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Uvod

1 Uvod

Elektromigracni separa¢ni metody jsou zalozeny na pohybu elektricky nabitych
¢astic v elektrickém poli, které je vkladano do vodivého média, nejcastéji kapaliny nebo
gelu. Pohyb nabitych ¢astic je uskuteénovan bud v planarnim, nebo kapilarnim
usporadani. Jelikoz je tato dizertacni prace zaméiena na kapildrni elektromigracni
metody, bude dalsi popis vyhradné zaméten na kapilarni systém.

Béhem své vice nez sedmdesatileté existence prodélaly elektromigra¢ni metody
vyrazny rozvoj [1]. Prvni pionyrskou praci se zapsal do historie elektromigra¢nich
metod Tiselius, ktery v roce 1937 zavedl ,,moving boundary electrophoresis“. Zahy poté
byla vyvinuta elektroforéza na papife (1939), ktera ma stejny separa¢ni mechanismus
jako dnes pouzivané techniky. V prubéhu padesatych let byly polozeny zéklady
elektroforézy na agarovém gelu, ktera nalezla rozsahlé uplatnéni v biochemii a klinické
chemii. Sedesata léta byla opdt plna objevii v oblasti elektromigrace; mezi
nejvyznamngj$i pociny patii zavedeni dvou klicovych technik pro analyzu proteint:
isoelektrické fokusace a SDS-PAGE (elektroforéza na polyakrylamidovém gelu
Vv pfitomnosti dodecylsiranu sodného). Prvni komer¢ni instrumentace v kapilarni
elektroforéze byla pfedstavena Vvroce 1973; jednalo se o pln¢ automaticky ITP
analyzator vyuzivajici kapilary z polytetrafluoroethylenu (PTFE) o vnitinim praméru
0,5 mm. U tohoto pfistroje se pouzivaly kapilary raznych délek. Kapilara byla
termostatovana a analyty se detekovaly pouzitim univerzalniho (termalni nebo
vodivostni) nebo UV detektoru. Tento pfistroj mohl byt také upraven pro preparativni
ucely. Neni jakychkoliv pochyb, Ze tehdejSi instrumentéalni uspofadani ITP se stalo
piimym ptredchiidcem dne$nich kapilarné elektroforetickych analyzatorti [1]. Rozvoj
kapilarni elektroforézy, tak jak ji zndme dnes, zacal v osmdesatych letech minulého
stoleti, kdy byly poprvé ptipraveny kapilary vhodnych rozmérli (vnitini pramér
v rozmezi 20-100 um) [2]. Dalsi vyznamna expanze zacala na pocatku devadesatych let,
kdy byl na trh uveden prvni komeréné vyrabény kapilarné elektroforeticky analyzator.
Od té doby bylo publikovdano mnoho plivodnich védeckych praci, které dokladaji
rozsadhlé vyuziti kapildrni elektroforézy v riznych oblastech védeckého vyzkumu
zahrnujicich proteomiku a genomiku, farmaceutickou, enviromentdlni a forenzni

analyzu [1]. Poslednimi vyvojovymi trendy v oblasti elektromigracnich metod je
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Uvod

spojeni CE s dal$imi technikami a to bud’ za ucelem ptedupravy vzorku (FIA-CE) ¢i
identifikace struktury analyta (CE-MS, CE-NMR). Dal§im velmi vyznamnym smérem
vyvoje elektromigracnich metod je zavedeni konceptu elektroforézy na Cipu. Na trhu jiz
pusobi vyrobci [3][4] komeréné dodavanych ¢ipovych CE-analyzatorti. V tomto sméru
1ze ocekavat pomérné bouflivy vyvoj instrumentace s uplatnénim v mnoha oborech.
Ackoliv elektromigracni metody prodé€laly v poslednich dvou az tiech dekadach
pomérné rychly a bouflivy vyvoj, a prestoze bylo nesCetnékrat demonstrovano jejich
vyuziti i pro rutinni analyzy, V porovnani s konkuren¢ni vysokoucinnou kapalinovou
chromatografii (HPLC) pteci jen hraji ,,druhé housle®. Toto tvrzeni vystihuje situaci
zejména Vv oblasti farmaceutické analyzy, kde HPLC tvofi vyrazny podil piistroju
Vv takto orientovanych laboratotich. Oproti tomu je vyznam elektroforézy (a to zejména
v planarnim uspoifadani) v oblasti biochemie, proteomiky a genomiky naprosto

nezpochybnitelny [5][6].
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Cil prace

2 Cil prace

Cil této dizertacni prace lze rozdélit do dvou hlavnich tematickych okruhii.

Cilem prvniho okruhu bylo navézat na pfedchozi vyzkum provedeny na katedre
analytické chemie v oblasti studia separace polyfenoli (flavonoidi a fenolickych
kyselin) kapilarni elektroforézou. Prvnim ukolem bylo zpracovat reSerSi mapujici
moderni trendy v analyze polyfenold elektromigra¢nimi metodami v obdobi let 1999-
2005. Dalsi cil tohoto vyzkumného okruhu zahrnoval vyvoj elektroforetickych metod
pro separaci polyfenolii v neutrdlnich ¢i slabé alkalickych elektrolytech na zékladé
tvorby komplexti polyfenoli s oxoslouceninami prvki VIb skupiny periodické
soustavy, konkrétn¢ s wolframanem (v navaznosti na disertaéni praci Dr. Ivana
Petrisky, ktery studoval vliv molybdenanu jako komplexa¢niho ¢inidla na selektivitu
separace vybranych polyfenolt [7]). Zamérem bylo vyvinout, optimalizovat a validovat
elektroforetické podminky pro separaci stejné modelové smési, kterd byla studovana
v piipad¢ molybdenanu (apigenin, luteolin, hyperosid, kvercetin, rutin, kyselina
chlorogenova a p-kumarové) a dosazené vysledky porovnat s konvenénim elektrolytem,
zalozenym na boratovém pufru. Kromé toho bylo tieba prokazat praktickou vyuzitelnost
nového elektrolytu na bazi wolframanu pii analyze realnych vzorkda.

Druhy okruh byl zaméfen na vyvoj, optimalizaci a validaci novych kapilarné
elektroforetickych metod pro kontrolu jakosti modernich 1é€ivych ptipravkl. Zamérem
bylo vyvinout a validovat metodu pro analyzu necistot v antidepresivu (S)-citalopramu.
Jako necistoty pfipadaji v ivahu neaktivni enantiomer (R)-citalopram a synteticky
prekurzor (R/S)-citadiol. Dalim feSenym tkolem byl vyvoj rychlé a dostateéné citlivé
elektroforetické metody pro stanoveni glukosaminu v Ié¢ivych piipravcich a potravnich

dopliicich, obsahujicich téz draselné ionty.
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Teoreticka cast — Instrumentalni usporadani

3 Teoreticka cast

3.1 Instrumentalni usporadani

Elektroforeticky analyzator se typicky skladd ztéchto Casti: nadobek se
zakladnim elektrolytem (tzv. vialky), separa¢ni kapilary, vysokonapétového zdroje,
detektoru a pocita¢e (viz obr. 3-1). Konce kiemenné kapilary, ktera je naplnéna
zakladnim elektrolytem (BGE), jsou ponoifeny do vialek se stejnym BGE. Ve vialkach
jsou zaroven ponofeny i elektrody, které jsou napojeny na zdroj vysokého napéti.
Vlivem elektrického proudu dochazi k migraci latek v zakladnim elektrolytu. Pfi
prichodu zony analytu detekéni celou je signal detektoru zpracovan pocitacem, ktery
zaroven slouzi jako ovladaci prvek celého analyzatoru.

V této kapitole budou blize pfedstaveny jednotlivé soucasti moderni kapilarné
elektroforetické instrumentace. Jelikoz je miniaturizace analyzatori vyraznym trendem,

bude v posledni kapitole této ¢asti struéné predstavena elektroforéza v ¢ipovém fomatu.

i Integrator or
Capillary Computer

Cathods

Anode— B

Buffer Buffer
Source Vial Sample Vial Destination Yial

High Voltage
Power Supply

Obrazek 3-1: Zakladni uspoiradani kapilarné-elektroforetického analyzatoru. Prevzato ze zdroje

(8].
3.1.1 Separacni kapilara

Separace V kapilarni elektroforéze probihd nej€astéji v kfemennych kapilarach
S vnitinim primérem v rozmezi 50-100 pm a obvyklé celkové délce 30-110 cm (viz obr.
3-2). Obecné plati, ze ¢im mensi primér, tim se dosahuje lepsi separa¢ni ucinnosti na
ukor citlivosti detekce. Zaroven je v kapilarach 0 menSim vnitfnim priméru generovan
mensi proud a S tim souvisi nizsi riziko vzniku Jouleho tepla. Kromé toho je také mozno

pouzit kapilar s mensSim vnitinim pramérem (20 nebo 25 pum), ale tyto kapilary nejsou
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Teoreticka cast — Instrumentalni usporadani

vhodné pro separace S UV detekci z divodi vyrazné snizené citlivosti. Kromé
kiemennych kapilar bylo také popsano pouziti sklenénych kapilar, které se dnes jiz

nepouzivaji, a kapilar z teflonu ¢i jinych fluorovanych polymert [9].

D — )
Silica

c'rn—k

oD o
Coating

Obrazek 3-2: Schéma separacni kapilary. ID — vnitfni primér, OD — vnéjsi prumér, CT — tloust’ka
obalu. Pievzato ze zdroje [10].

Kiemenné kapilary jsou ve vyrobé bézné potahovany ochrannou vrstvou
polymeru, aby bylo dosazeno jejich vy$si mechanické odolnosti. Nejcastéji se pouziva
polyimid, ktery neni pro UV zafeni dostate¢né transparentni, a proto je tieba Vv pfipadé
spektrofotometrické detekce tuto vrstvu pied zavedenim kapilary do detekéni cely
odstranit (napf. tepelné pomoci odporového dratku). Na trhu jsou k dispozici i kapilary s
UV transparentnim potahem, u kterych neni potieba vypalit detek¢ni okno, ale tyto jsou
finan¢né nakladné&;jsi.

Kapilara se do elektroforetického analyzatoru vklada v kazeté (cartridge), ktera
je uzpusobena UV-VIS detekci. Soucasti kazety je detekéni cela, kterou prochazi
paprsek skrz detekéni okno v kapilatre. Vzdalenost od mista nastiiku (nejcastéji anoda)
Kk detekéni cele se nazyva efektivni délka kapilary. V pfipadé€, Ze je pozadovana velmi
rychla separace, 1ze separovat také na tzv. kratkém konci. Poté mluvime o tzv. ,,short-
end injection. Ptikladem muze byt separace racemického citalopramu, kdy jsou oba
enantiomery od sebe rozdéleny na draze 8,5 cm v Case krat$im nez 1,5 minuty (celkova
délka kapilary byla 48,5 cm) [11]. Rozdil mezi kazetami ruznych vyrobci
elektroforetickych analyzatorti je i mj. ve zpusobu temperovani kapilary. Zatimco u
analyzatort firem Agilent a PrinCE je kapilara chlazena vzduchem, konkuren¢ni pfistroj
od spolecnosti Beckmann Coulter vyuziva kapalinové chlazeni kapilary.

Aby se dosdhlo reprodukovatelnych vysledki, je nutno kapildru promyvat

[9][12]. Pfed prvnim pouzitim by se méla kapilara kondicionovat praplachem 1 M

14
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NaOH, ktery je nasledovan promytim kapilary vodou. Timto dojde k dostate¢né ionizaci
vnitini stény kapilary a stabilnimu elektroosmotickému toku (EOF, viz dale). Béhem
dalsiho pouzivani kapilary by kazdy den ptfed prvni analyzou a po posledni analyze
m¢éla byt kapilara opét proplachovana delsi ¢as jak NaOH, tak vodou. Mezi analyzami
se kapilara opét proplachuje roztokem hydroxidu sodného z divodu regenerace vnitini
stény a zajisténi stabilniho EOF a tim reprodukovatelnych vysledki, poté vodou a pied

nastiikem vzorku elektrolytem [9][12].

3.1.2 Zdroj napéti

Jako zdroj napéti se pouzivaji stabilizované vysokonapétové zdroje, které
pracuji v rozsahu 0-30 kV (pro CZE) a 0-300 mA (pro ITP). Prace pfi vy$s§im napéti nez
30 kV nemd praktické vyuziti z divodu ionizace vzduchu a nebezpedi vzniku

elektrickych vyboju [13].

3.1.3 Davkovani vzorku

Z divodu malych objemt, které se davkuji do kapilary, nelze pouzit
davkovacich smycek, jak je tomu u HPLC. Mezi nejbéZnéjsi zplisoby davkovani patii

davkovani hydrodynamické a elektrokinetické (obr. 3-3).

Hydrodynamic

Pressure

. Siphoning
lml $
Vacuum
— ——
e

Sample

Electrokinetic

—>
Sample
——

Obrazek 3-3: Zakladni zpisoby davkovani vzorku. Pfevzato ze zdroje [14].
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3.1.3.1 Hydrodynamické davkovani

Tento zpusob davkovani vzorku Ize realizovat sifonovym efektem, nebo
vytvofenim tlakového spadu v kapilafe. Davkovani zalozené na sifonovém efektu
vyuziva samovolného proudéni tekutiny mezi dvéma spojenymi nddobami umisténymi
vrizné vysSce. Dnes se jiz tento zpisob davkovani nepouzivda z divodi nizké
reprodukovatelnosti objemu aplikovaného vzorku. U komerc¢nich pfistroji se vyuziva
tlaku nebo vakua, kterym se vzorek vpravi do separa¢ni kapilary [13].

Objem vzorku se vypocita dle Hagen-Poiseuilleovy rovnice [13]:

APd* 7t :
Vy=—-—9¢ Rovnice 3-1
128nl,

kde AP je tlakovy spad v kapilafe, d je vnitini pramér kapilary, t; je doba

nasttiku, 7 je viskozita zédkladniho elektrolytu a |, je celkova délka kapilary.

3.1.3.2 Elektrokinetické davkovani

V pribéhu elektrokinetického davkovani se potifebny objem vzorku vpravi do
kapilary vloZenim stejnosmérného napéti mezi vialku se vzorkem a vialku s BGE, ktera
je na vystupnim konci kapilary (outletu). V tomto pfipad¢ je pouzito nizs$i napéti, nez
které se bézn¢ vkladd béhem separace. JelikoZ jednotlivé analyty vstupuji v prubehu
nastfiku do kapilary na zdklad€ svych pohyblivosti, nemusi koncentra¢ni poméry

v kapilafe odpovidat koncentracim jednotlivych analyti ve vzorku [13].

3.1.4 Detekéni techniky pouzivané v CE
Zpusob detekce je u separacnich metod velmi dilezity, protoze -cilem

separac¢nich metod je nejen separace smési analytt, ale také jejich stanoveni v matrici,
ve které se mohou vyskytovat ve velmi nizkych koncentracich. Typickym ptikladem je
stanoveni 1éCiva a jeho metabolitd v télnich tekutinach a tkanich, kdy je potieba volit
nejen vhodny zplisob separace, ale také detekce.
Detekéni techniky mizeme rozdélit na nékolik vétsich skupin [9]:
1. Optické metody (UV-VIS, fluorimetrie, chemiluminiscence)
2. Elektrochemické metody (amperometrie, voltamerie, vodivostni detekce,
potenciometrie)

3. Hmotnostni spektrometrie
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4. Dalsi: NMR
Uvédomime-li si, Ze v CE jsou davkované objemy vzorku velmi malé, je nutno
nékdy detekovat velmi nizké absolutni mnozstvi analytu (fadové femtomoly az
attomoly; 10™°-10%%). Ale vyjadiime-1i toto mnoZstvi v koncentragnich jednotkach, tak
se LOD pohybuje v rozmezi 10 az 107 mol/l [9]. Porovnani citlivosti jednotlivych

detekénich metod je uvedeno v tabulce 3-1.

Tabulka 3-1: Porovnani citlivosti vybranych detekénich technik pouzivanych v CE. Upraveno dle
zdroje [15]

LOD Minimalni detekovatelné mnozstvi
Detek¢éni metoda
(mol/l) (mol)
P¥ima UV 10°-10° 108 -10P
LIF (p¥im4, ,,on-column*) | 10™**-107® 10" -10%
Vodivostni 107 -10°% 10 -107
Amperometricka 10-10™ 10%-10"
MS 10%-10" 10 - 10"

3.1.4.1 Optické metody

Z optickych metod se nejcastéji setkavame s UV-VIS spektrofotometrii, ktera je
viibec nejéastéji pouzivanym zptusobem detekce v CE. Jak jiz bylo zminéno v kapitole
3.1.1, UV detekce se provadi ,,on-line” ptimo na kapilafe, na které bylo pfipraveno
detekéni okénko. V porovnani s HPLC je obecné citlivost UV-VIS detekce o 1-2 fady
niz§i. To je zplsobeno malym vnitinim primérem kapilary (nejcastéji 50-100 pum)
V porovnani s rozméry detekéni cely v piipadé HPLC [9]. Pro zvySeni citlivosti detekce
lze pted vlastni separaci provést zakoncentrovani analytu (tzv. sample stacking) pfimo
Vv separacni kapilatre. Zptisobi, jak Ize vzorek v kapilaie zakoncentrovat je cela fada a je
souhrnné popsano v prehledné praci Dr. Urbanka [16]. V pfedkladané praci nebude
zakoncertovani vzorku vénovana pozornost, jelikoZ toto neni cilem této dizertacni
prace.

Jinym zplsobem, jak lze =zlepsit citlivost UV-VIS detekce, je pouziti
modifikovanych detekénich cel. Konkrétné se jedna o tzv. ,,bubble cell” a ,,Z-cell* (viz

obr. 3-4). V piipadé ,,bubble cell“ je kapilara v mist¢ detekéniho okna 3x az 5x
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roz§ifend v porovnani se svym vlastnim vnitinim primérem (Pf. 25 pm i.d. x 125 pm
v misté¢ detekéni cely; 5x rozSifeno). Jelikoz je toto rozsifeni malé, nedochazi
k ovlivnéni separa¢ni ucinnosti a rozliSeni. ,,Z-cell”, nebo-li kapilara ve tvaru pismene
»Z", je dalsim zplisobem, jak prodlouzit optickou drahu a tim zvysit citlivost detekce. U
této modifikace je prodlouzeni optické drahy zalozeno na ohnuti kapilary v misté
detekéni cely do tvaru pismene ,,Z“. Pokud je délka detekcni cely 3000 um pii vnitinim
pruméru 75 pm, tak by citlivost detekce méla vzrust asi 40x v porovnani s klasickou
,,on-line* detekci. Jelikoz ale zaroven s vyraznym prodlouzenim optické drahy roste i
Sum zakladni linie, je citlivost ve vysledku vyssi jen 12x. Nevyhodou takto vyrazného
prodlouzeni optické drahy muze byt i snizeni rozliSeni a ucinnosti [9]. Oba typy

detekénich cel jsou komeréné dostupné [17][18].

A

Obrazek 3-4: A — Fotografie ,bubble cell* kapilary s vnitinim primérem 25 pm a roz$ifenim na
125 pm (pievzato ze zdroje [17]); B — Schéma Z-cely (pfevzato ze zdroje [18])

Pii elektroforetické analyze latek, které nemaji vyrazné chromofory (napf.
sacharidy, anorganické ionty), se Casto pouziva 1 nepiima UV detekce, kterd je zalozena
na piitomnosti siln¢ absorbujici latky v BGE. V pfipad¢ nastaveni detektoru na vinovou
délku odpovidajici maximalni absorbanci takovéto latky, dochazi pii prichodu
neabsorbujicich analytl detekéni celou k poklesu signalu, ktery se projevi jako
negativni pik. Jako piiklad vyuziti nepiimé detekce lze uvést stanoveni anorganickych
iontl pii 262 nm v zakladnim elektrolytu obsahujicim 6 mM 4-aminopyridin, 30 uM
CTAB a 2,7 mM CrO,* jako absorbujici prostiedi [19]. Pro stanoveni alkoholickych
cukrii v infuznich roztocich byl jako zakladni elektrolyt pouzit 200 mM borat o pH 9,3
obsahujici 10 mM 3-nitrobenzoovou kyselinu jako absorbujici slozku. Analyty (manitol,

sorbitol a xylitol) byly detekovany pii 215 nm [20].
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Dalsi velmi oblibenou detekéni metodou v kapilarni elektroforéze je
fluorimetrie. Nejcastéji se pouziva laserem indukovana fluorescence (LIF). Pouzitim
této detekce se vyrazné zlepSuje citlivost a selektivita stanoveni, a proto je tato metoda
Casto pouzivana pro detekci latek v biologickych matricich. Jistou nevyhodou je
skuteCnost, ze vétsina latek nefluoreskuje, a proto je nutné takovéto analyty prevést

vhodnou derivatizacni reakci na fluoreskujici derivaty.

3.1.4.2 Elektrochemické metody

Mezi elektrochemické metody, které se pouzivaji K detekci analyti v CE, patii
amperometrie a voltametrie. Obé metody, zalozené na oxidaci ¢i redukci analytt, jsou
vcelku univerzalni a vyznacuji se dostatecnou citlivosti. Potenciometrie se jako detekéni
metoda v CE pouziva jen okrajové [9].

Praktické uplatnéni nachazi také vodivostni detekce, kterd je zalozen4 na méteni
rozdilné vodivosti zakladniho elektrolytu a zony analytu. Prvni vodivostni detektory
vyuzivaly méfeni vodivosti mezi dvéma mikroelektrodami, které byly umistény
Vv kapilatfe a byly v kontaktu se zdkladnim elektrolytem. Tyto tzv. kontaktni vodivostni
detektory byly vyvinuty v 70letech pro kapilarni izotachoforézu. Na rozdil od
termalnich detektord byly tyto vodivostni detektory citlivéjsi. Jejich vyraznou
nevyhodou byla mozna adsorpce slozek BGE nebo analytli na povrch mérnych elektrod,
ktera se projevovala $patnou reprodukovatelnosti odezvy detektoru [21].

Tento negativni fenomén byl odstranén zavedenim bezkontaktni vodivostni
detekce, kterou poprvé prezentoval Gas a kol [22]. Také vtomto piipadé byl
bezkontaktni vodivostni detektor pouZit pro ITP s teflonovymi kapilarami (PTFE). Dalsi
vyvoj predstavovalo zavedeni tzv. koaxidlniho uspofadani, které bylo poprvé
prezentovano roku 1998 tymem Dr. Zemanna [23]. Tento typ je kompatibilni s CZE
a kfemennymi kapildrami. U tohoto vodivostniho detektoru je detek¢ni cela tvofena
parem sériové zapojenych elektrod, mezi kterymi je mezera o velikosti 2 mm (ta
funguje jako rezistor). Na zakladé¢ zmény odporu (pfevracena hodnota vodivosti) pii
prichodu analytu touto mezerou dochazi ke zmeéné napéti na sériové piipojeném
rezistoru (ten ma neustale konstantni odpor), které je dale zesileno a zpracovano jako
signal [23] (viz obr. 3-5). Ve stejném roce nezavisle na Zemannovi predstavil da Silva a

do Lago principielné stejny typ CCD detektoru [24].
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Bezkontaktni vodivostni detekce je velmi univerzalni a s uspéchem se pouziva
pro detekci molekul a iontt, které neabsorbuji v UV oblasti — napt. sacharidy [25] a
anorganické ionty [26]. Kromé toho byly jiz publikovany prace demonstrujici vyuziti
CZE-CCD detekce ve farmaceutické analyze. Stanoveni betablokatorti a fyziologicky
aktivnich aminti bylo provedeno jak v konven¢nim, tak i v ¢ipovém métitku [27]. Felix
a kol. nedavno piedstavil CE-CCD metodu pro stanoveni salbutamolu v sirupech [28].

Pti vyvoji elektromigrac¢nich metod s timto zplisobem detekce je tieba vénovat
zvysenou pozornost volbé vhodného elektrolytu. Zde je nutno docilit kompromisu mezi
citlivosti CCD detekce a symetrii pikli. Z hlediska citlivosti je nejlepsi pouzit takovy
elektrolyt, ktery ma co nejrozdilngj§i vodivost (a tedy i pohyblivost spoluiontu i
protiontu) zakladniho elektrolytu ve srovnani s analyty. Tento pozadavek je zaroven
v ptimém rozporu k dosazeni akceptovatelné symetrie piku a zaroven ucinnosti
separace. Pokud maji analyt a spoluiont rozdilné pohyblivosti, projevuje se ve zvySené
mife vliv elektromigracni disperze, ktera negativné ovliviiuje symetrii piku a
samoziejm¢ i ucinnost separace. Pfitomnost protiiontu s vysokou pohyblivosti zvysi
intenzitu signalu zvySenim vodivosti BGE, ale na druhou stranu v tomto pfipadé hrozi

nebezpeci vzniku Jouleho tepla [21][29].
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Obrazek 3-5: Schéma usporadani bezkontaktniho vodivostniho detektoru. Pievzato ze zdroje [23].

3.1.4.3 Hmotnostni spektrometrie

V poslednich letech se prosazuje spojeni hmotnostni spektrometric se

separacnimi metodami. Skyta fadu nespornych vyhod jako je identifikace analytu na
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zaklad¢ jeho hmotnostniho spektra a velmi nizké hodnoty LOD. Proto je spojeni
separacnich metod s MS detekci pouzivano s vyhodou V analyze metaboliti 1éCiv.
Kromé LC/MS, ktera je jiz pomérné dobie zavedenou metodou, se za¢ina prosazovat i
kombinace kapildrni elektroforézy s hmotnostni spektrometrii (CE-MS). Duvodem,
pro¢ je CE-MS zatim minoritni metodou a doposud se rutinné téméf nepouziva, jsou
problémy s robustnosti rozhrani CE-MS. Dalsi vyraznou limitaci CE-MS je nizka
citlivost (koncentrace analytu vyjadiena v puM) zplsobena nizkymi déavkovacimi
objemy. Na druhou stranu pocet inovativnich a aplika¢nich publikaci rok od roku mirné
roste [30][31]. Na trhu je taktéz komer¢né dostupny CE-MS analyzator [32].

Vzhledem k tomu, Ze se tato prace nezabyvala hmotnostni spektrometrii, bude o
hmotnostni spektrometrii ve spojeni s kapilarni elektroforézou pojednano pouze stru¢né.

Zakladnimi soucastmi hmotnostniho spektrometru jsou iontovy zdroj, analyzator

a detektor (viz obr. 3-6).

ACCELERATION

IONISATION

sleclromagnet

-------------------------

to vacuum

/' pumg

vaporised
sample

DEFLECTION

DETECTION

chart
recorder

Obriazek 3-6: Zakladni schéma hmotnostniho spektrometru. Pievzato ze zdroje [33].

K zajiSténi kompatibility mezi CE a MS je dilezitd volba iontového zdroje;
nejCastéji se pouziva ionizace elektrosprejem (electrospray ionization; ESI), dale
chemickd ionizace za atmosférického tlaku (atmospheric pressure chemical ionization;
APCI) ¢i fotoionizace za atmosférického tlaku (atmospheric pressure photoionization;
APPI). Tyto ionizacni techniky se fadi mezi tzv. mekké. Pouzitim téchto ionizacnich
technik dochédzi pouze k malé fragmentaci studovanych latek. V mnohych piipadech

dochazi jen ke vzniku [M+H]" ¢ [M-H]" iontu [9][34]. Dali pouzivanou ionizaéni
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technikou je tzv. ionizace laserem za ucasti matrice (matrix assisted laser desorption
ionization; MALDI), ktera se pouziva v analyze proteind. Propojeni CE-MALDI je
vétsinou realizovano v ,,off-line* rezimu [9].

Krom¢ volby iontového zdroje je velmi dulezitou soucasti MS detektoru
analyzator, ktery déli ionizované molekuly na zéklad¢ jejich poméru nédboje a hmotnosti
(m/z). Tento proces musi nutn¢ probihat ve vakuu a na zaklad¢ fyzikalniho principu, na
kterém dany typ analyzatoru pracuje, lze ziskat vice ¢i méné podrobné informace o
struktufe analytu. NejlevnéjSim analyzatorem je jednoduchy kvadrupol (Q), ktery
poskytuje jen jednoduché informace o struktufe analyzované molekuly. Pokud je cilem
analyz studium struktury analytu, je lepsi pouzit bud’ trojity kvadrupol (QQgQ), ¢i
iontovou past (ion trap; IT). Trojity kvadrupdl umoziuje provedeni MS?, zatimco u IT
lze obecné provést MS" analyzu (prakticky lze provést maximalné MS* z divodi
snizeni citlivosti MS detekce s dal§imi fragmentacemi) [9][34].

Nejcastéji se ve spojeni s kapilarni elektroforézou pouziva ionizace
elektrosprejem (CE-ESI-MS). U tohoto rozhrani se pouZivaji tfi rizna propojeni:

1. Spojeni s ptfidavnym pritokem kapaliny (coaxial sheat flow interface)

2. Spojeni bez pridavného toku kapaliny (sheatless interface)

3. Kapalny spoj (liquid junction interface)

Spojeni s pridavnym tokem Kkapaliny je nejCastéji pouZivany a také
nejrobustngjsi zplsob realizace CE-ESI-MS. U tohoto zptsobu propojeni je separacni
kapilara vyvedena az na konec ESI sondy, kde dochazi ke smiseni ,,eluentu s vodivou
pridavnou kapalinou. Na $pic¢ku sprejujici kapilary je vlozeno napéti 2-6 kV, které je
nezbytné pro funkénost elektrospreje. Nevyhodou tohoto uspofadani je zfedéni eluatu
ptidavnou kapalinou, coz se projevuje poklesem citlivosti. Na druhou stranu je ptidavna
kapalina nutna pro spravnou funkci elektrospreje, kde je optimalni pritok okolo 5
pl/min, kdezto bézny priutok pii CZE separaci je fadoveé ve stovkach nl/min. Pfidavna
kapalina je velmi cCasto tvofena vodnym roztokem methanolu (MeOH) nebo 2-
propanolu s ptidavkem kyseliny octové ¢i mraven¢i pro podporu ionizace zasaditych
analyti. V pfipadé kyselych analyti se casto pouziva hydroxid amonny nebo
triethylamin. Také slozeni BGE musi byt optimalizovano, aby bylo kompatibilni s MS
detekci (aby nedochazelo ke kontaminaci — zasoleni — iontového zdroje a sniZeni

intenzity signalu). Z vyse uvedeného vyplyva, ze v elektroforéze velmi Casto pouzivané
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pufry jako je boratovy ¢i fosfatovy, které jsou netékavé, jsou v ptipadé ESI daleko huie
pouzitelné. VySe uvedené pravidlo se také tyka pouziti povrchové aktivnich latek typu
SDS. Nejcastéji se tedy vyuziva elektrolytového systému mravencan amonny/kyselina
mravenci ¢i octan amonny/kyselina octovd. Béhem optimalizace metody je tieba
optimalizovat také slozeni a pritok pfidavné kapaliny, pritok a teplotu suSicich plynt
[9][34].

