorku
nevyskytovala. V tomto reten¢nim ¢ase standardné eluovala nezndma necistota kodeinu
(pik ¢islo 15, Obr. 10). Selektivita metody pro necistotu B kodeinu byla ovétena az pred
vlastni validaci z divodu nedostupnosti referen¢niho materidlu. Metoda zalozena na IP-
RP-HPLC byla oproti RP-HPLC metod¢ robustni a poskytovala piky s lepsi symetrii
(viz Publikace I). Analytickd data byla sbirdna pomoci PDA detektoru. Na obrazku 15
jsou znazornéna UV spektra jednotlivych API a necistoty K, jejiz UV spektrum mélo
pribéh odliSny od paracetamolu. VInové délky pro vyhodnoceni dat: nefistota K
(220 nm), paracetamol a jeho necistoty (245 nm), kodein, pitofenon a jejich necistoty

(285 nm) byly zvoleny na zaklad¢ téchto spekter.
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Obr. 15. UV spektra paracetamolu (4), necistoty K (B), kodeinu (C), pitofenonu (D) a
fenpiverinu (E). Spektra paracetamolu, kodeinu a pitofenonu byla exportovana z analyz
referencniho roztoku (0,2% hladina). Spektra necistoty K a fenpiverinu byla
exportovana z analyzy vzorku pro overeni selektivity metody (viz Publikace I).
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1.2.3 Vyvoj postupu pripravy vzorku

Cipkovina Spasmopanu® obsahuje nepolarni &ipkovy zaklad H 15 a W 35 a
ethoxylované alkoholy Ci2 - Cis. Tyto slozky placeba musely byt v radmci pfipravy
vzorku odstranény z ditvodu mozného zanaSeni a degradace separacnich kolon. Prvotni
experimenty byly zaméfeny na rozpusténi ¢ipku ve vhodném rozpoustédle pomoci
ultrazvukové 14zné€ a nasledném vysrazeni nepoléarni ¢ipkoviny snizenim teploty vzorku
¢1 nadhlou zménou polarit rozpoustédla nafedénim vodou. V tabulce 3 jsou shrnuty
zavery z rozpousténi jednoho Cipku Spasmopanu® v 25 mL acetonitrilu, methanolu,
vodé, isopropanolu, dimethylsulfoxidu a acetonu. Vzorky byly rozpoustény
v ultrazvukové lazni za obc¢asného protiepavani pii 25 °C a 37 °C po dobu 25 minut. Po
ochlazeni na laboratorni teplotu byly vzorky filtrovany ptes 0,22um PVDF filtr a
vzorky rozpuSténé v acetonitrilu, methanolu a isopropanolu byly natfedény vodou

v poméru 1:1.
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Tab. 3 Tabulka pozorovani rozpousténi jednoho cipku Spasmopanu® v 25 mL
rozpoustédla pomoci ultrazvukové lazne (UZ) po dobu 25 minut pri teplotach 25 °C a
37 °C. Pozorovani chovani vzorkii po opétovném vychladnuti z 37 °C na laboratorni
teplotu, filtraci (0,22um) a po ekvivalentnim pridavku vody.

Vychladnuti Ptidavek
Rozpousteédlo Uz, 25°C Uz, 37°C Y L vody po
laboratorni teplota .
filtraci
methanol i bile zakaleny Eﬂ,e shluky bily zakal
roztok v ¢irém roztoku
bile zakalen® emulze a nasledné
acetonitril ; y bilé shluky bily zakal
roztok .
v ¢irém roztoku
emulze a nasledné
bile zakalena malé bile shluky
voda - , . -
emulze v bile zakaleném
roztoku
¢iry roztok, na
. dnémalé 1< bils sastecky .
ispopropanol - mnozstvi . bily zakal
.., v ¢irém roztoku
krystalického
prasku
velké kompaktni
nasloutly shluky na hladiné
dimethylsulfoxid - o Y mirné zakaleného -
viskozni roztok . )
nazloutlého
roztoku
ciry r?ztok,, na Ciry r?ztok,’ na ity roztok, na dné
dné malé dn€ malé , o
aceton mnozstvi mnozstvi malé mnozstvi -
; } talickéh
krystalického  krystalického krys a,ic e
. . prasku
prasku prasku

Z popsanych pozorovani a zavér byly jako nejvhodnéjsi rozpoustédla do dalich

experimentll vybrany acetonitril a methanol. V obou rozpoustédlech byl ¢ipek rozpustén

v ultrazvukové 1azni pfi teploté 37 °C a po vychladnuti byly slozky placeba opétovné

vysrazeny za vzniku bilych shlukii a ¢irého roztoku. Pridavek ekvivalentniho mnozstvi

vody k filtratim téchto vzorkli vSak vedl ke srazeni dal§iho podilu slozek placeba.
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Samotné ochlazeni vzorkli tedy nevedlo ke kvantitativnimu odstranéni placeba ze
vzorku. Roztok vznikly rozpousténim ve vodé nebylo mozné filtrovat z diivodu ucpani
filtru. V acetonu a isopropanolu se vzorek nerozpustil cely. Dimethylsulfoxid narozdil
od methanolu a acetonitrilu poskytuje na zacatku chromatogramu vyrazny pik
rozpoustédla, jelikoz absorbuje UV zafeni od 265 nm nize [150]. V dal§im kroku byl
jeden cCipek rozpoustén znovu ve 25 mL acetonitrilu a methanolu a zaroveil
v 50% acetonitrilu a 50% methanolu v ultrazvukové lazni pti 37 °C po dobu 20 minut.
Pro urychleni srazeni byly vzorky chlazeny pii -18 °C po dobu jedné hodiny a vzorky
v 50% acetonitrilu a 50% methanolu i1 pfi 4 °C po dobu jedné hodiny. Vzorky po
ochlazeni nebyly filtrovany, ale odstfedény pii 12 000 rpm po dobu 10 minut.

Vsechny cipky se v ultrazvukové lazni rozpustily za vzniku bile zakalenych
roztokd. Ochlazeni pifi -18 °C vedlo u vzorkli v Cistém acetonitrilu a methanolu
k velkym shlukim placeba v ¢&irém roztoku, Gplnému zmrznuti vzorku v 50%
acetonitrilu a malym c¢asteckam v roztoku u vzorku v 50% methanolu. Po odstfedéni
byly supernatanty vSech vzorkl ¢iré kromé vzorku v 50% methanolu, ktery musel byt
filtrovan (0,22um, PVDF). Natfedéni vzorkii v Ccistém acetonitrilu a methanolu
ekvivalentnim mnozstvim vody opét vedlo k dalsimu vysraZeni placeba, které bylo
odfiltrovano. Cast vzorkli v 50% acetonitrilu a 50% methanolu, které byly chlazeny pii
4 °C, byly odsttedény za vzniku ¢irého supernatantu, jelikoZ po ochlazeni obsahovaly
bilé shluky placeba v ¢irém roztoku. ZkuSebni pfidani nadbytku vody k malému podilu
vzorkli v 50% organickych rozpoustédlech jiz nevedlo k vysrazeni dal§iho placeba.
Vzorky byly analyzovany vychozi metodou IP-RP-HPLC (viz kapitola 1.2.2) a byla
orientacné ovétena vytéznost jednotlivych API porovnanim s referencnimi roztoky
v 50% acetonitrilu o koncentraci 1 mg/mL. Methanol v rozpoustédle vzorku zptisoboval
vyrazné frontovani piku paracetamolu. Orienta¢ni vytéZnost jednotlivych API byla ve
vSech vzorcich v rozmezi od 96 % do 104 %, tedy dostacujici. Vzhledem k pribchu
pfipravy a chromatografickym vysledkim byl pro dal$i rozpousténi vybran 50%
acetonitril a postup pfipravy zahrnujici ochlazeni pti 4 °C a odstiedéni vzorku. Pii
analyze spikovaného vzorku findlnimi chromatografickymi podminkami vSak byly v

tomto rozpoustédle piky necistot K a E deformovany (viz obr. 14 C) vlivem elu¢ni sily
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50% acetonitrilu. Piky byly deformovany 1 pii sniZzeni nastfiku objemu vzorku na 5 pL
¢i sniZeni teploty kolony na 25 °C i pii zvySeni obsahu organické slozky v mobilni fazi
na pocatku gradientu (obr. 14 A a B). Pik necistoty E byl symetricky jiz pii pouziti 40%
acetonitrilu jako rozpoustédla vzorku. Pik necistoty K byl vSak stidle deformovan, navic
vytéznost této necistoty ve 40% acetonitrilu byla pouze 76 %. Obsah acetonitrilu
v rozpoustédle vzorku byl postupné snizovan na 30 %, 25 % a 20 % a zaroven byla pro
pfipravu pouzita voda okyselend kyselinou fosfore¢nou (0,5 mL 85% H3POs4 na
1000 mL vody) pro zvyseni vytéznosti necistoty K (4-aminofenol). Zcela symetrického
piku (Sr= 1,0) necistoty K a jeji dostatetné vytéznosti (92 %, hladina 0,1 %) bylo
dosazeno az pii pouziti okyseleného rozpousStédla vzorku obsahujictho 20 %
acetonitrilu. Kvantitativni vysrazeni slozek placeba v tomto rozpoustédle vSak
vyzadovalo minimaln¢ 2,5 hodiny pfi 4 °C a néslednou filtraci ptes 0,22um PVDF filtr.
Pro zrychleni pfipravy vzorku byl tedy vyvinut alternativni postup zaloZzeny na
extrakci slozek placeba z vodné faze do hexanu. Ke vzorku rozpusténému
v ultrazvukové 14zni bylo pfiddno 10 mL hexanu a vzorek byl intenzivné tiepan po dobu
10 minut. Nasledné d€leni fazi vSak nebylo optimélni a i po 30 minutach ustalovani
nebylo fazové rozhrani jednozna¢né a spodni vodna faze byla bile zakalena. ZlepSeni
déleni fazi bylo dosazeno pouzitim 10 mL okyseleného 50% acetonitrilu pro
rozpousténi ¢ipku a tfepani s hexanem. Vzorek byl poté nafedén 15 mL okyselené vody,
jemné zamichan a ponechan v délici banice po 30 minut. Pfi tomto postupu bylo fazové
rozhrani jednoznacné a spodni vodné faze byla témér Cird. Vzorek byl filtrovan pies
0,45um PVDF filtr. Pfidani nadbytku vody k malému mnoZzstvi ¢irého filtratu
nezpusobilo vysrazeni dalSiho placeba, a to tedy bylo tiepanim z hexanem kvantitativné
odstranéno. V tabulce 4 jsou uvedena data kvantitativné porovnavajici obé¢ metodiky

ptipravy vzorku.
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Tab. 4 Vyska (h), plocha (Ar) a normalizovana plocha (Av, norm.) pro piky analytii ze
vzorkit pripravenych dvéma metodikami pro odstranéni sloZek placeba. Rozpoustédlo
vzorku: 20% acetonitril pripraveny z okyselené vody (0,5 mL 85% H3PO4 na 1000 mL
vody). Kolona: Symmetry Cis, 250 x 4,6 mm, 5 um. Teplota kolony: 35 °C. Objem
nastriku: 10 uL. Detekce: UV, 1 = 220 nm. Mobilni faze: slozka A - pufr: oktansulfonat
sodny monohydrat (1,44 g/L), pH 2,5 upraveno 85% H3POy; slozka B - acetonitril.
Priitok:1,0 mL/min. Gradientova eluce [t(min)/acetonitril(%)]: 0/15, 35/40, 40/15,
50/15.

Metodika 4 °C; 2,5 hodiny hexan; 10 minut tfepani
Analvt h Ar Ar h Ar Ar
Y (mV)  (mV/s) (norm.%) (mV)  (mV/s) (norm.%)
neznama
necistota 4224 38453 0,14 4387 38389 0,14
paracetamolu
kodein 1646819 16432678 59,40 1672109 16498434 59,42
nedistota A 6212 58633 0,21 6200 58431 0,21
necistota C 2459 21662 0,08 2417 21160 0,08
necistota X 4069 39260 0,14 4106 39226 0,14

pitofenon 1022479 11074952 40,03 1010442 11108558 40,01

Pro zajisténi analytické preciznosti metody a dostatecné citlivosti byly vzorky
piipraveny z 20 zhomogenizovanych ¢ipki a do 100mL odmérnych banc¢k byly
navazovany hmotnostni ekvivalenty dvou ¢ipkt. Byla pouZita Sarze Spasmopanu® tyii
roky po datu jeji vyroby. Z dat uvedenych v tabulce 4 je patrné, Zze obé metodiky
poskytly kvantitativné srovnatelné vysledky a v dalSich experimentech bylo pouzito uz
pouze c¢asové méné naro¢né odstranéni placeba tfepanim vzorku s hexanem. Pik
paracetamolu koncentracné presahl pracovni rozsah detektoru a nebyl kvantifikovan.

Okyselena voda v rozpoustédle vzorku byla nahrazena oktansulfonatovym pufrem
o pH 2,5 pouzitym v mobilni fazi z dvodu lepsi kompatibility a snizeni gradientového
piku v reten¢nim ¢ase cca 7,6 minuty (viz obr. 14 C). Obsah necistoty K ve vzorku byl
vSak v Case zavisly na hodnoté¢ pH pouzitého rozpoustédla. Na obrazku 16 jsou

vyneseny zavislosti plochy necistoty K na Case pii1 pouziti pufrit o hodnotach pH 2,5,
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3,0 a 3,5 pro ptipravu vzorku. Jelikoz necistota K se ve vzorku ptfirozené nevyskytovala,

pro méfeni v pH 3,0 a 3,5 byly pouzity vzorky spikované na hladin¢ 0,1 %.
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Obr. 16 Zavislosti plochy necistoty K (Ar) v % wiici pocatecnimu stavu (t = 0 hod.) na
case v hodinach pro hodnoty pH pufru pouzitého pri pripravé vzorku. — O — pH 2,5;
—MW— pH 3,5, —o— pH 3,0. Vzorky uchovavany pri 10 °C, ostatni instrumentalni
podminky viz tab. 4.

Necistota K je hlavnim degrada¢nim produktem paracetamolu v kyselém
prostiedi. Pti pouziti pufru o pH 2,5 se jeji obsah zvysil za 24 hodin téméf trikrat a za
48 hodin vice nez Ctytikrat. Zvolenym akceptacnim kritériem pro rozhodnuti o stabilité
vzorku byla zména maximalné 20 % relativnich za 24 hodin (viz Publikace I) a vzorek
v pH 2,5 tomuto kritériu nevyhovél.

Nevyhovujici byl i vzorek ptipraveny pii pouziti pufru o pH 3,5, kdy naopak
dochazelo k degradaci naspikované necistoty K [151] a jeji obsah klesl za 24 hodin
0 25 %. Podobné hodnoty byly naméteny i u vzorki ptipravenych pti pouZiti ¢isté vody
a pufru o pH 6,3 v rozpoustédle vzorku. Mén¢ strmy pokles obsahu necistoty K byl

naméfen pro hodnotu pH pufru 3,0 a vzorek pfipraveny s timto pufrem v rozpoustédle
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vzorku vyhovél stabilitnim kritériim (viz Publikace I). Pokles obsahu necistoty K pouze
0 3,5 % za 24 hodin byl naméfen pti pouziti 50% methanolu jako rozpoustédla vzorku,
avSak kodein byl v tomto rozpoustédle nestabilni a obsah jeho necistoty C narostl
o 73 % za stejnou dobu. Kone¢nym rozpoustédlem vzorku byl tedy 20% acetonitril

v oktansulfonatovém pufru o pH 3,0.

1.3 Vysledky a diskuze - komentar k publikaci I1

1.3.1 Data a komentar k vyvoji UHPLC metody

Vyvoj metody na stanoveni obsahu necistot amlodipinu, valsartanu a
hydrochlorothiazidu byl zaloZen na separatnim mechanismu v reverzni fazi. Byla
zvolena gradientova eluce pufru v kyselé oblasti pH a acetonitrilu. Metody pro
stanoveni jednotlivych API v této kombinaci byly publikovany pti pouZiti pufr z celé
Skaly hodnot pH, v kyselé oblasti vSak bylo dosazeno pikli s nejlepsi symetrii. Na
obrazku 17 jsou znazornény chromatogramy analyz vzorku spikovaného necistotami
amlodipinu a hydrochlorothiazidu vychozi metodou s objemy nasttiki vzorku 1,0 uL a
2,0 pL. Byla pouzita kolona Acquity UPLC BEH Cs (100 x 2,1 mm, velikost ¢astic
1,7 pm) a 10 mmol/L fosfore¢nanovy pufr o pH 2,5 s gradientem zacinajicim na 5 %
acetonitrilu (gradient 1), aby bylo dosazeno retence polarniho hydrochlorothiazidu a

jeho necistot.
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Obr. 17 Analyza vzorku spikovaného necistotami A a B hydrochlorothiazidu na hladiné
1,0 % a A, B, E, F, G amlodipinu na hladiné 0,2 % a necistoty D amlodipinu na hladiné
0,5 %. Rozpoustédlo vzorku: 60% methanol. Kolona: Acquity UPLC BEH Cgs
100 x 2,1 mm, 1,7 um. Teplota kolony: 25 °C. Detekce: UV, A = 225 nm. Mobilni faze:
10 mmol/L NHsH>PO4/H3PO4 pH 2,5 a acetonitril dle gradientového programu [t(min)/
acetonitril(%)]: 0/5, 7/65, 8/65, 10/5. Prutok: 0,4 mL/min. A) objem nastriku 1,0 uL; B)
objem nastriku 2,0 ulL. Identifikace piku:1 - besilat, 2 - necistota B (HCTZ),
3 - necistota A (HCTZ), 4 - HCTZ, 5 - neznama necistota HCTZ, 6 - necistota C
(HCTZ), 7 - necistota D (AMLO), 8 - necistota F (AMLO), 9 - AMLO, 10 - necistota E
(AMLO), 11 - necistota C (VALS), 12 - VALS, 13 - necistota B (AMLO), 14 - necistota G
(AMLO), 15 - necistota A (AMLO,).

Neidentifikované piky jsou minoritnimi nezndmymi necistotami valsartanu nebo
pochéazeji z rozpoustédla vzorku a zmén v gradientu (posledni pik v zaznamu).
Z porovnani chromatogramii je patrné, ze pifi objemu néstiiku 2,0 uL doslo
k ptedavkovani separacniho systému, coz se projevilo deformaci, koeluci a snizeni
retencnich Cast pika hydrochlorothiazidu a jeho necistot (obr. 17 B, piky 2 - 5). Objem
nastiiku 1,0 pL vSak neposkytoval dostate¢nou citlivost pro amlodipin a jeho necistoty.

Vychozi metoda také uspokojivé neseparovala vSechny studované analyty.
Necistota B amlodipinu eluovala na chvostu piku valsartanu, ale tato ¢astecna koeluce

by byla vyfeSena pouzitim rozdilnych vlnovych délek pro valsartan (225 nm) a
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amlodipin (360 nm). Minoritni nezndmé necistoty (obsah < 0,05 %) valsartanu
koeluovaly s amlodipinem a ¢aste¢né i s valsartanovou necistotou C. Nésledné kroky
zahrnovaly Upravy separacnich podminek a gradientu s testovanim vlivu zvySeni obsahu
organické sloZky mobilni faze na deformaci pikii na zacatku chromatogramu a zlepSeni
separace neznamych necistot valsartanu od studovanych API a necistot (kritické pary
viz Publikace II). Na obrazku 18 jsou zndzornény analyzy vzorku spikovaného

necistotami vSech API pfi pouziti separa¢nich podminek vedoucich k finalni metod¢.
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Obr. 18 Chromatogramy analyz vzorku spikovaného necistotami A, B (HCTZ) na
hladine 1,0 %, A, B, D, E, FF, G (AMLO) na hladiné 0,2 %, respektive 0,5 % pro
necistotu D a necistotami B, C, 07, 09 (VALS) na hladine 0,2 %, respektive 0,3 % pro
necistotu C. Rozpoustédlo vzorku: 60% methanol. Kolony: A, B, C) Acquity UPLC BEH
Cs 100 x 2,1 mm, 1,7 um; D) Zorbax Eclipse Cs RRHD 100 x 3,0 mm, velikost castic
1,8 um. Teplota kolony: 25 °C. Detekce: UV, 225 nm. Mobilni faze: 10 mmol/L
NH/H>PO4+/H3POs pH 2,5 a acetonitril dle gradientového programu [t(min)/
acetonitril(%)]: A) 0/10, 1/10, 8/65, 9/65, 9,5/10, 12/10 (gradient 2); B, D) 0/15, 9/65,
10/65, 10,5/15, 12/15 (gradient 3); C) 0/20, 9/65, 10/65, 10,5/20, 12/20 (gradient 4).
Prutok: A, B, C) 0,4 mL/min; D) 0,8 ml/min. Objem nastriku A, B) 1,0 uL,; C, D) 2,0 uL.
Identifikace piku: 1 - besilat, 2 - necistota B (HCTZ), 3 - necistota A (HCTZ), 4 - HCTZ,
5, 6 - neznamé necistoty HCTZ, 7 - necistota 09 (VALS), 8 - necistota C (HCTZ),
9 - neznama necistota VALS, 10 - necistota D (AMLO), 11 - necistota F (AMLO),
12 - AMLO, 13 - necistota E (AMLO), 14 - necistota C (VALS), 15 - VALS,
16 - necistota B (AMLO), 17 - necistota G (AMLO), 18 - necistota 07 (VALS), 19 -
necistota B (VALS), 20 - necistota A (AMLO).

Zvyseni obsahu acetonitrilu na 10 % v pocatecnich podminkéch gradientu a
vlozeny jednominutovy izokraticky usek nemély pozitivni vliv na deformaci pikil
hydrochlorothiazidu a jeho necistot A a B pifi ndstiikovém objemu 2,0 pL
(neznazornéno). Selektivita pi1 pouZiti gradientu 2 (obr. 18 A) pfi porovnani s vychozi
metodou nebyla prakticky ovlivnéna, reten¢ni potfadi a koeluce pikt zlstaly srovnatelné.