> Nebulizer gas

+2-8KkV~ | B \ Sheath liquid
\ —- /

CE capillary | -
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__:j,':::‘>
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Obrazek 3-7: Spojeni s pridavnym tokem kapaliny. Pievzato ze zdroje [9].

Spojeni bez pridavné kapaliny. V tomto piipadé je konec kapilary vytazen do
uzké $picky (5-30 um), ktera je plné€ uzplisobena i pro velmi nizké pritoky typické pro
CE (10-1000 nl/min); proto se v tomto piipad¢ také hovoii o tzv. nanoelektrospreji.
Vyraznou nevyhodu je velmi sniZzend robustnost tohoto uspotfadani z diivodu castého
ucpavani a lamavosti téchto Spi¢ek. Aby byla zajiSténa funkce elektrospreje, je tieba

zvysit vodivost $picky kapilary jejim pokovenim (Casto pozlacenim) [9][34].
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Obrazek 3-8: Schéma spojeni bez piidavného toku kapaliny. Pi‘evzato ze zdroje [9].

Kapalny spoj. U tohoto propojeni mezi CE a elektrosprejem nedosahuje
Separacni kapilara do Spicky elektrospreje, ale kon¢i v nadobce s elektrolytem, kde se
uzavie obvod pro CE. Na ESI kapilaru se vklada potfebné napéti, aby doslo k ionizaci

analytll. Mezera mezi separaéni a ESI kapilarou je 10-25 um [9][34].

CE capillary Nebulizer gas

' e —— > Electrospray

Connection capillary
Electrode ==

Obrazek 3-9: Schéma kapalného spoje. Pirevzato ze zdroje [9].

3.1.5 Elektroforéza na Cipu
V poslednich dvou desetiletich je modernim trendem ve vyvoji analyzatorii

miniaturizace. Tento koncept zvany jako ,,micro-total analysis system*, téZ zkracovany

jako p-TAS, zahrnuje spojeni rtiznych kroka analyzy do jednoho procesu v ramci
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miniaturizovaného pratokového systému. Tento vyvoj se samoziejm¢ nevyhnul ani

elektromigraénim metodam a dal vzniknout tzv. ¢ipové elektroforéze [35].

CE chip with
plateau design

sample waste

separation
channel

Obrazek 3-10: Vlevo: Fotografie komercné dostupného ¢ipového CE analyzitoru od spolecnosti
Micronit. Nastiik vzorku je realizovan usporadanim kanalki ve tvaru ,dvou T¢. Analyzator je
uzpusoben bezkontaktni vodivostni detekci. Pfevzato ze zdroje [3]. Vpravo: Schéma uspofadani
¢ipového CE analyzatoru. Davkovani vzorku je zajiSténo elektrokineticky vloZenim napéti mezi
»sample reservoir“ a ,sample waste reservoir®. Davkovaci zaFizeni je ve tvaru ,dvou T*.
Analyzator je vybaven elektrodami pro elektrochemickou detekci. Pfevzato ze zdroje [36].

Vyvoj elektroforézy na ¢&ipu je uzce spojen s vyvojem polovodici a
s technologiemi jejich vyroby. Elektroforéza v ¢ipovém formatu je realizovdna na
kfemenné & plastové podloZce tloustky asi 0,5 mm. Sitka a délka této podlozky se
pohybuji nejcastéji v rozmezi 3-10 cm. Do této desticky je vyleptan separacni kanalek,
jehoz hloubka je v rozmezi 15-40 pum a Sitka 60-200 um [37][38].

Nejjednodussi geometrie Cipové elektroforézy predstavuje uspofadani kanalkl
ve tvaru kiize, anebo ,,dvou T (viz obr. 3-11). Misto kiizeni kanalkd slouzi k nastiiku
vzorku do separa¢niho kanalku. Nastfik je realizovan nejéastéji elektrokineticky; mezi
obéma rameny ziistane zona vzorku, ktera je vlozenim napé€ti mezi rezervoary pro pufr
unaSena pomoci elektroosmotického toku podél separaniho kanalku a tak dochézi
k separaci analytd. Z divodu nizkého objemu nastiiku (10 — 100 pL), ktery je i
v porovnani s konvenc¢ni elektroforézou vyrazné nizsi, patii mezi nejcastéji pouzivané
detekéni techniky laserem indukovand fluorescence (LIF). Elektrochemickd ¢i

chemiluminiscenc¢ni detekce jsou méné pouZzivané. Nové se prosazuje i ESI-MS ve

spojeni s ¢ipovou elektroforézou [37][38].
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1

LS
00 pm
A B
Obrazek 3-11: Zakladni zpisoby realizace davkovani vzorku v ¢ipovém formatu: (A) — kiiZeni
kanalki ve tvaru kiiZe, (B) — kfiZeni kanalki ve tvaru dvou T. Pievzato ze zdroje [3].

Vyhody, které charakterizuji elektromigracni metody, jako napiiklad mala
spotfeba vzorku a rozpoustédel, kratky Cas analyzy a vysokd separac¢ni Gc€innost jsou
v ¢ipovém formatu jest¢ vice zvyraznény. Kromé samotné separace je mozné v ramci
jednoho kroku zahrnout upravu vzorku, ptipadnou derivatizaci analytu a dal$i procesy.
Tento novy koncept analyzatoru naléza uplatnéni v analyze proteinii a nukleovych

kyselin ale i mensich sloucenin (napt. 1é¢iv) [37][38].
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3.2 Rozdéleni  elektromigraénich metod na  zakladé
mechanismu separace

S velkym rozvojem elektromigracnich separa¢nich metod v poslednich dvou
desetiletich byly vyvinuty rozmanité zplsoby separace latek, které se liSi svym
mechanismem. Vedle kapilarni zonové elektroforézy maji velky vyznam i metody, kde
se vyuziva chromatografického separacniho mechanismu (micelarni elektrokineticka
chromatografie, mikroemulzni elektrokineticka chromatografie, kapilarni
elektrochromatografie), coz vyrazné rozsifuje vyuzitelnost elektromigra¢nich metod.
Pro separaci velmi lipofilnich latek se V poslednich letech vyuziva elektroforéza
Vv nevodném prostiedi (NACE). Dale budou popsany i techniky, které se uplatiiuji
zejména v oblasti biologického vyzkumu - isoelektricka fokusace a gelova
elektroforéza. Nesmime téZ zapomenout na izotachoforézu, kterd ma jiz obdobi své
nejvetsi slavy za sebou, ale pfesto ma tato metoda dnes vyuzitelnost zejména pii
zakoncentrovani vzork pomoci piechodné izotachoforézy (t-1TP).

Cilem této kapitoly je strucnou formou prezentovat zakladni mechanismy
ruznych elektromigra¢nich metod. Aby byl tento piehled kontinualni, bude u zékladni
metody, tedy CZE, predstaven obecny mechanismus fungovani elektromigrac¢nich

metod véetné vysvétleni pojmi elektroosmoticky tok a elektroforeticka pohyblivost.

3.2.1 Kapilarni zénova elektroforéza (CZE) [39]

Kapilarni zonova elektroforéza je technika umoznujici separaci nabitych latek —
kationtti a anionti — béhem jediné analyzy. Neutralni latky se pohybuji, aniz by se
rozdélily, spolu s elektroosmotickym tokem. Separace iontd v elektrickém poli je
zaloZena na rozdilu poméru jejich naboje a velikosti molekuly. Dal§im faktorem, ktery
ovliviiuje elektromigraci, je elektroosmoticky tok (viz Obr. 3-12).

Elektroosmoticky tok (EOF) vznikda v kifemennych kapilarach v dusledku
ionizace silanolovych skupin pfitomnych na vnitfni sténé kapilary. Tyto negativné
nabité Si-O" skupiny pfitahuji kationty pfitomné v zakladnim elektrolytu za vzniku tzv.
fixni vrstvy. Tyto kationty ale nestaci kompenzovat vsechen negativni naboj
silanolovych skupin a tak vznikd druhd, vné&jsi vrstva kationtii (tzv. mobilni vrstva). Po
vloZeni napéti je mobilni vrstva kationtii pfitahovana ke katodé a zaroven S sebou unasi

i objem elektrolytu. Mezi fixni a mobilni vrstvou se vytvafi rozdil potencialu, ktery se
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nazyva jako zeta potencial — £ . Zeta potencial zavisi na Sifce téchto dvou vrstev (6 ),

rozloZeni naboje na jednotku plochy (e ) a na dielektrické konstanté pufru (& ).
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Obrazek 3-12: Schéma vzniku elektrické dvojvrstvy na vnitinim povrchu kiemenné kapilary.
Pi'evzato ze zdroje [14].

Matematicky je zeta potencial definovéan rovnici:
g =4mel s Rovnice 3-2
Na rozdil od toku mobilni faze v HPLC ma elektroosmoticky tok plochy profil
(viz obr. 3-13), ktery je pfi¢inou obecné vyssi separacni Gcinnosti elektroforetickych

metod (lze dosahnout G¢innosti v fadu stovek tisic teoretickych pater).

EOF Laminar flow

a) Flow ﬂ

Obrazek 3-13: Porovnani profilu elektroosmotického toku (a) a hydrodynamického toku v HPLC
(b). Pfevzato ze zdroje [15].

Rychlost elektroosmotického toku, Ve , je definovana:
Veor = &CE /4 Rovnice 3-3

kde E je intenzita elektrického pole [V/cm] a 77 je viskozita pufru; dalsi symboly viz

rovnice 3-2 .
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Elektroosmoticka  pohyblivost je popsana jako pomér rychlosti
elektroosmotického toku a intenzity elektrického pole:

Heor = &5 147m Rovnice 3-4
Ovlivnénim veli¢in na pravé strané rovnice 3-3 lze dosdhnout zmény Vo .

Kromé zmény separacniho napéti a teploty mé na rychlost elektroosmotického toku
vyrazny vliv slozeni pracovniho elektrolytu (koncentrace, pH, pfitomnost organickych
rozpoustédel ¢i jinych aditiv).

Zvyseni vlozeného napéti ma za nésledek zvyseni rychlosti elektroosmotického
toku a zkraceni migracnich cast. Zaroven je dosazeno vysSi separacni ucinnosti.
V disledku zvySeni separacniho napéti je generovan vyssi proud, ktery mlize zptsobit
vznik tzv. Jouleho tepla. Jouleho teplo se vytvafti, pokud teplo produkované prichodem
elektrického proudu neni dostate¢n¢ rychle odvadéno. Tento fenomén se projevuje
roz$itenim pikd, nereprodukovatelnosti migracnich casli, rozlozenim ¢i denaturaci
vzorku.

Hodnota pH elektrolytu ma vyrazny vliv na elektroosmoticky tok, protoze
ovliviiuje hodnotu ¢ potenciadlu. S rostoucim pH se zvysi elektroosmoticky tok
z diivodu disociace silanolovych skupin na vnitini sténé kapilary. Jelikoz je zeta
potencidl pfimo Umérny hustoté elektrického ndboje, tak v disledku zvySeni pH
zakladniho elektrolytu dojde i ke zvySeni rychlosti elektrosmotického toku. Pii pH
niz§im nez 2 je potlacena ionizace silanolovych skupin vnitini stény kapilary a zaroven
dochazi Kk potlaceni elektroosmotického toku. VIiv pH na elektroosmotickou

pohyblivost v kapilarach z riznych materiali je ilustrovan na obrazku 3-14.
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Megr X 104 (em?/ Vs)

Pyrex

Obrazek 3-14: Vliv pH na pohyblivost EOF v kapilarach z riznych materiali. Pfevzato ze zdroje
[15].

ZvySenim koncentrace ¢i iontové sily zékladniho elektrolytu se snizi
elektroosmotickd pohyblivost v dusledku niz§i hodnoty zeta potencidlu. Obecné se
bézné koncentracni rozmezi pouzivanych elektrolytti pohybuje mezi 10 a 100 mmol/I.

Se zvySujici se teplotou dochazi ke sniZzeni viskozity elektrolytu, které se projevi
zvySenim rychlosti elektrosmotického toku.

U organickych rozpoustédel (MeOH, ACN a dalsi) je velmi obtizné predpovédét
vliv na elektroosmoticky tok, protoze ovliviiuji jak viskozitu, tak 1 dielektrickou
konstantu elektrolytu. Vysledny efekt zavisi na druhu a mnozstvi ptidan¢ho
organického rozpoustédla.

Chemickd modifikace vnitini stény kapilary mlze vést ke snizeni, potlaceni
nebo obraceni sméru elektroosmotického toku. Modifikace vnitiniho povrchu kapilary
muze byt uskutecnéna napi. kovalentnim navazanim polymert (napf. polyakrylamid) na
vnitini sténu kapilary, kdy dochazi k potlaceni EOF a sniZeni rizika adsorpce analyt na
sténu kapilary. Jinym zplisobem je rozpusténi pozadované slouceniny V zdkladnim
elektrolytu, které vede k dynamické rovnovaze mezi volné rozpu$ténou latkou a
negativné nabitou sténou kapilary (dynamické pokryti — napt. TWEEN). V pfipadé, ze

dojde pokrytim wvnitiniho povrchu kapilary k potlaceni elektrosmotického toku,
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molekuly analytu se pohybuji jen svou vlastni elektroforetickou pohyblivosti, a proto
nelze v jedné analyze od sebe separovat kationty a anionty.

Jelikoz elektroosmoticky tok vyrazné ovliviiuje separaci analytl, je potieba
méfit rychlost, popiipad€ pohyblivost elektrosmotického toku. Nejjednodussi zptsob je
nastiiknuti nenabité slouceniny, tzv. neutrdlniho markeru, do kapilary a zjisténi jejiho
migracniho casu. Rychlost elektroosmotického toku se pak vypocitd jako pomér
efektivni délky kapilary [cm] a migraéniho ¢asu markeru [s]:

Veor =111, Rovnice 3-5

Z rovnice 3-3 a rovnice 3-4 vyplyva:

Heor =Veor [ E Rovnice 3-6

Pohyblivost  elektroosmotického toku se tedy vypocitd jednoduse
z experimentalnich tdajt: efektivni délky kapilary (vzdalenost od mista néstiiku vzorku
po detekéni okno), migra¢niho casu neutrdlni latky a intenzity elektrického pole.
Typické hodnoty se nejéastéji pohybuji v rozsahu 10™ az 10 cm? x V! x s, Neutrélni
marker uréeny k méteni EOF musi spliiovat nékolik kritérii: musi byt neutralni pti pH
pracovniho elektrolytu, detekovatelny pouzivanym detektorem, chemicky ¢isty, nesmi
interagovat s vnitini sténou kapilary ¢i slozkami elektrolytu. Mezi nejéastéji pouzivané
neutralni markery patii: dimethylsulfoxid (DMSO), methanol, benzylalkohol a dalsi.

Jak jiz bylo zminéno, diky existenci EOF lze pomoci CZE separovat v prib¢hu
jedné analyzy jak kationty, tak i anionty. Schematicky popis separace bude zminén
Vv nasledujicich odstavcich.

Do kapilary, kterd je naplnénd roztokem zékladniho elektrolytu, je nastiiknut
vzorek. Po vloZeni napéti na konce kapilary dochazi k migraci analyti od mista nasttiku
(anoda) smérem k detektoru (katoda). Pozitivné nabité analyty migruji jako prvni
smérem k detek¢nimu oknu. Nejrychlejsi jsou malé, vysoce nabité (napf. trojmocné)
kationty, které jsou nasledovany kationty s vétSim m/z. Elektroneutralni slouceniny
migruji, aniz by se rozdélily, spolu s elektrosmotickym tokem. Diky existenci EOF je
mozZné také separovat negativn€ nabité latky. Elektroforetickd pohyblivost vétSiny
sloucenin je mensi nez pohyblivost elektrosmotického toku, a proto jsou zaporné nabité
slouCeniny unaseny ve sméru elektrosmotického toku (katoda) mens$i rychlosti nez

kationty a neutralni latky. Z aniontti jako prvni migruji anionty s velkym m/z a az
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nakonec malé vysoce nabité anionty, protoze jsou nejsilnéji pfitahovany k anod¢ (viz

obr. 3-15).

Obrazek 3-15: Schéma separace v kapilarni zonové elektroforéze za pritomnosti EOF a pri
normalni polarité (katoda na strané detektoru). Pfevzato ze zdroje [15]

V ptipadé, Ze je ve vzorku potieba separovat vétsi pocet riznych aniontt, je
vhodné obratit smér elektroosmotického toku a tim také potfadi migrace latek. Tak se u
anionti dosahne zkraceni doby analyzy. Jednoduchym zpusobem, jak obratit smér
elektroosmotického toku, je piidavek kvartérniho aminu (napf. alkylamoniové soli)
k zakladnimu elektrolytu. Hydrofilni kladn¢ nabity konec molekuly je pfitahovan
K vnitini sténé kapilary, ktera je tvofena negativné nabitymi silanolovymi skupinami.
Hydrofobni uhlovodikovy konec molekuly interaguje na zakladé hydrofobnich interakci
s uhlovodikovymi konci kvarternich amint v roztoku, a tim dochazi k dynamickému
pokryti vnitiniho povrchu kapilary za souc¢asné zmény jejiho naboje ze zédporného na
kladny (viz obr. 3-16). Timto kladnym nabojem jsou pfitahovany anionty z roztoku,
které jsou zaroven pfitahovany k anodé (kladné nabité elektrodé) — dochéazi ke zméné
sméru elektroosmotického toku. Pokud je zarovent zménéna polarita vkladaného napéti
(na stran¢ detektoru neni katoda, ale anoda), tak docilime obracen¢ho potadi migrace
latek: anionty, neutralni latky, kationty. K obraceni elektroosmotického toku se pouziva
cela fada alkylamoniovych soli, nejcastéji vSak cetyltrimethylammonium bromid
(CTAB) a tetradecyltrimethylammonium bromid (TTAB) a to v koncentracich nizsich,

nez je jejich kriticka micelarni koncentrace (CMC).
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Obrazek 3-16: Otoceni sméru elektroosmotického toku pridavkem alkylamoniové soli. Pirevzato ze
zdroje [15].

Pro rychlost pohybu iontu v roztoku plati analogicky vztah jako pro rychlost
elektroosmotického toku (analogie s rovnici 3-6):

Vep = UgpE Rovnice 3-7

kde ugp je elektroforeticka pohyblivost a E je intenzita elektrického pole.
Elektroforetickd pohyblivost zavisi na vlastnostech kazdého analytu a to
konkrétné€ na jeho naboji a velikosti. Kromé toho je migrace iontli ovlivnéna viskozitou
pouzitého elektrolytu:
Hep = Q67177 Rovnice 3-8
kde g je naboj analytu, ; viskozita BGE a r polomér castice.
Veli¢ina pg, je analogickd uor a vyjadiuje se ve stejnych jednotkéch.
Z rovnice 3-8 je patrné, ze elektroforetickd pohyblivost je pfimo umérna poméru q/r .
Tedy ¢im je vyS$i ndboj a mensi molekula, tim je elektroforetickd pohyblivost vetsi.
Zdéanliva (pozorovand) rychlost pohybu analytu je zavisld na jeho vlastni
rychlosti v elektrickém poli a na rychlosti elektroosmotického toku:
Voes = Vep +Veor Rovnice 3-9
V normélnim uspotfadéani, kde je detektor na stran¢ katody (zdporné nabita
elektroda) a elektroosmoticky tok sméfuje od anody ke katod¢, bude pozorovana
rychlost aniontli mensi nez rychlost elektroosmotického toku, protoze negativné nabité

latky maji tendenci byt pfitahovany ke kladn¢ nabité anod€ (Vogs aniony < Veor )- Naopak
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kationy migruji stejnym smérem jako elektroosmoticky tok, a proto zdanliva rychlost

jejich pohybu bude vEtsi nez rychlost elektroosmotického toku (Vogs aiony > Veor )

Analogické vztahy plati pro elektroforetické pohyblivosti:

Hogs = Hep + Heor Rovnice 3-10
Skute¢né (nikoliv zdanlivé) elektroforetické pohyblivosti jsou U vétSiny ionth

mensi nez elektroosmotickd pohyblivost: oo > |#Ep|

Na zaklad¢ uvedenych zavislosti 1ze z experimentalnich dat vypocitat skutecnou
elektroforetickou pohyblivost analyti. Zdanliva rychlost pohybu nabité castice je
definovana pomérem efektivni délky kapilary (1) [cm] a jejim migra¢nim ¢asem [s]:
Vogs =111, Rovnice 3-11

Upravou rovnice 3-9 a vlozenim rovnice 3-5 a rovnice 3-11 ziskame vztah pro

vypocet rychlosti pohybu castice v elektrickém poli za definovanych podminek:
Ve =1/t =1/t Rovnice 3-12

Pouzitim rovnice 3-7, rovnice 3-12a E =U /L, kde L je celkova délka kapilary
[cm] a U je vlozené napéti [V], ziskame vztah pro vypocet skutecné elektroforetické
pohyblivosti z experimentalnich udaju:
uee = Ut —1/t,, L/U- Rovnice 3-13
faktory patfi pH zakladniho elektrolytu, které ovliviiuje nejen elektroosmotickou
pohyblivost, ale také ionizaci analyti. Proto latky kyselé povahy jsou separovany
Vv elektrolytech zasaditého pH, aby byla podpofena jejich ionizace. U bazi plati opacny
pristup. Mezi dals§i faktory pusobici na elektroforetickou pohyblivost patii sloZeni
pracovniho elektrolytu v€etné pritomnosti riiznych aditiv (organicka rozpoustédla,
ptidavek cyklodextrinli, povrchové aktivnich latek, komplexujicich sloucenin aj.). Tyto
a jiné¢ faktory ovliviiyjici nejen elektroforetickou pohyblivost, ale cely pribéh a

vysledek separace, jsou diskutovany v dalSich ¢astech kapitoly 3.

3.2.2 Micelarni elektrokineticka kapilarni chromatografie (MEKC)
[39]
Micelarni elektrokinetickda kapilarni chromatografie (MEKC) kombinuje

separacni mechanismus kapilarni zéonové elektroforézy a chromatografie a je tedy na

rozdil od klasické CZE vhodna i pro separaci elektricky neutralnich latek. Zakladnim
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principem separace je interakce analyti mezi micelami a elektrolytem. Micely se v BGE
vytvoii po ptidavku vhodné povrchové aktivni latky (tenzidu). Pro tvorbu micel je
dilezité, aby koncentrace povrchové aktivni latky v BGE piekrocila kritickou micelarni
koncentraci (CMC). Micely maji sféricky tvar; hydrofilni konce molekul tenzidu jsou
situovany na vnéjsi stran¢ micely smérem k vodnému roztoku, zatimco hydrofobni ¢asti
sméfuji do jejiho stiedu (viz obr. 3-17). Nejcastéji pouzivanym tenzidem je
dodecylsiran sodny (SDS), ktery patii mezi tzv. anionické tenzidy. Dalsimi casto
vyuzivanymi anionickymi tenzidy jsou Zzlucové kyseliny a jejich soli: sodné soli
kyseliny cholové, deoxycholové a taurocholové. Z Kationickych tenzidd se
Vv elektroforéze nejcastéji setkame s kvarternimi amoniovymi solemi (CTAB, TTAB).
Kromé vyse zminénych lze pouzit tenzidy ze skupiny zwitterionti (napi. CHAPS ¢i
CHAPSO) anebo neiontové povrchové aktivni latky (napf. Triton X-100). Tenzidy jsou
charakterizovany nejen svou CMC, ale i takzvanym agrega¢nim ¢islem (AN), které

udava pocet molekul detergentu podilejicich se na tvorbé micely.

Obriazek 3-17: Schéma micely anionaktivniho tenzidu ve vodném prostitedi. PFevzato ze zdroje [40].

Mechanismus separace v MEKC bude demonstrovan na piikladu migrace
elektricky neutralnich latek v BGE, ktery obsahuje SDS. V kapilafe, ktera je naplnéna
timto elektrolytem, jsou negativné nabité micely SDS pfitahovany ke kladné nabité
elektrodé (anodg@), ale diky existenci EOF migruji k detektoru, ktery je na strané katody.
Neutralni analyty jsou distribuovany mezi elektrolytem a micelami na zdklad¢ jejich
lipofility. Vysoce hydrofilni ve vod€ rozpustné latky (napt. MeOH) neinteraguji
s micelami, a proto migruji spolu s elektroosmotickym tokem. Cas, ve kterém tyto latky

migruji, se oznacuje t,. Velmi hydrofobni latky, které jsou siln¢ vazany v miceléch,

migruji stejnou rychlosti jako micely samotné (Cas, ve kterém migruji, se oznacuje t ).
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Molekuly, které jsou jen ¢astecné rozpustné v micelach, migruji mezi ¢asem t, a t_,
(tzv. reten¢ni okno). Jejich migraéni Cas je piimo umérny jejich lipofilit€. VSechny
elektroneutralni latky tedy migruji v retenénim okné€ mezi ¢asem t, a t .. Toto retencni
okno muze byt zvétSeno pouzitim micely, kterd méa vyssi mobilitu a nasledné je silngji
pritahovéna k anod¢ (v pfipadé negativné nabité¢ho tenzidu). V tomto piipadé je
prodlouzen cas t . a latky rozpusténé v micelarni fazi migruji pomaleji. Pro stanoveni
Casi t, a t.. se pouziva methanol (neni rozpustny v micelach) a Sudan III (1-(p-
fenylazofenylazo)2-naftol), ktery je uplné solubilizovan micelami.

V piipad¢ pouziti kationickych surfaktantli dochazi k otoceni EOF, a proto je

nutné separovat za obracené polarity vkladané¢ho napéti.
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Obrazek 3-18: Schéma separace v MEKC. Micely negativné nabitého surfaktantu jsou znazornény
pismenem M a negativnim niabojem. Tyto micely jsou pritahovany k anodé, ale diky EOF migruji
smérem ke katodé. Analyty jsou znazornény pismenem S. Ctverefky znadzornuji analyty, které
neinteraguji S micelami a migruji s EOF. Krouzky predstavuji vysoce polarni analyty, které
migruji s micelami (tp,c). Trojuhelni¢ky znazoriuji analyty, které migruji mezi t, a t.,.. PFevzato ze
zdroje [39].

Z vySe popsaného je ziejma podobnost s RP-HPLC, kde je separace latek
zalozena na rozdélovani mezi hydrofobni stacionarni fazi a hydrofilni mobilni fazi. Na
zaklad¢ této podobnosti se micelarni faze v MEKC nazyva jako ,,pseudostacionarni®.

Retenéni chovani elektricky neutralni 1atky je popsano kapacitnim faktorem k”,
ktery je uréen pomérem mold latky ptitomné v micelach (n,. ) a mola stejné slouceniny
ve vodné fazi (n,, ):

K'=n,./n, Rovnice 3-14

Jiny vztah definuje kapacitni faktor na zakladé migracnich casu:
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.t -t

S . — Rovnice 3-15
t0(:|'_tR /tmc)

kde t; je retenéni (migrac¢ni) ¢as neutralni latky.
Tento vztah je velmi obdobny rovnici upravujici vypocet kapacitniho faktoru
v chromatografii:
K'=(t; —t,)/t, Rovnice 3-16
Obe rovnice se lisi ve vyrazu (1-t; /t,.), ktery charakterizuje reten¢ni chovani
latek v MEKC oproti HPLC. V pfipadé, ze t,, nabyva vysokych hodnot, je rovnice 3-

15 stejna jako rovnice 3-16.

MEKC je vedle separace neutralnich latek samoziejmé vyuzitelna pro analyzu
latek iontového charakteru, které jsou separovany nejen na zakladé své elektroforetické
pohyblivosti, ale také diky interakcim s micelami v zavislosti na naboji micel a analytu
a rozpustnosti analytu v micele. V ptipadé negativné nabitych micel (SDS) neinteraguji
anionty s témito micelami silné€ a jsou tudiz separovany pievazné v zavislosti na jejich
elektroforetické pohyblivosti. Naopak kationty jsou silné pfitahovany k negativné
nabitym miceldm za vzniku iontovych part, a proto migruji pomaleji, Casto 1 za
neutralnimi latkami. Proto je potfadi migrace latek ve zminéném piipad¢é nasledujici:
neutralni latky, kationty a anionty.

Selektivitu separace v MEKC Ize ovlivnit vznikem smisenych micel, pfidavkem
cyklodextrinti (CD), nebo pfidavkem organickych rozpoustédel.

Piikladem vyuziti smiSenych micel v MEKC miZze byt separace antioxidanti
ruzné lipofility, které bylo dosaZeno v boratovém pufru obsahujicim 40 mM cholat
sodny, 15 mM SDS a 10% MeOH [41].

V ptipad€ analyzy velmi nepolarnich latek, které maji tendenci siln€ interagovat
s micelami, je vyhodné ptidat do BGE neutralni cyclodextrin, ktery je unasen
elektroosmotickym tokem. V pfitomnosti druhé pseudostacionarni faze dochazi
k soucasné interakci hydrofobnich analytt s micelami a s CD. Latky, které interaguji
s CD, musi byt nejen dostate¢né hydrofobni, ale musi byt schopné zapadnout do
hydrofobni dutiny CD. Molekuly interagujici jen s CD se pohybuji spolu s EOF. Oproti

tomu latky, které nejsou schopné tvofit komplex s CD, jsou solubilizovany jen micelami
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(migruji s t. ). Slouceniny interagujici s obéma pseudostacionarnimi fazemi migruji
mezit, at,.
Kapacitni faktor je pak definovan:
K=n,. /N Rovnice 3-17
Pouzitim organickych rozpoustédel dochéazi k ovlivnéni elektrosmotického toku
(zeta potencial, viskozita pufru) a zaroven ke zméné selektivity na zaklad¢ ovlivnéni

distribuce analytu mezi micelarni fazi a elektrolytem. Mezi nejéastéji pouzivana

rozpoustédla patii MeOH, ACN, dale pak propanol a tetrahydrofuran (THF).

3.2.3 Mikroemulzni elektrokineticka kapilarni chromatografie
(MEEKC) [42]

Mikroemulzni elektrokinetickd kapildrni chromatografie je svym separacnim
mechanismem velmi podobnda MEKC s tim rozdilem, Ze pseudostationarni faze je
tvofena mikroemulznimi kapénkami. Mikroemulze je roztok kapének volné
dispergovanych v jiné nemisitelné kapaling. Nejcastéji pouzivanym typem mikroemulze
pro piipravu BGE je olej ve vodé (o/v), méné Casto se pouziva systému voda v oleji
(v/0).

U mikroemulze typu olej ve vodé se obvykle jako kapénka (olejova faze)
pouziva oktan dispergovany ve vodném pufru. Vedle oktanu bylo popsano vice
organickych rozpoustédel pro piipravu olejové faze: hexan, heptan, cyklohexan,
chloroform, hexan-1-ol, oktan-1-ol a pentan-1-ol. Ptidavkem povrchové aktivnich latek
(nejcastéji SDS) o koncentraci nad jejich CMC dochazi ke zmenseni povrchového
napéti a usnadnéni tvorby kapének. Pfitomnost pomocného organického rozpoustédla
(tzv. ,,co-surfaktantu) dale pfispiva ke zmensSeni povrchového napéti a tim dochazi ke
stabilizaci mikroemulzniho systému. Nejéastéji pouzivanymi co-surfaktanty jsou
nizkomolekularni alkoholy (butan-1-ol, propan-1-ol, hexan-1-ol). Volba vhodného co-
surfaktantu a optimalizace jeho obsahu v BGE ma zasadni vliv na selektivitu separace.
Pridavek organického rozpoustédla (MeOH, ACN) zvySuje rozpustnost vysoce
lipofilnich latek ve vodném elektrolytu a tim se zlepSi rozliSeni pro tyto analyty.
Nejcastéji pouzivanymi pufry jsou boratovy a fosfatovy o pH 7-9, pfi kterém je
dostatecné silny EOF, ktery unasi negativné nabité olejové kapénky s rozpuSténym

analytem smérem ke katod¢ (v ptipad¢ pouziti anionaktivnich tenzidi).
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MEEKC vyuzivajici mikroemulzi typu v/o nachazi uplatnéni zejména pro
separaci ve vodé Spatné rozpustnych latek; BGE zalozeny na kontinualni olejové fazi
zvysuje jejich rozpustnost.

Pti srovnani MEEKC s MEKC se zda byt prvn¢€ jmenovana metoda vyuzitelné;jsi
pro analyzu Sirsi Skaly sloucenin, protoze Vv piipadé MEEKC analyty 1épe prochézeji
povrchem kapénky nez rigidni micelou. Svou ulohu hraje také ulehceny ptechod

analyti mezi kapénkou a vodnou fazi, ktery je zprostiedkovan co-surfaktantem.

3.2.4 Kapilarni elektrochromatografie (CEC) [14][43][44]

Kapilarni elektrochromatografie je dalsi technikou, kterd kombinuje separacni
mechanismus  elektromigrace s mechanismem  chromatografie.  V porovnani
s elektrokinetickymi chromatografiemi (MEKC a MEEKC) se u CEC neuplatiiuje
pseudostaciondrni faze, ale klasické kiemenné kapilary jsou naplnény sorbentem pro
HPLC. Toto uspotfddani spojuje vysokou separa¢ni ucinnost CE se separa¢nim
mechanismem HPLC. K pohybu mobilni faze (elektrolytu) kolonou (plnénou kapilarou)
se vyuziva elektrického pole namisto hydraulického tlaku, a tak je dosazeno vysoké
separa¢ni ucinnosti. Zdivodnéni je velmi prosté; profil elektroosmotického toku je
plochy na rozdil od parabolického profilu laminarniho toku mobilni faze u HPLC.
Navic, jak jiz bylo zminéno, kapildry jsou plnény standardnimi naplnémi pro HPLC a v
ptipad¢ sorbetu na bazi silikagelu (napt. C-18) dochazi k zesileni EOF diky jeho

zna¢nému negativnimu naboji (viz obr. 3-19).

/~ Detection
— Packing material /  window
/ Outlet frit /
—
Inlet % N
frit &
+
—_

Obrazek 3-19: Schéma vzniku elektroosmotického toku v kapilarach plnénych sorbentem na bazi
silikagelu. Pfevzato ze zdroje [45].
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Pro separace pomoci CEC se pouzivaji tii zdkladni kolonovéa uspotadani: 1.
plnéné kolony, 2. kolony s volnymi konci a 3. monolitické kolony.

V prvnim piipadé se kolony plni klasickymi HPLC sorbenty, které jsou
specielné upraveny pro CEC (maji malou zrnitost, 3-5 pm). VétSinou se jedna o
sorbenty na bazi silikagelu s riznymi povrchovymi Upravami, jezZ umoznuji vyuziti
riznych mechanismt separace (hydrofilni a hydrofobni interakce, iontova vymeéna,
afinitni mechanismus). Napln kolony je udrzovana pomoci frit na obou koncich
kapilary. Vyroba téchto kolon je pomérné slozita. Dalsi nevyhodou je limitovana
stabilita, robustnost a zivotnost takovychto kolon.

V kolonach s volnymi konci je stacionarni faze kovalentné vazana na sténu
kapilary.

Monolitické kolony ptedstavuji novéjsi typ stacionarni faze, ktery se v literatute
objevuje v poslednich letech. Pokud je monolit zakotven na vnitini sténé kapilary, neni
potieba pouzit frity. Dal$i vyhodou je snadny zptsob ptfipravy tohoto typu stacionarni
faze ,,in situ“ polymerizaci. Monolitni stacionarni faze jsou zalozeny bud’ na bazi

silikagelu, nebo se jedna o organické polymery.

3.2.5 Elektroforéza v nevodném prostredi (NACE) [46]

Elektroforéza v nevodném prostiedi (NACE) je dalsi alternativou umoznujici
modifikovat selektivitu. Mechanismus separace je analogicky s CZE, ale misto vody je
pouzivano nevodné prostiedi. Nahrazeni vody organickym rozpoustédlem mé vliv na
naboj analytu a/nebo na velikost solvata¢niho obalu. Dal$im jevem, ktery mize ovlivnit
selektivitu separace, je tvorba iontovych parQ, ktera cast€ji probiha v prostredi
organickych rozpoustédel diky niz§im hodnotdm dielektrické konstanty Vv porovnani s
vodou.

Pouzitim nevodného prostiedi zvySujeme rozpustnost organickych sloucenin, a
proto je tato metoda vhodnéd pro analyzu nepolarnich latek, napt. 1é¢iv. Na rozdil od
MEKC poptipadé MEEKC neni NACE vhodna pro analyzu neutralnich latek.

Ackoliv byly NACE a MEKC zavedeny soucasné v roce 1984, NACE byla
pomérné opomijena, zatimco MEKC se vénovalo hodné pozornosti. Na druhou stranu
pocet publikaci zabyvajicich se NACE za poslednich 10 let ptibyva. Piesto NACE

nadale zustava spise okrajovou technikou.
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I pes jeji minoritni pouziti poskytuje nékolik nespornych vyhod oproti dal§im
technikam: nevodné elektrolyty obecn¢ negeneruji tak vysoky elektricky proud a tim se
zmenSuje riziko vzniku Jouleho tepla. To umoziuje pouziti kratkych kapilar za
vysokého vkladaného napéti. Tim se dosdahne velmi kratkych migracnich Casti a vysoké
separacni ucinnosti. Zaroven je NACE kompatibilni s vétSinou v CE pouzivanych
detektort (UV, LIF, elektrochemicky, MS).

V NACE se velmi ¢asto pouzivaji amfiprotni rozpoustédla (MeOH, formamid,
ethanol, 1-propanol, 2-propanol, 1-butanol a N-methylformamid) nebo aproticky
acetonitril (ACN). Fyzikalné-chemické vlastnosti vybranych organickych rozpoustédel

a jejich porovnani s vodou jsou uvedeny v tabulce 3-2.

Tabulka 3-2: Vybrané fyzikalné-chemické vlastnosti rozpoustédel pouzivanych v CE. Upraveno dle
zdroje [46]

Rozpoustédlo Bod varu | ,,UV cutoff* | Relativni | Viskozita | pKauy
©0O) (nm) permitivita | (mPa x s)
Voda 100,0 190 78,36 0,8903 14,00
Methanol 64,5 205 32,66 0,551 16,91
Ethanol 78,2 - 24,55 1,083 19,10
1-propanol 97,1 210 20,45 1,943 19,40
2-propanol 82,2 205 19,92 2,044 21,08
1-butanol 117,6 215 17,51 2,571 20,89
Acetonitril 81,6 190 35,94 0,341 32,20
Formamid 210,5 - 109,5 3,302 16,80
N-methylformamid | 199,5 - 182,4 1,65 10,74
Dimethyl sulfoxid | 189,0 268 46,45 1,991 31,80

Stejné jako u vSech ostatnich elektroforetickych metod je pro realizaci separace
nutna pfitomnost elektrolytu. DuleZitou vlastnosti elektrolytu je jeho tlumiva schopnost
umoziujici dosazeni ionizace analyti a stabilni EOF. V nevodném prostiedi nelze
jednoduse upravit pH, tak jako u vodnych pufrii, protoze hodnoty autoprotolytické
konstanty pKay jsou u organickych rozpoustédel rozdilné oproti pKay vody. Napfi. u

MeOH je pKau 16,91, zatimco u ACN 32,2. Jednou z moznosti je nastaveni zdanlivého
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pH (pH*) a stanoveni pKa analytd dle pouzitého rozpoustédla. Je zfejmé, ze hledani
takovy elektrolyt, ve kterém je dosazeno dostate¢né ionizace analytt; pfitom neni nutné
méfit pH zakladniho elektrolytu ani stanovit piesné pKa analytu v organickém
rozpoustédle.

Ve farmaceutické analyze (mnoha 1é¢iva jsou latky bazického charakteru) se
jako elektrolyt pouziva kyselina octova ¢i mravenéi (0 vysoké koncentraci az 1 mol/l) se
svou amonnou soli (25-50 mM). V piipadé analyzy kyselych analytd (napi. nesteroidni
antiflogistika) se pouziva octan nebo mraven¢an amonny s piidavkem amoniaku. Jako
rozpoustédlo se vétsSinou uplatiiuje ACN a MeOH, a to bud’ jako samotna rozpoustédla,
nebo ve smési v riznych pomérech.

Jelikoz MeOH a ACN maji vcelku vyhodné spektralni vlastnosti (UV ,,cutoff®),
1ze pii jejich aplikaci vyuzit UV detekci (zde je dosahovano podobnych citlivosti jako u
CZE). Na rozdil od problémov¢jsi CZE-ESI-MS ma kombinace NACE-ESI-MS nékteré
prednosti. Hlavni vyhodou NACE je pouziti nevodnych rozpoustédel, kterd se snadnéji
odpaftuji, a tim ulehcuji cely proces ionizace v elektrospreji. Zaroven je v nevodném
elektrolytu generovan mensi proud, coz stabilizuje podminky pro NACE-ESI-MS.
Navic rozpoustédla jako formamid (FA) ¢i N-methylformamid (NMF), ktera se tézko
uplatiji pti UV detekci, jsou s MS plné kompatibilni.

3.2.6 Kapilarni izoelektricka fokusace [9][39]

Izoelektrickd fokusace je elektroforetickd metoda uréenda pro analyzu
amfoternich sloucenin, zejména proteind, na zakladé rozdilnych hodnot jejich
isoelektrickych boda (pl). Isoelektricky bod je pH, pfi kterém se amfoterni latka jevi
elektricky neutralni, tzn. jeji kladny a zaporny néaboj jsou v rovnovaze. Zékladnim
mechanismem separace je pohyb amfoternich sloucenin v kapilate, ve které je pH
gradient. Migrace analytu kon¢i ve chvili, kdy dosdhne mista, ve kterém je pH rovno

jeho pl.
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IEF Capillary filled with mixture of sample and ampholytes
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Obrazek 3-20: Schéma separace v kapilarni izoelektrické fokusaci: pismeny je oznafena smés
amfolyti, geometrickymi znaky jsou oznaceny analyty. Pievzato ze zdroje [15].

Pred zacatkem analyzy se kapilara plni roztokem amfolytd. Tyto molekuly jsou
také amfoterni povahy a jejich smés pokryva Siroky rozsah pl. Vlozenim napéti se
Vv kapilafe vytvoti gradient pH (nejéastéji v rozsahu 3-10). Katoda je ponoifena do
roztoku silné baze (nejcastéji NaOH; tzv. katolyt) a anoda do roztoku kyseliny (H3zPOy;
tzv. anolyt). pH anolytu by mélo byt nizsi nez pl nejkyselejsiho amfolytu a pH katolytu
délce kapilary od kyselé oblasti (anoda) az do zasadité (katoda).

Samotna analyza se provadi nastfikem smési amfolytd a vzorku (proteintl).
Béhem pusobeni napéti dochazi k migraci amfolytd a proteinti az dosahnou mista, kde
pH odpovida jejich pl. Po ukonceni fokusace nastdvd rovnovazny stav, pii kterém
dochazi k poklesu elektrického proudu. Amfolyty a proteiny jsou fokusovany do uzkych
zon. Touto metodou tedy dochazi i1 k zakoncentrovani analytu. Vhodnou volbou
amfolyti s malym rozdilem pl Ize od sebe oddélit velmi podobné proteiny s pomérné
vysokou uc¢innosti separaniho procesu. Aby bylo mozno detekovat analyty, je potfeba
jednotlivé zony uvést do pohybu smeérem k detektoru. Jelikoz jsou béhem této
mobilizace také unaseny i amfolyty, je nutné, aby nerusily detekci. K mobilizaci se
pouziva bud’ hydrodynamicky tok, poptipadé¢ elektroforetickd mobilizace. V druhém
piipadé je tieba zaménit anolyt katolytem anebo obracené. KdyZ je anolyt nahrazen
roztokem NaOH, tak po vlozeni napéti dochazi k migraci OH™ iontd, které titruji kladny
naboj protein a amfolytl, smérem k anod€. Analyty poté nesou jen naboj negativni a
migruji také smérem k anod¢, kde jsou detekovany. Jinym zplGsobem mobilizace je
ptidavek soli (nejcasteji NaCl) bud’ ke katolytu, anebo k anolytu a vlozeni napéti. Timto

zpiisobem opét dojde k obnoveni néboje analytl a jejich nasledné migraci.

43



Teoreticka cast — Rozdéleni elektromigracnich metod

Pro uspé$ny prubéh kapilarni izoelektrické fokusace je potieba modifikovat
vnitini sténu kapilary, aby samotny proces nebyl narusovan elektroosmotickym tokem.
Vnitini sténa kapilary je Casto pokryta polyakrylamidem ¢i methylcelul6zou. Kromé
toho byla také popsana jednokrokova izoelektrickd fokusace, u které neni uplné
eliminovan EOF, a tim odpadd nutnost mobilizace fokusovanych zén (fokusace a

migrace fokusovanych zon probiha soucasné).

3.2.7 Kapilarni gelova elektroforéza [14]
Gelova elektroforéza se obvykle pouziva k separaci proteini a nukleovych

kyselin. Zakladnim principem separace je sitovy efekt polymeru, kterym je naplnéna
separacni kapilara. Vlivem elektrického proudu nabité analyty prochézeji gelem a
separuji se na zdkladé rtzné velikosti (malé molekuly prochazeji rychleji oproti
biomolekuldm s vys$s§i molekulovou hmotnosti). Mezi nejcastéji pouzivané gely patii
agar6za a polyakrylamid. U této techniky je Zadouci, aby byl eliminovan EOF, aby
nedoslo k pohybu gelu ve sméru EOF a tim k znehodnoceni separace. Dalsi vyhodou
odstranéni EOF je snizeni rizika interakci mezi vnitini sténou kapilary a analyty.
Provedeni gelové elektroforézy v kapilarnim meéfitku ma oproti planarnimu uspotadani
mnohé vyhody. Jelikoz gely maji tendenci se vlivem elektrického proudu ohtivat, coz je
nezadouci pro zdarny prubéh separace, presunem do kapilarniho métitka se tento
problém alespon ¢astecné eliminuje diky lepSimu odvodu tepla kapilarou. Nasledné 1ze
pouzit 1 vys$Siho napéti pro separaci, coz vede k vySsi u€innosti separace a rychlejSimu
prib&hu analyzy. Dal$i nespornou vyhodou kapilarni gelové elektroforézy je detekce
(nejcastéji se pouziva LIF), ktera je plné¢ automatizovand. Diky témto zminénym
vyhodam je gelova kapilarni elektroforéza daleko méné pracnd a vykazuje lepsi

reprodukovatelnost nez jeji planarni podoba.
CGE
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Obrazek 3-21: Schéma principu separace v kapilarni gelové elektroforéze. Malé molekuly
(znazornény teCkami) jsou zadrZovany méné jak vétsi molekuly (¢tverecky, trojuhelniky). Pirevzato
ze zdroje [15].
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3.2.8 lzotachoforéza (ITP) [37][47]

Izotachoforéza je metoda, jez je realizovéana v systému dvou elektrolyti o rizné
elektroforetické pohyblivosti. V pribéhu separace lze od sebe oddélit jen analyty
nesouci stejny naboj (pouze anionty nebo kationty). Pti vybéru elektrolytu je nutné, aby
iont (bud’ kationt ¢i aniont) vedouciho elektrolytu (leading — L) mél vyssi pohyblivost,
u, nez jakykoliv z analyti. Naopak koncovy elektrolyt (terminator — T) musi mit mensi
pohyblivost nez jakykoliv analyt. Zakladni podminku, kterda musi byt splnéna, aby
mohla nastat separace, 1ze charakterizovat nasledujicim vztahem:

ML> A =B > T

V piipad¢ aniontové izotachoforézy maji analyty A" a B" mensi pohyblivost nez
aniont vedouciho elektrolytu a zaroven vykazuji vyS$$i pohyblivost V porovndni s
aniontem pfislusného koncového elektrolytu.

(I R | |
THA+B

[LLITE A

[ 1 1
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@ @@ | @ @ @
OP+@[-0 -0 -0

Obrazek 3-22: Schéma separacniho procesu v izotachoforéze. A- stav pred zahdjenim separace
(A+B — smés analyti; pa > pg). B- ustaleny stav. C- migrace jednotlivych iontd v ustaleném stavu.
L-vedouci elektrolyt, T-koncovy elektrolyt, R- protiiont. Pievzato ze zdroje [47].

Vzorek je davkovan na rozhrani mezi vedoucim a koncovym elektrolytem a po
nastaveni pracovniho elektrického proudu dojde k separaci analytli na zaklad¢ jejich
rozdilnych pohyblivosti (viz Obrazek 3-22). V rovnovazném stavu migruji jednotlivé
zoOny stejnou rychlosti:
v=u E =u,E, =uE; = 1 E; =konst. Rovnice 3-18

Jelikoz je v ustaleném stavu Vv kazdé zoné piitomen iont rozdilné pohyblivosti a

zOny migruji stejnou rychlosti, intenzita elektrického pole vzristd od zény vedouciho
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elektrolytu, kde je nejnizsi, az k zon¢ koncového elektrolytu, kde je nejvyssi. Elektricky
proud prochazejici zonami ma konstantni hodnotu. Z platnosti Ohmova zakona vyplyva,
ze od zony vedouciho elektrolytu k zon¢ koncového elektrolytu roste i elektricky odpor.
Zaroven prichodem elektrického proudu prostiedim S vysSim odporem dochéazi ke
vzniku tepelné energie, a proto ve stejném poradi roste i teplota zon. Z vyse uvedenych
zékonitosti vyplyva, ze zaroven se zménou odporu a intenzity elektrického pole musi
dojit i ke zméné koncentraci iontl v jednotlivych zonach. Na zakladé koncentrace iontu
vedouciho elektrolytu dochazi k upraveé koncentrace iontu v zéné analytu A a nésledné 1
v dalSich zénach az ke koncovému elektrolytu. Koncentrace iontli v zéné vedouciho
elektrolytu je nejvyssi a smérem ke koncovému elektrolytu klesa. Tato velmi diilezita
vlastnost izotachoforetického procesu je popsana tzv. Kohlrauschovou regula¢ni funkci:
Ca =CLM Rovnice 3-19
iy (fa + pg)

Koncentrace V jednotlivych zoénach je tedy zavisld jen na koncentraci a

charakteru vedouciho elektrolytu a ne na samotné koncentraci vzorku. Diky tomuto jevu

muze za vhodné zvolenych podminek dojit k zakoncentrovani vzorku.

postup zén

. _T.RE

Obrazek 3-23: Zavislost parametri jednotlivych zén v zavislosti na c¢ase jejich prichodu
detektorem. T- teplota, R - odpor, E- intenzita elektrického pole, c- koncentrace ionti. Prevzato ze
zdroje [47].

DalSim jevem, ktery je velmi charakteristicky pro ITP, je takzvany
samozaostiovaci efekt, ktery souvisi s rozdilnou intenzitou elektrického pole mezi
jednotlivymi zénami. Pokud naptiklad aniont ze zony A na zdkladé diftize pronikne do

zOny s analytem B, kde je vyssi intenzita elektrického proudu, dojde K urychleni aniontu
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A do své pluvodni zony. Pokud by aniont A pronikl stejnym zpisobem do zony
vedouciho elektrolytu, kde je mensi intenzita elektrického pole, tak dojde k jeho
naslednému zpomaleni a ocitne se zpét ve své puvodni zoné. Diky tomuto jevu je
rozhrani mezi zonami analytd ostré a nedochazi k jejich rozmyvani.

Ptistrojové uspotadani je velmi obdobné jako u klasické elektroforézy jen s tim
rozdilem, ze se misto kiemennych kapilar pouzivaji kapilary z fluorovanych polymert,
u kterych je minimalizovan elektrosmoticky tok. Ten by pusobil ruSivé na ostrost
rozhrani jednotlivych zon. U izotachoforetickych analyzatort se také pouzivaji kapilary
S vy$§im vnitfnim primérem (az 0,5 mm). Velmi Casto se také vyuziva ptidavku
neionogennich  tenzidi  (polyvinylalkohol,  hydroxyethylceluléza), aby se
minimalizovala adsorpce ionogennich latek na vnitini sténu kapildry. Timto ptidavkem
se zarovenl zvysi 1 viskozita elektrolytu, coz ptispiva ke stabilizaci zon. Dalsi rozdil je
ve zpusobu detekce, ktery byva velmi Casto zaloZzen na fyzikalnich vlastnostech
jednotlivych zon. Nejcastéji se pouziva vodivostni detekce, kterd je zalozend na méteni
vodivosti jednotlivych zén. Vedle tohoto zpisobu byl také popsan detektor teplotni a
potenciometricky, ale ty se v soucéasnosti jiz nepouzivaji. Krom¢ toho lze vyuzit i
klasicky spektrofotometricky detektor, ktery je zalozen na spektralnich vlastnostech
jednotlivych analyti.

Zaznam z méfeni se nazyva izotachoforeogram (viz obr. 3-24). Na ose ,,x“ je Cas
a na ose ,,y* je méfend vlastnost zOny, nejcastéji vodivost. Zdznam je stupiiovity a
odrazi skokové zmény vodivosti mezi zonami. Pro kvalitativni analyzu je smérodatna
vyska (poloha viny) a pro kvantitativni analyzu urcujeme délku viny, ktera odpovida
koncentraci analytu v zoné. Porovnanim délky zoén standardu a analytu, ¢i metodou

standardniho ptidavku Ize urcit koncentraci analytu v nezndmém vzorku.
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Obrazek 3-24: lzotachoforeogram 0,5 mM roztoku acebutololu (1) a 0.1 mM tetraetylamonnych
iontii (2). Separa¢ni podminky: 10 mM kyselina octova s 10 mM octanem draselnym (L, pH 4,65) a

10 mM g-alanin (T). Pievzato ze zdroje [48].
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3.3 Chiralni separace

Studium stereochemie biologicky aktivnich sloucenin je klicové k porozuméni
rozdilného plsobeni stereoisomert v zivych soustavach. Toto plati také pro mnoha
1éCiva, a proto je nutné studovat farmakokinetiku a farmakodynamiku jednotlivych
optickych izomeri potencionalnich opticky aktivnich 1é¢iv. Jednotlivé enantiomery totiz
mohou vykazovat diametralné rozdilny biologicky Gcinek.

Ukolem farmaceutického primyslu je produkovat u¢inna, bezpedna a kvalitni
1éCiva; proto je nezbytné béhem vyvoje nového chirdlniho Iéciva testovat
farmakologické a toxikologické ucinky jednotlivych optickych izomerd. Z tohoto
diavodu je také kladen pozadavek na vyvoj rychlych, spravnych, reprodukovatelnych a
citlivych enantioselektivnich separac¢nich metod a to nejen pro studium farmakokinetiky
a metabolického osudu takovychto latek, ale i pro kontrolu jakosti chiralné Cistych
1é¢iv, kde je pritomnost druhého enantiomeru nezadouci a jeho obsah v koncovém
1é¢ivém piipravku je limitovan. Vedle chromatografickych metod (HPLC, GC) je pro
enantioselektivni separace vhodna i kapilarni elektroforéza a to zejména pro svoji
vysokou separacni ucinnost. Vedle toho je chiralni separace v elektroforetickém
provedeni méné financné nakladna (neni tfeba potfizovat drahé chirdlni stacionéarni faze)
a flexibilngjsi co se tyka kvalitativniho 1 kvantitativniho uplatnéni chirdlnich selektorti

Vv separa¢nim médiu [49].

3.3.1 Provedeni chiralnich separaci pomoci CE [50]
V principu existuji dva zdkladni zplsoby, jakym Ize od sebe oddélit 2

enantiomery opticky aktivni latky. PracnéjSim a dnes jiz méné cCasto pouZivanym
zpusobem je zavedeni dalSiho optického centra do molekuly. Timto zptisobem vzniknou
dva diastereomery, které¢ maji rizné fyzikalné-chemické vlastnosti, a proto je mozné je
rozdelit v achirdlnim prostfedi. Kromé& casové nérocnosti je tfeba dbat zvysené
pozornosti pii vybéru derivatizaéniho ¢inidla, které musi byt chiralné ¢isté. Dal§im
problémem, ktery se muze vyskytovat, je rozdilna kinetika derivatizaéni reakce pro
kazdy zproduktl, coz se muze projevit riznou odezvou detektoru pro vzniklé
diastereomery. Proto se v dnesni dobé¢ spise uplatiuji pfimé separace enantiomert
Vv chirdlnim prostfedi bez potieby derivatizace. V tomto piipad¢ je k zakladnimu

elektrolytu pfidan chirdlni selektor, ktery interaguje s enantiomery za vzniku labilnich
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diastereomernich komplexti. Pfi vzniku téchto komplext se uplatiuji slabé typy
intermolekularnich interakci (vodikové mistky, m-m a hydrofobni interakce). Zakladni
podminkou, aby probéhla separace dvou enantiomerti, je vznik komplexi o rtzné
stabilité, ¢imz je zajisténo, ze tyto dva analyty migruji riznou rychlosti. Mezi nejcastéji
pouzivané chirdlni selektory patfi cyklodextriny, které interaguji s enantiomery za
pouzivané selektory, jako napt. crown-ethery ¢i makrolidova antibiotika. Soli zZlu¢ovych
kyselin a proteiny vyuzivaji jinych mechanismt a Ize je pouzit jako alternativu k vyse
zminénym selektortim.

Cyklodextriny (CD). Jedna se o cyklické piirodni oligosacharidy slozené
z n¢kolika jednotek glukopyranéz. Vzhledem k tomu, ze je glukéza chirlni, tak i
cyklodextriny jsou opticky aktivni slou€eniny. V analytické chemii se za ucelem
chirdlnich separaci pouzivaji CD slozené z Sesti, sedmi ¢i osmi molekul gluko6zy; podle
poctu jednotek glukdzy se oznacuji jako a, B ¢i y-CD. Cyklodextriny maji konicky tvar
s hydrofobni dutinou. Vnéjsi ¢ast je pfevazné hydrofilni, diky primarnim a sekundarnim
—OH skupinam. Diky této struktufe jsou rozpustné ve vodé a zarovenn mohou do jejich
hydrofobnich dutin vnikat slouc¢eniny s nepoldrnimi skupinami. Zaroven miru interakce
mezi analytem a CD ovliviiuje i velikost molekuly cyklodextrinu (primér a hloubka

dutiny).
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Obrazek 3-25: Schéma struktury pB-cycklodextrinu (vlevo) a jeho prostorového uspofadani
(schematicky vpravo). Pirevzato ze zdroje [51].