Podobné vysledky byly zaznamenany i pii aplikaci gradientu zacinajicitho na 10 %
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acetonitrilu bez pocatecni izokratické faze (neznazornéno). Pocatecni mnoZstvi
acetonitrilu 20 % (gradient 4, obr. 18 C) vedlo ke koeluci necistot hydrochlorothiazidu
A a B a koeluci nezndmé necistoty hydrochlorothiazidu s necistotou 09 valsartanu.
Necistota C hydrochlorothiazidu eluovala na strmé ¢asti driftu zékladni linie, coz by
s objemem nastfiku 2,0 pL vSak nedoslo k deformaci piku hydrochlorothiazidu a od
amlodipinu se vydélila nezndma neclistota valsartanu (neidentifikovany pik pred
pikem 12).

Separace vSech analytll bylo dosazeno pouzitim gradientu 3 zacinajiciho na 15 %
acetonitrilu (obr. 18 B). S timto gradientem byly déle testovany objemy nasttiku vzorku
1,5 uL, 1,8 uL a 2,0 pL. Za téchto podminek se piky hydrochlorothiazidu a jeho
necistot deformovaly jiZ pii objemu néstfiku 1,5 pL. Srovnatelné s vychozi metodou
vSak objem nastiiku 1,0 pL nepostacoval k dostatecné citlivosti 1 s ohledem na vyvoj
tablet obsahujicich je$t¢ mensi mnozstvi amlodipin besilatu. Metoda byla pienesena na
kolonu Zorbax Eclipse Cs RRHD 100 x 3,0 mm, velikost ¢astic 1,8 um, na které diky
vétsimu objemu kolony bylo mozné aplikovat nastiiky az 3,0 uL bez vlivu na symetrii
pika. Z obrazku 18 D je patrné, Ze na této koloné doslo k uplnému oddé€leni necistoty B
amlodipinu od valsartanu, zméné retencniho potadi pro amlodipin a nezndmou necistotu
valsartanu a vyrazn¢ hlad§imu pribchu zdkladni linie. Zaroven vSak nezndma necistota
valsartanu koeluovala s necistotou C hydrochlorothiazidu (piky 8 a 9) a znemoZnila tak
jeji kvantifikaci. Castené separace téchto dvou piktl (R = 0,9) bylo dosaZeno aplikaci
findlniho gradientového programu [#(min)/acetonitril(%)]: 0/15, 11/75, 12/75, 12,5/15,
15/15 a tplné separace (R = 2,3) zvySenim teploty kolony na 30 °C (viz Publikace II).
Castecné koeluce neznamé nedistoty valsartanu a jeho neéistoty C zistala zachovéna za
vSech podminek. Neznama necistota vSak byla vzdy minoritni (obsah < 0,05 %) 1 ve
stresovanych vzorcich a vyvojovych stabilitnich studiich a diky rozliSeni 1,0 byla
necistota C precizné a presné kvantifikovana (viz Publikace II).

Analytickd data byla sbirana pomoci PDA detektoru. Vlnové délky pro
vyhodnoceni Cistoty jednotlivych API byly vybrany na zakladé jejich UV spekter,
pripadné UV spekter necistot, které mély odlisny prubeh od spekter ptislusnych API. Na
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obrazku 19 jsou zndzornéna UV spektra valsartanu, hydrochlorothiazidu a jeho
necistoty A a amlodipinu a jeho necistoty D. Pro valsartan byla zvolena vlnova délka
225 nm stejné jako pro amlodipinovou necistotu D, jelikoZz jeji spektrum postrada
absorpéni pas s maximem pii cca 360 nm typicky pro amlodipin a jeho necistoty
(obr. 19 D a E). Cistota hydrochlorothiazidu byla vyhodnocovana pii 271 nm, jelikoz
jeho necistota A postrada absorpéni pas s maximem pii cca 317 nm (obr. 19 B a C).
Ostatni necistoty amlodipinu byly kvantifikovany pii 360 nm. Pfi této vlnové délce
valsartan zareni neabsorbuje, a tak byly eliminovany veskeré potencialni interference

jeho minoritnich necistot (obr. 19 A a D).
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Obr. 19 UV spektra A) valsartanu, B) hydrochlorothiazidu, C) necistoty A (HCTZ),
D) amlodipinu, E) necistoty D (AMLO). Spektra valsartanu, hydrochlorothiazidu a
amlodipinu byla exportovina z analyz referencniho roztoku (0,2% hladina). Spektra

necistot A a D byla exportovana z analyzy vzorku pro oveéreni selektivity metody (viz
Publikace 1).
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1.3.2 Vyvoj pripravy vzorku

Reprezentativni mnozstvi vzorku (20 tablet) bylo zhomogenizovano ve tfeci
misce a tohoto bylo do 25mL odmérné bailkky navaZzeno 795 mg. Tato navazka
zajiStovala dostate¢nou koncentraci jednotlivych API, a tedy i pozadovanou citlivost
metody pii objemu nastiiku 2,0 uL (viz Publikace II). Ke vzorku bylo pfidano 20 mL
rozpoustédla a vzorek byl ultrazvukovan po dobu 25 minut za obc¢asného michani.
Odmérna barika byla rozpousStédlem vzorku doplnéna po rysku a vzorek byl odstfedén
pii 14 000 rpm po dobu 10 minut. Pro tento obecny postup bylo postupné testovano
n¢kolik rozpoustédel vzorku. Sledovanymi parametry byly predevsim stabilita vzorku,
vytéZznost necistot a tvar pikd na zacatku chromatogramu (necistoty B a A

hydrochlorothiazidu). Zavéry z téchto experimenti jsou uvedeny v tabulce 5.

Tab. 5 Testovani rozpoustédla vzorku pro pripravu. 795 mg vzorku/25 mL rozpoustédla,
ultrazvuk 25 minut, odstredeni 14 000 rpm/10 minut. Chromatografické podminky viz
Publikace II. Sledovany parametry stability vzorku [kriticka necistota B (HCTZ),
hladina 0,1 %)], vyteznost [kriticka necistota C (HCTZ), hladina 0,1 %] a tvar pikii
necistot Ba A (HCTZ).

Parametr / stabilita necistoty B vytéZnost necistoty C tvar pikit
Rozpoustédlo (HCTZ) (HCTZ) P
nevyhovujici: 53% nevvhovuiici:
60% CH3;OH narlst plochy za 18 };9 O/J ' symetrické
hodin pii 25 °C °
60% CH30OH v 1,6% hovuiici nevyhovujici: frickeé
HsPO, vyhovujici 51% symetrické
80% CH3OH v 1,6% vyhovujici: def ,
H;PO4 - 99.6 % eformované
60% CH3CN v 1,6% vyhovujici: ,
HsPO4 - 100.4 % deformované
45 % CH3OH/15 % hovuiici:
CH3CN/40 % - neVy6 SOZ/“JICI' symetrické
H3PO04(1,6%) °
30 % CH;OH/30 % vyhovujici: vyhovujici:
X : : o
CHCNMO% (1, Publikace I1 100,0 % symetricke

H3PO4(1,6%)
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Ve vychozim rozpoustédle (60% methanolu) hydrochlorothiazid ve vzorku
z lécivého pfipravku degradoval na necistotu B. Bylo-li v tomto rozpoustédle
pfipraveno samostatné 25 mg API hydrochlorothiazidu, degradace byla jeste rychlejsi
(nartist plochy o 185 % za 18 hodin pii 25 °C). Maximalni akceptovatelnd zména byla
10 % relativnich za zvolenou ¢asovou jednotku (minimaln¢€ 24 hodin). Zaroven byla
nevyhovujici vytéznost necistoty C (HCTZ) ze zhomogenizované tabletoviny, coz bylo
potvrzeno analyzou API obsahujici tuto necistotu a API smichanou s placebem.
Vytéznost necistoty C na hladin€ 0,1 % by méla byt v intervalu 70,0 % - 130,0 % [56].
Vzorek API hydrochlorothiazidu s placebem byl déle na 2 hodiny ulozen v lednici pii
4 °C a nasledné odstfedén. V tomto piipadé vytéZznost necistoty C klesla ze 49 % na
44 %. Zpét na hodnotu 49 % se vytéznost vratila, pokud byl vzorek z lednice nejprve
znovu vytemperovan na 25 °C a az poté odstiedén, ¢imZ byla prokézana sorpce
necistoty C na placebo.

Hydrochlorothiazid byl stabilizovan okyselenim rozpoustédla vzorku, avSak
vytéznost necistoty C byla stale nizka. ZvySeni obsahu organické slozky ¢i nahrazeni
methanolu acetonitrilem vedlo ke zvySené solvata¢ni schopnosti rozpoustédla a
dosazeni pozadované vytéznosti. Elu¢ni sila téchto rozpoustédel vSak ovlivnila tvary
pikd necistot B a A hydrochlorothiazidu. Pti pouziti 80% methanolu byly piky ve svych
vrcholech deformovany a pii pouziti 60% acetonitrilu byly rozmyty a téZ deformovany.
Utinnost separace pro nedistoty B a A byla v 60% acetonitrilu 8300, respektive 7000
teoretickych pater, zatimco ve findlnim rozpoustédle byla Gc€innost 15300 a 11800
teoretickych pater. Konecné rozpoustédlo vzorku kombinovalo stabilizujici efekt
kyseliny fosfore¢né a zvySenou solvatacni schopnost dosazenou ¢asteCnym nahrazenim
methanolu za acetonitril, pfi¢emz jeho elu¢ni sila neméla negativni vliv na tvar piki.

Béhem vyvoje slozeni rozpoustédla vzorku bylo zjiSténo, ze ultrazvukovani
vzorku, jeho odstfedéni a uchovavani v autosampleru by mélo probihat za
necistota hydrochlorothiazidu (obr. 18, pik 5), jejiz plocha se pifi porovnani
kontrolovanych a nekontrolovanych podminek zvysila z 1838 mV/s na 3359 mV/s.

Vzhledem k vykonu ultrazvuku byla minimalni moznd udrzitelnd teplota 25 °C. Pro
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odstfed’ovani a skladovani vzorku byla nastavena teplota 10 °C, jelikoZ pfi nizsi teploté
dochdzelo po 24 hodinach ke srazeni nékteré slozky vzorku a zéaroven tato teplota

zajistila dostatecnou stabilitu ptipraveného vzorku.
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A new HPLC method for separation and determination of impurities in paracetamol, codeine phos-
phate hemihydrate and pitophenone hydrochloride in the presence of fenpiverinium bromide in
combined suppository dosage form was developed and validated. The separation of paraceta-
mol and its impurities 4-aminophenol, 4-nitrophenol, 4-chloracetanilid; codeine and its impurities
methylcodeine, morphine, codeine dimer and 10-hydroxycodeine; pitophenone and its impurities 2-
[4-[2-(1-piperidinyl)ethoxy]benzoyl] benzoic acid, 2-[4-[2-(1-piperidinyl)ethoxy|benzoyl]benzoic acid

ﬁ’;’:‘r’{t‘;&' 2-(1-piperidinyl)-ethyl ester, methyl ester of 2-(4-hydroxybenzoyl) benzoic acid and fenpiverinium was
Paracetamol achieved by using ion-pair reversed phase liquid chromatography with UV detection. Validation param-
Codeine eters such as the precision, accuracy, linearity, limit of detection (LOD), limit of quantification (LOQ)

Pitophenone and robustness were verified for all the mentioned impurities of codeine phosphate hemihydrate and
HPLC 4-aminophenol and 2-[4-[2-(1-piperidinyl)ethoxy]benzoyl] benzoic acid as the main degradation prod-
ucts of paracetamol and pitophenone hydrochloride, respectively. The described method was found to
be useful for analysis of the stability samples and therefore suitable for routine purity testing of the drug

product.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Spasmopan® is a suppository dosage form which combines four
active pharmaceutical ingredients: paracetamol, codeine phos-
phate hemihydrate, pitophenone hydrochloride and fenpiverinium
bromide. Paracetamol is a widely used analgesic and antipyretic
substance [1]. In combination with the analgesic and antimotolic
effect of codeine [2] and with the spasmolytic effect of pitophe-
none hydrochloride and fenpiverinium bromide [3], paracetamol
is used for treating pain and spasms in the gastrointestinal system
or bladder. A purity testing method is required by the registration
authorities and is therefore an important part of the development
of a drug product. Monographs are devoted to paracetamol and
codeine in European Pharmacopoeia [4]. As paracetamol is gen-
erally used in high doses and could be hepatotoxic [5], the limits
for the content of its main related substances 4-aminophenol, 4-
nitrophenol and 4-chloracetanilid are not more than 0.005%, 0.05%

* Corresponding author. Tel.: +420 221951 238; fax: +420 224 913 538.
E-mail address: pcoufal@natur.cuni.cz (P. Coufal).

http://dx.doi.org/10.1016/j.jpba.2014.09.002
0731-7085/© 2014 Elsevier B.V. All rights reserved.

and 0.001%, respectively. In dosage form, especially 4-aminophenol
needs to be monitored because it is the main degradation product
of paracetamol [6] and could be nephrotoxic [7]. Micellar elec-
trokinetic chromatography [8], micro emulsion liquid and micro
emulsion electrokinetic chromatography [9] were used for anal-
ysis of paracetamol in dosage forms. 4-aminophenol could also
be determined by a fluorimetric method [10,11] and by NMR
spectroscopy alone [12] or as a detection method coupled with
capillary isotachophoresis separation [13]. Although TLC meth-
ods have been published recently [14,15], HPLC methods with
UV detection for determination of paracetamol and its impuri-
ties have probably been most widely used [16-21]. Amperometric
detection coupled with HPLC separation was also employed for
determination of 4-aminophenol in tablets and capsules [22].
Codeine phosphate and paracetamol in combined dosage forms
were determined by stability-indicating HPLC methods [23,24] and
the micellar electrokinetic chromatography method was validated
for a combination of ibuprofen, codeine and their impurities [25].
A stability-indicating reversed phase HPLC method for estimation
of codeine phosphate and chlorpheniramine maleate in combined
liquid dosage form was also validated [26]. However, analytical
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Fig. 1. Pitophenone and its impurities. (A) Methyl ester of 2-[4-(2-(1-piperidinyl)ethoxy)benzoyl] benzoic acid (pitophenone), (B) 2-[4-[2-(1-piperidinyl)ethoxy]benzoyl]
benzoic acid (Imp. X), (C) 2-[4-[2-(1-piperidinyl)ethoxy]benzoyl]benzoic acid 2-(1-piperidinyl)-ethyl ester (Imp. PEE), (D) methyl ester of 2-(4-hydroxybenzoyl) benzoic acid

(Imp. MeKHBB).

methods have been focused rather on determination of codeine
itself, especially in mixtures of opium alkaloids [27-31], than on its
impurities, as the related substances method is defined by Euro-
pean Pharmacopoeia [4]. This method, however, does not separate
morphine and 10-hydroxycodeine and the limit for these impuri-
ties is set as the sum of the two [4]. Determination of pitophenone
hydrochloride in combined dosage form was performed by deriva-
tive spectrophotometry [32,33], ion-pair liquid chromatography
[34] and TLC [35-37]. Pitophenone hydrochloride was also part
of the screening tests for drugs [38-41]. Unlike paracetamol and
codeine and according to our best knowledge, no method has been
published to date for the determination of pitophenone hydrochlo-
ride impurities. The structures of pitophenone and its potential
impurities from the synthesis [42,43] are shown in Fig. 1.

Although all the mentioned active pharmaceutical ingredients
have been available on the market for decades, new methods for
determination of their impurities in dosage forms, following the
current legislation, still need to be developed to ensure the safety
of drug products. The aim of this study was to develop and validate
an analytical method for quantitative purity testing of Spasmopan®,
as no method for such a combination of drugs and their impurities
in any dosage form was found in the literature. Impurities of fen-
piverinium bromide were not taken into account in this study due
to its small content in one suppository (0.02% of the paracetamol
content).

2. Materials and methods
2.1. Chemicals

Reference materials of paracetamol, codeine phosphate hemi-
hydrate and its impurity morphine (Imp. B, according to Ph.
Eur. [4]), pitophenone hydrochloride and its impurities 2-[4-[2-
(1-piperidinyl)ethoxy]benzoyl] benzoic acid (Imp. X), 2-[4-[2-(1-
piperidinyl)ethoxy|benzoyl]benzoic acid 2-(1-piperidinyl)-ethyl

ester (Imp. PEE), methyl ester of 2-(4-hydroxybenzoyl) benzoic
acid (Imp. MeKHBB), fenpiverinium bromide and samples of
Spasmopan® and its placebo were supplied by Zentiva (Prague,
Czech Republic). Paracetamol impurities 4-aminophenol (Imp. K,
according to Ph. Eur. [4]), 4-chloracetanilid (Imp. ], according to Ph.
Eur. [4]) and 4-nitrophenol (Imp. F, according to Ph. Eur. [4]) were
purchased from Sigma-Aldrich (Prague, Czech Republic). Codeine
impurity methylcodeine (Imp. A, according to Ph. Eur. [4]) was
purchased from European Directorate for the Quality of Medicines
& HealthCare (Strasbourg, France). Other codeine impurities such
as the codeine dimer (Imp. C, according to Ph. Eur. [4]) and 10-
hydroxycodeine (Imp. E, according to Ph. Eur. [4]) were supplied
by Saneca Pharmaceuticals (Hlohovec, Slovak Republic). HPLC gra-
dient grade acetonitrile, methanol, isopropanol and hexane were
purchased from ]. T. Baker (Phillipsburg, USA). The mobile phase
and solvents were prepared using sodium 1-octanesulfonate (98%)
from Sigma-Aldrich (Prague, Czech Republic), ortho-phosphoric
acid (85%) Ph. Eur. grade from Merck (Darmstadt, Germany) and
water for chromatography treated by the Mili-Q system from Merck
Milipore (Billerica, USA). Filters used for sample preparation were
PVDF 0.45 wm, diameter 33 mm Target syringe filters from Fisher
Scientific (Pardubice, Czech Republic).

2.2. Chromatographic conditions

The HPLC experiments were performed on the Alliance 2695
chromatographic system with column thermostat and PDA detec-
tor 2998 from Waters (Milford, USA). Data were collected and
evaluated by Empower3 software from Waters. HPLC column Sym-
metry C18, 250 x 4.6 mm, 5 pm particle size, from Waters, heated
to 35°C was used for the separation. The mobile phase was a
gradient mixture of component A: 1.33 g/l solution of sodium 1-
octanesulfonate adjusted to pH 2.5 with ortho-phosphoric acid, and
component B, which was acetonitrile. The flow rate of the mobile
phase was 1.0 ml/min. The final gradient programme [(min)/% B]
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Table 1
Composition of Spasmopan suppository.
Compound Amount (mg) Concentration in Impurity Ph. Eur. name [4] Limit (%)
the sample
solution (mg/ml)

Paracetamol 500 40.00 4-Aminophenol Impurity K 0.01
4-Nitrophenol® Impurity F -
4-Chloracetanilid® Impurity J -

Codeine phosphate hemihydrate 19.2 1.54 Methylcodeine Impurity A 1.2
Morphine Impurity B 0.5
Codeine dimer Impurity C 0.3
10-Hydroxycodeine Impurity E 0.5

Pitophenone hydrochloride 10 0.80 Impurity X - 0.5
Impurity MeKHBB®:" - -
Impurity PEE*? - -

Fenpiverinium bromide 0.1 0.008 - - -

Placebo

Suppository base H 15 - _
Suppository base W 35 - -

Ethoxylated alcohols C12-Cy¢ - -

2 Process-related impurity, selectivity only.
b For the structure see Fig. 1.

was 0/15, 35/40, 40/15, 52/15. The sample temperature was set
at 10°C and the injection volume was 10 pl. Data for impurities of
paracetamol were evaluated at 220 nm and a wavelength of 285 nm
was used for detection and evaluation of impurities of codeine
phosphate hemihydrate and pitophenone hydrochloride.

2.3. Preparation of solutions

2.3.1. Sample solvent preparation

Sample solvent 1: 1.33g of sodium 1-octanesulfonate was
dissolved in 900 ml of water, the pH was adjusted to 3.0 with
ortho-phosphoric acid and this solution was diluted to 1000 ml
with water. Sample solvent 2: sample solvent 1 mixed with ace-
tonitrile (1:1, v/v). Sample solvent 3: sample solvent 1 mixed with
acetonitrile (8:2, v/v).

2.3.2. Sample solution preparation

Twenty suppositories of Spasmopan® were put in a freezer for
30 min. They were then grated on a grater and thoroughly homog-
enized by gentle stirring. An amount of 4.20g of homogenized
sample (corresponding to two suppositories) was weighed into a
100 ml volumetric flask and 10.0 ml of sample solvent 2 were added.
The volumetric flask was put in an ultrasonic bath where the water
temperature was set to 37 °C (sonication was not applied yet). After
complete disintegration of the suppositories, heating was stopped
and the sample was sonicated for 10 min. In the next step, 20 ml of
hexane was added and the sample was shaken intensely for 10 min
on alaboratory shaker. Then 15.0 ml of sample solvent 1 was added.
The sample was mixed gently and transferred to a separatory fun-
nel. The funnel was left to rest until the layers were well separated
(about 30 min). Then the stopcock was opened and approximately
1 ml of the lower layer was allowed to drain into the waste; then
4 ml were transferred to a syringe and filtered through a suitable
PVDF 0.45 pm filter. The final concentrations of the drug substances
were 40.00 mg/ml of paracetamol, 1.54mg/ml of codeine phos-
phate hemihydrate and 0.80 mg/ml of pitophenone hydrochloride
calculated with respect to their declared contents in Spasmopan®
(Table 1).

2.3.3. Standard solution preparation
Paracetamol, codeine phosphate hemihydrate and pitophe-
none hydrochloride reference materials were dissolved in sample

solvent 3 at a concentration level which corresponded to 0.2% of the
concentration of the sample solution for all the drug substances.

2.3.4. Placebo solution preparation

Placebo was put in a freezer for 30 min, after that grated on a
grater and thoroughly homogenized by gentle stirring. An amount
of 3.14 g of homogenized sample (corresponding to two supposi-
tories) was weighed into a 100 ml volumetric flask and then the
placebo solution was prepared in the same way as the sample
solution (Section 2.3.2).

2.4. Method validation

The method was validated according to the ICH Q2 guideline
[44] for 4-aminophenol as the main degradation product of para-
cetamol, available codeine impurities A, B, C, E (according to Ph. Eur.
[4]) and for impurity X as the main degradation product of pitophe-
none hydrochloride (based on our preliminary experiments). The
selectivity of the method was confirmed for all the above impurities
with addition of other process-related substances of paracetamol
(4-nitrophenol, 4-chloracetanilid) and pitophenone hydrochloride
(PEE and MeKHBB).

2.4.1. Precision

Repeatability of the method was verified by analysis of six repli-
cate samples of an actual production batch of Spasmopan®. The %
RSD values of the contents of the detected impurities were calcu-
lated. The intermediate precision was determined by analysing six
replicate samples of Spasmopan® by a different analyst in a dif-
ferent laboratory on a different day using a different column (same
type, different batch). The absolute difference in the contents of the
impurities between the first and the second analyst was calculated.

2.4.2. Linearity and accuracy

The linearity and accuracy of the method were examined by
analyzing spiked samples of Spasmopan®. Reference materials
of 4-aminophenol and impurities A, B, C, E and X were dis-
solved in sample solvent 2 and spiked into the weighed sample of
Spasmopan® at five concentration levels, three samples per level.
These samples were treated according to the procedure of the sam-
ple solution preparation (Section 2.3.2) with respect to the volume
of spikes in the first step. An unspiked sample of Spasmopan® was
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also prepared to correct the amount of impurities which were orig-
inally present. The linearity was calculated for each impurity from
the whole range of concentrations. Samples for evaluation of the
linearity and accuracy were prepared corresponding to the concen-
trations of the related drugs in the sample solution (Section 2.3.2) at
concentration levels: 0.003-0.017% for 4-aminophenol, 0.39-1.50%
for impurity A, 0.10-0.40% for impurity C and 0.10-0.65% for impu-
rities B, E and X. The accuracy was calculated for each impurity
as the percent recovery of the amount of the impurity that was
added to the sample at three selected levels across the range of
concentrations.

2.4.3. Specificity

The specificity of the method was confirmed by analysis of the
sample spiked with all the available impurities. In addition to fully
validated impurities, paracetamol impurities 4-nitrophenol and
4-chloracetanilid and pitophenone impurities PEE and MeKHBB
were also spiked. Impurities were spiked in correspondence to the
concentrations of the related drugs in the sample solution (Sec-
tion 2.3.2). The concentration levels were as follows: 0.01% for
4-aminophenol, 0.1% for 4-nitrophenol and 4-chloracetanilid, 0.5%
forimpurities B, E and X, 0.3% for impurity Cand 1.0% for impurity A.
Chromatograms of sample solvent 3 and the placebo solution were
also obtained to demonstrate no interferences with the peaks from
the spiked sample. The ability of the method to analyze the stabil-
ity samples was examined by analysis of the batch of Spasmopan®
two years after its expiry date. The impurity profile of this batch
was compared with the profile obtained from the precision data
(Section 2.4.1) and with the contents of impurities in the active
pharmaceutical ingredients which were used for manufacturing
the expired batch. The peak purity test was also evaluated to con-
firm that no unknown impurity co-elutes with the principal peaks
of the drugs.

2.4.4. Robustness

The robustness of the method was examined by varying the
chromatographic conditions such as the pH of the buffer (+0.2),
column temperature (+5°C), flow rate (£0.1 ml/min), volume of
acetonitrile at all points of the gradient (+2%), concentration of salt
in the buffer (+10%) and particular column used. The sample spiked
with 4-aminophenol, impurities A, B, C, E and X, at concentration
levels like in the sample for specificity (Section 2.4.3) was analyzed
and the retention times of all the impurities and principal peaks
were monitored.

2.4.5. Stability of the sample and standard solutions

One sample from the linearity evaluation (Section 2.4.2) was
used for the stability study of the sample solution. The sample was
stored in the autosampler at 10°C in the dark and at ambient tem-
perature not protected from the light. It was analyzed after 24 h.
The standard solution was stored under the same conditions and
was analyzed after 24, 48 and 72 h. The absolute differences in the
contents of the impurities and drugs between the measurements at
the beginning and at the end of the stability study were calculated
and evaluated.

3. Results and discussion
3.1. Method development and optimization

3.1.1. Method without an ion-pair reagent

Although methods for related substances of paracetamol and
codeine are based on ion-pair chromatography [4,45], the first
attempt was made to develop a fast and novel method without
an ion-pair reagent, which would avoid interferences caused by
possible impurities from the ion-pair reagent. Separation of all the

impurities and drugs was achieved using ACE3 C18, 150 x 4.9 mm,
3 pm particle size column at 25 °C and gradient elution with phos-
phate buffer (10 mM, pH 7.0), acetonitrile and methanol as follows
[(min)/% acetonitrile/% methanol] 0/5/5, 5/15/5, 25/85/0, 26/5/5,
35/5/5. However, this method was found to be insufficiently robust
to changes in the pH of the buffer (+0.1) and column tempera-
ture (+5 °C). Because of the number of impurities to be separated
in 20 min, there were several critical pairs which were resolved
only under specific conditions. In addition, the peak shape of
the last impurity in the chromatogram (impurity PEE of pitophe-
none) was not satisfactory (USP tailing factor = 2.2). Other columns
with similar dimensions (e.g. Gemini C18, YMC ODS-A, Zorbax
ODS-A, Kinetex C18, Zorbax Eclipse C18) were also tested under
these conditions and all of them yielded similar elution profiles
to column ACE3, but with lower selectivity. Zorbax Aqua C18 col-
umn exhibited very different selectivity (especially for paracetamol
impurities), but with even more unresolved pairs of peaks.

3.1.2. Ion-pair reversed phase method

As development of the method without an ion-par reagent was
not successful (Section 3.1.1), an ion-pair reversed phase HPLC
method from our previous work [unpublished data] was tested.
This method, which was suitable for separation of paracetamol, 4-
aminophenol, codeine and impurities Aand C, used a Symmetry C18
(250 mm x 4.6 mm, 5 wm) column heated to 35 °C and gradient elu-
tion of sodium 1-octanesulfonate buffer at pH 2.5 with acetonitrile
and methanol as follows [(min)/% acetonitrile/% methanol] 0/10/5,
15/15/5,28/25/5,38/35/5,40/10/5,50/10/5. However, the majority
of the peaks from the spiked sample of Spasmopan® (Section 2.4.3)
were not satisfactorily resolved under these conditions, as almost
all the impurities were eluted between 26 and 44 min. The column,
its temperature and the buffer composition were kept constant,
but the gradient programme was modified. Several critical pairs
of compounds, i.e., 4-aminophenol and an unknown minor impu-
rity of paracetamol; impurities of codeine E and B; C and A; and
fenpiverinium and an impurity of pitophenone X were monitored
carefully to achieve sufficient resolution. Gradients which started
with 80% buffer resulted in poor retention of 4-aminophenol, which
co-eluted with the solvent peaks and other minority impurities of
paracetamol. Similar to the non-ion-pair reversed phase method,
retention of codeine and its impurities was very sensitive to the
ratio of methanol and acetonitrile in the mobile phase (a higher
volume of methanol led to longer retention). After testing several
gradients, the final gradient programme (see Section 2.2) with-
out the presence of methanol, starting with the same content of
buffer and with the faster first part of the gradient (compared to
the original gradient) was developed. Under the final conditions,
all the compounds were successfully resolved (R > 2.1) for any pair
of peaks and an excellent peak shape was also achieved for all the
impurities (1.0 < USP tailing factor <1.1).

3.1.3. Sample preparation

The suppository is a complicated dosage form to analyze
because it contains a large amount of non-polar placebo compo-
nents which need to be removed to protect the column. However,
suppositories melt at 37°C so that a heated ultrasonic bath was
used to disintegrate them in water/organic modifier mixture and
then the sample was cooled in a refrigerator to precipitate the
placebo components (1h, 4°C). Pure methanol, acetonitrile and
isopropanol and their mixtures with water in ratios of 1:1 were
tested as solvents. The mixture of acetonitrile and water provided
the best accuracy for the drugs and the placebo components pre-
cipitated completely, unlike in the pure organic solvents. The ratio
of water and acetonitrile in the sample solvent had to be changed to
8:2 due to the peak shape of 4-aminophenol. At this ratio, precipita-
tion of the placebo components took at least 2.5 hin the refrigerator.
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Table 2

Precision data.
Compound Content range (%) RSD (%) A (%)
Paracetamol - 0.12 -
Codeine - 0.69 -
Pitophenone - 0.36 -
Unknown imp. of paracetamol <0.03 0.90 0.000
Imp. A 0.31-0.50 14 0.017
Imp. C 0.05-0.14 24 0.003
Imp. E 0.05-0.14 2.0 0.007
Imp. X <0.03 2.8 0.001

Content range - the content of the impurity in percent of the related drug amount
in one suppository.

RSD - for paracetamol, codeine and pitophenone calculated from the peak areas
of five injections of standard solution; for impurities calculated from the content
determined from six replicate samples.

A - absolute difference of the impurity content between the first and the second
analysts.

Therefore, they were removed with hexane as described under Sec-
tion 2.3.2 and no quantitative difference was observed between
these two removal methods. Water in the sample solvent was
subsequently replaced by sodium 1-octanesulfonate buffer from
the mobile phase (pH 2.5) to avoid incompatibilities between the
mobile phase and sample solvent. However, at this pH, the amount
of 4-aminophenol in the sample solution increased continuously
due to hydrolysis of the paracetamol. On the other hand, both at
higher pH values (i.e, 3.5 and 6.3) and then in the unbuffered
sample solvent, the amount of 4-aminophenol in the sample

solution decreased continuously due to its decomposition [46]. The
mixture of water and methanol was the only solvent in which 4-
aminophenol was stable. However, in this sample solvent, codeine
was found to be unstable, as the amount of impurity C in the sam-
ple solution increased rapidly (54% of peak area after 6 h). Finally,
the sample solvent containing the buffer with pH 3.0 was chosen
since the sample in this buffer was stable for up to 24 h (see Section
3.2.5).

3.2. Method validation

3.2.1. Precision

The repeatability and intermediate precision were performed as
described under Section 2.4.1. Impurities present in the real sam-
ple were determined as a percent of the amount of related drug
in one suppository against the calibration obtained by injection of
a standard solution. The % RSD of the content was calculated for
one unknown minor impurity of paracetamol and for impurities
A, G, E and X, which were present in the samples. The % RSD val-
ues of the peak areas of five injections of standard solution were
also calculated. The intermediate precision was evaluated as the
absolute difference between the results obtained by the first and
the second analysts. Values of RSD < 0.7% for five injections of the
standard solution and RSDs in the range 0.9-2.8% for the contents
of impurities demonstrated the good repeatability of the method.
The absolute difference between the results of the first and the sec-
ond analysts was in the range 0.000-0.017% and demonstrated the
reproducibility of the method (Table 2).

Table 3
Linearity, LOD and LOQ data.
Compound Concentration Regression Correlation RSD of area/ o (nV) LOD (p.g/ml) LOQ (mg/ml)
range (%) equation coefficient concentration
ratio (%)
Paracetamol 0.05-0.24 y=7.21x105x-1.33 x 10° 1.000 0.2 36 0.038 0.115
Codeine phosphate hemihydrate 0.10-0.30 y=3.52 x 10*x — 2.80 x 102 1.000 25 19 0.21 0.63
Pitophenone hydrochloride 0.10-030 ¥=2.02 x 10°x — 4.20 x 10? 1.000 0.6 16 0.02 0.05
4-Aminophenol 0.003-0.017 y=1.09x107x-1.00 x 10*  0.998 8.0 58 0.059 0.178
Imp. A 0.39-1.50 y=4.55x 10%x+3.92 x 10? 1.000 0.9 16 0.14 0.42
Imp. B 0.10-0.65 y=4.64 x 10%x - 1.25 x 10? 1.000 1.2 17 0.14 0.42
Imp. C 0.10-0.40 ¥=5.22x 10%x+2.10 x 10? 0.999 1.5 21 0.14 0.44
Imp. E 0.10-0.65 y=5.41x10%x+1.26 x 10? 1.000 14 17 0.12 0.36
Imp. X 0.10-0.65 ¥=2.27x10°x - 2.69 x 10! 1.000 0.6 25 0.02 0.07
o - baseline noise obtained from the chromatogram of the placebo solution at the retention time of the analyte.
LOD - limit of detection, LOQ - limit of quantification.
Regression equation - relationship between peak area and concentration.
Acceptance criteria [47].
Correlation coefficient >0.98.
RSD of area/concentration ratio <10.0% for impurities and <3.0% for drug substances.
Table 4
Relative response factors and accuracy data.
Parameter 4-Aminophenol Imp. A Imp. B Imp. C Imp. E Imp. X
RRF 0.7 0.8 0.8 0.7 0.7 0.9
Level 1 (%) 0.003 0.39 0.1 0.1 0.1 0.1
Recovery (%) 79.2 104.8 101.7 104.5 106.1 101.9
RSD (%) 1.8 1.0 1.7 1.0 1.6 0.3
Level 2 (%) 0.014 1.25 0.54 0.34 0.54 0.54
Recovery (%) 94.6 104.4 102.9 104.5 103.5 101.3
RSD (%) 14 1.1 0.1 21 0.7 0.6
Level 3 (%) 0.017 1.51 0.65 0.39 0.65 0.65
Recovery (%) 96.3 104.1 104.0 104.3 104.7 101.7
RSD (%) 1.1 1.0 0.8 19 0.4 0.7

RRF - relative response factor, calculated as a ratio of slopes of regression lines of the drug and its particular impurity.

Acceptance criteria [47].

0.05 < Cimp <0.1%; recovery: 50.0-150.0%.
0.1 < Cimp < 0.5%; recovery: 70.0-130.0%.
0.5 < Cimp < 1.0%; recovery: 80.0-120.0%.
Cimp = 1.0%; recovery: 90.0-110.0%.
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Table 5
Specificity - the expired batch of Spasmopan data.

Compound A (%) Purity angle Purity threshold
Paracetamol - 0.031 0.237

Codeine - 0.227 0.312
Pitophenone - 0.180 0.770
Fenpiverinium - 0.400 0.691

Imp. A 0.0 - -

Imp. C 0.0 - -

Imp. E 0.0 - -

Imp. X 03 - -

A - the difference in the content of the impurity between the batch of Spasmopan®
two years after the expiry date (four years after manufacturing) and the active phar-
maceutical ingredient used for its manufacturing.

The peak is spectrally clear if the purity angle < the purity threshold.

3.2.2. Linearity, accuracy, LOD and LOQ

The linearity and accuracy of the method were verified by
analyzing spiked samples of Spasmopan® as described in Section
2.4.2. In relation to their contents in the non-spiked sample of
Spasmopan®, the linearity of all the active pharmaceutical ingredi-
ents and impurity A was also examined by spiking their reference
solutions into the placebo solution at five levels. The concentration
range was set as follows: 0.05-0.24% of the concentration of the
sample solution for paracetamol, 0.10-0.30% of the concentration
of the sample solution for codeine phosphate hemihydrate and
pitophenone hydrochloride and 0.10-2.03% of the concentration
of codeine phosphate hemihydrate in the sample solution for
impurity A. The relative difference between the two slopes of the
regression lines for impurity A was 2.4%. The relative response
factor of each impurity was included to calculate the recovery.
This factor was calculated as the ratio of the slopes of the linearity
regression lines of the drug substance and its particular impurity
(based on the peak areas). The LOD and LOQ values were deter-
mined as ratios 3.3 x o/S and 10 x oS, respectively, where o was
the baseline noise obtained from the chromatogram of the placebo
solution and S was the slope of the regression line (based on peak
heights) obtained from the linearity data. Data such as the

regression equation, correlation coefficient, RSD of the
area/concentration ratio, the LOD and the LOQ are reported
in Table 3 and showed satisfactory sensitivity of the method and
excellent linearity between the peak area and concentration for
each compound, as well as the fact that points in the residual
plots were randomly distributed around the horizontal axis. The
relative response factors and recovery data are reported in Table 4
and indicated that the method is accurate. Lower recovery of
4-aminophenol at a concentration level of 0.003% in comparison
with the other levels could have been caused by partial instability
of this impurity, but at such a low level that it was still within the
acceptance criteria [47]. The RSD value of the recovery of <2.1%
demonstrated the repeatability of the determination for all the
spiked impurities.

3.2.3. Specificity

The specificity of the method was examined by analyzing a sam-
ple spiked with all the available impurities as described under
Section 2.4.3. The chromatograms of sample solvent 3 and the
placebo solution were also obtained to examine possible interfer-
ences. As the placebo components were completely removed by
hexane during sample preparation (Section 2.3.2), no differences
between the chromatograms of the placebo and of the sample solu-
tions were observed. All the peaks of the sample solvent were well
separated from the peaks of the impurities and drugs in the sam-
ple solution and are designated in the chromatogram of the spiked
sample (Fig. 2). The sample solvent peak with retention time of
about 8 min was quite intense when a new column was used.

The batch of Spasmopan® two years after its expiry date was
analyzed to confirm the capability of the method to analyze the
stability samples of this drug product. The impurity profiles of the
expired and the actual batch of Spasmopan® were same from a
qualitative point of view as no new impurity was observed in the
chromatogram of the expired batch. From a quantitative point of
view, the only difference was an increase in the content of impu-
rity X compared to its content in pitophenone hydrochloride, which
was used for manufacturing the expired batch (Table 5) and thus

Table 6
Robustness data.
Parameter Retention time Resolution
(min)
Paracetamol Codeine Pitophenone Fenpiverinium 4-Aminophenol Imp. A Imp. B Imp. C Imp. E Imp. X
pH of mobile phase
23 4.10 14.8 13.9 7.1 4.2 5.2 13.8 21.0 4.6 179
25 4.13 134 12.7 74 5.6 4.3 144 19.8 4.6 16.4
2.7 4.12 13.5 125 8.4 4.6 4.8 13.9 194 4.6 15.8
Flow rate
0.9 ml/min 4.59 13.0 125 7.3 6.1 49 14.2 19.0 4.6 16.8
1.0 ml/min 413 134 12.7 74 5.6 43 14.4 19.8 4.6 16.4
1.1 ml/min 3.79 13.7 129 7.3 5.2 3.7 14.5 20.9 4.6 15.9
% Acetonitrile
—2% 4.57 139 12.7 7.3 6.6 4.1 16.6 20.2 5.0 16.2
Initial 413 134 12.7 7.4 5.6 43 144 19.8 4.6 16.4
+2% 3.90 12.7 12.6 74 4.5 4.6 121 19.0 4.2 16.4
Column temperature
30°C 434 133 12.7 6.6 5.8 44 14.7 19.1 41 16.8
35°C 4.13 134 12.7 7.4 5.6 43 14.4 19.8 4.6 16.4
40°C 4.03 134 127 7.9 5.6 4.2 142 204 5.1 16.2
Salt concentration in the buffer
1.20g/1 412 134 12.6 7.3 4.4 4.7 13.8 19.5 45 16.8
1.33gl/1 4.13 134 12.7 74 5.6 43 144 19.8 4.6 16.4
1.46 g/ 4.22 135 12.7 7.3 5.7 4.2 14.3 20.1 4.6 16.4
Second column 4.22 13.6 12.6 7.3 5.8 4.0 14.1 20.5 4.6 16.1

Retention time - reported only for paracetamol (the first integrated peak in the chromatogram).
Resolution - reported for all the compounds except paracetamol, calculated between adjacent peaks.
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Table 7

Stability of the sample solution data.
Compound Time=0h [% abs.] Time=24h [% abs.] Result
4-Aminophenol - autosampler 10 °C/darkness 0.015 0.012 Stable
4-Aminophenol - ambient temperature/not protected from light 0.015 0.004 Unstable
Impurity B — autosampler 10 °C/darkness 0.75 0.74 Stable
Impurity B - ambient temperature/not protected from light 0.75 0.74 Stable
Impurity E — autosampler 10°C/darkness 0.68 0.69 Stable
Impurity E - ambient temperature/not protected from light 0.68 0.68 Stable
Impurity C - autosampler 10 °C/darkness 0.48 0.45 Stable
Impurity C - ambient temperature/not protected from light 0.48 0.45 Stable
Impurity A - autosampler 10°C/darkness 2.09 2.05 Stable
Impurity A - ambient temperature/not protected from light 2.09 2.05 Stable
Impurity X - autosampler 10°C/darkness 0.65 0.64 Stable
Impurity X — ambient temperature/not protected from light 0.65 0.65 Stable

Result - the difference between content is/is not within the acceptance criteria [48].

Acceptance criteria [48].
Cimp <0.5%; change <20% over specified time.
0.5% < Cimp < 5%, change <10% over specified time.