Volné hydroxy skupiny jednotek glukézy v polohach 2, 3 a 6 mohou byt
modifikovany za vzniku rtiznych derivatd, které maji oproti pfirodnim cyklodextrinim
jiné vlastnosti a tudiZ mohou ovlivnit selektivitu enantioseparace. Mezi nejvyznamné;jsi

vlivy modifikace patfi zlepseni rozpustnosti CD, silngjsi interakce s analytem a analyza

nenabitych enantiomert v prostiedi nabitych cyklodextrini. Naptiklad 2,6-di-0-methyl-
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B-CD je vyrazné rozpustnéjsi ve vodé nez nativni B-CD. Tento derivat ma diky dvéma
methoxy skupinam hlubsi a hydrofobné;jsi kavitu.

Selektivita chiradlni separace je ovlivnéna zejména typem a koncentraci
cyklodextrinu. Zakladnim parametrem ovliviiyjicim moznost vzniku hostitelskych
komplexii je rozmér kavity CD. Proto se fidi vybér vhodného CD velikosti a tvarem
molekuly analytu. U substituovanych CD hraje dulezitou roli také stupen substituce
(DS, degree of substitution). Dalsim faktorem, ktery vyrazn¢ méni selektivitu chiralni
separace, je naboj substituovanych cyklodextrini. Pokud jsou tyto nabité CD pouzity
jako chirdlni selektory, je stereoselektivita ovlivnéna myj. elektrostatickymi interakcemi
s analyty.

Velmi cCasto se ke zvySeni rozliSeni vyuZziva opacného sméru migrace selektoru
vaci analytu [52][53]. Tzn., Ze v piipadé bazickych slouéenin (pozitivné nabité) se
pouzivaji negativné nabité CD (karboxymethyl-CD, sulfatovany-CD), které maji
tendenci migrovat opaénym smérem a nasledné dochazi k siln€j$im a del$im interakcim
mezi CD a analytem. Casto byvé separace rtiznych enantiomert dosaZeno pii analyze za
obracené¢ho nebo minimalniho EOF (velmi ¢asto v kyselém BGE, kdy je pH nizsi nez 3
a vedle potlaceni EOF jsou bazické analyty dostate¢né ionizovany). Obracenim polarity
(na stran¢ detektoru je anoda) mohou byt kladné nabité¢ slouceniny (vektor vlastni
pohyblivosti sméfuje na opacnou stranu nez vektor pohyblivosti nabitého selektoru)
separovany pouze na zdklad¢ interakci s negativné nabitym chirdlnim selektorem
(pokud je potlacen EOF). Komplexace mezi kladné¢ nabitym analytem, a opacné
nabitym selektorem jsou zaloZeny jak na ion-parovych interakcich, tak 1 na vzniku
hostitelskych komplext [52][53].

Pokud neutralni analyty interaguji s nabitym CD, tak nesou stejny néboj jako
tento CD, a proto nemigruji s EOF.

Crown-ethery. Tyto makromolekuly objevené Pedersenem roku 1967 umoznuji
chirdlni separace tvorbou hostitelskych komplext, jejichz charakter je jiny nez u
komplexit s CD. Dutina crown etherti je hydrofilni (diky pfitomnosti heteroatomti O a
S), a proto do kavity vnika hydrofilni ¢ast molekuly analytu. Zakladnim strukturnim
pfedpokladem pro vznik hostitelského komplexu je pfitomnost aminoskupiny. Kromé
tohoto mechanismu se na vzniku téchto komplexit mohou uplatiiovat i jiné vlivy jako

napt. elektrostatické interakce, ¢i sterické efekty, za které jsou u 18-crown-6-ether

51



Teoreticka ¢ast — Chiralni separace

tetrakarboxylové kyseliny zodpoveédné ¢tyti karboxylové skupiny navazané na zakladni
strukturu crown-etheru. JelikoZz crown ethery ochotné interaguji i s anorganickymi

kationty, je tieba se vyvarovat piitomnosti K*, Na" a NH; v BGE.

0 (\o/\ o)
Ho—k, 0 0

HO

OH

oy ~OH
I

ooboj 0

Obrazek 3-26: Strukturni vzorec (+)-(18-crown-6-ether)-2,3,11,12-tetrakarboxylové kyseliny.

Chiralni micely. Mezi nejcastéji pouzivané chiralni selektory této skupiny patii
derivaty zlucovych kyselin. Jedné se o sodnou stl kyseliny cholové a deoxycholové a
jejich konjugati s taurinem (taurocholat a taurodeoxycholat). Jelikoz tauroderivaty
obsahuji sulfoskupinu, jsou tyto micely negativné nabité i pii nizkém pH. Kromé
samotnych chiralnich micel se pro chiralni separace vyuziva také piidavku CD k BGE,
ktery obsahuje nechiralni micelu (napf. SDS) — poté hovotime o cyklodextriny
modifikované MEKC.

Proteiny. Pti pouziti proteini jako chiralnich selektord dochazi béhem separace
K tvorbé nestabilnich diastereomernich komplext. Nevyhodou pouziti proteini jako
chiralnich selektorti je nebezpeci jejich adsorpce na vnitini sténu kapilary, a proto je
nutné pouzivat potahované kapilary, u kterych je redukovan elektroosmoticky tok. Mezi
dalsi limitace patfi moZna nestabilita pouZitého proteinu ¢i nemoznost UV detekce pfi
nizSich vlnovych délkach. Jako piiklad aplikace I1ze uvést vyuziti avidinu (protein s pl
10,0-10,5) pro analyzu kyselych analytt. Jelikoz tento protein obsahuje velké mnozstvi
bazickych skupin, je v kyselém a neutrdlnim prostiedi kladné nabity a migruje
V opa¢ném sméru nez analyty.

Polysacharidy. Z polysacharidii se vice uplatiiuji nabité polymery jako heparin
¢i dextran sulfat [54].

Makrocyklicka antibiotika. Z makrocyklickych antibiotik se nejvice pouzivaji
vankomyecin, ristocetin A, teikoplanin a rifamicin B. JelikoZ se jedna o nabité
slouceniny, daji se pouzit jak k separaci nabitych, tak i nenabitych analytl. Rifamicin B

je chiralni selektor kyselé povahy, a proto se nejCastéji uplatiiuje v analyze zasaditych
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latek. Zbyla antibiotika se pievazné pouzivaji k analyze kyselych analyti (napft.

nesteroidni protizanétlivé 1atky) [54].

3.3.2 Chiralni CEC
Chiralni separace se daji realizovat i u ,,hybridni“ metody jakou je kapilarni

elektrochromatografie. K provedeni enantioselektivni separace je nutné na sorbent
navazat pfislusny chirdlni selektor. Jak jiz bylo v pfedchozim textu zminéno, sorbenty
zalozené na bazi silikagelu se vyrazné podileji na vzniku elektroosmotického toku,
ktery je hnaci silou separace. Navazani chiralniho selektoru na zadkladni nechiralni
sorbent muze ovlivnit intenzitu elektroosmotického toku. Selektory jako napf.
makrocyklicka antibiotika obsahuji ionizovatelné skupiny, které mohou ovlivnit EOF
Vv zévislosti na pH pufru. Takto vznikly EOF miZze mit stejny, anebo opacny smér
v porovnani s EOF, ktery vznikd pfitomnosti samotné¢ho sorbentu. Naopak neutralni
sorbenty mohou stinit ionizované ¢i ionizovatelné funkéni skupiny naplné kolony a tak
snizit intenzitu EOF. V tomto piipad¢ se tento ,,neutralizaéni* efekt zesiluje s vys$Sim
stupném substituce zakladniho sorbentu pro CEC. Pro chirdlni CEC separace se
pouzivaji sorbenty, které se bézn¢ uplatiuji pii chiralnich separacich v HPLC. Mezi
nejcastéji vyuzivané patii stacionarni faze zalozené na polysacharidech, cyklodextrinech
a jejich derivatech, makrocyklickych antibioticich, proteinech atd. [55].

Kromé pouziti enantioselektivnich sorbentli Ize chirdlnich separaci docilit téz

pouzitim pufru s obsahem CD a nechiralni stacionarni faze [55].
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3.4 Tvorba komplext za ucelem zvysSeni selektivity

Tvorba komplext je jednim z efektivnich zplsobl, jak ovlivnit selektivitu
separace. Podminkou je, aby komplexy, které vznikaji, mély rozdilnou velikost a/nebo
odli$nou stabilitu, aby bylo dosazeno rozdilné elektroforetické pohyblivosti pro
jednotlivé analyty. Kinetika komplexotvorné reakce musi byt také dostatecné rychla,
aby bylo dosazeno ostrych pikii. Pokud by tomu tak nebylo, dochazelo by k rozsifeni
zOny analytu vlivem rozdilné rychlosti migrace volného analytu (ktery migruje svou
elektroforetickou pohyblivosti) a v komplexu vazané formy (kterda migruje rozdilnou
rychlosti; vétsinou pomaleji) [56].

Nejcastéji se tvorba komplexi pouziva pro separaci anorganickych kationtd
(kovll) po komplexaci s vhodnym ligandem, ktery je pfidan do zakladniho elektrolytu.
Nejbeéznéjsimi ligandy jsou jednosytné i vicesytné organické karboxylové kyseliny,
hydroxykyseliny a EDTA [56][57]. Vznik komplexti mezi témito organickymi ligandy a
kationty kovl lze naopak vyuzit i pro separaci organickych sloucenin za ptidavku
kationtu do zakladniho elektrolytu. Tento zplsob ovlivnéni se v porovnani s prvnim
pouzivda méng, protoze pouziti kationl v zakladnim elektrolytu se projevi nizsi
reprodukovatelnosti a u¢innosti. To lze vysvétlit adsorpci kationtli na vnitini sténu
kapilary a naslednym rozsifenim zo6n jednotlivych analytl, které se projevi rozsifenim
pikd. Pfidanim negativné nabitych micel k BGE ¢i otocenim/potla¢enim EOF lze tyto
negativni jevy eliminovat [56]. Jako pfiklad lze uvést separaci organickych kyselin
(kavova, benzoova, ftalova, nikotinova a dalsi) pomoci elektrolyti obsahujicich néktery
z dvojmocnych kovovych ionti (napt. Mg, Ca, Mn, Co, Ni, Cu). Nejlepsich vysledkt
bylo dosazeno s ionty Cu** a Ni** a s potahovanymi kapilarami, kdy jsou potlageny
interakce chelatoru s vnitini sténou kapilary [58].

DalSim ptikladem je pouZiti opticky aktivnich komplexli médi (Cu®") pro
chiralni separace dansyl derivatd aminokyselin a a-hydroxykyselin. V tomto piipadé je
do zéakladniho elektrolytu kromé& Cu®" iontii pfidavan také chirlni ligand (aspartam, L-
nebo D-prolin, L- nebo D-hydroxyprolin), se kterym Cu? ionty tvoii komplex, ktery
slouzi jako chirdlni selektor. Separace racemickych smési je zaloZena na tvorbé
komplext rizné stability mezi enantiomery analytu a pfidanym opticky aktivnim

komplexem médi. Béhem vyvoje takovychto metod je kromé ostatnich separacnich
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podminek tfeba optimalizovat kvalitativni slozeni a pomér jednotlivych slozek
chiralniho komplexu, ktery slouzi jako chiralni selektor [50] [56].

Jinym velmi oblibenym komplexanim aditivem je borat, ktery se pouziva
k separaci poloyolt (sacharidi, flavonoidd, fenolickych kyselin aj.). Pfi separaci cukri
se vyuziva tvorby negativné nabitych komplexii S tetrahydroxyboratovym aniontem pfi
pH 8-12. Vznik téchto komplexi je kliCovy, protoze cukry jsou i pfi siln¢ alkalickém
pH neutralni a migruji spolu s EOF. Tvorbou negativné nabitych boratovych komplexa
ruzné stability 1ze docilit jejich elektroforetické separace. Tvorba téchto komplext muze
byt schematicky popsana témito rovnicemi:
B +L «<BL + H,0O
BL +L < BL,; + H,O

kde L je ligand (polyol) a B™ piedstavuje tetrahydroxyboratovy aniont B[OH],".
Kromé toho, Ze boratovy pufr umoznuje separaci sacharidl, lze pouzitim tohoto
komplexacniho BGE docilit pifimé UV detekce pti nizkych vinovych délkach. Vodny
roztok cukrii neabsorbuje v UV oblasti, kdezto komplexy s boratem vykazuji vlastni
absorpci pii 195 nm, takze neni nutna jejich derivatizace. Na druhou stranu vsak nelze
timto zpusobem docilit limitt detekce dostatecnych pro stopovou analyzu [59].

Obdobnych principti se vyuziva také pro tvorbu boratovych komplext s jinymi
slouceninami charakteru polyold jako jsou naptiklad fenolické kyseliny ¢i flavonoidy.
V zdkladnim elektrolytu obsahujicim borat (pH 8-11) dochazi kionizaci kyselych
funkénich skupin (karboxyl, fenolicky hydroxyl) a zaroven u sloucenin disponujicimi
vicinalnimi hydroxy skupinami vznikaji negativné nabité komplexy s boratem. Naopak
u slou€enin, které postradaji vicinalni hydroxyskupiny, nedochdzi k ovlivnéni
elektromigrace vznikem takovychto komplexd. Vyuziti boratového pufru pro stanoveni
polyfenolti bylo demonstrovano v mnoha pracich — jen na okraj mizeme zminit jejich
stanoveni v mnoha matricich, jako jsou hrozny [60], ¢ervené vino [61], olivovy olej
[62] a ¢aj [63][64]. Analyza polyfenoli pomoci elektromigra¢nich metod byla také
prehledné shrnuta v souhrnnych ¢lancich [65][66]. Nevyhodou pouziti boratového pufru
pro analyzu flavonoid a fenolickych kyselin, které maji vyrazné antioxidaéni
vlastnosti, je mozZnost jejich spontanni oxidace vzduSnym kyslikem pfi alkalickém pH
[67][68][69]. Napi. katechiny, které jsou cetné zastoupeny v Caji, jsou stabilni
Vv kyselém prostredi [67][68]. Zvysenim pH z 5,0 na 7,4 se zvysi i rychlost oxidacni
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reakce. Pii hodnotach pH vyssich nez 8,0 dochazi ke kompletni oxidacni degradaci
katechinit béhem nékolika minut [67]. Obdobné byla studovana stabilita roztoku
kvercetinu (pH 8-10), ktery byl probublavan vzduchem. Po jedné hodiné oxidace
vzdusnym kyslikem doslo k zoxidovani 86 % piivodniho mnozstvi kvercetinu a po 3,5
hodinach jiz byla koncentrace kvercetinu nulova [69].

Jako alternativa se nabizi pouziti zakladnich elektrolytd v neutralni ¢i mirné
kyselé oblasti, u kterych je riziko spontanni oxidace polyfenolti vzdusnym kyslikem
vyrazné snizeno. V neutralni oblasti lze k separaci vyuzit ptidavek Mo(6+) ¢i W(6+),
které se chovaji analogicky jako borat — tedy tvofi zdporn¢ nabit¢é komplexy se
slou¢eninami obsahujicimi vicinalni hydroxy skupiny. Pro jednoduché 1,2-difenoly
(katechol, pyrogallol) 1ze ocekavat po piidavku komplexacniho ¢inidla ve formé XO4>
komplexy sloZeni [XO,L,]* [70]. Vznik t&chto komplexii nastavé jiZ pii velmi nizkych
koncentracich komplexa¢niho c¢inidla (~mM) a vzniklé komplexy se vyznacuji vyssi

stabilitou oproti analogickym boratovym komplextim [70].
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Obrazek 3-27: Piiklady komplexi wolframanu s polyoly. Vlevo: Jednoduchy komplex s kyselinou
galakturonovou. Pievzato ze zdroje [71]. Vpravo: Polynuklearni komplex s kyselinou gulonovou.
Pievzato ze zdroje [72]

Struktura a stabilita téchto komplexd zatim byly zkoumany jen pro sacharidy a
hydroxykyseliny, nikoliv pro flavonoidy ¢i fenolické kyseliny. Velmi rozsahlé studie
vznikli komplexti molybdenanu a wolframanu se sacharidy (kyseliny glukuronova [71],

galakturonova [71], gulonova [72] aj.) byly publikovany tymem Dr. Ramose. Struktura
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vzniklych mononuklearnich a polynuklearnich komplex cukrit s molybdenanem ¢i
wolframanem byla objasnéna pomoci NMR. Vznik, stabilita a struktura téchto
komplext byla ovlivnéna jak hodnotou pH, tak i pomérem centralniho iontu a ligandu
v roztoku [71][72].

Krom¢ toho byly zkouméany komplexotvorné rovnovahy i s jinymi ligandy
(kyselina citronova [73], mlé¢na [74] a mandlova [75], chinolonova ATB [76] -
ciprofloxacin, ofloxacin a norfloxacin) s wolframanem, molybdenanem popiipadé i
s vanadi¢nanem. Vyuziti molybdenanu ¢i wolframanu jako komplexac¢nich cinidel
v kapilarni elektroforéze je prozatim minimélni. D¥ive byla popsana separace Sb>* a
Bi*" po reakci s heteropolyaniontem [P(W110s9)"] [77]. Pro separaci fenolickych
kyselin a flavonoidd byl vyuzit zakladni elektrolyt s pfidavkem Na,MoOy [7]. V této
praci, kterd byla realizovana na naSem pracovisti, bylo docileno separace jak
fenolickych kyselin, tak i flavonoidd. Fenolické kyseliny (ferulova, kéavova, 3-
hydroxyskotficova, a skoficovd) byly rozdé€leny v elektrolytu obsahujicim 25 mM MES
a 0,15 mM Na;MoO, (upraveno na pH 5,4 TRISem). K rozdéleni smési flavonoidi
s fenolickymi kyselinami bylo pouzito jiného elektrolytu s vyS$im ptidavkem
komplexaéniho ¢inidla — 25 mM HEPPSO + 2 mM Na,MoO,4 pH 7,4 (upraveno
TRISem), 25 % (v/v) MeOH. Separace byla v obou ptipadech provedena v kiemennych
kapilarach o vnitinim praméru 100 um. UV detektor byl nastaven na 280 resp. 263 nm.
Praktickd vyuZitelnost metody byla demonstrovana na analyze extraktli z hefrméanku a

trezalky teckované.
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3.5 Vyvoj a optimalizace elektroforetickych metod

Cilem pfi vyvoji a optimalizaci separacnich metod, a tedy i1 metod
elektromigracnich, je dosdhnout uplného rozliSeni mezi analyty, co nejvyssi separacni
ucinnosti a zaroven dostate¢né citlivosti pro praktické vyuziti metody. Kromé toho by
analyza méla byt co nejkratsi. Nejdiive budou definovany terminy pocet teoretickych
pater a rozliSeni, a poté budou diskutovany parametry, které ovlivituji kvalitu a rychlost

separace. Dale bude stru¢né popsana i multivariantni optimalizace.

3.5.1 Uéinnost a rozliseni
Utinnost elektroforetické separace se vyjadiuje jako podet teoretickych pater a

z experimentalnich udaju se da snadno vypocitat [39]:

2
N = 5.545{ b ] Rovnice 3-20
W1/2

kde t_ je migracni ¢as a W, je Sitka piku v poloviné jeho vysky. Cim je pik pfi
stejném migraénim Case uz$i, tim roste pocet teoretickych pater a vzriista ti¢innost
separace. Pokud dochézi k rozmyvani pikii je hodnota Ww,,, vySsi a ucinnost separace
nizsi.

Nékdy se ucinnost vyjadiuje jako vySkovy ekvivalent teoretického patra:

H= IW‘ Rovnice 3-21

kde |, je efektivni délka kapilary a N je pocet teoretickych pater [15]. U metod, které
se vyznacuji vysokou ucinnosti, je H velmi malé.
RozliSeni je parametr, ktery urCuje, zda jsou piky rozdéleny na zakladni linii.

Z experimentalnich tdaji 1ze rozliseni vypocitat [39]:

R, = 26t Rovnice 3-22
W, + W,

kde t, a t, jsou migracni Casy latek (t;<t,) a W, a w, jsou Sitky pikii méfené na

, !
zakladni linii~.

! Tento zptisob vypo&tu rozliseni udava i USP 30 [85].
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3.5.2 Které separac¢ni podminky se optimalizuji?
Faktory, které ovliviuji kvalitu separace, tedy zda analyty od sebe budou

oddéleny, byly jiz ¢asteéné diskutovany piti popisu mechanismu separace v kapitole 3.2.
Z obecného hlediska separaci ovlivnime mj. zménou EOF a elektroforetické
pohyblivosti jednotlivych analytl, kterych 1ze dosdhnout Gipravou mnoha separacnich
podminek. Mnohdy Ize zménou jednoho parametru ovlivnit jak intenzitu EOF, tak
elektroforetickou pohyblivost.

Jednim z hlavnich parametrti, ktery ovlivituje separaci, je slozeni zakladniho
elektrolytu (kvalitativni slozeni, iontova sila a koncentrace, pH). Selektivitu separace
mohou ovliviiovat rtizna aditiva, jak jiz bylo diskutovano v kapitole 3.2 : piidavek
povrchové aktivnich latek (obraceni toku, MEKC, MEEKC, chiralni separace), tvorba
hostitelskych komplexii (CD, crown ethery), pfitomnost dalSich komplexacnich ¢inidel
(viz kapitola 3.4), sit'ujici prostiedi (gelova elektroforéza), nevodna rozpoustédla (CZE,
MEKC, MEEKC, NACE) aj. Kromé slozeni vlastniho separa¢niho média ma na
separaci vyrazny vliv také délka a pramér kapilary, teplota, velikost vkladaného napéti,
zpuisob davkovani a promyvani kapilary.

SloZeni zakladniho elektrolytu. Vybéru zakladniho elektrolytu by méla byt
vénovana velkd pozornost, protoZze urcuje jak velikost EOF, tak i migraci (pohyblivost)
samotnych analyti. Nemaly vliv ma také na intenzitu vznikajiciho elektrického proudu
béhem separace. Zakladni sloZzkou BGE je puftr, tedy smés kyseliny a jeji konjugované
zasady, ktery je schopen udrzet urcité pH. Stabilita pH hraje kli¢ovou roli pfi vzniku
EOF, ktery musi mit stejnou rychlost, aby bylo dosazeno reprodukovatelnych
migracnich Casii. Nemaly vyznam ma také pH zdékladniho elektrolytu pfi ionizaci
analytl. Kyselé latky se analyzuji v BGE zésaditého charakteru. U bazi se naopak
analyza provadi v kyselych BGE. Pfitom je nutno zajistit, aby tlumiva soustava BGE
méla dostate¢nou tlumivou kapacitu. To znamena, ze pH pufru zalozeného na kyseling
¢i bazi o urcité hodnoté pKa by se mélo pohybovat v rozmezi pH = pKa +1. Pufry se
nejastéji pripravuji smichanim kyseliny a jeji konjugované zdsady v ptredepsaném
poméru, a tak vznikne roztok o urcitém pH. Jinym zplisobem muze byt Castecna
neutralizace kyseliny ptislusnou bazi [78].

Slozeni zakladniho elektrolytu ma také vliv na symetrii pikti a tim i na G¢innost

separace. Pokud je pouzit elektrolyt, ktery je tvofen spoluiontem 0 rozdilné
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pohyblivosti, dochazi k jevu, Ktery se nazyva elektromigracni disperze. Kdyz ma analyt
vyssi elektroforetickou pohyblivost v porovnani se spoluiontem zékladniho elektrolytu,
rozhrani zony proniknou podélnou difuzi do zény elektrolytu, dochazi k jejich urychleni
(v zoné elektrolytu s iontem o niz$i pohyblivosti je vySsi intenzita elektrického pole) a
rozmyti ¢elniho rozhrani. Opacné, pokud se ionty vzorku ze zadniho rozhrani zony
vzorku dostanou difuzi do zdény elektrolytu, dojde k jejich urychleni zpét do zony
vzorku a tim je zadni rozhrani zaostfovano. Timto se vytvoifi nesymericky pik
S rozmytym pifednim rozhranim a ostrym koncem (fronting). Analogicky je tomu u
vzorku snizs$i pohyblivosti iontll v porovnani se zakladnim elektrolytem. V tomto
ptipadé maji piky ostré piedni rozhrani a zadni rozhrani je rozmyté (tailing). Pokud je
pohyblivost elektrolytu stejna jako U ionti vzorku, zona analytu neni ovlivnéna

elektrodisperzi (vznika symetricky pik) [13][15].

Tabulka 3-3: Seznam v CE nejéastéji pouzivanych pufri a jejich vlastnosti. Upraveno dle zdroji
[54]a[78].

Pufr pKa Rozsah pH Minimalni A (nm)
Fosfat (pK1) 212 [1,1-31 195
Fosfat (pK2) 721 |6,2-82 195
Fosfat (pK3) 12,32 | 11,3-13,3 195
Citrat (pK1) 3,1

Citrat (pK2) 4,7 2,1-6,4 260
Citrat (pK3) 54

Mravencan 3,75 2,8-4,8 220
Octan 4,75 3,8-5,8 220
MES 6,15 5,2-7,2 230
TRIS 8,30 7,3-9,3 220
Borat 9,14 8,1-10,1 180

Vedle téchto faktorli je tfeba také optimalizovat koncentraci, popf. iontovou silu
zakladniho elektrolytu. ZvySenim koncentrace ¢i iontové sily BGE se prodluzuje
celkovd doba analyzy (analyty migruji pomaleji) a zaroven je generovan vyssi

elektricky proud. Pokud proud piesahne hodnotu 100 pA, vyrazné se zvySuje
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pravdépodobnost vzniku Jouleho tepla a pokud toto neni dostate¢né odvadéno, snizuje
se reprodukovatelnost vysledku [78]. Soucasné také muze dojit ke vzniku teplotniho
gradientu v kapilate. Ten se projevi zménou viskozity zakladniho elektrolytu a
naslednou deformaci migrujicich zon (rozsifené piky) [15].

Aditiva. Pridavkem riznych aditiv k BGE muzeme vyrazné zménit
mechanismus separace a tim 1 ovlivnit selektivitu celého separacniho procesu.
V piredchozich kapitolach byl jiz vliv riznych ptidavnych slozek BGE diskutovan. Pri
vybéru aditiv, ktera nesou naboj (SDS, sulfatované CD), si je tfeba uvédomit, ze tyto
latky ovliviluji jak pH zadkladniho elektrolytu, tak i velikost proudu, ktery prochézi
kapilarou [78]. V ptipad¢ pouziti sulfatovanych CD se za G¢elem prodlouzeni zivotnosti
kapilary doporucuje promyvat mezi analyzami kapilaru roztokem 0,1 M H3PO, [53].

Rozméry Kkapilary. Kapildry s menSim vnitinim primérem generuji mensi
elektricky proud a zaroven lze jejich pouzitim dosahnout lepsiho rozliSeni mezi analyty.
Na druhou stranu jsou tyto vyhody na tkor citlivosti (zejména pfi pouziti UV-VIS
detektoru). Krom¢ vnitfniho priméru ma vliv na separaci celkova délka a efektivni
délka kapilary. Pouzitim kratSich kapildr je opét generovan vyssi proud. Nalezenim
kompromisu mezi celkovou délkou, efektivni délkou a vnitinim primérem kapilary 1ze
dosahnout rychlych a citlivych separaci charakterizovanych vysokou u¢innosti.

Teplota. Vliv teploty na separaci je velmi vyznamny. V pfipadé, ze teplo
produkované priichodem elektrického proudu kapildrou neni dostatecné odvadéno, hrozi
vznik tzv. Jouleho tepla, které negativné ovliviiuje separaci [13][15]. Kromé tohoto
negativniho jevu lze termostatovanim kapilary ovlivnit rychlost separace. ZvySenim
teploty migruji latky rychleji, coz ma za nasledek zkraceni doby analyzy [13]. V piipadé
,»short-end-injection” je zase zadouci, aby analyty migrovaly pomaleji z divodu
dosaZeni dostate€ného rozliSeni na kratké efektivni délce a tak se naopak kapilara chladi
a separace probihaji naptiklad i pfi teploté 10 °C [11].

Davkovani. Velikost zony vzorku, ktera byla vpravena do kapilary, ma vliv jak
na ucinnost, tak i na rozliSeni. V piipad¢ hydrodynamického davkovani se optimalizuji
tlak a doba nasttiku, u elektrokinetického davkovani napéti a cas, po které je toto napéti
aplikovano. Pro dosazeni co nejvySsi ucinnosti je Zadouci davkovat co nejmensi

objemy, coz je vrozporu s pozadavkem na citlivost stanoveni. Obvykle se davkuje
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takové mnozstvi, aby bylo dosazeno kompromisu mezi citlivosti a uc¢innosti. Nejéasté&ji
se nastiikuje objem vzorku odpovidajici 1 az 2% celkové délky kapilary [13][15].
Dalsi separa¢ni podminky jako napéti (viz kapitola 3.2.1) a promyvani

kapilary (viz kapitola 3.1.1) jiz byly diive dostatecné diskutovany.

3.5.3 Univariantni vs. multivariantni optimalizace [79][80][81]
V kapitole 3.5.2 a i v piedchozich ¢astech textu bylo zminéno mnoho faktort,

které je nutné optimalizovat, aby bylo dosazeno separace analytl v co nejkratSim
mozném Case a s co nejvyssi citlivosti. Nejcastéjsim zptisobem optimalizace je tzv.
univariantni optimalizace (n€kdy také oznacovana jako step-by-step), kdy je zkoumany
parametr separace ménén v uréitém rozsahu, zatimco zbylé separa¢ni podminky jsou
konstantni. Tento zptisob optimalizace vSak s sebou piinasi dvé znacné nevyhody:

1. Zkoumadni vlivu v§ech proménnych vyzaduje mnoho experimentil, coz je ¢asové

narocné a drahé.

2. V ptipadé, Ze se jednotlivé parametry separace vzdjemné ovliviiuji, neni mozné

Vv pribéhu takovéto optimalizace tyto interakce odhalit. Zaroven se nalezené

,»optimalni“ separa¢ni podminky mohou vyrazné odliSovat od téch skutecné

optimalnich.