0.20

absorbance

L2t |

L 1 L 1 n 1 n 1 " 1 n 1 n

25 30 35
time (min)

Fig. 2. Chromatogram of the sample solution of Spasmopan® spiked with impuri-
ties at concentration levels: 0.01% for 4-aminophenol, 0.1% for 4-nitrophenol and
4-chloracetanilid, 0.5% for impurities B, E, X, 0.3% for impurity C and 1.0% for impurity
A. Detection at 220 nm. Peaks: (1) solvent peak; (2) paracetamol; (3, 4) paraceta-
mol unknown minor impurities; (5) solvent peak; (6) paracetamol unknown minor
impurity; (7) 4-aminophenol; (8) impurity B; (9) impurity E; (10) codeine; (11)
4-nitrophenol; (12) impurity C; (13) impurity A; (14) codeine unknown minor impu-
rity; (15) 4-chloracetanilid; (16) impurity X; (17) fenpiverinium; (18) impurity PEE;
(19) impurity MeKHBB; (20) pitophenone; (21) pitophenone unknown minor impu-
rity.

impurity X was confirmed as the main degradation product of
pitophenone hydrochloride in suppository dosage form. Codeine
phosphate hemihydrate and paracetamol were found to be sta-
ble in suppository dosage form, as no significant increase in their
impurities was observed. The peak purity of fenpiverinium and
pitophenone was evaluated directly in the chromatogram of the
sample solution. For evaluation of codeine and paracetamol peak
purities, the sample solution had to be diluted two times and
five hundred times, respectively, so that the responses were in an
appropriate absorbance value range around 1. The peak purity test
was successfully met for all the principal peaks of the drugs in anal-
ysis of the expired batch (Table 5) and confirmed their spectral
clearness.

3.2.4. Robustness

The robustness of the method was tested by changing the vari-
able chromatographic conditions as described in Section 2.4.4. The
retention times of the drugs, validated impurities (4-aminophenol,
imp. A, imp. B, imp. C, imp. E and imp. X) and resolutions were

monitored. The data are reported in Table 6 and showed that the
method is robust, as all the compounds were satisfactory resolved
and the elution order remained unchanged under all the tested
changes in the chromatographic conditions.

3.2.5. Stability of reference and sample solutions

The reference and sample solutions, the same solutions as those
used for evaluation of the accuracy (Section 3.2.2), were stored and
analyzed as described under Section 2.4.5. The reference solution
(2.3.3) was found to be stable for up to 72 h stored in the autosam-
pler and at ambient temperature but not protected from light, as
the maximum difference in the concentrations of the drugs was
0.003% absolute at a concentration level of 0.200% and therefore
was within the acceptance criteria [48]. The sample solution was
found to be stable for up to 24 h when stored only in the autosam-
pler, as reported in Table 7, but should be analyzed immediately
following preparation because of decomposition of 4-aminophenol.

4. Conclusions

A gradient ion-pair reversed phase HPLC method was developed
and validated for separation of paracetamol, codeine phosphate
hemihydrate, pitophenone hydrochloride and their impurities in
the presence of fenpiverinium bromide in combined suppository
dosage form. The described method successfully separated related
substances of paracetamol (i.e., 4-aminophenol, 4-nitrophenol, 4-
chloracetanilid), codeine impurities A, B, C and E and pitophenone
related substances (i.e., PEE, MeKHBB and impurity X). Impurity
X was found to be the main degradation product of pitophenone
hydrochloride in suppository dosage form. The method is precise,
linear, accurate, sensitive, specific, robust and capable of analyzing
the stability samples of Spasmopan® and could be used as a routine
quality control method.
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A new rapid stability-indicating UPLC method for separation and determination of impuri-
ties in amlodipine besylate, valsartan and hydrochlorothiazide in their combined tablet dosage
form was developed. The separation of Ph. Eur. related substances of amlodipine besylate (A,
B, D, E, F, G), hydrochlorothiazide (A, B, C), valsartan (B, C), two other valsartan impurities
(S)-2-(N-{[2’-cyanobiphenyl-4-ylJmethyl} pentanamido)-3-methylbutanoic acid and (S)-3-methyl-2-
{[2’-(1H-tetrazol-5-yl)biphenyl-4-yl]methylamino}butanoic acid and several unknown impurities was

ﬁ?x?z:s achieved by reversed phase liquid chromatography with UV detection. The detection wavelengths were
Valsartan set as follows: 225 nm for valsartan, its impurities and for the impurity D of amlodipine, 271 nm for
Amlodipine hydrochlorothiazide and its impurities and 360 nm for amlodipine and its impurities except for impurity

Hydrochlorothiazide D. Zorbax Eclipse C8 RRHD (100 mm x 3.0 mm, 1.8 um) was used as a separation column and the ana-
UPLC lytes were eluted within 11 min by a programmed gradient mixture of 0.01 M phosphate buffer pH 2.5
and acetonitrile. The method was successfully validated in accordance to the International Conference
of Harmonization (ICH) guidelines for amlodipine besylate and its impurity D, valsartan and its impu-
rity C and hydrochlorothiazide and its impurities A, B and C. The triple-combined tablets were exposed
to thermal, higher humidity, acid, alkaline, oxidative and photolytic stress conditions. Stressed samples
were analyzed by the proposed method. All the significant degradation products and impurities were
satisfactory separated from each other and from the principal peaks of drug substances. The peak purity
test complied for peaks of amlodipine, valsartan and hydrochlorothiazide in all the stressed samples and
indicated no co-elution of degradation products. The method was found to be precise, linear, accurate,
sensitive, specific, robust and stability-indicating and could be used as a routine purity test method for
amlodipine besylate, valsartan, hydrochlorothiazide and their pharmaceutical combinations.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction

High blood pressure is a global health issue. It indirectly con-
tributes to the deaths of 9.4 million people every year all around
the world as it is a key factor in deaths due to heart disease
and stroke [1]. Combined treatment of hypertension allows bet-
ter control of blood pressure compared with monotherapy in the
majority of patients [2]. Valsartan reduces blood pressure through
renin-angiotensin system. It causes vasodilatation as an antag-
onist of the angiotensin II receptor. Hydrochlorothiazide treats
the symptoms of hypertension through its diuretic effect [3].

* Corresponding author. Tel.: +420 267 242 354.
E-mail address: Lucie Janeckova@zentiva.cz (L. Janeckova).

http://dx.doi.org/10.1016/j.jpba.2015.01.059
0731-7085/© 2015 Elsevier B.V. All rights reserved.

Amlodipine interferes with calcium channels and thus reduces
the calcium influx into cells. This reduction leads to a vasodilata-
tion effect and therefore to lower blood pressure [4]. A purity
testing method is required by the registration authorities and
therefore it is an important part of the development of a drug
product. It is necessary to have at disposal a validated analyt-
ical method for assuring the maximum safety of drug therapy
|5,6]. Liquid chromatography is a widely used method for phar-
maceutical analysis and its newest technical approach called “ultra
high performance liquid chromatography” has brought significant
advantages like higher peak capacity and sensitivity, better reso-
lution, lower solvent consumption and shorter analysis times [7].
Monographs employing the HPLC method for related substances
are devoted to valsartan, amlodipine besylate and hydrochloroth-
iazide in European Pharmacopoeia [8] as well as in USP [9]. UPLC
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methods dealing with impurities were published for valsartan
[10] and amlodipine [11]. Determination of valsartan Ph. Eur.
impurity C [8] and hydrochlorothiazide Ph. Eur. impurity B [8]
in combination with these two drug substances was performed
under reversed phase HPLC conditions [9,12]. Other methods were
focused mostly on assay of the drug substances in this combination
[13-18]. For the combination of valsartan and amlodipine besy-
late, only stability-indicating [19-21] and non stability-indicating
[22-25] assay methods have been published. Amlodipine besylate
and hydrochlorothiazide in combination with olmesartan medox-
omile were also analyzed by stability-indicating assay methods
[26-28] and by non-stability-indicating assay methods for a com-
bination of amlodipine besylate, hydrochlorothiazide and aliskiren
hemifumarate [29,30]. Hydrochlorothiazide impurities A, B and C
named according to Ph. Eur. [8] were determined together with
losartan and its three impurities by a reversed-phase HPLC method
suitable for both assay of drug substances and their purity test
[31]. The same hydrochlorothiazide impurities were also deter-
mined in a combined tablet dosage form of hydrochlorothiazide
and telmisartan [32]. A purity test method for hydrochlorothiazide
dealing with its Ph. Eur. impurities A and B [8] was performed
by a stability-indicating UPLC method for a combined pharma-
ceutical dosage form of hydrochlorothiazide and eprosartan [33].
Purity testing methods based on reversed phase HPLC [34] and
ion-pair chromatography [35] were developed for the combination
of lisinopril and hydrochlorothiazide and its Ph. Eur. impurities A
and B [8]. Amlodipine Ph. Eur. impurity D [8] as its main acidic
degradation product was determined by stability-indicating purity
testing methods for combinations of amlodipine with atorvastatin
calcium [36] and amlodipine with benazepril [37]. As mentioned,
combined pharmaceutical dosage forms containing valsartan or
amlodipine besylate have been analyzed mostly by assay methods
and purity test methods have been published mainly for combina-
tion with hydrochlorothiazide. The triple combination of valsartan,
amlodipine besylate and hydrochlorothiazide has so far been ana-
lyzed only by assay methods. The retention behavior of these drug
substances in reversed phase HPLC methods depends on the pH
of mobile phase. If a mobile phase with low pH value is used, the
analytes elute in the order hydrochlorothiazide, amlodipine and
valsartan [38-46]. If weak acidic or neutral conditions are used,
the elution order of amlodipine and valsartan is reversed [47-50]
and, if neutral or basic buffer is used, valsartan is eluted first,
followed by hydrochlorothiazide, and amlodipine leaves the col-
umn last [51,52]. Only two stability-indicating assay methods have
been published for this triple combination [39,53]. However, no
peak purity data and identification of degradation products were
provided. Determination of valsartan, amlodipine besylate and
hydrochlorothiazide was also performed by spectrophotometric
methods [45,54-56]. The aim of this work was to develop and vali-
date a stability-indicating analytical method for quantitative purity
testing of valsartan, amlodipine besylate and hydrochlorothiazide,
as no method for determination of their impurities in such a combi-
nation was found in the literature. The still unofficial USP describes
only an HPLC column for the determination of organic impurities
of this triple combination [57]. Additionally and according to our
best knowledge, no UPLC method for analysis of this combination
of drug substances has been published to date.

2. Material and methods
2.1. Chemicals
Reference materials of valsartan, amlodipine besylate,

hydrochlorothiazide, samples of triple combined tablets and
placebo were supplied by Zentiva (Prague, Czech Republic).

Hydrochlorothiazide impurity chlorothiazide (Imp. A, according
to Ph. Eur. [8]) was purchased from European Directorate for
the Quality of Medicines & HealthCare (Strasbourg, France).
Hydrochlorothiazide impurity salamide (Imp. B, according to Ph.
Eur. [8]) was supplied by Sigma-Aldrich (Prague, Czech Republic).
Hydrochlorothiazide impurity dimer (Imp. C, according to Ph.
Eur. [8]) was purchased from TRC (Toronto, Canada). Valsartan
impurity C (according to Ph. Eur. [8]) was supplied by HuaHai
Pharmaceuticals (Zhejiang, China). Other valsartan impurities
such as impurity B (according to Ph. Eur. [8]), (S)-2-(N-{[2'-
cyanobiphenyl-4-yl]methyl} pentanamido)-3-methylbutanoic
acid (Imp.07) and (S)-3-methyl-2-{[2'-(1H-tetrazol-5-yl)biphenyl-
4-yllmethylamino}butanoic acid (Imp. 09) were delivered from
Divis laboratories (Hyderabad, India). Amlodipine impurity D
(according to Ph. Eur. [8]) was supplied by Siegfried (Zofingen,
Switzerland). Amlodipine impurities A, B and G (according to
Ph. Eur. [8]) were purchased from LGC GmbH (Luckenwalde,
Germany) and impurities E and F (according to Ph. Eur. [8]) were
purchased from TLC Pharmachem (Vaughan, Canada). Ultra gra-
dient HPLC grade acetonitrile and HPLC gradient grade methanol
were purchased from J.T. Baker (Phillipsburg, USA). The mobile
phase and solvents were prepared using ammonium dihydrogen
phosphate (99.0%), ortho-phosphoric acid (85%), sodium hydroxide
(99.0%), hydrochloric acid (37.5%) and hydrogen peroxide (30%),
all purchased from Merck (Darmstadt, Germany) and water for
chromatography was treated by the Milli-Q system from Merck
Millipore (Billerica, USA).

2.2. Chromatographic conditions

The UPLC experiments were performed on the Acquity UPLC
H-Class system with column thermostat and PDA detector from
Waters (Milford, USA). Data were collected and evaluated by
Empower3 software from Waters. UPLC column Zorbax Eclipse
Plus C8 RRHD, 100 mm x 3.0 mm, 1.8 pm particle size, from Agilent
(Santa Clara, CA), thermostatted at 30°C was used for the separa-
tion. The mobile phase was a gradient mixture of component A
(1.15 g/1 solution of ammonium dihydrogen phosphate adjusted to
pH 2.5 with ortho-phosphoric acid) and component B (acetonitrile).
The flow rate of the mobile phase was 0.8 mL/min. The final gradient
program [(min)/% B] was 0/15,11/75,12/75,12.5/15and 15/15.The
sample temperature was set at 10 °C and the injection volume was
2 pl. Data for the impurities of valsartan and impurity D of amlodip-
ine were evaluated at a wavelength of 225 nm. Other amlodipine
impurities were detected and evaluated at a wavelength of 360 nm
and a wavelength of 271 nm was used for evaluation of the impuri-
ties of hydrochlorothiazide. The PDA detector operated at sampling
rate 10 points per second. A Sonic 6D ultrasonic bath from Polsonic
(Warszawa, Poland) was used for sample sonication. Samples were
centrifuged with a Mikro 220R centrifuge from Hettich (Tuttlingen,
Germany).

2.3. Preparation of solutions

2.3.1. Sample solvent preparation

Ten milliliter of ortho-phosphoric acid (85%) were pipetted into a
1000 mL volumetric flask and diluted with water to 1000 mL. This
solution was mixed with acetonitrile and methanol in a ratio of
40/30/30 (phosphoric acid solution/acetonitrile/methanol; v/v/v).

2.3.2. Sample solution preparation

Twenty tablets were thoroughly homogenized. An amount of
795 mg of the homogenized sample was weighed into a 25mL
amber volumetric flask and 20 mL of sample solvent were added.
The sample was put in an ultrasonic bath and sonicated for 25 min.
During the sonication, the sample was occasionally shaken and
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Table 1
Composition of the formulated triple combined tablets.
Compound Amount (mg) Concentration in the sample Impurity Limit (%)
solution (mg/mL)

Impurity B 0.2

Impurity C 0.3

Valsartan 320 12.8 Impurity 07 0.2

Impurity 09 0.2

Unknown impurity 0.2

Impurity A 1.0

- Impurity B 1.0

Hydrochlorothiazide 25 1.0 Impurity C 10

Unknown impurity 0.2

Impurity A 0.2

Impurity B 0.2

Impurity D 0.5

Amlodipine 10 0.40 Impurity E 0.2

Impurity F 0.2

Impurity G 0.2

Unknown impurity 0.2

the temperature of the bath was controlled not to exceed 25°C.
After the sonication, the sample was made up to the mark with
the sample solvent. Then the sample was stirred for 15 min using
a magnetic stirring plate. After this, the sample was centrifuged
for 10 min at 1.4 x 10* rotations per minute and 10 °C. The super-
natant was carefully transferred into a vial using a pipette tip and
crimped. The final concentrations of the drug substances were
12.8 mg/mL of valsartan, 0.4 mg/mL of amlodipine and 1.0 mg/mL
of hydrochlorothiazide calculated with respect to their contents in
the formulated tablets (Table 1).

2.3.3. Standard solution preparation

Valsartan, amlodipine besylate and hydrochlorothiazide ref-
erence materials were dissolved in the sample solvent at a
concentration level which corresponded to 0.2% of the concentra-
tion of the sample solution for all the drug substances.

2.3.4. Placebo solution preparation

An amount of 436 mg of homogenized placebo (mainly com-
posed from crospovidone, microcrystalline cellulose, stearate and
anhydrous colloidal silica) was weighed into a 25 mL amber volu-
metric flask. Then the placebo solution was prepared in the same
way as the sample solution (Section 2.3.2).

2.4. Method validation

The method was validated according to the ICH Q2 (R1) guide-
line [58] for amlodipine besylate impurity D, hydrochlorothiazide
impurities A, B, C and valsartan impurity C. The selectivity of the
method was confirmed for all the above mentioned impurities with
addition of the other available amlodipine besylate impurities A,
B, E, F, G and valsartan impurities B, 07 and 09. These amlodip-
ine besylate and valsartan impurities were quantified as unknown
impurities in the sample solution because they did not exceed the
limits for unknown impurities during preliminary stability studies
of the tablets and therefore it was not necessary to fully validate
them. The structures of all impurities and drug substances are
shown in Supplementary information 1-3.

Supplementary information 1-3 related to this article can
be found, in the online version, at http://dx.doi.org/10.1016/
j.jpba.2015.01.059.

2.4.1. Precision
The repeatability of the method was verified by analysis of
six replicate samples of formulated tablets and then the % RSD

values of the contents of the detected impurities were calculated.
The intermediate precision was determined by analyzing six repli-
cate samples of the same batch of formulated tablets by a different
analyst in a different laboratory on a different day using a differ-
ent column (same type, different batch). The % RSD values of the
contents of the impurities were calculated for all the replicates
(combined from two analysts).

2.4.2. Linearity and accuracy

The linearity and accuracy of the method were examined by
analyzing spiked samples of formulated tablets. Reference mate-
rials of amlodipine impurity D, hydrochlorothiazide impurities A,
B, C and valsartan impurity C were dissolved in the sample sol-
vent and then spiked into the weighed sample of triple combined
tablets at five concentration levels, three samples per level. These
samples were treated according to the sample solution prepara-
tion procedure (Section 2.3.2). The volume of sample solvent was
reduced by the volume of spikes of impurities. Three unspiked
samples of formulated tablets were also prepared to correct the
amount of impurities which were originally present. The linearity
and accuracy of determination of drug substances were also evalu-
ated for quantification of unknown impurities. Reference materials
of valsartan, hydrochlorothiazide and amlodipine besylate were
dissolved in the sample solvent and spiked into the weighed sam-
ple of placebo at five concentration levels, three samples per level.
These samples were treated according to the procedure of the
placebo solution preparation (Section 2.3.4). The volume of sam-
ple solvent was reduced by the volume of spikes of impurities.
The linearity was calculated for each impurity and each drug from
the whole range of concentrations. Samples for evaluation of the
linearity and accuracy were prepared corresponding to the concen-
trations of the related drugs in the sample solution (Section 2.3.2)
at the concentration levels: 0.10-0.30% for amlodipine, 0.05-0.30%
for hydrochlorothiazide and valsartan, 0.10-0.66% for amlodipine
impurity D, 0.05-1.20% for hydrochlorothiazide impurities A and
B, 0.10-1.24% for hydrochlorothiazide impurity C and 0.05-0.41%
for impurity C of valsartan. The accuracy was calculated for each
impurity and each drug as the percent recovery of the amount of
the impurity/drug that was added to the sample at three selected
levels across the range of concentrations.

2.4.3. Selectivity
The selectivity of the method was confirmed by analysis of
the sample spiked with all the available impurities. In addition to
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fully-validated impurities, amlodipine besylate impurities A, B, E, F,
G and valsartan impurities B,07 and 09 were also spiked. Impurities
were spiked relative to the concentrations of the related drugs in
the sample solution (Section 2.3.2). The concentration levels were
set as the limit concentrations for each impurity (see Table 1). Chro-
matograms of the sample solvent and the placebo solution were
also obtained to demonstrate that there were no interferences with
the peaks for the spiked sample. The stability-indicating property
of the method was examined by performing the forced degradation
study (see Section 2.5). The peak purity test was also evaluated to
confirm that there was no co-elution of any unknown impurity with
the principal peaks of the drugs.

2.4.4. Robustness

The robustness of the method was examined by varying the
chromatographic conditions, such as the pH of the buffer (£0.3),
column temperature (+5°C), flow rate (£0.1 mL/min), volume
of acetonitrile at all points of the gradient (+2%), concentration
of salt in the buffer (+£10%) and particular column used. The
spiked sample prepared in the same way as the sample for eval-
uation of the selectivity (Section 2.4.3) was analyzed and the
retention times of all the impurities and principal peaks were mon-
itored.

2.4.5. Stability of the sample and standard solutions

One sample solution from the linearity evaluation (Section 2.4.2)
was used for a stability study of the sample solution. The sam-
ple was stored in an autosampler at 10°C in the dark as well as
at ambient temperature not protected from the light. It was ana-
lyzed after 15, 36 and 48 h. The standard solution was stored under
the same conditions as the sample solution and was analyzed after
24, 48 and 72 h. The absolute differences in the contents of the
impurities and drugs between the measurements at the beginning
and at the end of the stability study were calculated and evalu-
ated.

2.5. Forced degradation study

The ability of the method to separate drug substances and their
known and unknown degradation products was examined by a
forced degradation study. The samples of homogenized tablets
were treated under thermal, hydrolytic, acidic, alkaline, oxidative
and photolytic stress conditions. Then they were prepared accord-
ing to procedure described in Section 2.3.2. An unstressed sample
solution was also prepared as a blank in this study. For evaluation
of the peak purity of hydrochlorothiazide and valsartan, the sample
solutions had to be diluted 25 times and 125 times, respectively, so
that the responses were in an appropriate absorbance value range
around 1.

2.5.1. Stress conditions

For dry thermal stress conditions, the weighed sample was
placed in an oven at 65 °C for 18 h. For hydrolytic stress conditions,
one milliliter of water was added to the weighed sample and
then the sample was kept at 65 °C for 18 h. For acidic and alkaline
stress conditions, three milliliter of 0.5M HCl and two milliliter
of 0.2M NaOH were added to the weighed sample and then
the sample was treated at 50°C for 2h. To simulate oxidative
stress conditions, three milliliter of 30% H,0, were added to the
weighed sample and then the sample was kept at 50 °C for 2 h. For
photolytic stress conditions, the sample was prepared according
to the procedure described in Section 2.3.2 but without using an
amber volumetric flask. The sample was exposed to daylight for
18 h before centrifugation.