Jako alternativu muizeme vyuzit multivariantni optimalizaci, ktera vyuziva
statistickych metod a matematického modelovani k uréeni optimalnich separa¢nich
podminek.

K planovani experimentl, které je tieba provést pro vlastni optimalizaci, je
mozno aplikovat koncept ,,design of experiments* (DOE). Béhem tohoto kroku je
studovan vliv faktorii (koncentrace zakladniho elektrolytu, jeho pH, teplota, vkladané
napéti aj.) na klidové parametry separacniho procesu® (rozliseni pikid, celkova doba
analyzy, generovany elektricky proud aj.). Vyhodou tohoto pfistupu je nejen vyrazné
snizeni poCtu experimentll nutnych pro optimalizaci vlastni metody, ale 1 urceni
vzajemnych interakci mezi faktory. Kromé toho lze na zdklad€ vysledkl zjistit, které
faktory ¢i jejich interakce jsou opravdu kliCové pro zdarny pritbéh separace.

Mezi cCasto pouzivané postupy planovani experimentd patii plné¢ faktoridlni

design (full factorial design), castecné¢ faktoridlni design (fractional factorial design),

2 wr » , ,
V dal§im textu budou oznaceny obecnym vyrazem ,,response‘.

62



Teoreticka ¢ast — Vyvoj a optimalizace elektroforetickych metod

Plackett-Burmantiv design, centralné kompositni design aj. Vybér samotného postupu
zavisi na poctu studovanych faktort a ,response a také na vybéru matematického
modelu, kterym je popsan vliv faktorti na ,,response“(viz dale).

Nejjednodussim designem pro planovani experimentl je tzv. plné faktorialni
design, u které¢ho se studuji (méfi) vsechny kombinace faktori (k) na vSech trovnich
(m). Pocet potfebnych experimentii, ktery je nutno provést pro vlastni optimalizaci a
studium vlivu riznych faktorti na separa¢ni podminky, je m«. V piipad¢ studia vlivu tii
faktorti na dvou riiznych trovnich je tteba provést 23=8 experimentli. Nevyhodou tohoto
designu je rychle rostouci pocet potiebnych experimentli se zvySujicim se mnozstvim
studovanych faktord. V ptipadé¢ 8 studovanych faktorti na dvou urovnich je tfeba
provést 28=256 experimentll, coz je pomérné zdlouhavé.

Pokud je tedy tteba sledovat vice faktori, je vyhodnéj$i provést jen Cast
experimentt, které vyzaduje plné faktorialni design. V tomto piipadé hovofime o
castecném faktoridlnim designu. Pocet experimentd je oproti pln€ faktoridlnimu designu
poloviéni (21 nebo étvrtinovy (29).

Plackett-Burmanuv design je specialni ¢astecné faktorialni design, ktery
umoziuje zkoumat velké mnozstvi faktorti s minimalnim poctem experimenti.

Centralni kompositni design je pfirozenym rozsifenim 2% faktorialniho designu,
u které¢ho se krom¢ krajnich hodnot (v pfipadé dvou studovanych faktort 4 hodnoty)
zkoumaji 1 hodnoty faktori mezi témito krajnimi hodnotami. Pro zjiSténi
opakovatelnosti se také prométi alespon tiikrat centralni hodnota®. Tento experimentalni
design je nejvyhodnéj$i pro zjisténi optimalnich separa¢nich podminek, protoze
vyzaduje dostatecny pocet experimentil pii zkoumdni relativné malého poctu faktorii (2
az 5) a zaroven pouZziti tohoto designu podporuje aplikaci kvadratického polynomu
(rovnice 3-25) pro matematické modelovani zavislosti ,,response na zkoumanych
faktorech.

Po provedeni pokusi navrhnutych pfisluSnym experimentdlnim designem se
vyhodnoti vliv jednotlivych faktort a jejich interakei.

Pro nalezeni vhodnych (optimalnich) podminek lze pouzit tzv. ,,response surface

modelling (RSM). RSM vyuziva matematické modelovani, u kterého je ,,response*

¥ Opakovatelnost se méi v ramei viech designii
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(rozliseni apod.) funkci studovanych faktort. Pro urcité typy experimentalnich designa

l1ze vyuzit rizné funkce, podle kterych se provadi kone¢né modelovani. NejCasteji se
pouzivaji polynomické funkce, které pro jednu response (y) a faktory (X, X, ,..,X,)

maji nasledujici tvary:

y=ﬂ0 +ﬂ1X1+182X2 +---+:ann Rovnice 3-23
y= ﬁo +ﬂ1X1 +/B2X2 +ﬂ12X1X2 +... Rovnice 3-24
y:ﬂo +ﬂlX1+IB2X2 +ﬂ11X12 +ﬂ22X22 +ﬁ12X1X2 +... Rovnlce 3'25

kde S,, B., B, P, jsou koeficienty matematického modelu. Koeficient S, urcuje
hodnotu ,,response®, kdyz jsou hodnoty vSech faktord rovné nule. Linearni koeficient
p, popisuje citlivost ,response“ na zménu odpovidajiciho faktoru X,. Smiseny
koeficient f,udava miru interakce mezi faktory X, a X,. Kvadraticky koeficient /5,

popisuje zakiiveni.

Obrazek 3-28: Priklad RSM diagramu znizoriujici zavislost rozliSeni mezi analyty N-(4-
aminobenzoyl)-L-glutamovou kyselinou a 10-formyllistovou kyselinou. Koncentrace pufru 50 mM,
napéti 20 kV. Prevzato ze zdroje [82].

Pii pouziti faktoridlnich designi je matematické modelovéani realizovano na
zaklad¢ rovnice 3-23 a rovnice 3-24. Faktorialni designy se tedy spiSe pouzivaji pfi

primarnim zjiStovani, zda méa dany faktor statisticky vyznamny vliv na separaci ¢i
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nikoliv. Vliv vyznamnych faktort je nasledné studovan v ramci optimalizace za pouziti
centraln¢ kompozitniho designu.

Béhem optimalizace je zfidka sledovan vliv rtznych faktori na jednu
»response®, ale vétSinou je potieba znat jejich vliv na nékolik ,,response zaroven.
V tomto piipad¢ je hledani optimalnich podminek také urcitym kompromisem mezi vice
,response®. Urcitym feSenim je zahrnuti vSech response do jedné zkoumané funkce.
V né¢kterych ptipadech mize byt definovana takto:
=2 W, Rovnice 3-26

kde # je suma vazenych pfispévkl zkoumanych ,,response®, r, piedstavuje jednotlivé

»response® a W, odpovidd vyznamu piislusné ,,response®. Zde je nutno podotknout, Ze

W, zéalezi na kritériich zvolenych analytikem (zda vice upfednostiiuje v ramci

optimalizace dosdhnout lepsiho rozliSeni mezi analyty nez kratsi analyzy).
Jiny zplsob zkoumdni vice ,,response* v ramci jedné funkce predstavuje tzv.

,.desirability funkction*:

D=ydMd”..d™ Rovnice 3-27

Kazda ,,response (d ) nabyva hodnot od 0 do 1 (1 pro nejlepsi vysledky a 0 pro
neakceptovatelné vysledky). Pokud je jedna z ,,response” nulova, potom cela funkce
nabyva také nulové hodnoty a experimentdlni podminky, pii kterych byly tyto
jednotlivé ,response* zmeéfeny, jsou nevhodné. Hodnota p odpovida vyznamu
jednotlivé ,,response* a n je pocet ,,response.

Zavérem této Casti lze jen zminit, Ze chemometrie umoZziuje v ramci
optimalizace zjistit, které faktory a jejich pfipadné vzajemné interakce jsou klicové pro
zdarny pribeh separace. Na druhou stranu neni tento zplsob optimalizace analytickych
metod vSespasny. Napiiklad nespravné zvoleny experimentdlni design, matematické
modelovani, ¢i Spatnd interpretace vysledki muze vést k nalezeni nespravnych

optimalnich podminek.
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3.6 Validace elektroforetickych metod

Cilem validace analytickych metod je prokazat vhodnost pouziti predkladané
metody pro jeji zamySleny ucel. Pro farmaceuticky pramysl jsou zavazna kritéria
stanovena lékopisy a dale Ize Cerpat i z obecnych, ale nezavaznych doporucéeni jako jsou
napt. stanovy ICH (International Conference on Harmonization) [83]. Kapilarni
elektroforéza je jiz nékolik let povazovana regulaénimi ufady jako plnohodnotna
analytickd metoda, coz dokazuje jeji zahrnuti jak v Evropském I¢kopise (EP 6th
Edition) [84], tak i Americkém lékopise (USP 30) [85]. V obecnych ¢astech téchto
1ékopist jsou uvedeny obecné staté o kapilarni elektroforéze, jejim provedeni a
ptipadné dalsi pozadavky. Piikladem praktického vyuziti CE v kontrole jakosti 1é¢iv
mize byt ¢lanek ,levocabastin hydrochlorid v Evropském 1ékopisu, kde je pro
stanoveni jeho necistot pozadovana kapilarni elektroforéza [84].

Pro nové vyvijené metody Ize v prubéhu validace postupovat dle smérnice ICH -
Q2 (R1) [86]. Postup validace se lisi podle tcelu, pro ktery je testovand metoda
validovéna:

1. test(y) identity

2. stanoveni achiralnich a chiralnich necistot

3. limitni testy na necistoty

4. stanoveni hlavni obsahové latky v substanci, lékové formé ¢i disoluénim
roztoku.

Mezi zéakladni valida¢ni parametry, které se dle ucelu metody testuji, patii:
selektivita, linearita, rozsah, spravnost, piesnost, limit detekce (LOD), limit kvantifikace
(LOQ), robustnost a test vhodnosti systému [86][87] (viz tabulka 3-4).
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Tabulka 3-4: Souhrn valida¢nich parametri, které musi byt hodnoceny u riznych druhi nové
zavadénych metod. Vysvétlivky: (-) — tento parametr neni hodnocen, (+) — tento parametr je
hodnocen, ® — v nékterych ptipadech miiZe byt vyZadovan. Upraveno dle zdroje [86].

Druh analyzy | ldentifikace | Limitni  test | Kvantitativni Stanoveni  hlavni
na necistoty | stanoveni ucinné latky
necistot

Valida¢ni

parametr

Spravnost - - + +
Presnost - - + +
Selektivita + + + +
LOD - + -8 -
LOQ - - + -
Linearita - - + +
Rozsah - - + +

Selektivita®. Tento parametr se také oznaGuje jako specifita a vyjadiuje
schopnost analytické metody rozpoznat analyt od vSech ostatnich potencialné
interferujicich latek (tzn., Ze signdl analytu neni vyvoldn zadnou interferujici latkou).
Nejbéznéjsim zpusobem, jak otestovat selektivitu, je analyza parentni latky spolu
S pomocnymi latkami a/nebo necistotami. Pokud nejsou zndmy necistoty, 1ze selektivitu
testovat také paralelni pln€é ovéfenou metodou. Vysledky obou metod se nésledné
porovnavaji. V tomto pripadé je vhodné analyzovat vzorky skladované za riznych
podminek: svétlo, teplo, vlhkost, oxidace, kysela/zasadita hydrolyza. Vedle tohoto
zpusobu lze charakterizovat selektivitu také jako cistotu piku. To je mozné provést
sledovanim UV spektra analytu v ptipadé DAD detekce ¢i hmotnostnim spektrem piku

U kapilarni elektroforézy je také nutné stanovit pocet stanoveni (analyz), které
Ize realizovat s jednou sadou vialek. Pokud je jedna sada vialek pouzivana pro
neimeérné vysoky pocet analyz, dochdzi vlivem elektrického proudu k elektrolyze,
ktera zpusobi zmény pH elektrolytu a nasledné¢ muze dojit ke zméné EOF a ionizace

analytl, coZ se miZe projevit zménou migracnich Cast a pfipadné selektivity. Pocet

* Tento a dali odstavce této kapitoly jsou zpracovéany dle zdroji [86] a [87], pokud neni uvedeno jinak.
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analyz, které 1ze provést s jednou sadou vialek, zavisi na kapacité pufru, objemu vialek,
generovaném proudu a dob¢ analyzy.

V piipadé chiralnich separaci v prosttedi BGE obsahujicim modifikované CD je
nutno ovéfit, zda se selektivita méni se stupném substituce a mezi CD rtiznych Sarzi a
vyrobct.

Linearita. Analyzou sady roztoku riizné koncentrace se provéiuje, zda zavislost
odezvy detektoru je linearni se stoupajici koncentraci. Bézn¢ se testuje fada 5 rtiznych
koncentraci v pozadovaném rozsahu, pro ktery je validovana metoda urcena. Linearita
se hodnoti metodou linearni regrese, kde se hodnoti parametry rovnice piimky,
korela¢ni koeficient a residudlni suma ctverci.

Pro hodnoceni odezvy se pocita plocha pod pikem. Velmi Casto se také pouZzivaji
tzv. normalizované¢ (korigované) plochy, které odpovidaji poméru plochy a
odpovidajiciho migra¢niho casu. Tato metoda umoznuje provést korekci plochy piku
jeho migracnim casem. To souvisi se separaénim mechanismem elektroforetickych
metod. Zatimco u HPLC vSechny analyty putuji detekéni celou stejnou rychlosti (ktera
odpovida rychlosti toku mobilni faze) a tim se zdrzuji v detekéni cele po stejnou dobu, U
kapilarni elektroforézy se vzrustajicim migra¢nim ¢asem vzrusta i doba, kterou analyt
stravi vV detek¢ni cele. U analytd s riznym migracnim ¢asem, stejné koncentrace a stejné
absorbance (v pfipadé pouziti UV detektoru) roste odezva signidlu se vzrlstajicim
migracnim ¢asem, coZ se projevi rozdilem ploch. Normalizované plochy se pouZivaji
zejména v ptipadech hors$i reprodukovatelnosti migrac¢nich cast; tim se zlepsi
reprodukovatelnost kvantifikace.

Rozsah. Navrhovana analytickd metoda by méla byt linearni, spravna a piesna
Vv celém rozsahu vcetné jeho hrani¢nich hodnot. Pro ucely stanoveni by mél byt rozsah
alesponl 80-120 % testované koncentrace.

Spravnost. Spravnost metody vyjadiuje shodu mezi nalezenou hodnotou a
hodnotou, kterou 1ze povazovat jako referen¢ni. Tento validacni parametr se velmi Casto
hodnoti stanovenim vytéznosti (tzv. ,,recovery experiment®). Ten se realizuje znamym
pfidavkem analytu k placebu (Iékova forma neobsahujici analyt/y) a jeho stanovenim
testovanou metodou. Nalezeny vysledek se porovna s hodnotou znamého piidavku.
Vytéznost by se méla ovéfit alespon na tfech koncentracnich trovnich v sledovaném

rozsahu.
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Spravnost lze také vyhodnotit porovnanim vysledkti predkladané metody
s metodou referenc¢ni (kterd je jiz plné validovana a zavedend). Tato referenni metoda
by méla byt zalozena na jiném principu. Velmi Casto se tak v pfipad¢ elektromigracnich
metod voli jako referen¢ni metoda HPLC.

Presnost. Tento udaj vyjadiuje miru shody v sérii méfeni provedenych za
predepsanych podminek. Presnost Ize sledovat na tfech urovnich, které piedstavuji
riznou miru piesnosti metody: Opakovatelnost (repeatability), intermediarni pfesnost
(intermediate precission) a reprodukovatelnost (reproducibility).

Opakovatelnosti se rozumi variabilita vysledki ziskanych jednim analytikem na
stejném pristroji v kratkém cCasovém useku. Nejcastéji se hodnoti opakovanym
nastiikem redlného vzorku na 100% testovaného rozsahu (Sest nastfikll) anebo na tfech
koncentra¢nich trovnich (kazda se nastfikuje tiikrat). Stejné jako u dalSich dvou tGrovni
presnosti se hodnoti smérodatné odchylky migracniho c¢asu a ploch (popiipade
korigovanych ploch). V pifipadé metody vnitiniho standardu Ize hodnotit pomér ploch
nebo korigovanych ploch analytu na vnitini standard. Timto se vyrazné zlepsi
opakovatelnost, ktera je diky malym nastfikovanym objemim horsi v porovnani
s HPLC.

Intermediarni presnost vyjadiuje miru shody dosazenych vysledkd v jedné
laboratofi pfi zméné jednoho nebo vice faktord. V pribéhu stanoveni této miry presnosti

muzeme ménit: separacni kapilary riznych $arzi a vyrobeti v prubéhu jednoho dne, den

analyzy, kdy jsou kazdy den pfipraveny Cerstvé elektrolyty a vzorky, a analytika, ktery
si sam pripravi vlastni kapilaru, elektrolyt a vzorek.

Reprodukovatelnost je nejvyssi stupeni presnosti analytické metody a provadi se
Vv interlaboratornim méfitku, kdy se stejny vzorek analyzuje v riiznych laboratofich, a
ziskané vysledky se porovnaji.

Robustnost. Pii hodnoceni robustnosti se sleduje, jak jsou vysledky ziskané
navrzenou metodou ovlivnény malymi zménami jejich parametri. Béhem testovani
robustnosti se u elektromigra¢nich metod hodnoti, jakym zptsobem tyto malé zmény od
optimalnich podminek ovlivni samotny vysledek separace. NejCastéji se testuje vliv
slozeni elektrolytu, objem nastfiku, nastaveni detektoru (v pifipadé UV-VIS vinova
délka), teplota a ¢asy promyvani mezi jednotlivymi analyzami. Jelikoz faktort, které

mohou ovlivnit separaci je mnoho a ¢asto se nemusi ménit jeden, ale i vice faktorti
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najednou, tak vysledny efekt téchto malych zmén miize mit vyrazny vliv na robustnost
metody, pokud se jejich efekty scitaji. Naopak v ptipad¢, ze vysledky zmén separacnich
parametrii jdou proti sob¢, nemusi byt pozorovan zadny vliv na samotnou separaci.
Z tohoto divodu se také pro testovani robustnosti pouzivaji riizné statistické designy,
které umoziuji testovani mnoha faktorti najednou s minimem potiebnych experimenti.
Vedle screeningovych designi (Caste¢né faktoridlni design a Plackett-Burmantav
design) se v piipadé vyrazného vlivu nékterych faktorti pouziva i centralni kompositni
design K jejich hlubsimu studiu.

Na rozdil od HPLC je testovani robustnosti v pfipadé¢ CE vyrazné jednodussi,
protoze ¢as nutny k ekvilibraci HPLC kolony je pomérné delsi v ptipadé zmény mobilni
faze, nez Cas potrebny na ustaleni kapilary v pfipad¢ zmény BGE.

Limit detekce (LOD) a limit kvantifikace (LOQ). LOD odpovida nejnizsi
koncentraci anebo mnozstvi slouceniny, které je mozno ptedkladanou analytickou
metodou detekovat. Hodnota LOQ vyjadiuje nejnizsi koncentraci ¢i mnozstvi analytu,
kter¢ mlze byt metodou stanoveno s akceptovatelnou spravnosti a piesnosti. Tyto
parametry se nejcastéji vycCisluji u metod, které jsou uréeny pro stanoveni necistot
a/nebo degradac¢nich produktii.

Existuje n€kolik zplsobl, jak tyto parametry urit. Nejcastéji se setkdme
se stanovenim téchto limitd na zakladé poméru signalu k Sumu (S/N, signal-to-noise):

S_2H Rovnice 3-28
N h

kde ,, H zna¢i vysku piku méfenou mezi vrcholem piku a extrapolovanou zakladni linif
signalu a h odpovida rozsahu Sumu na elektroforegramu slepého roztoku a
zaznamenaného na vzdalenosti rovné dvacetinasobku Sitky piku v poloviné jeho vysky
na elektroforegramu ptedepsaného porovnavaciho roztoku. Pokud je to mozné, bere se

tato vzdalenost rovnomérné na ob¢ strany od mista, kde by se tento pik nachéazel* [88].
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b bt

Obrazek 3-29: Stanoveni poméru signalu k Sumu dle Evropského 1ékopisu. Pfevzato ze zdroje [88].

Pokud je pomér S/N = 3, odpovida signal této koncentrace limitu detekce. Pokud
je tento pomér 10, hovofime o limitu kvantifikace. Dalsi piistupy stanoveni LOD a
LOQ jsou zalozeny na vizualnim pozorovani a na vypocétu z parametrti kalibracni
ktivky.

Test vhodnosti systému (SST, system suitability testing). Pro kontrolu
chovani celého elektroforetického systému se pouziva tzv. test vhodnosti systému
(zptsobilost systému). Mezi parametry, které se urcuji, fadi Evropsky lékopis kapacitni
faktor (jen pro MEKC), pocet teoretickych pater, faktor symetrie piku, rozliSeni, RSD
migracnich ¢asii a ploch (popft. korigovanych ploch) a citlivost (pomér signalu k Sumu)
[84]. Americky lékopis [85] predepisuje pro test vhodnosti systému stejné parametry
jako Evropsky 1ékopis. VSechny tyto parametry krom¢é symetrie piku jiz byly popsany
Vv predchozim textu.

Faktor symetrie piku se vypocita dle nasledujiciho vzorce:

W0,05
d

2

A = Rovnice 3-29

kde ,,w, ,; odpovida sifce piku v jedné dvaceting jeho vysky, d znaci vzdalenost mezi

kolmici spusténou z vrcholu piku a vzestupnou ¢asti piku v jedné dvacetiné jeho vysky*
[88]. Pokud pomér dosahuje hodnoty 1,0, tak se jedna o idealné symetricky pik [85].
Jelikoz je symetrie piku v elektroforéze ovlivnéna mnoha faktory jako jsou podélna

diftize, elektrodisperze, adsorpce vzorku na stény kapilary, Jouleho teplo, délka
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nastiiknuté zony vzorku aj, lze s velkymi obtizemi dosadhnout idealn¢ symetrickych
pikt. Dle USP 30 Ize akceptovat i siln¢ asymetrické piky a to za podminky, Zze jsou

reprodukovatelné a nesnizuji selektivitu [85].

Wy

Obriazek 3-30: Faktor symetrie piku. Pfevzato ze zdroje [88].

Vramci SST 1Ize dle USP 30 zkouseny CE systém povazovat za
reprodukovatelny, pokud RSD z 5 ¢i vice opakovanych nastiikd neni vyssi nez 3,0%
[85]. Evropsky Iékopis neurcuje zadny konkrétni limit.

Dalsi rozdil mezi USP 30 a Evropskym Iékopisem je vypocet rozliseni mezi
dvéma sousednimi piky. V kapitole 3.5.1 je uveden vypocet dle USP 30, zde je pro

uplnost uveden i vypocet dle Evropského Iékopisu:

R, = 118G, ~ty Rovnice 3-30
Wy + Wy,

kde tg, > tg; @ W,;,W,, odpovida Sifce pikl v poloviné jejich vysky [84].

Jak je patrné z predeSlého popisu, validace elektromigracnich metod je
v zakladnich rysech velmi podobna validaci HPLC. Pfesto existuje né€kolik specifik,
které mohou vyrazné ovlivnit vysledek validace a které nelze podcenit: kondicionace
nové kapilary, rozdily mezi kapilarami rtiznych Sarzi a vyrobctl, Cistota a pavod
pouzivanych chemikalii, zkuSenost operatora (fezani kapilar a nastaveni detek¢niho
okna vyzaduji uré¢itou manudlni zrucnost a trénink).

Aby mohla byt elektroforetickd metoda pfenesena na jiny pfistroj V jiné
laboratofi, je potfeba nové zavadénou metodu velmi dobie popsat. V popisu metody by

meélo byt vedle dal§ich parametri uvedeno:
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celkova a efektivni délka kapilary,

intenzita elektrického pole ve V/cm a velikost generovaného elektrického
proudu,

injikovany objem,

piesny popis promyvani kapildry mezi analyzami,

maximalni pocet analyz, ktery lze provést s jednou sadou vialek,

detailni popis ptipravy elektrolytu,

promyvani kapilary po pouziti a jeji uchovavani (voda vs. vzduch).
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4 Vysledkova ¢ast - Komentar k publikovanym pracim

V této kapitole je podan struény komentai k publikovanym pracim. Uplny text

publikovanych praci je uveden v kapitole 5. Plakatova sdéleni prezentovana na

konferencich nejsou komentovédna; v tomto piipadé¢ je pouze uvedeno plné znéni

abstraktu v kapitole 5.

4.1 Prehled publikovanych praci

Prehled prijatych publikaci:

1.

2.

4.

Jag, P., Polasek, M., Pospisilova, M.: Recent trends in the determination
of polyphenols by electromigration methods, J. Pharm. Biomed. Anal. 40,
2006, 805-814. IF° = 2,032. Citovano®: 10x.

Jac, P., Polasek, M., Vaz Batista, A. 1., Kaderova, L.: Tungstate as
complex-forming reagent facilitating separation of selected polyphenols
by capillary electrophoresis and its comparison with borate,
Electrophoresis 29, 2008, 843-851. IF = 4,101. Citovano: 0.

Sungthong, B., Ja¢, P., Scriba, G. K. E.: Development and validation of a
capillary electrophoresis method for the simultaneous determination of
impurities of escitalopram including the R-enantiomer, J. Pharm.
Biomed. Anal. 46, 2008, 959-965. IF = 2,032. Citovano: 0.

Ja¢, P., Los, P., Spacil, Z., Pospisilova, M., Polasek, M.: Fast assay of
glukosamine in pharmaceuticals and nutraceuticals by capillary zone
electrophoresis with contactless conductivity detection, Electrophoresis,

uncorrected proof. IF = 4,101. Citovano: 0.

Piehled plakatovych sdéleni:

1.

Jag, P., Polasek M., Pospisilova, M.: Recent trends in the determination of
polyphenols by electromigration methods; 11"™ Meeting on Recent

Developments in Pharmaceutical Analysis, Rimini, 25. - 28. 9. 2005.

® Hodnota impact faktorii je z roku 2008.

® Dle databaze Scopus k 10.6.2008. Autocitace nejsou zahrnuty.
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2. Jag, P., Polasek M., Vaz Batista A. I., Kaderova L.. Comparative study of
borate and tungstate as complex-forming reagents for the separation of
selected polyphenols by capillary electrophoresis; 15" International
Symposium on Capillary Electroseparation Techniques, Patiz, 28. - 30. 8.
2006.

3. Ja¢, P., Polasek M., Vaz Batista A. l.: Utilization of tungstate-based
electrolyte for the determination of polyphenols in natural products by
capillary electrophoresis; 12" International Meeting on Recent

Developments in Pharmaceutical Analysis, Elba, 23. - 26. 9. 2007.
4.2 Analyza polyfenolii pomoci kapilarni elektroforézy

4.2.1 Komentar k praci ¢. 1: ,Recent trends in the determination of
polyphenols by electromigration methods*.

Polyfenolické slouceniny (flavonoidy a polyfenolické kyseliny) spolu s dalSimi
latkami jako jsou vitamin C, E a karotenoidy vykazuji antioxida¢ni u¢inky. Tyto latky
ptirodniho charakteru jsou soucasti potravy a byla prokazana souvislost s jejich
zvySenym piijmem v potravé a niz8i incidenci srdecnich onemocnéni, n¢kterych druhti
nadord a zanétlivych procest. Tento Uc¢inek je pfipisovan snizeni oxidacniho stresu,
ktery byva uvadén jako jedna z pticin vzniku téchto onemocnéni.

Z tohoto divodu se studiem polyfenolii zabyva mnoho védeckych pracovist.
Analytickd chemie vramci tohoto vyzkumu pfispivda zavadénim modernich
analytickych metod urfenych pro stanoveni téchto analyti v riiznych matricich
(rostlinny material, metabolity téchto latek v Zivych organismech aj.). JelikoZ rostlinny
materidl obsahuje ve vétsing€ piipadi Sirokou Skalu téchto latek, patii separani metody
mezi nejpouzivangj$i  analytické techniky pro jejich stanoveni. Vedle
chromatografickych metod (HPLC, GC), které jsou nejCastéji pouzivany v analyze
polyfenolt, predstavuji elektromigracni metody zajimavou alternativu.

Cilem této reSerSni prace bylo zmapovat nové trendy v analyze polyfenold
pomoci kapilarni elektroforézy za obdobi 5 let (1999-2005). V této publikaci jsou tii
tabulky shrnujici separacni podminky citovanych praci, seznam matrici, ve kterych byly
polyfenoly stanoveny, a seznam analyti. V nékterych piipadech jsou v textu podrobné&ji

diskutovany separa¢ni podminky a dosazené vysledky.
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Z celkem 47 puavodnich praci, které jsou v praci citovany, byla nejcastéji
pouzivana kapilarni zonova elektroforéza (32 c¢lankll) nasledovana micelarni
elektrokinetickou chromatografii (11 ¢lanki). Izotachoforéza byla pouzita pouze jako
prekoncentracni metoda k CZE. Nevodna elektroforéza a elektroforéza v Cipovém
méfitku byly pouzity pouze jedenkrat.

Nejcastéji pouzivanou slozkou zakladniho elektrolytu byl boratovy pufr, u n¢hoz
se s velkou oblibou vyuziva jeho komplexacnich schopnosti se slou¢eninami obsahujici
vicindlni —OH skupiny. Urc¢itou nevyhodou tohoto elektrolytu muze byt alkalické¢ pH
(9-10), které mize usnadnit oxidaci sledovanych analytu, jak jiz bylo diive diskutovano
(viz kapitola 3.4).

Pro zlepSeni selektivity byl v mnoha pracich pouzit pfidavek organického
rozpoustédla k zdkladnimu elektrolytu (MeOH, ACN). Také vliv cyklodextrinii na
selektivitu byl vyuzit jak u chiralnich, tak i nechiralnich separaci.

Micelarni elektrokineticka kapilarni chromatografie nalezla uplatnéni zejména
Vv separaci lipofilnich latek podobné struktury. Oproti CZE je zde separace zalozena
vedle elektromigrace (popiipadé tvorby komplexi v piipadé boratovych pufri) také na
rozdélovani mezi micelarni pseudostacionarni fazi a vodnym prostiedim. Napf.
methoxylace —OH skupin skeletu polyfenolti vede ke zvyseni jejich lipofility a tim i
Kjejich vyssi afinité k micelarni fazi a nasledné prodlouzeni migra¢nich cast
takovychto analytll. Opacéné glykosylace a vyssi pocet —OH skupin zvysuje hydrofilitu
studovanych analytd a ty potom migruji rychleji. Nejcastéji pouzivanycm tenzidem pro
analyzu polyfenoli pomoci MEKC patii SDS. Bylo také popsdno pouziti tzv. smiSenych
micel (SDS-cholat sodny; SDS-taurodeoxycholat; SDS-CHAPS) pro ovlivnéni
selektivity v téch pripadech, kdy konven¢ni MEKC selhava. Pro separaci syntetickych
polyfenolt byla pouzita MEKC vyuzivajici bis(2-ethylhexyl)sulfosukcinat sodny (AOT)
ke tvorbé vesikuldrni pseudostationarni faze.

Né&které z citovanych publikaci se zabyvaji porovnanim CE a HPLC metod
vyvinutych pro analyzu polyfenoli. Vysledky téchto praci demonstruji srovnatelnost
kapilarni elektroforézy s HPLC ve smyslu pfesnosti, citlivosti a linearity.

Velkou prednosti elektromigracnich metod je moznost ,,on-line* kombinace
pfedupravy a/nebo zakoncentrovani vzorku se separanim procesem, coZ je obzvlasté

velmi vyhodné u tak komplexni matrice jakou je rostlinny material. Na nasem pracovisti
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bylo v minulosti vyvinuto né€kolik metod kombinujicich ITP s CZE v dvoukolonovém
uspotradani. V prabéhu ITP analyzy dojde k oddéleni analyta (polyfenoll) od matrice a
jinych slozek. V dal§im kroku jsou studované analyty rozseparovany pomoci CZE.
Jinym zpisobem umoznujicim ,,on-line” Upravu vzorku a separaci je propojeni
pritokovych metod (FI) s CE analyzatorem. V pribéhu FI kroku dochéazi k upravé
vzorku pomoci extrakce na pevnou fazi (SPE), po které nésleduje separace analytii
pomoci CE.

Nejcastéji pouzivanou detekéni technikou byla UV spektrofotometrie (35
lanki), kterd je nasledovana elektrochemickou detekei (11 &lankd)’. Obecné je
elektrochemicka detekce (v naSem piipadé amperometricka) citlivéjsi nez UV detekce a
zaroven se vyznacuje dobrou selektivitou, protoze proteiny, cukry a tuky, které jsou
ptitomny v rostlinném materialu, obvykle neinterferuji. Hmotnostni spektrometrie byla
pouzita jen jednou a vysledna citlivost byla stejna ¢i horsi v porovnani s UV detekei.
Chemiluminiscen¢ni detekce je jinym zifidka pouzivanym zplisobem, jak v CE
detekovat analyty (z reSerSovanych praci jen 1 publikace). Jeji zna¢nou nevyhodou je,
ze neni komercéné dostupna a jeji realizace vyZaduje Gpravu pfistroje.

Kapilarni elektroforéza byla také vyuzita k hodnoceni antioxidacni aktivity
jednotlivych polyfenolt ¢i rostlinnych extrakti. Kromé metody zalozené na nepiimém
stanoveni hydroxylového radikalu byl nedavno piedstaven ,,on-column® zplsob
stanoveni antioxidac¢ni aktivity riznych polyfenoli. Posledné jmenovand metoda
vyuziva reakce H,O; se studovanymi latkami ptimo v kapilafe a po urcité inkubacéni
dob¢ je mozno separovat reakéni produkty.

Zaveérem lze konstatovat, Ze kapilarni elektroforéza je vhodnou separacni
metodou K analyze polyfenoli v riznych matricich a piipadnému studiu jejich
antioxidacni aktivity. Zaroven ji lze povazovat za plnohodnotnou alternativu k HPLC,

jak bylo dolozeno nékterymi publikacemi.

” Zde je ale nutno podotknout, e pomér 35:11 je znatn& zkreslen skute¢nosti, Ze viechny publikované

prace vyuzivajici ED byly vypracovany jednim pracovistém.
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4.2.2 Komentar k praci €. 2: ,,Tungstate as complex-forming reagent
facilitating separation of selected polyphenols by capillary
electrophoresis and its comparison with borate*

V této praci je predstaven novy typ zakladniho elektrolytu vyuZzivajici pridavek
WO,? jako komplexa¢niho ¢inidla pro separaci polyfenoli. Vyzkum v této oblasti
navazal na praci provedenou na nasem pracovisti, kdy byl zkouman vliv molybdenanu
na separaci stejnych analyti.

Diivodem pouziti tohoto typu elektrolytu je moznost pracovat v mirn¢ alkalické
az neutralni oblasti, kde je mensi riziko oxidace analyti vzdusnym kyslikem (viz
kapitola 3.4). Na zaklad¢ literarni reSerSe (Web of Knowledge) nebyl dosud piidavek
wolframanu k zékladnimu elektrolytu pro separaci organickych analytl aplikovan.

Pro separaci modelové smési (apigenin, luteolin, hyperosid, kvercetin, rutin,
kyselina chlorogenové a p-kumarova) byly nalezeny nasledujici optimalni podminky:
50 mM HEPES, 2,2 mM Na,WOy,, pH 7,4, 25% MeOH (v/v). Separace byla provedena
v kiemennych kapilarach o vnitinim praiméru 75 um, celkové délky 75 cm (efektivni
délka 42 cm) pii 30 kV. Analyty byly detekovany pti 275 nm. Vzorky byly ddvkovany
hydrodynamicky tlakem 50 mbar po dobu 6 sekund. Paralelné k tomuto novému
elektrolytovému systému byl pro stejnou modelovou smés vyvinut a optimalizovan
bézné pouzivany boratovy pufr. V tomto ptipad¢ ale nedoslo k uplné separaci vSech
analyti; nejlepsich vysledki bylo dosazeno v systému 20 mM tetraborat pH 9,0
(upraveno kyselinou boritou), 20 kV. Ostatni podminky byly identické jako u ptedchozi
metody. Jako vnitini standard byla pouZita u obou metod kyselina skoficova.

U obou metod byla porovnana selektivita (rozliSeni mezi analyty), linearita,
citlivost, uc¢innost separacniho procesu a opakovatelnost. VSechny numerické vysledky
jsou piehledné tabelovany v ¢lanku. Souhrnné lze konstatovat, Ze se vSechny analyty
modelové smési podafilo separovat pouzitim prakticky neutralniho BGE s ptidavkem
WO42. V pripadé¢ boratu se nepodaftilo v prib&hu optimalizace od sebe rozd¢lit apigenin
od kyseliny p-kumarové. Na druhou stranu separa¢ni medium zaloZené na boratovém
pufru poskytlo rychlejsi separaci, lepsi citlivost a vyssi separacni ucinnost. Linearita
byla pro obé metody studovana v rozsahu 25-175 pg/ml (pro vSechny analyty) a
poskytla podobné vysledky. Opakovatelnost migracnich ¢asti a ploch v ramci jednoho
dne (Sest nastiiki) a dvou dni (kazdy den Sest nastfikl) je v porovnani s udaji

V literatufe pon€kud horsi, ale pfesto pro vétSinu analyth akceptovatelnd. V ramci
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jednodenni opakovatelnosti je RSD migrac¢nich ¢ast (RSD < 1,4) a ploch (RSD < 5,6)
lepsi pro wolframan neZ pro borat (RSDgas< 4,7; RSDpiocha<10,9). Mezidenni piesnost
poskytla srovnatelné vysledky pro obé metody.

Nové vyvinutd metoda zalozend na BGE obsahujicim Na,WO, byla aplikovana
na analyzu obsahu polyfenolt v extraktu Hypericum perforatum. Obsah nalezené¢ho
rutinu a hyperosidu v lyofilizovaném extraktu odpovidal 0,92% pro kazdou z latek
(vztaZeno na suchou drogu). Vytéznost byla vyssi nez 94,5% (n=6). Krom¢ téchto dvou
flavonoida byl v extraktu identifikovan kvercetin a kyselina chlorogenova (v mnozstvi
nedosahujici LOQ).

Vysledky publikované v této praci demonstruji prvni vyuziti wolframanu jako
komplexaéniho ¢inidla pii elektroforetické analyze polyfenolt. Jistou nevyhodou této
metody je nizsi citlivost v porovnani s boratovym elektrolytem, vyhodou je moznost

provést analyzu v neutralnim prostredi.
4.3 VyuzZiti kapilarni elektroforézy ve farmaceutické analyze

4.3.1 Komentar k praci €. 3: ,Development and validation of a
capillary electrophoresis method for the simultaneous
determination of impurities of escitalopram including the R-
enantiomer*

Cilem této prace bylo vyvinout, optimalizovat a validovat kapildrné
elektroforetickou metodu pro stanoveni neCistot escitalopramu. Jako necistoty byly
vybrany inaktivni enantiomer (R)-citalopram a synteticky prekurzor t¢inné latky ((R,S)-
citadiol). V pribéhu vyvoje bylo vyzkouSseno mnoho chiralnich selektorii ze skupiny
cyklodextrinti. Nejlepsich vysledkii bylo dosazeno v dudlnim systému obsahujicim ~15
mg/ml sulfatovaného B-CD a ~ 1 mg/ml B-CD. Jako zékladni elektrolyt byl pouzit
fostatovy pufr o pH 2,5. Pro dosazeni akceptovatelné symetrie pikd a vysoké separacni
ucinnosti bylo nutné provadét separaci pii otocené polarité (anoda na strané detektoru).
Jelikoz je citalopram v lékovych formach ptfitomen ve formé soli (nejcastéji ve forme
bromidu ¢i oxalatu), bylo nutné metodu vyvinout tak, aby tyto anionty neovliviiovaly
selektivitu separacniho procesu. V priabéhu samotné optimalizace byl studovéan vliv 4
faktorti (koncentrace sulfatovaného B-CD, koncentrace fosfatového pufru, vkladané
nap¢ti a teplota) na rozliSeni mezi obéma enantiomery citalopramu, rozliSeni mezi

oxalatem a (R)-citalopramem, migra¢ni cas posledni slouceniny ((R)-citadiol) a
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generovany proud. Optimalizace byla provedena pomoci centralné kompozitniho
designu a byly nalezeny tyto optimalni separa¢ni podminky: 20 mM fosfatovy pufr, pH
2,5 (upraveno NaOH) obsahujici 22 mg/ml sulfatovaného B-CD a 0,5 mg/ml B-CD.
Separace za optimalnich podminek probiha pii 28°C a -20 kV v kiemennych kapilarach
o vnitinim praméru 50 um a celkové délce 47 cm (efektivni délka 40 cm). Analyty byly
detekovany pii 205 nm. Nastiik vzorkti byl realizovan pomoci hydrodynamického
davkovani tlakem 0,5 psi po dobu 6 vtefin. Migracni potradi studovanych latek je za
optimalnich podminek nasledujici: bromid, oxalat, (R)-citalopram, escitalopram, (S)-
citadiol, (R)-citadiol.

V pribéhu validace, ktera byla provedena pro piipadné necistoty (R)-citalopram,
(R)-citadiol a (S)-citadiol dle ICH Q2(R1), byly sledovany tyto parametry: selektivita,
linearita, LOD, LOQ a pfesnost. Samotna validace metody pro analyzu necistot by méla
byt provedena v pfitomnosti prebytku parentni latky. V naSem piipad¢ to nebylo mozné,
protoze substance escitalopramu obsahovala cca 2,4% (R)-citalopramu (dle
normalizovanych ploch). Validace metody byla provedena pouzitim racemického
citalopramu a citadiolu v rozmezi 0,05-3,0% pro (R)-citalopram a 0,05-1,0% pro
enantiomery citadiolu vzhledem ke koncentraci escitalopramu 5 mg/ml. Validace byla
provedena za pouziti vnitiniho standardu kyseliny salicylové, ktera migruje mezi obéma
enantiomery citadiolu. Vysledky validace jsou uvedeny ve formé tabulek v samotném
¢lanku.

Vyvinuta a validovana metoda byla aplikovana ke stanoveni ¢istoty
escitalopramu v substanci a v tabletach. Kromé toho byly také analyzovany tablety
obsahujici racemicky citalopram. Vysledky stanoveni v tabletach jsou uvedeny v ¢lanku
ve form¢ tabulky. Pro stanoveni vytéZnosti extrakce z tablet byla provedena druha
extrakce, po které nebyl nalezen zadny (R)-citalopram a asi 7% (S)-citadiolu, ktery
nebyl extrahovan v prvnim kroku. Po druhé extrakci byly ke zbytku tabletoviny pfidany
studované necistoty o znamé koncentraci a stanoven jejich obsah. Vytéznost pro
vSechny tfi slouceniny byla vyssi nez 88%, coz lze povazovat za uspokojivy vysledek u
analyz minoritnich sloZek.

Dosazené vysledky demonstruji vyuzitelnost vyvinuté metody pro stanoveni

Cistoty escitalopramu a to jak substance, tak i ve form¢ tablet. A¢koliv tato metoda
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nebyla vyvinuta a validovana pro stanoveni citalopramu, mize byt po revalidaci pouzita

pro stanoveni citalopramu v racemické smési.

4.3.2 Komentar kpraci €. 4: ,Fast assay of glucosamine in
pharmaceuticals and nutraceuticals by capillary zone
electrophoresis with contactless conductivity detection*

Glukosamin je aminocukr, ktery je pfirozenou soucasti chrupavky a pouziva se
bud’ samostatny anebo v kombinaci s jinymi u¢innymi latkami k terapii osteoartrozy.
V Evropském I€kopisu neni uvedena monografie vénujici se glukosaminu, zatimco
Americky 1ékopis pro jeho stanoveni v substanci ¢i lékovych formach piedepisuje
HPLC.

Stanoveni glukosaminu pomoci UV detekce je pomémné obtizné, protoze
vyzaduje pro docileni dobré citlivosti derivatizaci analytu. Pro analyzu v biologickych
vzorcich se nejcastéji pouzivaji separacni metody ve spojeni s MS detekei ¢i LIF po
nezbytné derivatizaci analytu.

Bezkontaktni vodivostni detekce ve spojeni s kapilarni elektroforézou pro
stanoveni tohoto analytu postradajiciho vyrazné chromofory pfedstavovala zajimavou
alternativu.

Cilem této prace bylo navrhnout rychlou, reprodukovatelnou a spravnou metodu
vyuzivajici spojeni CE a CCD detekce. Jelikoz je glukosamin velmi ¢asto formulovan
Vv pevnych peroralnich Iékovych formach spolu s chloridem ¢i siranem draselnym, byla
nova metoda vyvinuta takovym zpiisobem, aby umoZnovala stanoveni ucinné latky
vedle draselnych iontt.

Separace probihala v kfemennych kapilarach o vnitinim priméru 50 pm,
celkové délky 75 cm a efektivni délky 27 cm. Zakladni elektrolyt obsahoval 30 mM
octanovy pufr o pH 5,2 (upraveno 1M NaOH). Analyty byly separovany pii 30 kV a
25°C. Vzorky byly davkovany tlakem 50 mbar po dobu Sesti vtefin.

V pribéhu validace byla testovana selektivita, rozsah, linearita a opakovatelnost
jak pro glukosamin, tak i pro draselné ionty. Intermediarni piesnost a spravnost byly
zkouméany jen pro glukosamin. Jako wvnitini standard byl pouzit ethanolamin.
VyuZitelnost predkladané metody byla demonstrovana na analyze tii 1é¢ivych ptipravka
a jednoho potravinového doplitkku. V téchto vzorcich byl stanoven jen obsah

glukosaminu, nikoliv draselnych iontt, jelikoz stanoveni jejich obsahu neni pozadovano
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Americkym lékopisem. Vysledky validace a kvantifikace glukosaminu v realnych
vzorcich jsou piehledné zpracovany ve formé tabulek.

Vysledky uvedené v této publikaci jasné demonstruji vyuzitelnost CE/CCD pro
stanoveni glukosaminu v IéCivych pfipravcich ¢i potravinovych dopliicich. V ramci
testovani spravnosti vysledki nebyl potvrzen statisticky vyznamny rozdil mezi novou
CE/CCD metodou a jiz validovanou metodou zaloZzenou na HPLC stanoveni

glukosaminu s UV detekei.
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5 Prilohy
5.1 Publikované c¢lanky

5.1.1 Priloha 1: Ja¢, P., Polasek, M., Pospisilova, M.: Recent trends in
the determination of polyphenols by electromigration methods,
J. Pharm. Biomed. Anal. 40, 2006, 805-814.
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Ahstract
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1. Introduction

Antioxidants are both natural and synthetic compounds pos-
sessing ability to scavenge free radicals and to inhibit oxida-
tion processes. Polyphenols (lavonoids and polyphenolic acids)
together with ascorbic acid, vitamin E and carotenoids are the
most important natural reducing agents occurring i diet that
are believed to protect biological tissues from oxidative stress.
As evidenced by results published by some authors, a diet rich
m these substances can reduce the incidence of coronary heart
disease, some kinds of cancer and inflammation processes [1,2].
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Fig. 1. The basic skeleton of flavenoids (A) and hydroxyphenylearboxylic acids
(B).

The main structural types of polyphenols are represented
by hydroxyphenylearboxylic acids and flavonoids (see Fig. 1).
Their content was determined in many herbs and natural prod-
ucts such as olive oil, wines and propolis. It is assumed
that the consumption and use of these nutritional products
in France (red wine) and Mediterranean countries (Greece,
Spain) 1s associated with lower incidence of heart diseases and
cancer.

The number of papers dealing with the assay of antioxidants
in various analytical matrices 1s increasing i accordance with
growing interest in the investigation of their pharmacological
and biological effects. Due to complex composition of plant
materials, the separation methods play the most important role in
the assay of antioxidants. In addition to chromatographic meth-
ods (LC and GC) that still occupy the leading position in pharma-
ceutical and phytochemical analysis, numerous papers dealing
with the determination of antioxidants by means of electromi-
eration methods have been published. High separation efficiency
as well as short analysis time and low consumption of sol-
vents and samples are characteristic features of electrophoretic
separation techniques. On the other hand their drawbacks are
generally lower sensitivity and worse reproducibility compared
to HPLC.

Capillary zone electrophoresis (CZE) and micellar electroki-
netic chromatography (MEKC) are the two “classical” modes
of electromigration methods that are most frequently employed
for the determination of various antioxidants in different herb
materials.

CZE separation 1s based on different migration of charged
solutes (caused by the differences in their charge to mass ratio)
in a conductive liquid placed in a capillary under the influence of
a high-voltage electric field. The movement of solutes in a silica
capillary 1s also affected by the electroosmotic flow (EOF) that
originates thanks to negatively charged silanoate groups of the
capillary walls. Cations of the electrolyte are attracted by the
negatively charged wall to form a fixed layer; other cations form
amobile layer which migrates toward the cathode while the bulk
of the buffer solution co-migrates with it and gives rise to the
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EOF. Since the EOF 1s greater than electrophoretic mobility of
the negatively charged solutes (originally they tend to migrate
toward the anode) both negatively and positively charged solutes
can be analyzed within one run. On the other hand all neutral
analytes migrate with the rate of the EOF and remain unseparated
[3].
Neutral analytes can be separated by another electromi-
gration techmique called micellar electrokinetic chromatogra-
phy (MEKC). In MEKC the BGE contains a charged surfac-
tant (often sodium dodecyl sulfate, SDS) at a concentration
level exceeding its critical micellar concentration (CMC). The
micelles formed serve as a “pseudostationary phase” and the
analytes undergo partitioning between the micelles (hydropho-
bic phase) and BGE (hydrophilic phase). Here the mechanism
of separation 1s also based on the differences in the lipophilicity
of analytes [3].

In 1sotachophoresis (ITP) a zone contamning a mixture of ana-
lytes (cations or anions) is introduced between two different
buffers. One buffer called “leading electrolyte™ (LE) contains a
leading ion (cation if the analytes are cations) that has higher
mobility than that of any of the analytes and the other buffer
called “terminating (or trailing) electrolyte™ (TE) contains a ter-
minating ion that has mobility lower than that of any of the
analytes. When an electric field i1s applied to the capillary the
analytes are stacked into zones according to thewr mobilities and
in equilibrium state these distinct zones migrate at the same
velocity. The analyte zones closely follow one another (with
sharp boundaries. no gap between them) arranged according to
their mobilities, with the fastest analyte 1on moving behind the
leading electrolyte, ete. In the steady state each ITP zone con-
tains only one kind of analyte and common counter-ion. Due to
the existence of the “Kohlrausch regulating function™ the con-
centration effect exists; it means that the concentration of analyte
in ifs zone 1s spontaneously adjusted to the concentration of the
LE. In one run either cations or anions can be separated but not
both. In comparison with CZE and MEKC the zone dispersion
in ITP is significantly decreased [3].

Several reviews concerning the assay of polyphenols
by electrophoretic methods were published earlier. Boyee
[4] swrveyed the use of CZE for the determination of
additives involving synthetic antioxidants such as butylated
hydroxvanisole (BHA), butylated hydroxvtoluene (BHT), tert-
butylhydroquinone (BHQ) and gallic acid esters m food.
Another review published by Klampfl et al. [5] focused on the
CZE assay of polyphenols, low-molecular acids, amimno acids
and fatty acids m foods. Gu et al. [6] reviewed the CZE methods
employed for the assay of resveratrol and some other flavonoids
in wine. Recently a critical review [7] evaluating the merits and
drawbacks of using CZE and HPLC i the analysis of phyto-
chemical substances including flavonoids and phenolic acids has
appeared. The author came to the conclusion that CZE will not
eventually replace HPLC n the phytochemical analysis but it
can be an alternative where analysis requires higher efficiency
or resolution than HPLC, especially in cases of phenolic poly-
mers, bioflavonoids and alkaloids. Two overviews recounting
the determination of tea components were published. Dalluge
et al. [8] reviewed the most important separation methods such
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as HPLC. CZE. GC and TLC used for the determination of
tea catechins that belong to the group of polyphenols pos-
sessing strong antioxidant and anticarcinogenic activity. Horie
et al. [9] summarized the mformation about the analysis of
tea components (amino acids, polyphenols, purine alkaloids
and vitanuns) by HPLC and CZE. Other reviews focused on
the determination of active components in Rhododendron dau-
ricum [10], Scutelarrie baicalensis [11] and Hippophae rham-
noides [12] by various separation methods mecluding also the
CE. A comprehensive overview devoted to separation methods
currently 1n use to determine flavonoids in various matrices
was published recently [13] but only nine out of 133 refer-
ences appearing in the review are related to electromigration
methods.

The aim of the present compilation 1s to indicate new trends
i the use of electrophoretic methods that have been utilized for
the determination of polyphenols during the last 5 years. The list
of separation conditions. analytical matrices, and analytes are
presented m the form of tables (see Tables 1-3). Other details,
where appropriate, are discussed m the text.

2. General characteristics of the electrophoretic
methods reviewed

On the basis of the overview of 47 original papers concerning
electrophoretic analysis of polyphenols it 1s clearly seen that the
most exploited mode is conventional CZE (32 papers) followed
by MEKC (11 papers). Isotachophoresis (ITP) was employed
three tumes [30—32] but solely as a pre-concentration technique
coupled to CZE (see Section 5). Merely two papers dealing
with the separation of polyphenols are based on novel tech-
niques of non-aqueous capillary electrophoresis (NACE) [14]
and microchip-CE [15].

2.1. Background electrolvtes (BGEs)

It 1s well known that the separation mechanism i CZE is
based on the differences between the charge/mass ratio of the
solutes and that the degree of ionization of polyphenols (the
pK, values of —OH groups ranging between =27 and 12, depend-
g on the structure of the polyphenol molecule, see, e.g., [21])
can be simply manipulated by using BGEs comprising alkaline
buffers. As follows from the data collected 1 Table 1, for con-
ventional CZE the pH of the most frequently exploited BGEs
range between 9 and 10. Such BGEs are typically based on
tetraborate buffers; here the ability of borate to form negatively
charged complexes with vicinal -OH groups of polyhydric phe-
nols is utilized as well. It must be noted that until now practically
no attention has been paid to possible oxidation of rather reac-
tive polyphenols with oxygen in alkaline BGEs. A tendency of
using organic solvents (such as methanol and acetonitrile) as
modifiers for improving efficiency in both CZE and MEKC is
also notable [14.17.18,20,21,25 29-32 44 52-54 60]. Further-
more various types of cyclodextrins (CDs) were employed as
components of the BGEs acting as chiral selectors or just
improving the efficiency of separation of non-chiral analytes
[16].
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3. Micellar electrokinetic capillary chromatography
(comparison with CZE and HPLC)

Even though it 1s generally believed that MEKC possesses
higher separation efficiency than CZE the utilization of MEKC
m the determination of flavonoids was about three tumes less
frequent than that of CZE in recent 5 years. It seems that the
use of borate-based buffers in conventional CZE allows suffi-
cient resolution of polyphenols mn relatively complicated mix-
tures most probably thanks to the above-mentioned complex-
formation effects of borate. On the other hand in the case of
compounds with similar structure but different lipophilicity. the
use of micelles 15 advantageous since the separation process is
affected by more factors compared to CZE (e.g.. unsaturation
of C-ring lowers the migration time; methylation of hydroxyl
group mecreases the hydrophobicity of analyte and consequently
its affinity to the micelles which results m mcrease in migration
times; glycosylation and higher number of —-OH groups increases
hydrophilicity and therefore migration times are decreased)
[21].

In the MEKC of polyphenols sodium dodecylsulphate is the
most widely used surfactant as can be traced in the data of
Table 1 [17,19,21,22.26,29,49,54 59 60]. Sodium cholate (SC)
was reported as an auxiliary additive to SDS-containing BGE in
the so called “muixed MEKC™. This separation technique utilizes
the formation of mixed micelles formed from both surfactants
to improve the resolution of either polar or non-polar analytes
that could not be separated by conventional MEKC [17,18].

Favorable properties of BGEs contaming mixed micelles
were reported by Gotti et al. [19] who added sodium taurodeoxy-
cholate and 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonate (CHAPS) to the SDS-contaming BGE. The
separation efficiency of these buffers in “mixed MEKC” was
compared with the CD-modified-MEKC when determining
catechins and xanthines m chocolate and cocoa. The best results
were obtained with the addition of hydoxypropyl-B-cyclodextrin
(HP-B-CD) to the SDS-containing buffer but satisfactory results
were attained also with the above-mentioned mixed-micelles
systems based on taurodeoxycholate and CHAPS.

Sodium bis(2-ethylhexyl) sulphosuccinate (AOT) as the
vesicles-forming surfactant was employed m the assay of BHQ,
BHA. BHT. propyl-. octyl-. dodecyl-gallate and vitamin E in
olive o1l [20].

In a number of papers the merts and drawbacks of HPLC
and the electromigration methods as utilized 1n routme analysis
of polyphenols were discussed [17.22-24].