3. Results and discussion
3.1. Method development and optimization

3.1.1. Chromatographic conditions

The reversed phase UPLC method with gradient elution of the
mobile phase consisting of low pH phosphate buffer and acetoni-
trile was chosen as a default chromatographic system because of
its benefits [7] and good peak shapes provided by assay meth-
ods [38-46]. The sample for optimization of the chromatographic
conditions was prepared as described in Section 2.3.2 but 60%
methanol was used as a solvent and the sample was spiked with
all the available impurities at concentration levels correspond-
ing to their limits (see Table 1). To achieve satisfactory retention
of highly polar hydrochlorothiazide, the gradient had to start
with a low content of acetonitrile. The first promising separa-
tion was achieved on an Acquity UPLC BEH C8 2.1 mm x 100 mm,
1.7 wm column at 25°C with a linear gradient of 95% of 0.01M
ammonium dihydrogen phosphate buffer pH 2.5 and 5% acetoni-
trile at the beginning to 35% of the buffer and 65% acetonitrile
after 7 min (flow rate 0.4 mL/min) with injection volume of 1.0 .l
However, satisfactory sensitivity for amlodipine and its impuri-
ties was not achieved with this injection volume because of the
low concentration of amlodipine in the sample solution compared
to hydrochlorothiazide and valsartan (see Table 1). Several crit-
ical pairs of compounds (i.e., hydrochlorothiazide impurities B
and A; hydrochlorothiazide impurity A and hydrochlorothiazide;
unknown hydrochlorothiazide impurity and valsartan impurity
09; hydrochlorothiazide impurity C and unknown impurity of
valsartan; valsartan and amlodipine impurity B; and amlodipine
impurities B and G) were monitored carefully to achieve sufficient
resolution. The sensitivity for amlodipine and its impurities could
have been improved by using a larger injection volume (2 pl). How-
ever, the column was overloaded by hydrochlorothiazide and its
peaks were distorted when 2 nl were injected. The gradient pro-
grams starting with 10% or 15% of acetonitrile resulted in better
peak shapes for hydrochlorothiazide impurities, but they were still
partly distorted even when 1 min of isocratic elution was added into
the program. A higher content of acetonitrile at the start of the gra-
dient program led to co-elution of hydrochlorothiazide impurities
B and A. Other columns with similar dimensions, such as fused-
core Ascentis Express C8 2.7 wm and Zorbax Eclipse Plus C8 RRHD
1.8 wm were also tested under these conditions and both of them
yielded similar elution profile to the BEH C8 column and suffered
from distortion of the hydrochlorothiazide peaks. Finally, the col-
umn Zorbax Eclipse C8 Plus RRHD 3.0 mm x 100 mm, 1.8 pum was
chosen. The diameter of 3.0 mm meant that it was necessary to use
a flow rate of 0.8 mL/min. An injection volume of 2 1 of the sample
solution could be used with this column as the hydrochlorothiazide
peaks were no longer distorted, the column was not overloaded
and, despite the higher column volume, the sensitivity was main-
tained for amlodipine impurity D. A smoother baseline compared
to that observed with the narrower columns was also achieved. The
gradient program (slower compared to the original gradient pro-
gram) and column temperature were gradually adjusted to their
final values as described in Section 2.2 and consequently satis-
factory resolution of all the critical pairs of peaks was achieved
(R>2.2). The detection wavelengths were set as a compromise
between the sensitivity and selectivity for each drug substance
based on their absorption spectra. Amlodipine exhibited strong
absorption at 238 nm and 360 nm. The latter was chosen as an opti-
mal wavelength because of the better signal to noise ratio, except
for impurity D, which did not absorb at this wavelength. This impu-
rity was finally evaluated at 225 nm, which was also the optimal
wavelength for valsartan and its impurities. Hydrochlorothiazide
absorbed UV light strongly at 229 nm, 271 nm and 317 nm. The
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middle value was chosen because hydrochlorothiazide impurity A
did not absorb at 317 nm.

3.1.2. Sample preparation

An amount of 795 mg of homogenized tablets had to be dis-
solved in a volume of 25 mL to achieve satisfactory sensitivity for all
the drug substances and impurities without overloading the sep-
aration column. Originally 60% methanol was used as a solvent.
It was found, however, that hydrochlorothiazide is quite unsta-
ble in this solvent, as the area corresponding to its impurity B
increased rapidly (65% of area after 18 h at laboratory temperature).
In addition, the recovery of hydrochlorothiazide impurity C in 60%
methanol was not satisfactory. Degradation of hydrochlorothiazide
to its impurity B was stopped by using a 1.6% solution of ortho-
phosphoric acid instead of water in 60% methanol. The recovery of
impurity C improved when 80% methanol or 60% acetonitrile were
used as solvents. However, the peaks of hydrochlorothiazide and its
impurities were distorted when these sample solvents were used.
Consequently, the combination of the two variants led to a final
sample solvent consisting of a 1.6% solution of ortho-phosphoric
acid, acetonitrile and methanol in a volume ratio of 40/30/30
(v/v/v). Using this sample solvent, hydrochlorothiazide was found
to be stable in the sample solution for up to48 hat 10 °C(see Section
3.2.5) and satisfactory recovery of hydrochlorothiazide impurity C
was achieved (see Section 3.2.2). The need to maintain a constant
temperature during sonication (25°C) and centrifugation (10°C)
was also aresult of the instability of hydrochlorothiazide. When the
temperature was not maintained constant, a significant increase
(up to 73%) in the peak area of hydrochlorothiazide unknown impu-
rity RRT 1.25 was found in comparison with the sample prepared
under controlled conditions. It was necessary to use the amber vol-
umetric flask due to the photosensitivity of amlodipine (see Section
3.3.2).

3.2. Method validation

3.2.1. Precision

The repeatability and intermediate precision were determined
as described in Section 2.4.1. Impurities present in the real sam-
ple were determined as a percent of the amount of related drug
in one tablet against the calibration obtained by injection of a
standard solution. The % RSD of the content was calculated for one
unknown minor impurity of valsartan, amlodipine impurity D and
hydrochlorothiazide impurities A, B and C, which were present in
the samples. The % RSD values of the peak areas of five injections
of standard solution were also calculated. The intermediate preci-
sion was evaluated as the % RSD values of all the results obtained
by the first and second analysts. The values of RSD <0.5% for five
injections of the standard solution and RSDs in the range 0.31-1.2%
for the contents of impurities met the acceptance criteria [59] and
demonstrated the good repeatability of the method. The % RSD val-
ues of the contents of impurities calculated from all the replicates
were in the range 1.7-13%, met the acceptance criteria [59] and
demonstrated the intermediate precision of the method (Table 2).

3.2.2. Linearity, accuracy, LOD and LOQ

The linearity and accuracy of the method were verified by ana-
lyzing spiked samples of tablets and placebo as described in Section
2.4.2.The relative response factor for each impurity was included to
calculate the recovery. This factor was calculated as the ratio of the
slopes of the linearity regression lines of the drug substance and its
particular impurity (based on the peak areas). The LOD and LOQ val-
ues were determined as ratios 3.3 x o/S and 10 x o/S, respectively,
where o was the mean value of the baseline noise obtained from six
chromatograms of the placebo solution and S was the slope of the
regression line (based on peak heights) obtained from the linearity
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Fig. 1. Chromatogram of the sample solution of formulated tablets spiked with
impurities at limit concentration levels (see Table 1). Evaluated at 225 nm. Peaks:
(1) solvent peaks; (2) besylate; (3) impurity B (HCTZ); (4) impurity A (HCTZ);
(5) hydrochlorothiazide; (6) unknown impurity RRT 1.25 (HCTZ); (7) impurity 09
(VALS); (8) unknown impurity RRT 1.57 (HCTZ); (9) minor unknown impurity of
hydrochlorothiazide; (10) impurity C (HCTZ); (11) unknown impurity RRT 0.54
(VALS); (12) impurity D (AMLO); (13) impurity F (AMLO); (14) amlodipine; (15)
unknown impurity RRT0.77 (VALS); (16) impurity E(AMLO); (17) impurity C (VALS);
(18) unknown impurity RRT 0.91 (VALS); (19) minor unknown impurity of valsar-
tan; (20) valsartan; (21) impurity B (AMLO); (22) impurity G (AMLO); (23) impurity
07 (VALS); (24) impurity B (VALS); (25) impurity A (AMLO); (26) solvent peaks. HCTZ
- hydrochlorothiazide, AMLO - amlodipine, VALS - valsartan.

data. Data such as the regression equation, correlation coefficient,
RSD of the area/concentration ratio and standard deviation values
of the slope and the intercept are reported in Table 3 and showed
excellent linearity between the peak area and the concentration for
each compound, as well as the fact that points in the residual plots
were randomly distributed around the horizontal axis. The LOD and
the LOQ data are reported in Table 4 and showed satisfactory sensi-
tivity of the method. The relative response factors and recovery data
are reported in Table 5 and indicated that the method is accurate,
as the recovery values were in the range 92-104%. The RSD value
of the recovery <3.4% demonstrated the repeatability of the deter-
mination for all the spiked analytes. Baseline noise, LOD, LOQ and
recovery of amlodipine were evaluated at a detection wavelength
of 360 nm because only impurity D from among the amlodipine
impurities was detected at 225 nm.

3.2.3. Selectivity

The selectivity of the method was examined by analyzing a
sample spiked with all the available impurities at their limit lev-
els (see Table 1), as described in Section 2.4.3. The chromatograms
of the sample solvent and placebo solution were also obtained to
examine possible interferences. All the peaks of the sample sol-
vent and placebo solution were separated from the peaks of the
impurities and drugs in the sample solution and are designated in
the chromatogram of the spiked sample (Fig. 1). A forced degra-
dation study was performed to confirm the stability-indicating
ability of the method (see Section 3.3). The chromatogram of the
spiked sample solution evaluated at 225 nm (all the impurities were
detected) is shown in Fig. 1. It demonstrates satisfactory selectivity
of the method as the resolution of all the peaks of interest was not
less than 2.2 with the exception of partial co-elution of valsartan
impurity C with valsartan unknown impurity RRT 0.91 (resolu-
tion R=1.02) and partial co-elution of amlodipine impurity E with
a minor unknown impurity of valsartan (R=0.75). The selectivity
of the method was enhanced by using different detection wave-
lengths for each drug substance and its impurities. As a result, the
partial co-elution of amlodipine impurity E and unknown impu-
rity of valsartan visible at 225 nm was resolved by detection of
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Table 2
Precision data.
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Compound Content range (%) Precision Intermediate precision
RSD (%) RSD (%)

Hydrochlorothiazide - 0.36 -

Amlodipine - 0.44 -

Valsartan - 0.27 -

Unknown imp. of valsartan <0.05 0.58 4.0

Imp. D (amlodipine) 0.05-0.20 0.95 13

Imp. A (hydrochlorothiazide) <0.05 1.2 2.7

Imp. B (hydrochlorothiazide) <0.05 0.71 3.8

Imp. C (hydrochlorothiazide) 0.20-0.50 0.31 1.7

Precision

Intermediate precision

Cimp <0.1%; RSD < 30%
0.1 < Cimp <0.2%; RSD < 20%
0.2 < Cimp <0.5%; RSD < 10%

Cimp <0.1%; RSD < 40%
0.1 < Cimp <0.2%; RSD <30%
0.2 < Cimp <0.5%; RSD < 15%

Content range - the content of the impurity in percent of the related drug amount in one tablet.

Precision RSD - for hydrochlorothiazide, amlodipine and valsartan calculated from the peak areas of five injections of the standard solution; for impurities calculated from
the content determined from six replicate samples.
Intermediate precision RSD - for impurities calculated from the content determined from twelve replicate samples (combined from two analysts).

Acceptance criteria [59].

Table 3

Linearity data.
Compound Concentration Regression equation Correlation RSD of area/concentration SD of the slope SD of the

range (%) coefficient ratio (%) intercept

Hydrochlorothiazide 0.05-0.30 ¥=9.3291*10%x +68 1.000 0.59 168 34
Amlodipine at 225 nm 0.10-0.30 y=1.9448"10%x+36 0.999 0.96 83 17
Amlodipine at 360 nm 0.10-0.30 ¥=9.4960%10°x+28 0.999 2.3 93 19
Valsartan 0.05-0.30 y=1.0349*10%x+1723 1.000 15 2262 446
Imp. A (hydrochlorothiazide) 0.05-1.20 8862*10%x — 197 1.000 14 73 57
Imp. B (hydrochlorothiazide) 0.05-1.20 1284*10%x — 304 1.000 0.8 149 114
Imp. C (hydrochlorothiazide) 0.10-1.24 9387*10%x — 511 0.999 3.7 387 308
Imp. D (amlodipine) 0.10-0.66 y=1.9347*10%x - 123 0.999 1.3 106 47
Imp. C (valsartan) 0.05-0.41 y=1.1037*10%x + 649 1.000 0.54 1372 354

Regression equation - relationship between peak area and concentration.
Acceptance criteria [60]: correlation coefficient >0.98 for impurities and >0.99 for drug substances. RSD of area/concentration ratio < 10.0% for impurities and < 3.0% for drug

substances.

amlodipine impurities at 360 nm. Valsartan and its impurities did
not absorb at 360 nm and impurity E was evaluated as a single peak.
Despite the partial co-elution, valsartan impurity C was quantified
successfully and accurately (see Table 5). Due to the resolution,
valsartan impurity C was cut off from the unknown impurity. In
addition, both impurities had similar valsartan’s absorption spectra
and the unknown impurity never exceeded the reporting limit for
valsartan (0.05%) during the preliminary stability studies of tablets
and the forced degradation study.

3.2.4. Robustness

The robustness of the method was tested by changing the vari-
able chromatographic conditions as described in Section 2.4.4. The
retention times of the drugs, all spiked impurities and several

unknown impurities were monitored and resolution values for all
peaks were calculated. The data are reported in Table 6 and showed
that the method is robust since resolution values did not change
significantly with an exception when a buffer with higher pH was
used. The pair of compounds hydrochlorothiazide impurity C and
the unknown impurity of valsartan RRT 0.54 were co-eluted when
the buffer with pH 2.8 was used. The separation of these compounds
was robust at pH values up to 2.7 (R>1.9).

3.2.5. Stability of reference and sample solutions

The reference and sample solutions, the same solutions as those
used for evaluation of the accuracy (Section 3.2.2), were stored
and analyzed as described under Section 2.4.5. The reference solu-
tion (Section 2.3.2) was found to be stable for up to 72 h stored

Table 4

LOD and LOQ data.
Compound o (pV) LOD (pg/mL) LOQ (pg/mL) LOD (%) LOQ (%)
Hydrochlorothiazide 45 0.028 0.086 0.003 0.009
Amlodipine at 225 nm - - - - -
Amlodipine at 360 nm 45 0.093 0.283 0.023 0.071
Valsartan 62 0.047 0.141 0.0004 0.001
Imp. A (hydrochlorothiazide) 45 0.056 0.171 0.006 0.017
Imp. B (hydrochlorothiazide) 45 0.040 0.120 0.004 0.012
Imp. C (hydrochlorothiazide) 33 0.028 0.084 0.003 0.008
Imp. D (amlodipine) 107 0.103 0.313 0.026 0.078
Imp. C (valsartan) 62 0.044 0.135 0.0003 0.001

o - baseline noise obtained from the chromatogram of the placebo solution at the retention time of the analyte, calculated as the mean of six injections.

LOD - limit of detection, LOQ - limit of quantification.
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Table 5
Relative response factors and accuracy data.
Parameter Hydrochlorothiazide Amlodipine Valsartan
Substance Imp. A Imp. B Imp. C Substance Imp.D Substance Imp. C
RRF - 1.91 131 134 - 1.01 - 0.94
Level 1 (%) 0.05 0.05 0.05 0.10 0.10 0.10 0.05 0.05
Recovery (%) 96.7 91.8 94.4 100.0 103.7 94.4 103.3 100.6
RSD (%) 0.7 0.2 1.1 14 3.4 0.4 2.4 0.4
95% confidence interval 95.1-98.3 91.4-92.2 91.7-97.1 96.6-103.5 94.9-112.5 93.4-95.4 97.1-109.4 99.5-101.7
Level 2 (%) 0.24 1.02 1.00 1.03 0.24 0.55 0.24 0.34
Recovery (%) 95.5 95.6 95.4 95.0 100.5 95.7 100.3 99.2
RSD (%) 0.4 0.3 0.4 0.3 0.7 0.5 0.3 0.1
95% confidence interval 94.6-96.3 94.9-96.3 94.5-96.3 94.3-95.7 98.6-102.3 94.6-96.9 99.5-101.2 99.0-99.4
Level 3 (%) 0.30 1.20 1.20 1.24 0.30 0.66 0.3 0.41
Recovery (%) 95.5 95.5 95.7 95.3 99.3 96.4 99.9 99.5
RSD (%) 0.3 0.3 0.3 0.2 0.7 1.1 0.2 0.2
95% confidence interval 94.7-96.3 94.7-96.4 94.8-96.7 94.7-95.8 97.6-100.9 93.9-99.0 99.5-100.3 98.9-100.1

RRF - relative response factor, calculated as a ratio of slopes of regression lines of the drug substance and its particular impurity.

Acceptance criteria [60].

0.05 < ¢<0.1%; recovery: 50.0-150.0%.
0.1 <c<0.5%; recovery: 70.0-130.0%.
0.5 <c<1.0%; recovery: 80.0-120.0%.
c>1.0%; recovery: 90.0-110.0%.

in the autosampler at 10°C and also at ambient temperature not
protected from the light, as the maximum difference in the con-
centrations of the drugs was 1.5% relative (0.003% absolute) at
a concentration level of 0.200% and therefore the difference was
within the acceptance criteria (change <10% relative over the spec-
ified time) [59]. The sample solution was found to be stable for up
to 48 h when stored in the autosampler at 10°C, as the difference
in the contents of impurities was in the range 0.01-2.86% relative
and therefore within the acceptance criteria (change <10% over the
specified time) [59]. The partial instability of hydrochlorothiazide
and its impurity C resulted in stability of the sample solution only
for up to 36 h at ambient temperature. After that, the contents of
two unknown hydrochlorothiazide impurities RRT 1.25 and RRT
1.57 increased over the reporting limit (0.05%) and thus did not
meet the acceptance criteria (no new impurity > reporting limit)
[59]. In addition, the content of hydrochlorothiazide impurity C
decreased by 7.5% relative after 36h at ambient temperature.

Table 6
Robustness data expressed as resolution between adjacent peaks.

That value met the acceptance criteria [59] but the degradation
was significant compared the value of the solution stored in the
autosampler at 10°C (0.17% relative after 48 h).

3.3. Forced degradation study

The stability-indicating property of the method was confirmed
by analysis of the degraded samples. The samples were stressed
under the thermal, hydrolytic, acidic, alkaline, oxidative and pho-
tolytic conditions described in the Section 2.5 and analyzed. DAD
data of analyzed samples were evaluated. Degradation products
were assigned to the proper drug substance on the basis of the
UV spectra and preliminary experiments with separately stressed
active pharmaceutical ingredients. All the detected degradation
products and present impurities were satisfactory separated from
each other (R>1.2). The peak purity test successfully passed for
the peaks of hydrochlorothiazide, amlodipine and valsartan in

Parameter Standard Second % acetonitrile pH of the buffer Salt concentration in  Flow rate (0.8 mL/min) Column temperature
conditions column (2.5) the buffer (1.15g/1) (30°C)

Compound —2% +2% 2.2 2.8 1.04¢g/l 1.27g/l 0.7 mL/min 0.9 mL/min 25°C 35°C
Besylate® 0.76 0.74 0.84 0.71 0.77 0.76 0.77 0.77 0.87 0.68 0.77 0.76
Imp. B (HCTZ) 13.9 129 141 13.2 139 143 141 14.0 14.5 133 14.9 13.1
Imp. A (HCTZ) 24 2.4 31 1.9 2.5 24 2.6 2.5 2.6 24 2.7 24
Hydrochlorothiazide 33 31 35 3.0 33 3.2 33 33 33 3.2 34 3.2
Imp. RRT 1.25 (HCTZ) 6.8 6.7 7.5 6.3 6.8 6.8 6.9 6.9 6.9 6.9 6.9 6.8
Imp. 09 (VALS) 33 3.0 6.3 13 4.5 2.0 33 3.5 3.0 4.6 28 4.4
Imp. RRT 1.57 (HCTZ) 9.8 10.2 8.4 10.7 9.0 113 10.1 10.0 10.7 8.7 10.7 8.8
Imp. C (HCTZ) 26.9 26.8 275 24.9 26.4 26.2 269 26.7 259 26.8 269 253
Imp. RRT 0.54 (VALS) 23 1.7 28 22 2.1 - 1.8 1.9 1.7 3.0 0.9 34
Imp. D (AMLO) 16.2 16.2 16.7 15.6 15.7 17.3 16.2 159 15.1 17.7 16.0 16.7
Imp. F (AMLO) 6.2 6.3 6.2 6.3 6.2 6.2 6.3 6.3 6.0 6.4 6.6 6.0
Amlodipine 6.7 6.4 6.6 6.7 6.8 6.4 6.7 6.7 6.5 6.9 6.7 6.7
Imp. RRT 0.77 (VALS) 3.6 3.9 3.6 3.8 4.0 33 3.9 3.9 4.4 31 3.9 3.6
Imp. E (AMLO) 8.1 7.5 8.0 8.0 7.7 8.7 8.0 8.0 6.8 8.2 8.3 8.1
Imp. C (VALS) 144 15.2 14.3 14.5 154 13.7 154 15.4 15.7 12.0 155 141
Imp. RRT 0.91 (VALS) 1.0 1.0 1.0 1.0 1.0 1.2 1.0 1.0 1.0 1.1 1.0 1.0
Valsartan 6.2 6.1 6.2 6.2 6.3 6.1 6.3 6.4 6.2 6.2 6.4 6.2
Imp. B (AMLO) 5.9 5.8 5.5 5.5 5.5 59 5.7 5.6 5.8 5.4 5.9 5.2
Imp. G (AMLO) 22 2.2 2.2 22 2.4 1.6 2.2 22 1.6 3.1 21 24
Imp. 07 (VALS) 19.3 20.6 189 19.1 19.7 193 194 19.7 20.0 20.0 19.9 19.0
Imp. B (VALS) 194 19.2 194 194 19.2 19.0 194 19.5 189 19.8 19.1 194
Imp. A (AMLO) 7.9 8.0 7.8 7.8 7.8 8.0 8.0 8.0 8.0 7.6 8.3 7.4

2 The first integrated peak in the chromatogram. The retention times in minutes are reported.

HCTZ - hydrochlorothiazide, VALS - valsartan, AMLO - amlodipine.
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Table 7
Forced degradation study data.
Stress condition Hydrochlorothiazide Amlodipine Valsartan
Degradation products  Purity Degradation products  Purity Degradation products  Purity
Angle  Threshold Angle Threshold Angle Threshold
Thermal Imp. 09
65°C, 18h Imp. B 0030 0251 Imp. D 0043 0244 perol 0056 0.269
Hydrolytic (1 mL H,0) Imp.B,C, A Imp. D; RRT 0.79 Imp. 09
65°C,18h RRT 1.25,1.57 0.033  0.253 RRT 0.96, 0.98, 1.21 0.098 0.240 RRT 0.54 0.053 0.268
RRT 2.08, 2.14 1.33,1.74,1.87,1.88 RRT 0.94, 1.19
Acidic (3mL 0.5M HCI Imp.B,C, A
S0 C'cz( - ) RRY 157 0031 0256  Imp.D 0053 0247  Imp.09 0047 0270
Alkaline (2mL 0.2M NaOH) Imp. B, C Imp.D _
50°C, 2h RRT 1.57 0308 0.549 RRT 0.79, 1.87 0.056 0.248 0477  1.098
Oxidative (3 mL 3% H,0;) Imp. 09
50°C2h Imp. B 0.060 0.298 Imp. D 0.041 0.244 RRT 0.54 0.060 0.270
Photolyti ligh
otolytic (daylight) - 0.030 0.252 Imp.D 0.035 0.247 - 0.038 0.259

The peak is spectrally clear if the purity angle < the purity threshold.

analysis of all the stressed samples and thus confirmed the spec-
tral clearness of the principal peaks. The data from the forced
degradation study are summarized in Table 7 and represent the
stability-indicating ability of the method. The method was found
to be suitable for the analysis of stability samples.

3.3.1. Hydrochlorothiazide

As mentioned in Sections 3.1.2 and 3.2.5, hydrochlorothiazide
was found to be a relatively unstable molecule. Impurity B was
found as hydrochlorothiazide’s main degradation product as its
content increased significantly under all the stress conditions with
the exception of daylight conditions. The maximum degradation
was observed under the hydrolytic stress condition as the con-
tent of impurity B increased 175 times in comparison with an
unstressed sample. The impurities A and C and unknown impuri-
ties RRT 1.25 and RRT 1.57 were also found as degradation products
under the hydrolytic stress conditions, as their contents increased
two-fold, three-fold, three-fold and ten-fold, respectively. Degra-
dation of hydrochlorothiazide under different conditions and peak
purity data are reported in Table 7.

3.3.2. Amlodipine

Amlodipine degraded mainly to its impurity D. The content of
impurity D increased under all the stress conditions including day-
light. After 18 h of daylight, the amount of impurity D increased
twice and this resulted in the necessity of using amber glass for
preparation of the sample solution. Similar to hydrochlorothiazide,
the main degradation was observed under hydrolytic stress con-
ditions. Other degradation products, such as several unknown
impurities, were detected and data including peak purity are
reported in Table 7.

3.3.3. Valsartan

Valsartan was found to be relatively stable in comparison with
hydrochlorothiazide and amlodipine. It degraded significantly only
to impurity 09 under thermal, hydrolytic, acidic and oxidative
stress conditions (Table 7). However, due to the amount of valsar-
tan in the tablets and therefore in the sample solution, the content
of impurity 09 increased over the reporting limit (0.05%) only under
the thermal and hydrolytic stress conditions. Despite the degrada-
tion pathway, the limit for unknown impurities (0.2%) was found to
be suitable for impurity 09 and thus it did not need to be validated as
described in Section 3.2. No degradation of valsartan was observed
under the alkaline and photolytic stress conditions. An increase in
the contents of several unknown impurities was observed under

hydrolytic and oxidative stress conditions. Peak purity data and a
list of degradation products are reported in Table 7.

4. Conclusion

A new rapid gradient-reversed phase UPLC method was devel-
oped and validated for separation of hydrochlorothiazide, amlodip-
ine, valsartan and their impurities in combined tablet dosage form.
The described method successfully separated Ph. Eur. related sub-
stances of hydrochlorothiazide A, B and C, amlodipine besylate Ph.
Eur. related substances A, B, D, E, F and G, valsartan Ph. Eur. related
substances B and C and impurities 07 and 09 and several unknown
impurities of all the drug substances. The method is precise, lin-
ear, accurate, sensitive, specific, robust and stability-indicating. The
method could be used as a routine quality control method of triple
combined dosage form and also for stability studies.
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2. Priprava monolitickych stacionarnich fazi pro tenkovrstvou

chromatografii

2.1 Teoreticky uvod

Monolitické stacionarni faze jsou moderni separaéni média s vSestrannou
aplikacni oblasti. Na rozdil od sférickych stacionarnich fazi jsou vytvoieny z jednoho
kusu porovitého materialu, ktery zcela vypliuje télo kolony ¢i kanélek ¢ipu. Obecné
vlastnosti organickych 1 anorganickych monolitickych staciondrnich fazi, zakladni
zpusoby jejich piipravy a vybrané aplikace jsou popsany v prilozené Publikaci III.

Monolitické tenké vrstvy na bazi oxidu kiemicitého o tloust’ce 10 um pfinesly
oproti klasické HPTLC zrychleni analyzy, snizeni spotfeby rozpoustédel a zvySeni
citlivosti detekce [1, 2]. Ultra tenkovrstva chromatografie (UTLC) byla tedy vyuzivana
pfedevsim ve spojeni s MS detekci [3 - 9]. Pfiprava organickych monolitd pro
tenkovrstvou chromatografii zapocala az v roce 2004, kdy Svec, Fréchet a kol.
predstavili vzorkovaci desticku modifikovanou zpolymerizovanymi monolity pro
MALDI-TOF detekci [10]. Monolitickd faze oproti klasické matrici (2,5-
dihydroxybenzoova kyselina) poskytovala méné interferujici pozadi pro ionizaci malych
molekul a delsi trvanlivost vzorkovaci desticky v porovnani se silikagelovou
matrici [10].

V roce 2007 pak byla popsana piiprava monolitické tenké vrstvy na bazi
methakryldtu mezi dvéma sklicky oddélenymi teflonovym tésnénim [11]. SloZeni
polymeriza¢ni smési (butyl-methakrylat 24 % hm., ethylen-dimethakrylat 16 % hm.,
dekan-1-ol 40 % hm. a cyklohexanol 20 % hm.) bylo pfevzato z ptipravy kapilarnich
kolon. Polymerizace byla iniciovana UV zafenim a vznikly monolit separoval barviva,
proteiny i peptidy. Nicmén¢, ionizace makromolekul technikou MALDI musela byt
podpotfena pfitomnosti 3,5-dimethoxy-4-hydroxybenzoové kyseliny. Monoliticka faze
byla pfichycena na silanizované¢ mikroskopické sklicko. Fotografie ze skenovaciho
elektronového mikroskopu vsak odhalila rozdilnou morfologii svrchni vrstvy monolitu,

ktera byla v kontaktu s nemodifikovanym krycim skli¢kem. Oproti globularni struktuie
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v jeho stiedu byla svrchni vrstva monolitu na pohled kompaktni a méné porézni [11].
Hladky povrch monolitu byl sice vhodny pro separaci a naslednou ionizaci

molekul [11], ale jeho uhel smafeni vodou byl 77 °

[12]. Pozadovanych
superhydrofébnich vlastnosti povrchu [12] bylo dosazeno pii pouziti silanizované¢ho
kryciho sklicka. V tomto ptipad¢ byl povrch monolitu hruby a tihel smaceni byl 154 °.
Ptestoze obé sklicka tvotici formu byla silanizovana, monolit byl pfednostné ptichycen
ke sklicku, které bylo bliZze ke zdroji UV zafeni, zatimco na krycim skli¢ku ziistal pouze
slaby film monolitu. Povrch monolitu i jeho stfed tedy mély shodnou morfologii.
Mechanick4 odolnost 50um monolitickych vrstev vSak zavisela na obsahu dekan-1-olu
a cyklohexanolu v polymerizaéni smési. Optimalni pomé&r 40 % hm. dekan-1-olu a 20 %
hm. cyklohexanolu dal vzniknout monolitu, ktery byl dostatecné¢ mechanicky stabilni,
aby se nerozpadl pfi rozdélavani formy, a zaroven nepfilnul pfili§ silné ke krycimu
sklicku. Monolit byl dale z ¢asti modifikovan hydrofilnimi monomery a pouzit pro
dvoudimenzionalni chromatografii peptidd s ionizaci technikou DESI a MS
detekei [12].

Obdobny monolit o tloustce 125 pm, avSak s pomérem dekan-1-olu a
cyklohexanolu 1:1, byl pfipraven za ucelem separace peptida a oligonukleotidii planarni
elektroforézou a elektrochromatografii [13]. Nahrazeni butyl-methakrylatu
reaktivnéj§im glycidyl-methakrylatem umoznilo pfipravu monolitické tenké vrstvy
s gradientem hydrofobicity pro dvoudimenzionalni chromatografii peptidi s MALDI-
TOF-MS detekei [14]. Methakrylatové monolity hydrofobni i hydrofilni povahy byly
pfipraveny v silanizovanych kanalcich 200 um hlubokych, které byly vyleptané do
mikroskopického sklicka. Polymerace byla iniciovana UV zéafenim, monolity byly
morfologicky charakterizovany a pouzity pro separaci polystyrenovych standardii
v normalnim i reverznim chromatografickém moédu [15]. Monolitické tenké vrstvy na
bazi styrenu a divinylbenzenu byly pfipraveny tepelnou iniciaci [16]. Na rozdil od UV
iniciace, tepelnd iniciace v tenké vrstvé je homogenni a muselo byt tedy opét pouzito
nesilanizované kryci sklicko. V opa¢ném ptipadé¢ se monolit rovnomérmné piichytil
k nosnému i krycimu sklu. Svrchni hladka vrstva monolitu byla odstranéna lepici

paskou a monolit byl dale modifikovan “hypercrosslinking” technikou a byl tak vhodny
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pro separaci malych 1 velkych molekul s MALDI-TOF-MS detekci [16]. Tenké vrstvy
jsou jednim ze smért stile se rozvijejici chemie a technologie monolitickych
staciondrnich fazi [17]. Cilem této Casti prace bylo zavedeni techniky ptipravy monoliti
v podminkach laboratoti Katedry analytické chemie PiF UK, jelikoz reprodukovatelnost
pfipravy je u monolitickych staciondrnich fazi obecnym problémem. Slozeni
polymerizaénich smési bylo voleno na zaklad¢ predpoklddané aplikace pro separace
latek v normdlnim chromatografickém modu s MS detekei a desorpéni fotoionizaci za
atmosférického tlaku (DAPPI). Klasické aluminiové desky pokryté silikagelovymi
¢asticemi nejsou pro tyto oteviené ionizacni techniky pfili§ vhodné, jelikoZ jejich
castecky by mohly MS detektor poskodit. DAPPI je m¢kkd ionizacni technika, kterd
byla ptfedstavena v roce 2007 [18] a ktera je vhodna i pro pfimou analyzu 1é¢iv z
biologickych vzork [19]. Ionizace pomoci DAPPI z monolitickych TLC desti¢ek

dosud testovana a publikovana nebyla.

2.2 Experimentalni ¢ast

2.2.1 Pouzité chemikalie, material a pristroje

Monolitické stacionarni faze byly pfipraveny na brousenych mikroskopickych
sklickach o rozmérech 76 x 21 x 1 mm od spole¢nosti P-Lab (Praha, Ceska republika).
K silanizaci sklicek byl pouzit hydroxid sodny (p. a.), kyselina chlorovodikova (p. a.)
od spole¢nosti Lachema (Neratovice, Ceska republika), voda upravena piistrojem
Milli-Q water purification system (Merck-Millipore, USA), 3-(trimethoxysilyl)propyl-
methakrylat (99%) od firmy Sigma-Aldrich (Praha, Ceska republika), toluen (99%) a
methanol (HPLC gradient grade) od firmy Merck (Darmstadt, Némecko). Sklicka byla
suSena v susarné UE 200 od firmy Memmert (Schwabach, Némecko). Druhou ¢ést
formy na piipravu tenkych vrstev tvorilo extrudované akrylatové plexisklo Plexiglas XT
o tloustce 3 mm od firmy Zenit (Praha, Cesk4 republika) nafezané na desticky
o rozmérech 76 x 21 mm. K oddéleni sklicka a plexisklové desticky bylo pouZzito
tésnéni Teflon FEP o tloustkach 25, 50, 76 a 127 um nafezané na prouzky o rozmérech

85 x 4 mm od firmy Katco (Hemel Hemstead, UK). Polymeriza¢ni smési byly
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pripraveny z glycidyl-methakrylatu (99%), 2-hydroxyethyl-methakrylatu (99%),
ethylen-dimethakrylatu (99%), propan-l-olu (99%), dekan-1-olu (99%),
cyklohexanolu (99%), butan-1,4-diolu (99%) a 2,2-dimethoxy-2-fenyl-
acetofenonu (99%) od spoleénosti Sigma-Aldrich (Praha, Ceské republika). Chemikalie
byly navazovany na analytickych vahach XE Series Model 100A od spolecnosti Denver
Instrumentation Company (Bohemia, USA). Smési byly odplyniovany v ultrazvukoveé
lazni Elmasonic S15H od spolegnosti P-Lab (Praha, Ceska republika) a probublavany
dusikem (99,999%) od spole¢nosti Linde (Praha, Ceska republika). K iniciaci
polymerizace byla pouzita ruéni UV lampa se dvéma 15W vybojkovymi trubicemi
poskytujici zafeni o vinové délce 254 nm od spoleénosti P-Lab (Praha, Ceska
republika). Desticky byly oplachovany hexanem (99%) od spole¢nosti Merck (Praha,
Ceska republika). Detekce DAPPI byla testovana za pouziti verapamilu (99%), acetonu
(99%) a toluenu (99%) od spole¢nosti Sigma-Aldrich (Praha, Ceska republika) na
ptistroji LTQ Orbitrap XL od firmy Thermo Fisher Scientific (San Jose, USA). Data
byla vyhodnocena pomoci softwaru XCalibur™ od stejného dodavatele. lontovy zdroj
DAPPI byl postaven v laboratoti oddéleni hmotnosti spektrometrie Ustavu organické
chemie a biochemie (Praha, Ceska republika). Molekuly byly ionizovany vakuovou UV
lampou PKR 106 od firmy Heraeus Noblelight (Hanau, Némecko). K porovnani byly
pouzity desti¢ky TLC silica gel 60 Fass MS-grade od spolenosti Merck (Praha, Ceska
republika). Rychlost vzlinani hexanu byla testovana ve 250mL sklenéné lahvi se

$roubovacim uzavérem od spole¢nosti P-Lab (Praha, Ceska republika).

2.2.2 Postup pripravy a testovani monolitickych tenkych vrstev

V prvni fazi ptipravy bylo mikroskopické podlozni sklicko silanizovano, aby se
k nému mohl kovalentn¢ navazat vznikajici monolit. Sklicko bylo nejprve vlozeno do
IM roztoku NaOH ve vodé¢ pii laboratorni teploté na dobu 3 hodiny. Poté bylo diikkladné
oplachnuto vodou, vlozeno na 30 minut do vodného roztoku HCI o koncentraci
0,5 mol/L, znovu dikladné oplachnuto vodou a vysuSeno pii 120 °C po dobu 60 minut.
Suché sklicko bylo ponofeno na 2 hodiny do 20% roztoku 3-(trimethoxysilyl)propyl-

methakryldtu v methanolu. Reakce probéhla pti laboratorni teplot¢ a za nepfistupu
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svétla. Silanizované sklicko bylo dikladné oplachnuto methanolem a vodou a vysuseno
za nepfiistupu svétla pfi laboratorni teploté po dobu minimalné 16 hodin.

Po provedené modifikaci mikroskopického sklicka byla sestavena forma na
tvorbu monolitickych tenkych vrstev. Plexisklova desticka byla otfena buni¢inou
namocenou v methanolu a otfena do sucha. Po delSich stranach desticky byly pfilozeny
prouzky teflonového tésnéni o definované tloustce. Desticka s tésnénim byla ptekryta
silanizovanym skli¢kem tak, aby horni okraj sklicka byl 5 mm pod hornim okrajem
desticky. Mezi destickou a sklickem tak vznikl prostor pro pfipravu monolitickych
stacionarnich fazi o znamé tloustce. Casti formy byly k sobé& upevnény po stranach
s tésnénim Ctyfmi kancelarskymi svorkami. Forma byla ve svislé poloze naplnéna
polymeriza¢ni smési. Smés byla davkovana po kapkach z pipety na horni ¢ast formy.
Po naplnéni formy bylo na okraje pfidano nékolik dalSich kapek smési pro zabranéni
vysychani a nahrazeni ztrat zptisobenych smrstovanim monolitu béhem polymerizace.
Naplnéna forma byla ve vodorovné poloze sklickem vzhiru vlozena pod UV lampu
ve vzdalenosti 5 cm od zdroje zéfeni. Polymerizace typicky probihala po dobu
25 minut, poté byla forma rozebrana a vznikly monolit byl promyt methanolem
a hexanem. Naplnéna forma byla ve vodorovné poloze sklickem vzhiru vlozena pod
UV lampu ve vzdélenosti 5 cm od zdroje zafeni. Polymerizace typicky probihala po
dobu 25 minut, poté byla forma rozebrana a vznikly monolit byl promyt methanolem
a hexanem.

Polymeriza¢ni smés byla pfipravena do 5,0mL tmavé vialky. VSechny slozky
smési byly odvazovany. Inicidtor DMPAP byl nejprve rozpustén v monomerech (GMA,
HEMA, EDMA) v zastoupeni 1 % hm. vii¢i monomertim a poté byly pfidany porogenni
slozky (cyklohexanol, propan-1-ol, dekan-1-ol, butan-1,4-diol). Smés byla
ultrazvukovéana po dobu 10 minut a probublavana dusikem po dobu 15 minut. Hotova
smes byla uchovavana pii 4 °C. V tabulce 6 jsou uvedena slozeni smési S1 az S14

ptipravenych a testovanych v ramci této prace.
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Mechanicka odolnost stacionarnich fizi byla testovana prostym otérem. Cas
potiebny k navzlindni hexanu byl méfen po vloZeni sklicka s monolitickou tenkou
vrstvou do lahve, ve které byl 1 cm hexanu a kterd byla 30 minut pfed méfenim
ponechéana k ekvilibraci nasyceni par. K testovani ionizace pomoci DAPPI byl pouzit
roztok verapamilu v methanolu o koncentraci 10 mmol/L. Na desticku byl davkovéan
objem 1,0 ul. Vykon na sprejovacim mikro€ipu byl nastaven na 4,5 W, coz odpovida
teploté spreje 250 °C - 300 °C na povrchu desticky. Sprej byl tvofen pratokem toluenu
10 pL/min a dusikem o prutoku 180 mL/min. Desticka byla sprejovana pod thlem 45 °©
do kapilary o teploté¢ 340 °C s napétim 7,0 V. Napéti ve fragmentacni casti iontové
optiky (Tube lens voltage) bylo nastaveno na 44,9 V. Méfeni bylo provedeno

v pozitivnim modu.

2.3 Vysledky a diskuze

2.3.1 Vyvoj postupu pripravy monolitickych TLC desti¢ek

Zékladni princip pfipravy monolitickych tenkych vrstev mezi dvéma
silanizovanymi sklicky, oddélenymi teflonovym té€snénim pomoci UV iniciace, byl
prevzat z publikovanych praci [11 — 14]. Prvotni experimenty byly provedeny
s polymerizacni smési S1, jejiZz sloZeni bylo rovnéZz pievzato z [14]. Nejprve byl
aplikovan silanizacni postup vyvinuty v na$i laboratofi pro pfipravu styren-
divinylbenzenovych monoliti v kiemennych kapilarach [20]. V tomto piipade
silanizacni reakce probihala za pouziti 10% 3-(trimethoxysilyl)propyl-methakrylatu
v toluenu. Monolit o tloust'ce 50 um polymerovany po dobu 45 minut se vSak nenavazal
ani na jedno sklicko a bylo mozné ho smyt i proudem vody ze stficky. V dal§im kroku
byl tedy silanizacni postup publikovany pro monolitické TLC [11-14] upraven na
postup popsany v kapitole 2.2.2. Silanizace v methanolu byla pro methakrylatové
monolity vhodnéjsi. Monolit pripraveny ze smési S1 o tloustce 50 um se po 5, 10, 15,
30, 45, 60 1 120 minutach polymerizace pfichytil k vrchnimu i spodnimu sklu tak, ze
formu nebylo mozné ani rozebrat. Pfi pouziti nesilanizovaného spodniho kryciho skla

bylo mozné formu rozebrat, ale monoliticka tenkd vrstva se nerovnomérné ptichycovala
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ke spodnimu sklu, a nebylo tak mozné pfipravit homogenni vrstvu monolitické faze
pouze na jednom sklu. Podobné chovani vykazovaly i monolity pfipravené ze smési S2
az S6 (viz tab. 6) s dobou polymerizace 10 a 30 minut a tlouStce 50 um. Mikroskopické
sklicko tvofici spodni dil formy bylo tedy nahrazeno plexisklovou destickou.
Monolitické vrstvy (50um) piipravené ze smési S1 a S3 se k plexisklové desticce
nepfichytily ani po 120 minutdch polymerizace, pravdépodobné z divodu hladSiho a
inertnéjSiho povrchu desti¢ky nez skla.