Bonoli et al. [22] validated RP-HPLC and MEKC methods
employed for the determmation of tea catechins. In this study the
MEKC surpassed HPLC by higher sensitivity (the LODs for CE
ranged from 0.0013 t0 0.0051 pg/ml whereas for HPLC the LOD
values varied from 0.0250 to 0.385 pg/ml at S/N ratio = 3), reso-
lution and migration time repeatability (R.S.D. of retention times
m HPLC ranged from 0.2 to 4.14% whereas the R.S.D. of migra-
tion times in MEKC did not exceed 1.78%). The MEKC lost to
HPLC in the repeatability of the quantification of the overall con-
tent of catechins (the R.S.D. values ranged from 0.77 to 1.72%
and from 1.01 to 5.54% for HPLC and MEKC, respectively).
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Table 1
General characteristics of the reviewed methods
Analytes/matrix BGE Capillary/voltage Detection Reference
Catechin, epicatechin, myricetin, quercetin, 5mM malonate, 9.6 mM TBAOH in poly (GMA-co-NVP). UV 230nm [14]
Irans-resveratrol wine 100% MeOH 385cm
(8.5cm) x 50 pm30KV
Chlorogenic, ferulic, gentisic and vanilic 15mM borate (pH 9.5) Microchip CE2000V ED-carbon working [15]
acid‘wine electrode, +1.0V
Isorhamnetin, kaempferol, 20mM borate, 5 mg/ml DM-B-CD 35cm UV 270nm [16]
quercetin/Hippophae rhamnoides (pH 10.00) (30em) x 50 pm/15kV
Ascorbic acid, butylated hydroxyanisole, 10 mM borate, 40mM 5C. 15 mM 60 cm UV 254nm, 214nm [17]
ter-butylhydrogquinene, butylated SDS, 10% MeOH (pH 9.3) (52 em) x 75 pm/18 KV
hydroxytoluene, propyl-, octyl-,
dodecyl-gallate, isoascorbic acid,
tocopherol/sesame oil, wine
Tert-butylhydroquinene, butylated 35mM SC, 15mM SDS, 20mM 60 cm UV 214nm [18]
hydroxyanisole, butylated borate, 10% MeOH (pH 9.3) (52em) x 75 pm/18 KV
hydroxytoluene, propyl-, octyl-,
dodecyl-gallate/jam
Caffeine, catechin, cAMP. epicatechin, Detailed in text 385cm UV 220nm [19]
epicatechin gallate. epigallocatechin, (8.5cm) x 50 pm/15kV
epigallocatechin gallate, gallocatechin,
theobromine, theophylline/chocolate,
cocoa
Tert-butylhydroquinene, butylated 20mM borate, 20% ACN, 20 mM 57em UV 280 nm [20]
hydroxyanisole, butylated AOT (pHO94) (50em) x 75 pm/24 KV
hydroxytoluene, propyl-, octyl-,
dodecyl-gallate, vitamin E/olive oil
Catechin, epicatechin, hesperidin, icariin, 10mM H> POy, 5mM Na, B4O-, 50cm UV 214 nm [21]
ikarisoside, kaempferol, 90mM SDS, 10% ACN (pH 7.3) (42.4cm) = 75 pm/18 KV
kaempferol-3-0-rhamnoside, naringin,
quercetin, 2"-O-rhammnosylicariside,
tiliroside, wogonin/-
Gallic acid, catechin, catechin-3-gallate, 20mM KH, POy, 50mM Na;B.O-, 47cm UV 2000m [22]
epigallocatechin, 200mM SDS (3:1:2) (pH 7.0) (40cm) x 30 pm/30 KV
epigallocatechin-3-gallate,
epicatechingallate, gallocatechin,
gallocatechingallate
Chlorogenic acid, hyperoside, 60 mM borate (pH 10.0) 645cm UV 206 nm [23]
mutin/Fagopyrum esculentum (56cm) x 30 pm/30 KV
Apigenin, baicalein, caffeic acid, galangin, 35mM borate (pH 8.9) T0em UV 250 nm [24]
hesperetin, kaesmpferol, luteolin, (45em) x 75 pm/16.8kV
myricetine, naringenin, quercetin/wine
grape
Medicarpin, vestitone 25mM borate, 2 mM HP-B-CD. 80cm UV 210nm [25]
20mM HP-y-CD, 10% MeOH (pH (50 em) x 50 pm/15 KV
10.0)
Caffeine, catechin, epicatechin, catechin 200 mM borate, 20 mM phosphate, 64.5cm UV 210nm [26]
gallate, epicatechin gallate, 240 mM 5DS, 25 mM (56cm) x 50 pm/25kV
epigallocatechin, epigallocatechin 6-0-a-p-glucosyl-p -CD (pH6.4)
gallate/tea beverage
Apigenin sulfate, catechin sulfate, 20 mM phosphate buffer, 15% p-CD 32.5em x 50 pm/—5, UV 230, 280nm 27
epicatechin sulfate, 6,2°, 3'-flavonoid (pH3.3) —10kV
sulfate, quercetin sulfate
Cis/trans-resveratrolwine 40mM Na; B340, (pH9.5) 25ecm x 75 pm/5S KV UV 320nm [28]
Cis/trans-resveratrol wine T5mM SDS, 30mM H;BOs, 30mM 37cm UV 3l4nm [29]
Na;HPOy, 15% ACN (pH 2.2) (30em) x 30 pm25 KV
Caffeic, chlorogenic, cinnamic. ferulic, 25 mM MOPSO, 50 mM TEIS, FEP 16 cm x 0.3 mm UV 254nm, [30]
isoferulic, pivalic and p-coumaric acid, 10mM H;BO;, 0.2% HEC, 20% conductivity
hyperosid, 1soquercitrin, quercetin, rutin, MeOH (pH9.0)
vitexin,
vitexin-2-0" -thamnoside/Sambucus,
Crataegus
Chlorogenic acid, hyperoside, isoquercitrin, 25 mM MOPSO (TAPS), 50mM FEP 16cm x 0.3 mm UV 254nm, [31]
quercetin, gquercitrin, rutin/Hypericum TRIS, 55mM H:BO;, 0.2 % HEC, conductivity

perforatum

20% MeOH (pH 8.3; 8.75)
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Table 1 (Continued)
Analytes/matrix BGE Capillary/voltage Detection Reference
Caffeic, ferulic, gallic, p-cowmaric, 25mM MOPSO (TAPS), 50 mM FEP 16cm x 0.3 mm UV 254 nm, [32
protocatechuic, syringic and vanillic acid, TRIS. 15 (40) mM H;BO;, 0.2 % conductivity
apigenin, catechin, epicatechin. quercetin, HEC, 5mM pB-CD, 20% MeOH (pH
quercitrin, kaempferol, rutin, vitexin/red 8.5)
wine
Caffeic, gallic, gentisic, p-coumaric acids, 0.1MNa;B:O7 (pH9.5) 67cm x 75 pm20kV UV 280 nm [33]
catechin, epicatechin, myricetin,
quercetin, trans-resveratrol/wine
Epicatechin, hyperoside, quercetin, 50 mM borate (pH 8.7) NANA ED-carbon disc [34]
rutin/Fagopyrum esculentium electrode, 0.0V
Baicalein, baicalin, quercetin/Scutellarie 100 mM borate (pH 9.0) 40cm x 25 pm/12kV ED-carbon disc [36]
radix electrode, <00V
Daidzein, quercetin, rutin/Cinnamomium 100 mM borate (pH 9.0) 40cm x 25 pm/12kV ED-carbon disc [37]
camphora, Ligustrim lucidum, Flos electrode, <09V
sopharae
Apigenin, catechin, epicatechun, luteolin, 50 mM borate (pH 9.0) T0em x 25 pm/16kV ED-carbon disc [38]
quercetin. rutin/Ginkgo biloba electrode, +1.00V
Catechin, epicatechin, kaempferol, 50 mM borate (pH 9.0) T5em x 25 pm/14kV ED-carbon disc [39]
quercetin. rutin/Hippophae rhamnoides electrode, +250mV
Chlorogenic acid. baicalcin, baicalin 15mM borate (pH9.2) 60 cn/20kV ED-carbon disc [40]
electrode, <09V
Acacetin, caffeic acid, chlorogenic acid, 50 mM borate (pH §.4) T5em x 25 pm/15kV ED-carbon disc [41]
protocatechuic acid, quercetin, electrode, <095V
mutin/Herba cepbalanoplosis segeti,
Herba cirsii japonici
Farrerol. hyperoside, kaempferol, quercetin, 70 mM borate (pH 9.2) T5em x 25 pm/16kV ED-carbon disc [42
scopoletin, umbeliferone/Rhododendron electrode
dauricum
Genistein, genistin, kaempferol, quercetin, 50 mM borate (pH 9.0) T3em x 25 pm/16kV ED-carbon disc [43]
mutin/Flos sophorae electrode
Biochanin A hesperetin, 5-methoxyvflavone, 40 mM ammenium acetate, 15 % NANA Quadrupole ESI-MS [44]
naringenin/- ACN (pH9.5)
Chlorogenic acid. mitin/cigarettes 20 mM borate (pH 10) S0em x 75 pm/13kV Indirect [45]
chemiluminiscence
Rutin/Aponycum venetum, Jinkgo biloba, 20 mM phosphate (pH 7.4) 45cm x 25 pm20kV ED-carbon disc [46]
Morus alba, Rhododendron dauricum electrode
Caffeic acid, chlorogenic acid, p-coumaric 20mM Na; B3Oy (pH9.3) 60 cm UV 210nm [47]
acid. ferulic acid, gallic acid, catechin, (41 cm) x 50 pm20kV
kaempferol, morin, myricetin, quercetin,
trans-resveratrol, mutin/Hippophae
rhamnoides
Biochamin A daidzein, daidzin, genistein, 20mM borax-NaOH (pH 10.1) 47cm UV 200 nm [48]
puerarin/Puerarie radix (40 cm) x 50 pm/21 KV
Caffeine, catechin, epicatechin, 4mM Nap, B4O5, 12 mM K, HPO,, 85 cm (70 em) x 50 pm/ UV 200 nm, 266 nm [49]
epicatechingallate, epigallocatechin, 40mM SDS (pH 7.0) 30KV
epigallocatechingallate/tea (black, green)
Calycosin, licochalconel A, licoisoflavone 100 mM borate (pH 10.5) 5385cm UV 210nm [50]
A liquiritin/glycyrhizae radix (50cm) x 50 pm/30kV
Caffeic, cinnamic, dihydrocaffeic, ferulic, 45 mM borate (pH 9.6) 47cm UV 200 nm [51]
gallic, gentisic, o-coumaric, p-coumaric, (40cm) x 50 pm27kV
protocatechuic, siringic and vanillic acid,
hydroxytyrosol, quercetin, luteolin,
oleuropein glycoside, taxifolin,
tyrosol/olive oil
Ascorbic acid, didymin, ferulic acid, 35 mM borate, 5% ACN (pH 9.3) T0em x 30 pm21kV 200-360 nm [32
hesperidin, narirutin, phenylalanin,
phlorin, synephrine, tyrosine/orange juice
Apigenin, apigenin-7-0-glucoside, 25mM Na; B4 07, 20% MeOH (pH 65.5cm UV 275nm [53]
chlorogenic acid, isoorientin, 0.3) (38 cm) x 50 pm30KV
isoschaftoside, luteolin-4'-O-glucoside,
luteolin-7-0-glucoside, orientin, rutin,
schaftoside, vicenin-2, vitexin/Achillea
setacea
Apigenin, diplacone, mimulone/ Pawlownia 20 mM borate, 10mM SDS, 5% 35cm UV 280nm [54]

fomentosa

MeOH (pH 10.0)
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(30cm) x 50 pm/15kV
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Table 1 (Continued)

Analytes/matrix BGE Capillary/voltage Detection Reference

Acteoside, 3.7-dihydroxyquercetin, 30mM borate (pH 9.47) 5lem UV 254nm [55]
20-hydroxyecdysone, rutin/Lamium (43 4cm) x 75 pm20kV
maculatum

Catechin, gallic acid, kaempferol, quercetin, 150 mM boric acid (pH 10.0) 5lem UV 270nm [56]
quercitrin/Morus alba (42.5cm) x 50 pm/18kV

Apigenin, caffeic acid, ferulic acid, luteolin, 50mM borate (pH 9.2 60cm UV 262nm [57]
quercetin, rutin/propolis (50em) x 75 pm/23 KV

Baicalein, baicalin, oroxylin A, oroxylin 20mM NaH, POy, 25 mM Na;B.O- NANA UV 254 nmm [38]
A-7-O-glucuronide, wogonin, (pH7.24)
wogonin-7-0-glucuronide/Scuteliarie
radix

Quercetin, naringenin 200 mM Na; B4O;, 50mM SDS (pH S0em x 50 pm/18kV UV 200-360 nm [59]

8.5

Benzoic, cinnamic, 3 4-dimethoxycinnamic 25mM borate, 50mM SDS, 10% 64.5cm UV 2000m [60]
and p-cowmaric acids, chrysin, galangin, ACN (pH2.3) (56cm) x 50 pm/30kV
methy] and propyl 4-hydroxybenzoates,
pinocembrin and its 12
derivatives/propolis

Caffeic, chlorogenic, ferulic and 30mM NaH, POy, 30 mM Na, HPO. 87cm UV 220nm [61]
protocatechuic acid, flavone, quercitrin, (pH7.0) (80 cm) x 50 pm/30kV
mtin/-

p-catechin, epicatechin, myricefin, 30mM Na, HPO, (pH 8.83) 67cm UV 220, 380nm [61]
quercetin, rutin/- (60 cm) x 50 pm/20kV

Abbreviations: ACN: acetonitrile, AOT: bis(2-ethylhexyl)sodium sulfosuccinate, cAMP: cyclic adenosine 3'5"-monophosphate, CD: cyclodextring ED-
electrochemical detection, FEP: fluorinated ethylene-propylene copolymer, HEC: 2-hydroxyethyleellulose, HP-CD: hydroxypropyl-cyclodextrine, MeOH: methanol.
MOPSO: B-hydroxy-4-morpholinopropanesulfonic acid, NA: not available, poly-(GMA-co-NVP): poly(glycidylmethacrylate-co-N-vinylpyrrolidone), SC: sodium
cholate, TAPS-N-[tris{hydroxymethyljmethyl]-3-aminopropanesulfonic acid, TBAOH: tetrabutylammonium hydroxide, TRIS: tris(hydroxymethylamino)methane.

The results of other studies [17.23.24] indicate that the CE com-
pares well with HPLC in terms of precision, linearity and limit of
detection. For example Wang et al. [24] developed both CZE and
HPLC methods for the assay of nine flavonoids in wine grapes.
In this case the CZE seems to be slightly more sensitive than
HPLC (the LODs fell within 0.08-0.21 and 0.030-0.210 p.g/ml
for HPLC and CZE. respectively). Reproducibility of ether
method was very similar (e.g. R.S.D. of run-to-run reproducibil-
ity of retention times ranged from 0.34 to 0.53% for HPLC
and from 0.24 to 0.39% for CZE; R.S.D. of rmun-to-run mnte-
grated peak area varied from 0.70 to 3.82% for HPLC and 0.79
to 3.91% for CZE). Also the recovery experiment gave com-
parable results for both methods (93.3-107% for HPLC and
90.1-99.8% for CZE). Linear range 1s similar for both methods
(0.1-80 and 0.100-150 pg/ml for HPLC and CZE, respectively;
r=0.9990).

4. Electrophoretic determination of various kinds of
isomers including chiral separations

Allen et al. [25] applied CZE for fast screenmng of the
enantiomeric purity of flavonoids biosynthesized by transgenic
leguminous plants. Simultaneous chiral separation of mixtures
containing four enantiomers, namely R-vestitone, S-vestitone
and their metabolites (+)-medicarpin and (—)-medicarpin was
achieved by adding two different cyclodextrins into the BGE
(HP-f-CD and HP-y-CD facilitated the separation of the
vestitones and the medicarpins, respectively). The addition of
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methanol mto the BGE with the two CDs improved also the
separation.

Various types of cyclodextrins were tested to resolve enan-
tiomers of catechin and epicatechin. Only 6-O-a-D-glucosyl--
cyclodextrin (6G-B-CD) and HP-y-CD were effective i their
separation, but only 6G-B-CD allowed to separate them from
other catechuns. The method was applied to the analysis of real
samples of teas and tea beverages [26].

Dantulur1 et al. [27] were the first in finding separation
conditions for the resolution of highly sulfated flavanoids and
flavonoids. The possibility of chiral separation of ()-catechin
sulfate (CS) enantiomers and (—)-epicatechin sulfate (ECS) and
(+)-CS diastereomers was examined by applying various chiral
selectors. Because of high charge density of these compounds
it was possible to separate them with BGEs containing B-CD
either in pressurized capillary under the positive voltage or under
the reversed polarity conditions; the latter technique gave better
results.

Two papers dealing with the separation of cis- and trans-
resveratrol as positional isomers were published [28,29]. Nevado
et al. [28] used sumple borate buffer to separate these isomers
whereas Guetal. [29] deviseda MEKC method for the same pur-
pose. In either case the limits of detection and migration times of
both 1somers were similar but in [29] the linear calibration range
for trans-resveratrol was wider (45.6 pg to 22.8 mg/11n [29] and
500 pg to 20 mg/1 in [28]). Both methods were applied for the
determination of ¢is- and frans-resveratrol in wines but SPE with
C-18 cartridge for the sample pretreatment was required.
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Table 2 Table 3
List of analytical matrices L;sr of analvtes
Plant/drug References Substance References
Achillea setacea 53] Acacetin 41]
Aponycum venetum 46] Apigenin 24.32.38.53.54.57]
Cepbalanoplosis segeti herba 4] Apjéelm-?-o-glucoside 53]
E:hocolme jr ] Apigenin sulfate 27]
igarettes ] Baicalcin 40]
Cinnamomum camphora 37 Baicalein 24 36.58]
Cirsii faponici herba 41] Baicalin 36.40.58]
Cocoa ; ] Biochanin A 44.48]
Crataegus 1 Caffeic acid 24.30.32.33.41.47.51.57.61]
Fagopyrum esculentum 23.34] Calveosin 50]
Ginkgo biloba f 46] Catechin 14.19.21,22.26.32.33,38.30.47.49.56.61]

Glveyrrhizae radix
Hippaphae rhamnoides
Hypericum perforatum
Jam

Lamium maculatum
Ligustrum lucidum
Morus alba

30.47]

[ e
L N R B = = B = B P B e I = = L

56]

[ RN

Olive (oil, leaves—Eucomaia ulmoides) 51]
Orange juice 1
Paulownia tomentosa 4]
Propolis 57.60]

Puerariae radix

4
Rhododendron dawricum 42 46]
Sambucus flos 30]
Scutellariae radix 36.58]
Sesame oil 17
Sophorae flos 37.43]
Tea beverage [26]
Tea (black, green) [49]
Wine [14.15.17.28.20.32 33]
Wine (grapes) [24]

5. On-line methods utilized for the sample pretreatment

On-line coupling of ITP and CZE (ITP-CZE) has been used
recently for the determination of antioxidants in various matri-
ces; here the background electrolyte used in the CZE step may
be generally different from the LE and TE used in the preceding
ITP phase but the simplest way 1s to utilize the TE or LE from
the ITP step as the BGE 1n the CZE phase. The ITP-CZE tech-
nique allows improving the limits of detection substantially and
at the same time it mvolves a pre-separation step enabling the
removal of unwanted matrix from the mimor analytes of mnter-
est when analyzing complex samples such as plant materials or
wines [30-32].

The ITP pre-separation and pre-concentration step was car-
ried out i Huorinated ethylene-propylene copolymer capillary
(9.0cm x 0.8 mm 1.d.) linked to a CZE column operated with
UV detection. Picric acid and 1-nitroso-2-naphthol were used
as coloured markers to ensure proper timing of the introduction
of the stacked flavonoid ITP zones into the CZE capillary.

Another example of possible on-line pre-concentration of
analytes leading to the improvement of limits of quantification
15 integration of a flow-mjection (FI) system with a CE analyzer
[33]. The FI system conducted automated solid-phase extrac-
tion (SPE) of analytes before the CE analysis of wine samples
for flavonoids. The analytes were initially retained on a C-18
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Catechin-3-gallate
Catechin sulfate
Chlorogenic acid
Chrysin

Cinnamic acid
Daidzein

Daidzin

Didymin
Dihydrocaffeic acid
3,7-Dihydroxyquercetin
3,4-Dimethoxycinnamic acid
Diplacone
Dedecylgallate
Epicatechin
Epicatechingallate
Epicatechin sulfate
Epigallocatechin
Epigallocatechin-3-gallate
Farrerol

Ferulic acid

Flavone
6.2'.3"-Flavonoid sulfate
Galangin

Gallic acid
Gallocatechin
Gallocatechingallate
Genistein

Genistin

Gentisic acid
Hesperetin

Hesperidin

Hyperoside

Icariin

Tzarisoside A

Isoferulic acid
Iscorientin
Isoquercitrin
Isorhamnetin
Isoschaftoside
Kaempferol
Kaempferol-3-0-thamnoside
Licochalconel A
Licoisoflavone A
Liguiritin

Luteolin
Luteolin-4'-0-glucoside
Luteolin-7-0-glucoside
Medicarpin
5-Methoxyflavone
Mimulone

Morin

Myricetin

22.26]

15.23.30,31.40.41.4547.53.61]
60]

51.60]

37.48]

52]

60]
54]

17,18.20]
14,19.21.26.32-34.38,39.49.51]
19.22.26.49]

27]

19.22,26.49]

19.22.26.49]
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[

[
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[

[

[
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[24.60]
[2232.33.47.51.56]
[19.22]

[22
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[
[
[
[
[
[
[
[
[53
[
[
[
[1
[
[
[
[
[
[
[
[2
[44
[
[4
[

43.48)
43]

15.33.51]

24 4]

2152
233031.34.42]
')1]

')1]

30]

30,31]

16]

53]

6.21.24.32.30 42 43 47 56]

'31]

50]

50]

50]

24.38.51.57]

53]

53]
3]
]

54]
7]

14,24.33.47.61]
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Table 3 (Continued )

Substance References

Naringenin [24.44.59]

Naringin [21]

Narimtin [52]

o-Coumaric acid [51]

Octylgallate [17.18.20]

Orientin [53]

Oroxylin A [58]

Oroxylin A-7-0-glucuronide [58]

p-Coumaric acid [30,32.33.47.51.60]

Pinocembrin [60]

Propylgallate [17.18.20]

Protocatechuic acid [32.41,51,61]

Puerarin [48]

Quercetin [14,16.21.24,30-32,34,36-30.41-
43.47.51.56,57.50,61]

Quercetin sulfate [27]

Quercitrin [31,32,56,61]

Eesveratrol [14,28,20.33.47]

2"-0-Rhamnosylicariside [21]

Futin [23,30-32.3437-30.41.43.45-
47.53.55.57.61]

Schaftoside [53]

Scopoletin [42]

Syringic acid [32.,51]

Taxifolin [51]

Tiliroside [21]

Umbeliferone [42]

Vanillic acid [15,32.51]

Vestitone [25]

Vicenin-2 [33]

Vitexin [30,32.53]

Vitexin-2-0"-rhamnoside [30]

Wogonin [21,58]

Wogonin-7-0-glucuronide [58]

SPE municolumn and thereafter they were eluted by methanol
directly into the CE autosampler through a programmable arm.
Compared to ITP-CZE the FI-CE method was approximately 10-
times less sensitive (the LODs of most analytes were 0.03 mg/l
in the case of ITP-CZE [32] whereas for FI-CE [33] the LODs
ranged from 0.14 to 0.36 mg/l except of frans-resveratrol whose
LOD was 0.05mg/1). On the other hand the calibration range
for FI-CE was much wider (0.05-100 mg/1) compared to ITP-
CZE (0.125-5 pg/ml [32]). The repeatability of migration times
(n=6) was favourable (the R.S.D. values did not exceed 1.9%
but they were below 1% for most analytes). The repeatability
of peak areas (n=6) was worse: for nine substances the R.S.D.
ranged from 0.01 to 1.59% but for ferulic acid and quercetin
the R.S.D. were 8.02 and 10.98%, respectively [32]. In the case
of FI-CE only the repeatability data of peak areas (n=11) were
available (the R.S.D. ranged from 3.2 to 7.1%). The recovery
experiments were accomplished only in the FI-CE paper [33]
and the recoveries varied between 92 and 110% (at different
concentration levels).

6. Detection techniques

Besides the widely used UV spectrophotometric detection in
CZE of polyphenols (35 papers) electrochemical detection (ED)
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Fig. 2. Schematic diagram of CE chemiluminescence system: (1) running buffer
cell: (2) fnut, (3) electrode buffer cells; (4) Pt electrodes; (3) electrophoretic
capillary; (6) high-voltage power supply: (7) waste reservoir: (8) silicone seal:
(2) PMT; (10) amplifier; (11) T-connector; (12) reaction tube; (13) capillary
restrictor; (14) dark box: (15) KsFe (CN)s bottle: (16) computer with A/D card;
(17) reagent tube. Reprinted from [45] with permission from Elsevier.

was a frequent alternative (11 papers) thanks to the fact that most
of the polyphenols are easily oxidized. Although the UV detec-
tion 15 the most common detection technique in CZE, its main
disadvantage 1s usually lower sensitivity compared to UV detec-
tion in HPLC. This can be overcome either by the extension of
light pathway (wider bore capillaries or the so called “bubble
cells” [23]) or by applymg the technique of sample stacking
(see Section 5). Generally ED afforded higher sensitivity than
UV detection (LOD values ranged from 1078 t0 1077 g/ml of an
analyte for ED and from 107 to 1077 g/ml for UV detection)
and good selectivity [10]; consequently the ED 1s favorable in the
CZE analysis of plant materials for polyphenols because com-
pounds such as proteins, carbohydrates and lipids normally do
not interfere. The “bubble cell” extended capillary [23] and ED
[34] were employed m the analysis of phenolic compounds in
buckwheat (Fagopyrum esculentum); the latter detection tech-
niques was slightly more sensitive (the LOD ranged from 0.5
to 2.5 pg/ml of an analyte for UV detection and from 0.2 to
0.5 pg/ml for ED).

Chinese authors used an ED (amperometric) system based
on the end-column wall-jet configuration in which the working
electrode 1s placed at the outlet of the separation capillary and
detection 15 performed in the same solution reservorr that con-
tains the grounding electrode for the CE instrument [35]. In all
papers cited a three-electrode cell consisting of a carbon disc
working electrode, a platinum auxiliary electrode and saturated
calomel electrode as the reference electrode was utilized; work-
ing potentials were optimized by hydrodynamic voltammetry
[34.36-43 46].

Surprisingly mass-spectrometric detection appeared only
once [44] m the papers reviewed and its sensitivity was the
same (0.5 mg/l for hesperetin and naringenin) or 10-times worse
(2 mg/1 for biochanin A) compared to UV detection.

Pre-separation step in the ITP-CZE [30-32] was monitored
by auxiliary conductivity detection.

On-column chemiluminescence quenching was another
option for detecting separated analytes (see Fig. 2) [45]. Luminol
was added to the BGE and introduced at the head of separation
capillary during electrophoresis. An alkaline potassmum hexa-
cyanoferrate solution merged with the BGE at the outlet of the
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separation capillary. The limits of detection were by two orders
lower (10_5 mol/l) compared to the UV detection (10_3 mol/T)
when the analysis was performed under the same separation
conditions and with the same capillary. On the other the pres-
ence of relatively wide reaction capillary (0.8 mm1.d.) connected
to the end of the separation capillary influenced negatively the
separation efficiency and resolution. Such indirect chemilumi-
nescence detection was applied for the determination of rutin and
chlorogenic acid in cigarettes. Since the sample matrix inlibited
the chemiluminescence reaction too, correction by means of the
standard addition method was necessary.

7. Evaluation of antioxidation activity of polyphenols by
electromigration methods

CZE was utilized for evaluating antioxidation actrvity of
polyphenols and plant extracts. Cao et al. [46] developed an
mdirect CZE method capable of determining hydroxyl radical
generated by Fenton reaction. Salicylic acid is allowed to react
with hydroxyl radical to origmate 2 3-dihydroxybenzoic acid
(2,3-DHBA) and 2,5-dihydroxybenzoic acid (2.5-DHBA) that
are separated and determined by CZE with ED. If rutin or plant
extracts containing rutin are introduced into the reaction mixture,
the generation of hydroxyl radical and accordingly the formation
of 2.3-DHBA and 2,5-DHBA 1s suppressed. Rapid and simple
determination of hydroxyl radical scavenging activity of plant
extracts can be carried out mn this way.

Recently paper dealing with the on-column monitoring of
reaction kinetics for the determination of antioxidation potential
of various polyphenols was published [47]. Both antioxidants
and hydrogen peroxide were mtroduced into the CZE capillary
by means of autosampler. After fixed incubation period the volt-
age was switched on and the reaction products were separated.
Rutin, chlorogenic acid, p-coumaric acid, quercetin, cafferc acid
and gallic acid were tested either as individual compounds or
m various combinations. The rate constant of thewr oxidation
was calculated and compared with that of ascorbic acid as the
reference substance. This method was also applied to the deter-
mination of antioxidant potential of Hippophae rhamnoides
extract. Unavailability of commercial pneumatic autosampler
utilized in this study is certain disadvantage of this method.

8. Miscellaneous

Demianova et al. [14] devised a quick and repeatable NACE
method using 5mM malonate and 9.6 mM tetrabutyammoni-
umbydroxide in anhydrous methanol as the BGE and coated
(poly(glycidylmethacrylate-co-N-vinylpyrrolidone)) capillaries
for the determination of polyphenols in wines. Application of
such capillaries shortened the time of analysis and improved
repeatability m comparison with conventional bare capillaries.
The electroosmotic flow (EOF) in coated capillaries was signif-
icantly reduced (4 x 10~ m? V1 s~1). The lifetime of treated
capillaries was 40—45 days.

In spite of the fact that lab-on-chip technology undergoes
rapid development in recent decade. only one paper using the
microchip-CE techmique was dealing with the separation of
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Fig. 3. Schematic diagram of the electrophoretic glass microchip system cou-
pled with a screen-printed working electrode detector. S, sample reservoir;
EB. run buffer reservoir; WE, working electrode: RE, reference electrode; CE,
counter electrode; GND. ground electrode; DR, detector reservoir. Reprinted
from [15] with permission from Elsevier.

phenol dervatives of natural origin. Scampicchio et al. [15]
employed the microchip-CE method with amperometric detec-
tion (see Fig. 3) for the separation of hydroxyphenylcarboxylic
acids, namely chlorogenic, ferulic, gentisic and vanilic acid and
for their determunation in real wine samples. The method was
faurly reproducible (R.S.D. corresponding to the repeatability of
migration times ranged from 1.4 to 3.0% and that of peak areas
from 3.1 to 6.7%) with good linearity (linear range 50-300 pM
for chlorogenic acid and gentisic acid with correlations coeffi-
cients 0.998 and 0.996, respectively) and high sensitivity (LOD
10 pM of chlorogenic and gentisic acid; S/N = 3); sumple sample
pre-treatment and msignificant sample and BGE consumption
were the major advantages.

9. Concluding remarks

In spite of the fact that the MEKC of polyphenols possesses
higher separation efficiency than classical CZE, the CZE has
been utilized more frequently than MEKC for the determination
of flavonoids (the ratio of the number of CZE/MEKC papers
dealing with flavonoids and published in the recent 5 years 1s 3).
Apparently the conventional CZE with alkaline borate-based
BGEs exhibits sufficient separation effect for the resolution
of polyphenols in complex mixtures probably thanks to the
complex-formation ability of borate. On the other hand, it seems
that the danger of using alkaline BGEs for the analysis of such
strong reductants as polyphenols (that can be easily oxidized by
dissolved oxygen) has not yet been much considered by prac-
ticing analysts. In some cases, especially for compounds with
similar structure but different lipophility, the use of micelles is
advantageous since the electrophoretic behaviour of the ana-
Iytes 1s affected by more factors (compared to CZE) that can be
appropriately manipulated and optimized (surfactant concentra-
tion, addition of organiec solvent).

In addition to the CE analysis of complex mixtures of
polyphenols including chiral separations, the determination of
the level of antioxidation activity of individual compounds or
plant extracts is feasible. On-line coupling of electromigra-
tion methods with pre-separation methods (especially with ITP)
facilitates integration of automated sample clean-up and analyte
pre-concentration with the analysis proper. Microchip CE pro-
vides rapid analysis with small sample and solvent consumption.