Optimalni doba polymerizace byla testovana na smésich S1 az S4 pro monolitické
vrstvy o tloust'ce 50 um. Monolity polymerovaly po dobu 5, 15, 25, 45, 60 a 120 minut
a jako univerzalni doba polymerizace byla nalezena hodnota 25 minut, po které se
vzhled vsech pfipravenych monoliti jiz dale neménil. Smés S3 byla zvolena pro
testovani vlivu sily teflonového tésnéni. Monolitické vrstvy z této smési byly
piipraveny pii pouziti 25, 50, 76 a 127um tésnéni s dobou polymerizace 10, 25 a
45 minut. Pro vytvofeni monolitu o tloust'ce 25 um byl dostacujici ¢as polymerizace 10
minut. Siln¢j$i monolity bylo potfeba polymerovat alespoii 25 minut. Vzhled a
pruhlednost bilych monoliti o tloustkach 50, 76 a 127 um byly srovnatelné po 25
1 45 minutach. Pro dalSi experimenty byla vybrana sila t€snéni 50 pum, jelikoZ formu
oddélenou 25pum té€snénim bylo velmi obtizné naplnit bez pfitomnosti vzduchovych
bublin (viz dale).

PInéni formy polymerizaéni smési bylo od pocatku piiprav komplikovanym
problémem vyskytujicim se u vSech slozeni smési i druhti forem (silanizované sklo +
silanizované sklo; silanizované sklo + sklo; silanizované sklo + plexisklo). Pfi plnéni se
ve form¢ tvotily bubliny vznikajici 1 nepatrnym zpomalenim c¢ela kapaliny v ur€itém
misté. Na smésich S1 a S3 byl testovan vliv ultrazvukovani, probubldvani dusikem ¢i
teploty smési (-18, 4 a 23 °C) té€sné pied vlastnim plnénim, avSak ani jeden z téchto
faktorth nemél piimy vliv na tvorbu bublin ve formé. Déle byl sledovan piipadny vliv
rozdilného sevieni formy svorkami, které mohlo zptsobit vEtsi stlaceni obou vrstev
v urcitych mistech formy, a tedy i rozdilné prostiedi pro tok kapaliny. Tento jev byl sice
pii plnéni pozorovatelny zménou rychlosti ¢asti profilu kapaliny v okoli svorek, ale

pouze vyjimecné vedl ke tvorbé bublin. Klicovym faktorem pro tvorbu bublin byla
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pfiprava a myti skla po silanizaci. Sklicko muselo byt po silanizaci dikladné oplachnuto
nejen methanolem jako ¢istym rozpoustédlem silaniza¢niho €inidla, ale také vodou. Pii
oplachu pouze methanolem =zUstdvaly na skle zaschla rezidua z methanolu a
silaniza¢niho Cinidla, kterd nebylo mozné rozlestit buni¢inou, pfipadné ani nebyla
viditelna. Tyto necistoty zpusobovaly zpomalovani profilu kapaliny pfi plnéni a tvorbu
bublin. Bylo-li sklicko po methanolu dikladné oplachnuto vodou a ponechano volnému
uschnuti pifi laboratorni teploté, 74dnd rezidua na sklicku nezlstala, pfipadné bylo
mozné je snadno setiit buni¢inou. Formu z takto pfipravené¢ho skla a plexiskla bylo
mozné naplnit zcela bez bublin s vyjimkou formy oddélené 25pum teflonovym filmem.
V takto uzkém prostoru se pravdépodobné vyznamnéji projevily vlivy razné adheze
polymeriza¢ni smési k riznym povrchiim (sklo + plexisklo) a nerovnomérného stlaceni
formy svorkami, a proto se nepodafilo formu naplnit zcela bez bublin, pfestoze

silanizované sklicko bylo fadn¢€ omyto.

2.3.2 Mechanicka odolnost a rychlost vzlinani pro monolitické TLC desticky

Predpokladana aplikace monolitickych TLC desticek pro chromatografii
v normalnim moédu s DAPPI detekci vyzadovala piipravu mechanicky odolnych
stacionarnich fazi, skrze kter¢ by dobie vzlinala mobilni fize na bdzi hexanu.
Monolitické vrstvy na bazi GMA (smési S1 a S2, viz tab. 6) byly mechanicky velmi
neodolné a jejich povrch bylo mozné narusit i proudem methanolu ze stficky.

Vyrazn¢ mechanicky odolnéjsi byly monolity na bazi HEMA a to pfedevsim pii
pouZiti porogenni smési propan-1-ol/butan-1,4-diol (smés S3). Tento monolit m¢l velmi
pevnou a hladkou strukturu s lesklym povrchem. Negativnimi vlastnostmi této
stacionarni faze bylo pomalé vzlinani hexanu (vice nez 30 minut), vyrazné smrstovani
monolitu béhem polymerizace vedouci k neuplné tvorbé monolitu v rozich desticky a
praskani monolitu po jeho promyti methanolem, ethanolem ¢&i vodou. Uplngjsi
polymerizace v rozich bylo dosazeno zakapnutim hran formy smési pied vlastni iniciaci.
Praskdni monolitu bylo zabranéno promytim methanolem a nasledné¢ hexanem.
V hexanu monolit pravdépodobné nebobtnal tak jako v methanolu, a po vysuSeni tedy

nepraskal. Polymerizaci smési S4 obsahujici HEMA a porogenni smgés
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cyklohexanol/dekan-1-ol byl ziskdn monolit mechanicky méné odolny nez monolit ze
smési S3, ale vice odolny nez monolity na bazi GMA. Povrch monolitu nebyl na pohled
tak hladky a leskly jako povrch monolitu vzniklého pfi pouziti porogenni smési
propan-1-ol/dekan-1-ol. Monolit (S4) polymeroval zcela 1 v rozich desticky a po
promyti methanolem nepraskal. Hexan monolitickou vrstvou navzlinal béhem dvou
minut a jedinou nevyhodou tohoto monolitu byla mechanickd neodolnost, jelikoz bylo
mozné ho narusit otérem ruky.

Modifikacemi smési S3 ve slozeni porogenni smési (smési S5 a S6) a v obsahu
sitovaciho Cinidla (S7 a S8) byly vytvofeny monolity podobnych charakteristik jako
monolit S3. Pfestoze struktura monoliti byla s nejvétsi pravdépodobnosti rozdilna,
vsechny byly mechanicky velmi odolné, mély hladky a leskly povrch a trpély dlouhym
vzlindnim hexanu (30 minut a vice). Stejné charakteristiky mél i monolit pfipraveny ze
smesi S9, ve které byl butan-1,4-diol nahrazen cyklohexanolem. Mechanicka odolnost a
pravdépodobné nizka porozita, diky které vzlinal hexan velmi pomalu, byla tedy dana
pfitomnosti propan-1-olu v porogenni smési. Naopak mechanicky neodolny monolit,
kterym hexan navzlinal béhem dvou minut, byl ziskan pfi nahrazeni cyklohexanolu
butan-1,4,-diolem v porogenni smési s dekan-l-olem (smés S10). Pfitomnosti
dekan-1-olu tedy vznikal monolit se strukturou vhodnou pro chromatografii, avSak
nevhodnou pro DAPPI ionizaci. Smési S11 az S13 kombinujici propan-1-ol a
dekan-1-ol poskytly monolity, které se zvySujicim se zastoupenim propan-1-olu byly
vice mechanicky odolné, avSak se snizujici se rychlosti vzlinani hexanu (2 minuty pro
smés S 11, 15 minut pro smés S 12 a 30 minut pro smés S13). Mechanicky dostatecné
odolného monolitu, kterym by hexan vzlinal v fadu jednotek minut, nebylo dosazeno
ani piistupem kombinujicim butan-1,4-diol a cyklohexanol, kdy vznikla kiehka a malo

propustnd stacionarni faze.
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2.3.3 Testovani ionizace technikou DAPPI

Monolitickou TLC desticku, kterd by byla mechanicky odolnd a zaroven snadno
aplikovatelnd pro chromatografii v normalnim modu, se nepodafilo pfipravit (viz
kapitola 2.3.2). K testovani ionizace technikou DAPPI byla proto pouzita 50pum
stacionarni faze pfipravend z polymerizacni smési S3 (viz tab. 6). Tato desticka
vykazovala dobrou mechanickou odolnost, a tak byla minimalizovana pravdépodobnost
poSkozeni MS detektoru. Na obrazku 20 jsou znazornéna hmotnostni spektra
verapamilu ziskana ionizaci technikou DAPPI z komeréné dostupné silikagelové TLC

desticky pro MS a monolitické tenké vrstvy.
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Obr. 20 Hmotnostni spektrum verapamilu (Mr = 454 g/mol). Koncentrace verapamilu:
10 mmol/L. Davkovany objem: 1,0 uL. lonizace DAPPI v pozitivnim modu z TLC silica
gel 60 F:s4 MS-grade desticky (4) a monolitické TLC desticky S3 (B). Experimentalni
podminky viz kapitola 2.2.2. Hmotnostni spektrometr LTQ Orbitrap XL (Thermo Fisher
Scientific).

Ionizaci technikou DAPPI bylo z obou staciondrnich fazi naméfeno hmotnostni
spektrum odpovidajici molekulovému aduktu [verapamil+H]". Z monolitické tenké
vrstvy byl vSak ziskdn pfiblizn€ desetkrat vétsi signal nez ze silikagelové desticky.
Uginngjsi ionizace byla pravdépodobné zapii¢indna mensi tloustkou monolitické
stacionarni faze (50 pm) oproti silikagelové desti¢ce (cca 195 um). Diky tenéi vrstveé
stacionarni faze bylo pro desorp¢ni sprej k dispozici vice analytu a byl naméten vetsi
signal. Vysoka teplota pfi ionizaci monolitickou stacionarni fazi nijak viditelné

neposkodila, a byla tak potvrzena jeji vhodnost pro techniku DAPPI.
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1. Uvod

Uvodem tohoto referatu bychom radi predeslali, Ze
nasledujici text je uren piedevSsim pro Ctenate, kteti

s monolity zacinaji a hledaji zakladni obecné informace
o monolitickych kolonach a jejich pfiprave. Text je vice
orientovan na organické monolitické faze, jejichz piiprava
v laboratofi je jednodussi a rozsirenéjsi.

Monolitické stacionarni faze jsou unikatni separacni
média, ktera jsou vytvofena z jednoho kusu poérovitého
materidlu nejcastéji na bazi organického polymeru nebo
oxidu kfemicitého. Historie monolitickych kolon zapocala
ve druhé poloving 20. stoleti a v ¢eském ¢lanku ji prehled-
né zpracoval Frantisek Svec'. V dnesni dob& se monolitic-
kych stacionarnich fazi vyuziva zejména v kapilarni kapa-
linové chromatografii (CLC), kapilarni elektrochromato-
grafii (CEC) a v klasické vysokou¢inné kapalinové chro-
matografii (HPLC) ve formé kolon ¢i monolitickych disk.
Morfologicky rozdil mezi monolitickou a klasickou napl-
novou kolonou je schematicky znazornén na obr. 1.

Monolity maji bimodalni charakter port, obsahuji
velké pory umoziujici priutok mobilni faze (makropory >
50 nm, nejcastéji cca 1 um) a malé pory, které zajistuji
dostatecny specificky povrch pro interakci s analytem
(mezopory 2-50 nm,  mikropdry < 2 nm). Tato distribu-
ce poru je typicka pro monolity na bazi oxidu kiemicitého.
Naproti tomu organické monolity v sobé mezopdry mo-
hou®, ale i nemusi obsahovat*. Monoliticka faze vypliiuje
cely vnitini prostor kolony, mobilni faze tak protéka pifimo
stacionarni fazi a analyty se k aktivnim centrim dostavaji
konvektivnim tokem, ¢imz se urychluje jejich transport
kolonou a interakce se stacionarni fazi. Matematicky popis
ptrenosu hmoty v monolitech byl teoreticky odvozen Liapi-
sem vroce 1999 (cit.’). Makropory také umozituji kratii
analyzy, jelikoz lze pouzit vyssi pritok mobilni faze bez
vyrazné ztraty udinnosti a piekroceni tlakového limitu
chromatografického systému. Monoliticka média vytvore-
na z organickych polymert jsou také stabilni v Siroké skale
hodnot pH, lze je pfechovavat i vnesmoceném stavu
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Obr. 1. Struktura stacionarni faze (a) v napliiové a (b) v monolitické koloné; cit.?
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a pusobenim tlaku postupné nesesedaji jako kolony napl-
nové.

2. Monolity na bazi organického polymeru
a jejich priprava

Polymeriza¢ni smés pro pfipravu organickych mono-
litt se sklada z monomeru, sitovaciho ¢inidla (zpravidla
molekula obdobna monomeru, av§ak obsahujici dvé dvoj-
né vazby), iniciatoru a porogenni smeési. Slozky porogenni
smési nejsou zabudovany do polymerni struktury monoli-
tu, pouze vznikajici monolit solvatuji a jejich objem tak
udava jeho konecnou porozitu. Nejpouzivanéj$imi mono-
mery jsou derivaty methakrylatu, akrylamidu a styrenu.
Nejbéznéjsimi  sitovacimi Cinidly pak jsou ethylen-
dimethakrylat a divinylbenzen. Monolity se nejcastéji pfi-
pravuji radikalovou kopolymerizaci, pfi které je polymeri-
zatni smés uzaviena v téle budouci separacni kolony
(in situ). 'V prvnim kroku se iniciator (napf. o,0'-
azobisisobutyronitril) rozpada na radikaly, které iniciuji
vlastni polymerizaéni reakci. Vznika polymerizacni feté-
zec, ktery s Casem nabyva na hmotnosti a postupné se vice
situje, az se stava v polymerizacni smési nerozpustnym
a precipituje jako takzvané polymeriza¢ni jadro. Pro vznik-
1¢ jadro jsou termodynamicky vyhodnéjSimi solventy mo-
nomery nez slozky porogenni smési a polymerizace tak
dale pokracuje uvnitf jadra i v okolni kapalin€. Polymeri-
zace uvnitf jadra je vSak kineticky preferovana, jelikoz
koncentrace monomert v jadie je vysii. Retézce polymeru
vzniklé v kapalin¢ jsou brzy zachyceny jadrem, které
s ¢asem dale nartsta. Kdyz jadro doroste do urcité velikos-
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ti, sitovanim se spoji se sousednimi jadry a vytvoti shluk.
V pozdgjsi fazi polymerizace se nartstajici shluky spojuji
a vytvaieji strukturu s pratoénymi pory, ktera dale zesiluje
vnitfnim sitovanim a nariistd o nové fetézce vytvorené
polymerizaci v roztoku az do kone¢né podoby tuhého mo-
nolitu, ktery uvniti pori obsahuje pouze nereaktivni poro-
genni smés. Naproti tomu sférické Castice organickych
polymerti pouzivané v naplihovych kolonach se vytvareji
procesem suspenzni polymerizace a morfologie téchto
¢astic je ovlivnéna dalsimi vlivy, jako jsou dynamika mi-
chani polymeriza¢ni smési a mezifazové napéti mezi vod-
nou a organickou fazi. Sférické castice a monolity pfipra-
vené ztotozné polymeriza¢ni smési maji pak odlisnou
vnitini strukturu®. Jednim z hlavnich smérd vyuziti mono-
litickych kolon ve vyzkumu jsou kapilarni separa¢ni meto-
dy (CLC, CEC). Kiemenné kapilary vyplnéné organickou
monolitickou stacionarni fazi vSak zatim nejsou komercné
dostupné a priprava téchto kolon se tedy musi uskutecio-
vat ptimo v laboratofi. Na obr. 2 je znazornéno schéma
ptipravy kapilarni monolitické kolony na bazi organického
polymeru.

Pro ucely CLC je nezbytné pevné uchyceni monolitic-
ké stacionarni faze k vnitini sténé kapilary, aby vlivem
tlaku kapaliny nedoslo k jejimu vytlaceni. Pevné spojeni
monolitu se sténou kiemenné kapilary se realizuje proce-
sem silanizace, kterym se na sténu kapilary chemicky na-
vaze slouenina s dvojnou vazbou. Tato dvojnd vazba se
pak pfimo ucastni polymerizace monolitu, a ten je tak na-
vazan ke sténé kapilary na mnoha mistech kovalentni vazbou.
Schéma silanizace kfemenné kapilary 3-(trimethoxysilyl)-
propyl-methakrylatem (dale jen y-MAPS) je znazornéno na
obr. 3.

modifikace vnitini stény — silanizace

polymerizaéni

- —— kapilara
smés

iniciace

I. pInéni

(napf. tepelna, UV)

pumpa

1. polymerizace

IIl. promyti (napf. methanolem)

monoliticka kapilarni kolona

Obr. 2. Schéma p¥ipravy kapilarni kolony s organickou monolitickou stacionarni fazi; cit.”
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Obr. 3. Schéma silanizace ki‘emenné kapilary y-MAPS; cit.®

V prvnim kroku je nutné povrch kapilary aktivovat
hydroxidem sodnym a vodou, ¢imz se siloxanové skupiny
ptevedou na silanolové. Silanolové skupiny jsou pak pfi-
stupné pro vlastni reakci se silanizaénim ¢inidlem. Pod-
minky, pfi kterych se jednotlivé kroky silanizace provadé-
ji, se Casto lisi v pouzitém rozpoustédle, koncentraci silani-
zacniho ¢inidla a hydroxidu, Case i teploté. Zpusob silani-
zace ovliviiuje charakteristiky vnitini stény kapilary, jako
jsou kontaktni uhel, smacivost a adheze®, a nepiimo tak
i vlastnosti budouci monolitické stacionarni faze.
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Vhodnym vybérem monomerit ovlivilujeme nejen
chemickou podstatu monolitu, ale i jeho morfologii’. Riz-
né monomery maji totiz rozdilné sférické a dalsi fyzikalné-
chemické vlastnosti, odlisné interaguji se slozkami poro-
genni smési a maji jinou reakéni kinetiku. Na morfologii
vysledného monolitu ma vyznamny vliv i mnozstvi sitova-
ciho ¢inidla. Na obr. 4 je sloupcovymi grafy znazornén
narGst specifického povrchu poly(styren-co-divinyl-
benzenového) monolitu s rostoucim zastoupenim divinyl-

'/‘ 100% DVE
41

HEX MET DMF MED

Porogen

Obr. 4. Zavislost specifického povrchu poly(styren-co-divinylbenzenového) monolitu na obsahu sit’ovaciho ¢inidla a pouZitého
porogenu. DVB - divinylbenzen, THF - tetrahydrofuran, ACN - acetonitril, TOL - toluen, CHB - chlorbenzen, HEX - n-hexan, MET -
methanol, DMF - N,N-dimethylformamid, MEO- methyl-ferc-butyl ether. Pfevzato se souhlasem z cit.!°. Copyright (2001) American

Chemical Society
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benzenu v polymerizacni smési pfi pouziti riznych poro-
genl. Pfi vyS§im obsahu sitovaciho ¢inidla je polymer
vznikajici v pocatecni fazi polymerizace vice zesitovan
aze smesi precipituje jadro mensi velikosti. Spojovani
mensich jader vede i k menSimu objemu mezi nimi, a tedy
i k mensim portiim monolitu a jeho rostoucimu specifické-
mu povrchu.

Zvysenim obsahu sitovaciho ¢inidla tedy dosahneme
vyssiho specifického povrchu monolitu, avSak snizime
mnozstvi zdkladniho monomeru na jeho povrchu. Zmény
morfologickych vlastnosti monolitu pfi zachovani chemic-
kého slozeni pak dosdhneme v prvé fadé optimalizaci po-
rogenni smési. Porogenni smés ovlivituje velikost port
monolitu solvataci vznikajiciho polymerovaného jadra.
S rostouci schopnosti porogenu solvatovat jadro klesa za-
stoupeni monomert v jeho okoli a z polymerizacni smési
precipituje jadro mensi velikosti, coz vede k mensim po-
rum a vyS§imu specifickému povrchu monolitu. Z obr. 4
vyplyva, Ze napf. toluen je dobrym solvataénim Cinidlem
pro poly(styren-co-divinylbenzenové) monolity, zatimco
polarni methanol nikoli. Velmi ¢asto se v porogennich
smésich pouziva dodekan-1-ol, ktery je slabym solvatac-
nim ¢inidlem a kterym lze zvéEtsit pory styrenovych i me-
thakrylatovych monoliti. Morfologii a ¢asteéné i chemické
slozeni monolitu je mozné ovlivnit ¢asem polymerizace.
Napiiklad monolit na bazi poly(butyl-methakrylat-co-
ethylen-dimethakrylatu) je v pocateéni fazi polymerizace
tvofen malymi gloubulemi, které obsahuji vice sitovaciho
¢inidla nez zékladniho monomeru. S postupem casu se
globule spojuji a tvofi shluky, ¢imz se ztraci zastoupeni
mezop6rd ze struktury monolitu. S narustajicim ¢asem tak
kles porozita a specificky povrch monolitu''.

Pravdépodobné nejpouzivangj§im zpisobem iniciace
polymerizace je iniciace termicka. Jako iniciatoru se obvykle

10

A P/A(log P)

0 *TTIM Y
10 100 1000 10000
Pramér pérd, nm
Obr. 5. Distribuce péra poly(glycidyl-methakrylat-co-

ethylendimethakrylitového) monolitu pfi riznych teplotich
polymerizace (1) 80 °C, (2) 70 °C, (3) 55 °C. M¢feno rtutovym
porozimetrem. Pfevzato se souhlasem z cit,”.Copyright (1996)
American Chemical Society
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pouziva o,o’-azobisisobutyronitrilu (dale jako AIBN). Na
obr. 5 je znazomén vliv teploty na distribuci pora poly(glycidyl-
methakrylat-co-ethylen-dimethakrylatového) monolitu. V sou-
ladu s mechanismem vzniku vede vyssi teplota ke zmense-
ni pord. Pii vyssi teploté se rychleji rozpada iniciator
a vznika vice jader a vice shlukd. JelikoZ je mnozstvi mo-
nomert konstantni, musi mit pfi vét§im poctu jednotlivé
shluky mensi velikost a jejich spojovanim vznika monolit
s men§imi pory a vy$$im specifickym povrchem. V oblasti
nizsich teplot (55-70 °C) toto pravidlo vSak neni zcela
univerzalni. Efekt zvySeni rozpustnosti vznikajiciho poly-
meru ve smési s rostouci teplotou a nasledna precipitace
jadra o veétsi velikosti se u polymerizace monoliti neproje-
vuje'?.

Druhym nejcastéjsim zpisobem iniciace polymeriza-
ce je pusobeni UV zafeni. Jako iniciator lze opét pouzit
AIBN, ale castéjsi je pouziti 2,2-dimethoxy-2-fenyl-
acetofenonu (DMPAP). Vyhodou iniciace UV zafenim je
predevsim rychlost. Polymerizace iniciovana timto zpiso-
bem trva nékolik malo minut, zatimco termicky iniciovana
polymerizace probiha v fadu hodin. Iniciace UV zafenim
za laboratorni teploty také umoziuje pouziti slozek poro-
genni smési s niz§im bodem varu, které by se pfi teplem
iniciované polymerizaci odpafily. Nevyhodou tohoto zpi-
sobu iniciace je nutnost pouziti téla kolony vytvofeného
z materialu dobfe prostupného pro UV zafeni. V pfipade
kapilarnich kolon to znamena pouziti kiemennych kapilar
potazenych teflonem, které jsou mnohonasobné drazsi nez
bézné kapilary potahované polyimidem. Iniciace
UV zatenim také prakticky znemoziuje pouziti monomert
na bazi styrenu, které v této oblasti spektra vyrazné absor-
buji. Radikalovou polymerizaci lze iniciovat i dal§imi zpi-
soby, jako je napt. mikrovlnné ¢i y-zafeni. Monolitické
kolony se také nepfipravuji pouze polymerizaci s volnymi
radikaly, ale i dal$imi zpusoby, které jsou piehledné
popséany v &lanku' z roku 2010.

2.1. Modifikace povrchu organickych monoliti

Ruzné druhy interakci v chromatografii vyzaduji od
stacionarnich fazi ptitomnost funkénich skupin a u monoli-
tickych kolon existuji dva zakladni pfistupy, jak dosahnout
ptitomnosti téchto klicovych skupin na povrchu monolitu.
Principialné nejjednodussi je pouziti zakladniho monome-
ru, ktery pozadovanou funkéni skupinu obsahuje. Takto lze
pfipravit monolity, které obsahuji napt. skupinu hydroxy-
lovou, amidovou, sulfonovou, fosfatovou a karboxylo-
vou'®.Vyhodou tohoto pfistupu je jednoducha ptiprava, na
druhou stranu znac¢na ¢ast pouzitého monomeru je obsaze-
na i ve vnitini struktufe monolitu a naopak na povrchu je
pfitomné i sitovaci €inidlo. Pozadovana funk¢ni skupina
monomeru také miize byt pficinou jeho omezené rozpust-
nosti v polymeriza¢ni smési, coz mize limitovat jeho ob-
sah, nebo i znemoznit jeho pouziti. Druhy piistup zahrnuje
metody chemické modifikace povrchu jiz vytvotreného
monolitu. Postup je tedy vicekrokovy, coz miize vést ke
snizeni reprodukovatelnosti vyslednych kolon a ke zvyseni
Casové, materidlové 1 energetické naroCnosti pfipravy.
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Existuje mnoho zpiisobii chemické modifikace povrchu
monolitl. Zakladnim pfistupem je chemicka reakce funke-
ni skupiny pfitomné na povrchu monolitu s funk¢éni skupi-
nou derivatiza¢niho ¢inidla, které obsahuje i skupinu po-
tiebnou pro provedeni pozadovaného druhu chromatogra-
fie. Ktomuto tucelu se jako zakladniho monomeru
s vyhodou uziva glycidyl-methakrylatu, ktery obsahuje
reaktivni epoxidovou skupinu. Pouzitim vhodnych deriva-
tizacnich Cinidel lze pak pfipravit napt. Sirokou $kalu ion-
tové vyménnych kolon'®?". Timto zptisobem se odstrani
komplikace s rozpustnosti molekuly obsahujici funkéni
skupinu. Navic zakladni monolit, u kterého byla optimali-
zovana priprava pro ziskani pozadovanych morfologickych
vlastnosti, lze pouzit pro modifikaci s riznymi Cinidly
a ziskat tak morfologicky obdobné kolony, které pti sepa-
modifikaci povrchu monoliti je technika roubovani
(grafting), pii které se na povrch monolitu radikalovou
polymerizaci navazuji fetézce funkénich monomert. Na
hydrolyzované  epoxidové  skupiny  poly(glycidyl-
methakrylat-co-ethylen-dimethakrylatového) monolitu
byly naptiklad navazany polymerni fetézce 2-akrylamido-2-
methylpropan-1-sulfonové kyseliny pomoci iniciace cerici-
tymi ionty®'. Na obr. 6 je pak znazornéné schéma dvoukro-
kového roubovani vybraného monomeru iniciovaného UV
zafenim.

V prvnim kroku se pomoci zateni bisfenon radikalove
navaze na povrch monolitu. VaZze se namisto atomu vodi-
ku, tudiZ neni tieba zadného specialniho reakéniho mono-
meru. Ve druhém kroku molekuly bisfenonu navdzané na
monolit pracuji jako inicidtor a,vyristaji“ na nich poly-
merni fetézce z funkéniho monomeru. Vyhodou dvoukro-
kového postupu je eliminace problému s rozpustnosti ne-
polarniho inicidtoru v polarnéj$im monomeru. Déle také
nedochazi k tvorbé polymernich fetézcl v roztoku, které
by nebyly navazany na monolit. Vyhodou techniky roubo-
vani oproti chemické derivatizaci monolitu je vyssi zastou-
peni funk¢nich skupin na povrchu a lepsi vyuziti nékterych
vzacnych monomert, které by mohly byt v zakladni poly-
merizacni smési nerozpustné. Zajimavou technikou upravy
povrchu  poly(styren-co-chlormethylstyren-co-divinylben-
zenového) monolitu je tzv. hypercrosslinking, kterym ne-
zavadime funkéni skupinu do monolitu, ale ovliviiujeme
jeho morfologické vlastnosti. Vlivem reakéni kinetiky
zreaguje veskery divinylbenzen rychleji a na povrchu mo-
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nolitu tak zbyvaji velmi maélo zesitované fetézce. Tyto
fetézce lze 1,2-dichlorethanem rozvolnit a vzdjemnou Frei-
del-Craftsovou alkylaci fixovat jejich strukturu ve formeé
vysoce zesitované vrstvicky polymeru. Tzv. hypercrosslin-
kovany monolit ma az Ctyfikrat vyssi specificky povrch
adiky své komplexni morfologii je vhodny pro analyzy
malych i velkych molekul®.

3. Monolity na bazi oxidu kiremicitého

Naplnové kolony tvofené ¢asticemi silikagelu si stale
zachovavaji dominantni postaveni v oblasti kapalinové
chromatografie, nicméné jejich moznou a zaroven vyhod-
nou alternativou jsou anorganické monolity. Zacatkem
90. let Nakanashi a Soga piedstavili postup piipravy spoji-
tého porézniho materidlu (novou technologii sol-gel)
zoxidu kfemiGitého sbimodalni distribuci poért®. Prvni
HPLC aplikace na porézni tyCince z oxidu kfemicitého
modifikované oktadecylovymi fetézci je pfipisovana Tana-
kovi a spol.”, ktery demonstroval pouziti tohoto separa¢ni-
ho média v reverznim mddu jak pro separace malych, tak
velkych molekul. O dva roky pozdé&ji byla popsana in-situ
ptiprava silikovych monoliti v kapilafe o vnitinim prameé-
ru 100 pum (cit.?®). V soudasnosti jsou komeréné dostupné
monolitické kolony na bazi siliky riznych rozmért pod na-
zvem Chromolith™ od firmy Merck (Némecko) a Onyx™
od firmy Phenomenex (USA).

3.1. Ptiprava a charakteristika silikovych monolitt

Monolity na bazi siliky se nejcastéji pfipravuji takzva-
nym sol-gel procesem. Pfiprava je zaloZena na hydrolytic-
ky iniciované polykondenzaci tetraalkoxysilanti, napi.
tetramethoxysilanu (TMOS), tetracthoxysilanu (TEOS)
nebo methyltrimethoxysilanu (MTMS), doprovazené oddé-
lenim fazi v pfitomnosti ve vodé rozpustného organického
polymeru (porogenu), napf. poly(ethylenoxidu) (PEO),
nebo polyakrylové kyseliny. Schéma typického sol-gel
procesu znazoriuje obr. 7. Jednou z preferovanych metod
ptipravy silikovych ty¢inek je hydrolyza TMOS vodnym
roztokem 0,01 M octové kyseliny obsahujicim PEO
(cit.”). Octova kyselina zde plni funkci katalyzatoru. Po
dikladném promichani je homogenni smés naplnéna do
formy a ponechana reagovat pii zvySené teploté.

uv
—
Monomer

Obr. 6. Tustraéni schéma dvoukrokového ,,photograftingu® s pouZitim bisfenonu jako inicidtoru. Pievzato se souhlasem z cit..
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K vytvoreni gelu dochazi jiz po dvou hodinach a nasleduje
zrani gelu, které trva i n€kolik dni. Ty¢inka je poté promy-
ta destilovanou vodou a nasledné vystavena pusobeni hyd-
roxidu amonného za zvySené teploty, ¢imz dochazi k vy-
tvofeni sité mezopori. Nasleduje faze vysuSeni vzniklého
gelu a vytvofeni kolony vlozenim ty¢inky do formy
z vhodného materialu. Silikovy monolit umistény v koloné
je mozné dale modifikovat navazanim riznych funkénich
skupin, nejcastéji se jedna o oktadecylaci.

Na vyslednou strukturu a chemické slozeni monolitu
ma vliv celd fada faktord. Rozhodujici jsou hodnoty pH
reakéni smési®®, pouzité rozpoustédlo, koncentrace reak-
tant, mnozstvi vody v systému, volba katalyzatoru hydro-
lyzy a kondenzace, v neposledni fadé pak teplota a reakéni
¢as. Obecné plati, Zze s rostoucim pH smési vzrusta porozi-
ta gelu a klesa specificky povrch a se zvySujici koncentraci
TMOS roste mechanicka stabilita monolitu. Na rozdil od
organickych monolitd dochazi u silikovych monolitd bé-
hem pfipravy ke zna¢nému smrsténi staciondrni faze. Toto
zmenseni objemu nedovoluje ptipravu ,,in situ, a vyzadu-
je dvoukrokovou pfipravu. V prvnim kroku je monolit
pripraven ve vhodné formé a poté vpraven do pouzdra ze
smrstivého materialu  PEEK  (poly(ether-ether-keton)),
ktery plni funkeci téla kolony. Chceme-li pfipravit tyCinku
konven¢nich rozmért o primeéru 4,6 mm, je nutné vycha-
zet z formy o vnitinim priméru 6 mm. U chromatografic-
kych kolon béznych rozméri muze po suseni dochazet
k praskani, coz monolit ¢ini nepouzitelnym pro chromato-
grafické separace. Objemové zmény s sebou piinaseji také
omezeni z hlediska délky kolon, proto je obtizné pfipravit
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ty¢inky delsi nez 15 cm, aniz by nedochazelo k jejich ohy-
bu. Vyhodou pfipravy kapilarnich kolon je pak stejné jako
u organickych monolitd kovalentni navazani monolitu
navnifni sténu kfemenné kapilary®. Jak je patrné
z pfedchoziho textu, je priprava silikovych monolitl
v laboratornich podminkach relativné obtizna, proto se
bézné pro separace vyuzivaji komeréné dostupné kolony,
které se velmi Casto v laboratofi dale modifikuji. Na trhu
dostupné silikové monolity obsahuji makropory o velikosti
kolem 2 um a mezopdry o velikosti 13 nm a dosahuji spe-
cifického povrchu kolem 300 m? g™ (cit.*!). Obr. 8 demon-
struje typickou porézni strukturu silikového monolitu.

4. Aplikace monolitickych kolon

Aplikace monolitickych kolon zahrnuji separace niz-
ko- i vysokomolekularnich latek, v HPLC i CEC (cit.*?).
Povaha a velikost port umoziuji velmi dobrou propustnost
pro vétsi molekuly, a proto jsou organické monolity vhod-
nym materialem pro separace proteintl, oligo- a polynukle-
otida, $tépt DNA, a dokonce i zivych mikroorganismu.
Piehledny &lanek™ z roku 2012 vsak poukazuje na skuted-
nost, ze dnes jiz muzeme s poréznimi polymernimi materi-
aly na bazi organického polymeru dosahnout velmi G¢in-
nych separaci malych molekul za izokratickych podminek.
Diky rozmanitosti monolitickych stacionarnich fazi se
mizeme s monolity setkat jak v chromatografii na reverzni
fazi (RPC), tak pfi hydrofobni interakéni chromatografii
(HIC), v iontoveé vyménné (IEC) a afinitni chromatografii
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Obr. 8. SEM obrazky typické porézni struktury monolitu na bazi oxidu kiemicitého (A), struktura mezoporia (B) a pritoénych

pori (C); cit.*!

(AC) nebo v chromatografii na molekulovych sitech
(SEC). Pro reverzni chromatografii je mozné vyuzit jak
anorganickych, tak organickych monoliti. Separacni mé-
dia zalozena na kopolymeru styrenu a divinylbenzenu
i monolity na bazi oxidu kfemicitého byla uspésné pouzita
pro separace proteint, peptida a alkylbenzent v reverznim
médu®’. Vhodnou alternativou k reverzni chromatografii je
hydrofobni interakéni chromatografie, ktera vyuziva vod-
nych mobilnich fazi s ptidavkem soli. Tato metoda je
zvlasté vhodna pro separace proteind, u kterych diky ab-
senci organického modifikatoru zistava zachovana jejich
biologicka aktivita. Jako separa¢ni média pro hydrofobni
interakéni chromatografii proteinii byly Uspé$né pouzity
monolitické kolony zalozené na kopolymeru polyakrylami-
du a butylmethakrylatu®. Monolitické kolony na bazi sili-
ky se zapolymerovanou akrylovou kyselinou nebo akryla-
midem je mozné vyuzit ve spojeni s hydrofilni interakéni
chromatografii (HILIC)®, kter4 je vhodnou volbou v pii-
pad¢ separaci velmi polarnich latek. O odlisnych pfistu-
pech ke vzniku monolitickych iontoméni¢l organického
typu pojednava odstavec 2.1. V piipad¢ silikovych monoli-
tl se pro zavedeni nabitych skupin v naprosté vétSiné pfi-
padi vyuziva technika postpolymerizaéni modifikace, kdy
je mozné postupnymi kroky ziskat stacionarni faze tvorené
anexem i katexem zaroveii’®. U afinitni chromatografie
jsou na povrchu monolitu imobilizovany ligandy, které
dokazou specificky interagovat s jednotlivymi slozkami
vzorku. Jako ligandy mohou vystupovat barviva, bilkovi-
ny, enzymy (i jejich substraty, koenzymy ¢i inhibitory),
protilatky nebo antigeny, polysacharidy atd. Vyuziti mono-
litd v oblasti afinitni chromatografie podrobné popisuje
souhrnny &lanek®” z roku 2011. Dalsi skupinu tvori vtiste-
né polymery, tzv. ,MIPs — moleculary imprinted poly-
mers“. V tomto piipadé nedochazi k imobilizaci ligandu
jako u afinitni chromatografie, ale ke vtisténi templatu do
matrice. Templat je nasledné z monolitu vhodnym ¢ini-
dlem uvolnén. Vyvoj a mozné pouziti vtisténych organic-
kych i anorganickych monolitt v HPLC a CEC mapuje
uceleny &lanek®® z roku 2011. Vhodnou chemickou modifi-
kaci monolitll a zabudovanim chiralniho selektoru vznikaji
chiralni stacionarni faze, které se velmi dobfe uplatiuji pfi
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farmaceutickych analyzach v elektrochromatografickém
médu®. Monolitické materialy viak nemusi slouZit pouze
jako separa¢ni média v chromatografickych metodach, ale
Ize jich s vyhodou vyuzit i pii prekoncentracnich krocich
a extrakci na pevné fazi (SPE) nebo jako nosi¢e pro imobi-
lizaci enzymi. Slibné je predevs§im jejich vyuziti
v miniaturizovanych systémech, jakymi jsou Cipy, kde je
dosti obtizné homogenné naplnit maly prostor ¢asticemi.
O pokrocilych aplikacich monoliti pojednava souhrnny
&lanek® z roku 2010.

5. Zavér

Pravdépodobné nejvétsi vyhodou monolitickych staci-
onarnich fazi je moznost ménit vnitini strukturu (objem
a distribuci pord), a tim ovliviiovat vysledné separacni
vlastnosti chromatografickych kolon. Ve srovnani s klasic-
kymi napliiovymi kolonami jsou monolity vyjimeéné diky
svym hydrodynamickym vlastnostem. Nezanedbatelnou
vyhodou je také absence frit, kterou lze ocenit pfedevsim
v elektrochromatografickém modu. Ackoliv maji monoli-
tické kolony fadu unikatnich vlastnosti oproti b&znym
stacionarnim fazim, ani jim se uréitd omezeni nevyhnou.
U monolitl na bazi organického polymeru miizeme jmeno-
vat botnani v organickych rozpoustédlech, které muze
ovlivnit celkovou porozitu stacionarni faze a tedy i sepa-
raéni G¢innost. U anorganickych monoliti je to pfedev§im
rozpustnost oxidu kfemicitého v alkalickém prostiedi
V kazdém piipad¢ je monolitim v soucasnosti vénovana
velka pozornost, at’ uz védeckymi tymy ¢i firmami, zaby-
vajicimi se vyvojem novych separa¢nich médii. Za vse
mluvi jak vysoky pocet casopiseckych publikaci a dve
rozsahlé monograﬁe“’“, tak skuteCnost, ze jsou tomuto
tématu vénovany samostatné sekce na chromatografickych
konferencich.

Tato prace vznikla za podpory vyzkumného zameéru

MSMT 0021620857 Ministerstva Skolstvi, mladeze a télo-
vychovy, dale za podpory projektu SVV 267215 Univerzity
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Karlovy v Praze a projektu GAUK 349511 Grantové Agen-
tury Univerzity Karlovy v Praze.
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Chemistry, Faculty of Science, Charles University, Pra-
gue): Preparation and Application of Monolithic Colu-
mns as Modern Separation Media

This article provides basic information on monolithic
columns for separation purposes. General characteristics
of monolithic columns and their difference from common
packed columns are described. Preparation of monolithic
columns, various effects on their morphological properties
and possible applications are discussed, both for organic
and silica monoliths.
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3. Zavér

V prvni Casti prace byly vyvinuty a validovany metody pro stanoveni Cistoty
lé¢ivych piipravki kombinujicich vice G€innych latek. Metoda pro stanoveni obsahu
necistot v paracetamolu, kodein fosfat hemihydratu a pitofenon hydrochloridu
v ptitomnosti fenpiverin bromidu byla zaloZzena na iontové parové chromatografii a
standardni HPLC instrumentaci. Byl vyvinut postup pfipravy vzorku z ¢ipkové 1€¢kové
formy zajistujici dostatecnou vytéZnost necistot a stabilitu vzorku. Separace vSech
necistot bylo dosazeno i pifi pouziti chromatografie v reverznim modu, avSak tato
metoda byla potvrzena jako nerobustni s ohledem na zmény pH a obsahu methanolu
v mobilni fazi. Analyzou vzorku ctyfi roky po jeho vyrob& byl potvrzen hlavni
degradacni produkt pitofenon hydrochloridu a aplikovatelnost metody pro analyzu
stabilitnich vzorkd 1é¢ivého piipravku Spasmopan®. Obsah necistot v tabletach
kombinujicich amlodipin besilat, valsartan a hydrochlorothiazid byl stanoven UHPLC
metodou v reverznim separacnim modu. Postup piipravy vzorku z potahovanych tablet
byl vyvinut s ohledem na dostateCnou vytéznost necistot, kompatibilitu s gradientovou
eluci a stabilitu vzorku. Cilenou degradacni studii byly potvrzeny hlavni degradacni
produkty vSech tfi G€innych latek a aplikovatelnost metody pro analyzu stabilitnich
vzorkli kombinovanych tablet.

V ramci druhé ¢asti prace byly pripraveny monolitické TLC desticky. Metodika
ptipravy monolitickych staciondrnich fazi ve formé& tenkych vrstev byla realizovana
v podminkach laboratofi Katedry analytické chemie PfF UK. Po optimalizaci
jednotlivych fazi ptipravy byly ziskdny homogenni staciondrni faze navézané na
silanizované mikroskopické skli¢ko. Pfipravené monolitické vrstvy byly na bazi
methakryldtovych monomert a polymerizace byla iniciovana UV zafenim. Byly
pfipraveny mechanicky odolné desticky s hladkym a lesklym povrchem, avSak se
Spatnou propustnosti pro mobilni fazi. Stacionarni faze vhodné pro prutok mobilni faze
byly mechanicky velmi neodolné a nevhodné pro ionizaci analyti metodou DAPPI.
Z mechanicky odolné¢ monolitické tenké vrstvy byl ionizovdn verapamil metodikou

DAPPI s vyssi t€innosti nez z komeréni silikagelové TLC desticky.
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