When considering these facts it can be noted that CE became
a powerful analytical technique suitable for the separation of
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polyphenols that often compares well with HPLC in terms of
precision, linearity and limit of detection.
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1 Introduction

[mprovement of separation selectivity is of fundamental
importance in separation methods. In CE this can be
achieved through addition of various additives to BGE. Sev-
eral complexation additives were applied in CE to enhance
separation selectivity. For example, EDTA acid was used for
the simultaneous CE separation of small anions and cations
[1]. The employment of complexation for enhancing separa-
tion selectivity in the analysis of metal ions or organic
ligands by the addition of appropriate reagents into the BGEs
was discussed by Chiari [2]. In this context utilization of
borate buffers achieved relatively high popularity in CE

Priloha 2
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Research Article

Tungstate as complex-forming reagent
facilitating separation of selected
polyphenols by capillary electrophoresis
and its comparison with borate

A novel electrophoretic BGE containing tungstate as complex-forming reagent is suitable
for the separation of polyphenols. Similar to molybdate-containing BGE reported earlier (cf.
M. Poléisek, et al., Talanta 2006, 69, 192) addition of tungstate to BGE affects significantly
migration of compounds/ligands with vicinal ~-OH groups due to the formation of nega-
tively charged complexes involving W(VI) as central ion. Baseline separation of mixtures of
flavonoids (apigenin, luteolin, hyperoside, quercetin, and rutin) and phenolic acids (chlo-
rogenic and p-coumaric acid) was achieved within 15 min with optimized BGE of pH 7.4
containing 50 mM  N-(2-hydroxyethyl)piperazine-2'-(2-ethanesulfonic acid) (HEPES),
2.2 mM tungstate, and 25% v/v of methanol. The separation was performed in a 75 cm
(effective length 42 cm) x 75 um id uncoated fused-silica capillary at 30 kV with spectro-
photometric detection at 275 nm. The calibration curves were rectilinear for 25-175 pg/mlL
of all analytes (cinnamic acid as the internal standard). The LODs ranged from 1.8 to 6 pg/
mlL for all analytes except for chlorogenic acid. Intraday precision (n = 6) of migration times
(RSD < 1.2%) and peak areas (RSD < 5.6%) was evaluated. The tungstate-based BGEs can
be alternatively utilized for the analysis of polyphenols at considerably lower pH than with
conventional alkaline borate-based BGEs.

Keywords:
Borate / Complexation / Flavonoids / Phenolic acids / Polyphenols / Tungstate
selector DOI 10.1002/elps.200700598

analyses of different compounds possessing vicinal hydroxyl
groups. A comprehensive study dealing with the complex
formation of borate with electroneutral carbohydrates lack-
ing significant chromophores was published earlier [3]. Here
the authors also paid attention to the structure of negatively
charged complexes and their spectroscopic properties. In
this case the formation of negatively charged borate-hydro-
carbon complexes absorbing in the UV region enabled both
the CE separation of carbohydrates and their relatively sen-
sitive UV detection at 195 nm. Carboxylated carbohydrates
and their related 1,4-lactones with aliphatic 1,2- or 1,3-diol
moieties were separated by CZE using BGE containing
400 mM borate as complex-forming additive [4]. Though of
negligible buffering capacity, such borate-based buffer of ex-
tremely low pH 7.1 was employed to avoid rapid hydrolysis
of the lactones during the separation runs. Borate was also

Correspondence: Dr. Miroslav Polések, Department of Analytical
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applied in the CE determination of naturally occurring poly-
phenols, for example, in Fagopyrum esculentum [5], wine
grapes [6], red wine [7], and olive oil [8]. Tea catechins were
separated in a borate-phosphate-SDS system [9, 10]. For
other details concerning analysis of polyphenols by CE see
relevant reviews [11, 12].
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A relatively high pH of borate BGEs (~9-10) may be a
drawback since the polyphenols can be oxidized by the air
oxygen in alkaline aqueous media. Possible risk of sponta-
neous analyte oxidation with oxygen during the sample pro-
cessing could be reduced by performing the CE separation
under anaerobic conditions (which is not always effortlessly
feasible) or in less alkaline or neutral BGEs [13-16]. For
instance, tea catechins [13, 15] are stable toward oxidation in
acidic medium. By increasing the pH from 5.0 to 7.4, the
oxidation of tea catechins became faster. At pH values higher
than 8 almost complete degradation was observed in a few
minutes [13]. Recently Zenkevich et al. [16] examined the
stability of aqueous solutions of quercetin (pH 8-10, ambi-
ent temperature, air bubbled through the test solution) by
HPLC. After 1 h of air oxidation 86% of the original amount
of quercetin was oxidized and after 3.5 h no quercetin could
be detected by HPLC.

A new molybdate-based BGE suitable for the separation
of polyhydric phenols at nearly neutral pH was intreduced
recently [17]. In that study, addition of molybdate (~mM
concentrations) to neutral BGEs affected the electrophoretic
migration of compounds with vicinal -OH groups but the
electrophoretic behavior of monohydroxy compounds was
unaffected. This effect is similar to that of borate but the
complex formation with Mo(VI) occurs at considerably lower
pH due to generally higher stability of Mo(VI) complexes
with 1,2-dihydroxy ligands, such as 1,2-dihydroxybenzene
(H,L) forming [MoO,L,]*~ species [18].

It is well known that tungstate exhibits complex-for-
mation properties similar to those of molybdate [18]. Sev-
eral papers dealing with the structural studies of W(VI)
and/or Mo(VI) complexes with sugar acids were published.
For example, p-gulonic acid forms a number of different
complex species with W(VI) or Me(VI) and the complex
formation is influenced by pH and metal-ligand con-
centration ratio [19]. Formation of various mone- and
polynuclear complexes involving W(VI) or Mo(VI) as the
central ion and p-gluconic [20], t-mannenic [21], p-galac-
tonic [22], p-galacturonic [23], p-glucuronic [23], p-galactaric
[24], and p-mannaric [24] acid as ligands was investigated
by NMR previously. Complex formation of organic hydroxy
acids (citric [25], lactic [26], and mandelic [27] acid) with
tungstate or molybdate was investigated using potentio-
metric and enthalpimetric titrations. Amin et al. [28]
investigated complexation equilibria between quinolone
ligands (ciprofloxacin, ofloxacin, and norfloxacin) and
tungstate, molybdate, or vanadate. A mixed phosphate-
tungstate reagent forming a heteropoly anion [P(W,,030)]"~
was employed to determine trace amounts of Sb(IIl) and
Bi(Ill) by CE [29].

To our best knowledge tungstate has not yet been used
as a complex-forming selector in CE analysis of organic
analytes. The aim of the paper presented is to examine the
effect of sodium tungstate on the electrophoretic separa-
tion of a model mixture of polyphencls (containing api-
genin, luteolin, hyperoside, quercetin, rutin, chlorogenic
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acid, and p-coumaric acid) and to compare the figures of
merit of the devised tungstate-based method with those of
concurrently developed CE method based on borate BGE
that is conventionally employed for the separation of poly-
phenols.

2 Materials and methods
2.1 Instrumentation

All experiments were carried out with a PrinCE 650 system
(PrinCE Technologies B.V., The Netherlands) equipped with
Lambda 1010 UV-VIS detector (Leonberg, Germany) and
WinPrinCe software (as an integrated module of DAX data
acquisition and analysis package). The pH of BGEs was
measured by the PHM 220 pH-meter (Radiometer, France)
with PHC2401-8 combined glass electrode calibrated with
standard aqueous Radiometer buffers. Absorption spectra of
solutions of the analytes in the BGEs were measured by
Hewlett-Packard 8453 spectrophotometer.

2.2 Electrophoretic procedure

Uncoated fused-silica capillaries (75 um id, total length
75 cm, 42 cm to detector; lot ANF02A) were obtained from
Composite Metal Services (The Chase, Hallow, Worcester,
UK). Before the first use the capillary was rinsed at 750 mbar
successively with methanol (MeOH) for 5 min, ultra-pure
water for 3 min, 0.1 M HCI for 20 min, ultra-pure water for
3min, 1M NaOH for 30 min, and ultra-pure water for
30 min. Daily the capillary was conditioned before the first
and after the last analysis with 0.1 M NaOH followed by
ultra-pure water (each step for 10 min at 1000 mbar). Be-
tween the runs the capillary was successively rinsed at
1000 mbar with 0.1 M NaOH for 2 min, ultra-pure water for
2 min, and appropriate BGE for 4 min. The capillary tem-
perature was maintained at 25°C. Samples were injected
hydrodynamically at 50 mbar for 6s. The UV spectro-
photometric detection was carried out at 275 nm. DMSO was
used as the EOF marker.

2.3 Chemicals

Apigenin, boric acid, chlorogenic acid, DMSO, MeOH,
p-coumaric acid, quercetin, trans-cinnamic acid, rutin,
sodium tetraborate, and Tris were purchased from Aldrich
(Milwaukee, WI, USA). HEPES and luteolin were obtained
from Fluka (Buchs, Switzerland). Sodium tungstate dihy-
drate was from Riedel-de-Haén (Seelze, Germany) and
hyperoside was from Roth (Karlsruhe, Germany). The struc-
tures of compounds under the study and their literature pK,
values (where available) are shown in Table 1.

Ultra-pure water produced by the Milli-Q-System (Milli-
pore, Bedford, MA, USA) was used throughout.
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Table 1. Structural formulas of analytes and their ionization constants (pK,)
Structural formula Analyte R1 R2 R3 pK,
Apigenin H OH H 8.54 [30]
Rutin O-Rutinose OH OH 7.10[31]
Hyperoside O-Galactose OH OH -
Quercetin OH OH OH 6.74 [31]
Luteolin H OH OH -
OH O
Structural formula Analyte R4 RS R6 pK;,
p-Coumaric acid H OH H 4.64 [32]
y COOR4 HO COOH
RS
Chlorogenic acid OH OH 3.59[32]
R6
HO OH
Cinnamic acid (IS} H H H 4.43[32]

2.4 Standard and electrolyte solutions

A stock solution containing 250 pg/mL of each analyte (api-
genin, chlorogenic acid, hyperoside, luteolin, p-coumaric acid,
quercetin, and rutin) and internal standard (IS) solution con-
taining 2 mg/mL of cinnamic acid were prepared in MeOH.
The final calibration solutions were prepared by the dilution of
the stock solution with MeOH to obtain solutions containing
25-175 ug/mL of each analyte. The concentration of cinnamic
acid as IS in the final calibration solutions was 50 pg/mL.

Two different BGEs were prepared. The conventionally
used borate electrolyte was prepared by dissolving weighted
amount of sodium tetraborate in water and adjusting the pH
by the addition of boric acid. For the novel tungstate electrolyte
appropriate amount of HEPES was dissolved in 25% MeOH
v/v followed by the addition of sodium tungstate, The apparent
(pseudo) pH value (pH*) was adjusted by the addition of Tris.

All standard and electrolyte solutions were degassed in
an ultrasonic bath for 5 min. The BGEs were filtered through
0.45 um nylon membrane syringe filters (Teknokroma, Bar-
celona, Spain).

2.5 Method optimization
2.5.1 Optimization of the tungstate-based method

HEPES, ACES, BES (N,N-bis(2-hydroxyethyl)-2-aminoetha-
nesulfonic acid), HEPPSO (N-(2-hydroxyethyl)piperazine-N'-
(2-hydroxypropanesulfonic acid)), and MOPSO (3-morpho-
lino-2-hydroxypropanesulfonic acid) were examined to select
suitable buffering component of BGE and appropriate

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

97

detection wavelength was chosen. After these preliminary
experiments the CE system was optimized by step-by-step
optimization procedure in terms of HEPES concentration
(10-100 mM), tungstate concentration (0-3.3 mM), pH* of
BGE (6.8-7.8), MeOH content (0-30% v/v}, and separation
voltage (20-30 kV).

25.2 Optimization of the borate-based method

The effect of borate buffer concentration (10-25 mM tetra-
borate), pH (8.4-9.2), MeOH content (5-15% v/v), and
separation voltage (10-25 kV) was tested to find optimum
separation conditions.

2.6 Qualitative and quantitative analysis

Resolution (Rs) was calculated as Rs=2{t;—1)/(wy+wy)
where t; and t, are migration times of two neighboring ana-
lytes and wy and w, are their respective peak widths meas-
ured at the baseline.

Linearity of calibration curves (involving five calibration
solutions; each injected in triplicate) was evaluated by linear
regression under the optimum separation conditions (see
Sections 3.1.1 and 3.1.2). The concentration ranges of the
analytes were 25-175 pg/mL with cinnamic acid (50 pg/mL)
as the IS. The calibration curves related the ratio (A,/As) of
the normalized peak area of each analyte (4,) and that of the
IS (Ajs) to the concentration of the analyte ¢, (ug/mL). The
LOD was determined as §/N = 3. Similarly LOQ was calcu-
lated as S/N = 10.
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Run-to-run (n = 6) and day-to-day (n = 12) repeatability of
migration times of analytes as well as of corrected peak area
ratios AyfA;s was examined at 75 pg/mL analyte concentra-
tion level and expressed as RSD values.

2.7 Preparation of plant extract (Hypericum
perforatum leaves)

Fifty-one grams of pulverized antidepressant tea was macer-
ated overnight in 480 g of 80% v/v ethanol, thereafter the
mixture was sonicated at—10°C for 10 min, filtered through
dry paper filter, the residue on the filter was washed three
times by 80 g of 80% ethanol, and the combined filtrate was
lyophilized for 180 min; 250 mg of the lyophilized extract
was dissolved in 25 mL of MeOH, and 1.0 mL aliquot of this
solution was diluted to 10 mL with MeOH in a graduated
flask (final test solution). This final test solution was
injected. The analytes were identified by spiking the final test
solution with appropriate standard solutions of analytes. For
quantitative analysis the final test solution contained also
50 ug/mL of IS (cinnamic acid). For recovery experiments
the final test solution was treated with standard solutions of
rutin and hyperoside to increase their concentration by
50 pg/mlL.

3 Results and discussion
3.1 Optimization of the methods

3.1.1 Optimization of separation in tungstate-
containing BGE

It was expected that the separation mechanism and therefore
the migration order of analytes in the tungstate-based BGE
would be similar to that observed previously with molybdate-
based BGE reported elsewhere [17]. The results of prelimi-
nary experiments (detailed data not shown) revealed that the
best separation efficiency and peak shape is achieved with
HEPES (pK, 7.51) as the buffering component of the BGE
and that the optimum detection wavelength is 275 nm. After
these preliminary experiments the effect of HEPES and
tungstate concentration, pH* of BGE, content of MeOH in
BGE, and separation voltage on the migration times of the
analytes was studied to find conditions for baseline separa-
tion of the analytes under the study. The results are demon-
strated in Fig. 1 {for clarity the curves of only four analytes,
namely chlorogenic acid, p-coumaric acid, quercetin, and
rutin are shown).

The effect of 10-100 mM HEPES (other separation con-
ditions were maintained at 2.2 mM sodium tungstate,
pH* 7.4, 25% vjv of MeOH, 25 kV) was as expected, i.e.,
generally the migration times of analytes were prolonged
with increasing the concentration of HEPES. In BGEs con-
taining 10 or 100 mM HEPES comigration of seme analytes
occurred. Best separation (in terms of resolution) was
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Figure 1. Optimization of the tungstate-based BGE: (A) effect of
sodium tungstate concentration; (B) effect of pH. Markers: rutin -
#-; quercetin -A-; p-coumaric acid -x-; chlorogenic acid -s-. See
Section 3.1.1 for details.

achieved with 50 or 75 mM HEPES. Considering better peak
symmetry, shorter migration times and lower risk of Joule
heat generation 50 mM HEPES was preferred for further
experiments.

Buffers with variable concentration of sodium tungstate
(0~3.3 mM) acting as complex-forming reagent were investi-
gated (other parameters were maintained constant: 50 mM
HEPES, pH* 7.4, 25% v/v of MeOH, 25 kV). In the absence
of tungstate in the BGE the resolution of the analytes was
influenced merely by their different acid-base properties and
molecular mass. While at pH* 7.4 the flavonoids quercetin
and rutin comigrated (both partially ionized, with similar
pK, values, ¢f. Table 1, and certain difference in the size of
their molecules) p-coumaric and chlorogenic acid (fully
ionized at pH* 7.4 but with significantly different M,) were
baseline separated. Addition of tungstate to the BGE resulted
in the increase of migration times of quercetin and rutin and
to their baseline separation. Resolution of both analytes was
improved by increasing concentration of tungstate in the
BGE up to 2.2 mM and thereafter it remained practically
unchanged (¢f. Fig. 1A). Both quercetin and rutin possess
vicinal phenolic —-OH groups; this is essential structural pre-
requisite enabling formation of their anionic complexes with
tungstate. Because of the bigger molecule of rutin (compris-
ing the sugar moiety) compared to quercetin the anionic
tungstate complex of rutin exhibited lower migration time
than that of quercetin. In the presence of tungstate the elec-
trophoretic behavior of phenclic acids (chlorogenic and
p-coumaric acid) was in good accordance with their struc-
tural ability/inability to interact with the selector. The
migration time of p-coumaric acid (having no vicinal phe-
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nolic groups in its molecule) was practically not influenced
by the concentration of tungstate. On the other hand
increasing concentration of tungstate caused a considerable
increase of the migration time of chlorogenic acid due to
formation of anionic complex species. This is well illustrated
in Fig. 1A where at 1.1 mM tungstate concentration in the
BGE the resolution of p-coumaric and chlorogenic acid wor-
sened to total comigration while with further addition of
tungstate the migration order of these acids was reversed and
their baseline separation was attained in the presence of
2.2 mM tungstate. Analogically hyperoside and luteolin pos-
sess vicinal ~-OH groups, so their electromigration was
influenced by complex formation with tungstate, whereas
apigenin and cinnamic acid (IS) lack any vicinal hydroxy
groups and therefore their migration times were affected by
their own ionization and EOF only. Considering the resolu-
tion of all analytes and IS and the peak symmetry the opti-
murn concentration of tungstate was set to 2.2 mmol/L.

The effect of pH* on the separation of the analytes is
shown in Fig. 1B (other separation conditions were constant:
50 mM HEPES, 2.2 mM sodium tungstate, 25% v/v of
MeOH, 25kV). At low pH* 6.8 insufficient resolution of
quercetin with rutin and p-coumaric acid with quercetin,
respectively, was observed. With increasing pH up to 7.4 both
migration times and resolution were increased. Additional
increase of pH* led to worse separation of p-coumaric and
chlorogenic acid. In order to obtain better peak symmetry
pH* 7.4 was seclected as optimal pH of the BGE. Evidently
the increase of pH* of the BGE in the investigated range of
pH 6.8-7.8 leads to the enhancement of EOF. Theoretically,
in the absence of changes of analyte ionization and non-
rexistence of the formation of negatively charged complexes
the migration times of the analytes should decrease in this
pH range. Therefore, by considering the pH-dependent
increase of migration times of the analytes shown in Fig. 1B,
this change could be caused by progressive ionization of the
—OH groups of the analytes as well as by the formation of
[WO,L,]* type complexes but the contributions of these two
effects to the overall observed mobilities are difficult to dis-
tinguish.

The effect of the content of MeOH (as organic modifier)
in the BGE on the electrophoretic behavior of the analytes
was examined in the range of 0-30% v/v. In the absence of
MeOH total comigration of quercetin and p-coumaric acid
was observed. The resolving power of the method was
improved by increasing the content of MeOH to 25% v/v.
Further addition of MeOH up to 30% v/v led to reduction of
both migration times and resolution. With respect to peak
symimetry, analysis time and resolution, 25% v/v of MeOH
was found as the optimal content of organic modifier.

The last step of the method optimization was the selec-
tion of optimal voltage in the range of 20-30 kV. The applied
voltage of 30 kV provided shortest analysis time and suffi-
cient resolution.

Under the optimized conditions (50 mM HEPES,
2.2 mM sodium tungstate, pH* 7.4, 25% v/v of MeOH, and
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30 kV) model mixture containing all the analytes and cin-
namic acid as IS could be separated.

3.1.2 Optimization of separation in borate-based
BGE

Borate buffer is conventionally applied as alkaline BGE for the
separation of polyphenols and also for other molecules posses-
sing vicinal -OH groups (e.g., carbohydrates). Generally, neutral
analytes with vicinal ~-OH groups form negatively charged
complexes with borate that are responsible for better resolving
power when analyzing complex samples. Hence the funda-
mental mechanism of separation is similar to the molybdate- or
tungstate-based BGEs but the structure, stability, and spectral
properties of these complexes may be different.

When increasing the concentration of tetraborate from
10 to 25 mM (pH 9.2, no MeOH, voltage 20 kV) the analysis
time was increased and simultaneously the resolution was
improved. Nevertheless, p-coumaric acid and apigenin
comigrated in a single zone that could not be resolved by
changing the borate concentration. Considering the resolu-
tion and total analysis time, 20 mM borate was selected for
further optimization experiments.

The influence of pH of borate buffer (pK, of boric acid
9.23) on the separation of the analytes was investigated in the
range of pH 8.4-9.2 (other parameters were unmodified:
20 mM tetraborate, no MeOH, 20 kV). The separation of p-
coumaric acid from apigenin was not achieved by changing
the pH ofthe BGE; these two analytes still migrated ina single
zone, at pH 8.6 even together with chlorogenic acid. The best
separation of all analytes except for the above-mentioned api-
genin—p-coumaric acid couple was achieved at pH 9.0.

The applied voltage was tested in the range of 10-25 kV
(other conditions were unmodified: 20 mM borate, pH 9.0,
no MeOH). At 20 kV relatively good separation in short
analysis time (migration times 6-10 min) was achieved. At
25 kV the migration times ranged between 5 and 7 and the
resolution became significantly worse. On the other hand at
10 or 15 kV the analysis time was significantly prolonged
(migration times 16-22 min) but the resolution was not
substantially improved (especially for cinnamic acid-
hyperoside, and hyperoside-chlorogenic acid pairs).

The influence of MeOH was also investigated. With
increasing content of MeOH in the BGE the migration times
of all analytes increased monotonously but no sufficient
improvement in resolution was achieved. The migration
order of hyperoside and cinnamic acid was reversed in the
presence of 10% of MeOH and with additional increase of
MeOH content partial comigration with chlorogenic acid
appeared. No positive effect of MeOH on the separation of p-
coumaric acid from apigenin was observed.

[n view of these facts we identified the following “optimal”
conditions: 20 mM tetraborate of pH 9.0 (adjusted by boric
acid), 20 kV, no MeOH addition. It must be noted that optimal is
written in parentheses because not all analytes were baseline-
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separated and the p-coumaric acid + apigenin pair was not

separated at all but it was the best result we were able to reach.
Electropherograms showing separation of the model

mixture of the phenolic compounds under optimum condi-

tions are depicted in Figs. 2A and 2B for the tungstate- and

borate-based BGE, respectively.
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Table 2. Resolution of adjacent peaks — comparison between
tungstate- and borate-based BGEs

Tungstate BGE Rs
Rutin-apigenin 3.9
Hyperoside-rutin 1.0
Quercetin—-hyperoside 1.6
Luteolin—quercetin 1.3
p-Coumaric-luteolin 2.1
Chlorogenic acid-p-coumaric acid 2.1
Cinnamic acid-chlorogenic acid 2.8
Borate BGE Rs
Rutin—cinnamic acid 3.3
Cinnamic acid-hyperoside 0.9
Hyperoside-chlorogenic acid 1.6
Chlorogenic acid-(p-coumaric acid + apigenin) 2.8
{p-Coumaric acid + apigenin}-luteolin 1.1
Luteolin~quercetin 1.5
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Figure 2. Electropherograms of a model mixture of pelyphenols
with tungstate-based BGE (A) and with borate-based BGE (B)
75 pg/mL of each analyte; 50 pg/mL of 1S; measured under the
optimal conditions. Peak identification: apigenin (1), rutin (2),
hyperoside (3), quercetin (4), luteolin (5), p-coumaric acid (6),
chlorogenic acid (7), IS cinnamic acid (8).

3.2 Comparison of separation characteristics for the
tungstate- and borate-based BGEs

To compare separation characteristics of the novel tungstate-
based method with those of conventionally used borate-
based method the Rs values of neighbering analytes (see
Table 2), electrophoretic mobilities, and number of theoreti-
cal plates were calculated (cf. Table 3).

In the case of the tungstate method the baseline separa-
tion of most of the analytes was achieved though for rutin—
hyperoside and luteolin—quercetin pairs the Rs values were
not ideal (<1.5) but still acceptable. The migration order of
the analytes was the same as in the molybdate-based method
devised earlier [17]. On the other hand in the borate-based
system the separation was notably poorer. Apigenin and
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p-Coumaric acid and apigenin totally comigrate in the borate-
based BGE.

p-coumaric acid could not be resolved at all. Furthermore
cinnamic acid was not well separated from hyperoside (Rs
0.9) and the mixed zone of comigrating apigenin and p-cou-
maric acid was not perfectly resolved from luteolin (Rs 1.1).
The Rs of the rest of peaks varied from 1.5 to 3.36 (refer to
Table 2).

The efficiency expressed in Table 3 in terms of the num-
ber of theoretical plates per meter (N/m) is surprisingly low
for either method compared to values typically achieved in
CE (hundreds of thousands). The borate-based method is
characterized by more favorable N/m values compared to the
tungstate-containing system.

In accordance with higher pH of the borate-based BGE a
much stronger EOF (uEOF =6.60x 10" *am?x V' 1xs7})
occurred in the borate system whereas for the tungstate system

the uEOF was 323x10*cm?x V'1xs ' The electro-
phoretic  mobilities  (see  Table 3) ranged from
~230%x 10" am? x V1 x5! (for rutin) to

—3.36x 10* em?x V1 x 57! (for quercetin) in the borate sys-
tern while lower values were determined in the tungstate sys-
tem (from —6.28x10°am’xV 'xs™! for apigenin to
—1.79 x 107* em? x V1 x 57! for chlorogenic acid). Therefore,
the overall time of analysis was shorter in the borate-based BGE.

3.3 Quantitative analysis

The linear regression equations, analytical figures of merit,
electrophoretic mobilities, and number of theoretical plates
are summarized in Table 3 for both methods. The methods
are comparable in terms of linearity but the borate-based
method exhibits lower LOD values especially for rutin,
hyperoside, quercetin, and chlorogenic acid.

The results of the evaluation of repeatability are shown in
Table 4. The tungstate-based method exhibits lower RSDs of
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Table 3. Comparison of calibration characteristics, LOD, LOQ, electrophoretic mobilities, and efficiency between

tungstate- and borate-based BGEs

Analyte Equation® r LoD/LOQ Mobility N/m
(ug/mL) (em?x V-1xs7)
Tungstate
Apigenin y =0.0123x + 0.0302 0.9986 4.5/15 —6.28x 107° 6214
Rutin y = 0.0048x — 0.0038 0.9997 6/20 ~1.02x107* 21087
Hyperoside y = 0.0066x + 0.0374 0.9975 6/20 =1.11x107* 12 881
Quercetin y =0.0078x — 0.0113 0.9975 6/20 -1.26x107* 8386
Luteolin y = 0.0086x + 0.125 0.9933 3.6/12 -1.39x107* 11501
p-Coumaric acid y =0.0172x — 0.0606 0.9996 1.8/6 ~1.64%107* 38163
Chlorogenic acid y =0.0033x + 0.0019 0.9971 18/60 -1.63x107* 26563
Borate
Apigenin - - - - -
Rutin y =0.0063x — 0.0226 0.9988 1.9/6.3 —2.30x107* 51786
Hyperoside y =0.0074x + 0.0317 0.9979 1.0/3.2 —2.71x107* 76 431
Quercetin y =0.012x — 0.0661 0.9991 1.0/3.2 ~3.36x107* 34 342
Luteolin y =0.013x + 0.019 0.9987 1.0/3.2 ~3.23x107* 32143
p-Coumaric acid - - - - -
Chlorogenic acid y =0.0021x — 0.0066 0.995 4.7/15.8 —2.84x107% 104 267

a) yis peak area ratio of analyte and IS (A,/A5); x stands for the concentration of analyte (ug/mL); r is the correla-

tion coefficient; number of calibration points n= 5.

Table 4. Migration times and run-to-run and day-to-day repeatability of migration times and peak area ratios

(analyte/1S)

Analyte Mean migration time

{min) (n=12)

Run-to-run (n = 6) RSD %
of migration time/area

Day-to-day (n=12)
RSD % of migra-
tion time/area

Tungstate-based BGE

Apigenin 7.2 1.2/4.5
Rutin 8.6 1.2/4.2
Hyperoside 9.0 1.3/4.7
Quercetin 9.7 1.4/5.6
Luteolin 10.5 1.3/2.6
p-Coumaric acid 11.4 1.2/3.6
Chlorogenic acid 121 1.3/4.6
Borate-based BGE

Apigenin 7.8 3.6/
Rutin 6.3 3.0/5.9
Hyperoside 7.0 3.0/6.7
Quercetin 8.4 4.5/10.9
Luteolin 8.1 4.7/4.7
p-Coumaric acid 7.8 3.6/
Chlorogenic acid 7.2 3.5/4.9

5.0/5.3
2.3/13.9
3.0M11.7
3.0/7.7
3.2771.7
27/35
1.8/5.0

3.4/
2.6/3.9
2.7/4.4
3.6/11.2
3.7/6.3
3.4/
29/9.7

migration times in run-to-run experiments; on the other hand
the RSDs of the peak areas are similar for both methods.
Generally both methods show somewhat poorer repeatability
than other CE and HPLC assays of similar compounds [6].

3.4 Analysis of plant extract (H. perforatum leaves)

The tungstate-based electrolyte was applied to the CE assay
of rutin and hyperoside content in H. perforatum leaves. It
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was found that the sample contains 0.92% of rutin
(RSD = 5.1%,; n = 3) and 0.92% of hyperoside (RSD = 3.3%;
n = 3) in the dried plant material. The recoveries were 95.8%
(RSD=35%; n==6) and 94.8% (RSD =27%; n==6) for
hyperoside and rutin, respectively. The electropherogram of
real extract sample is depicted in Fig. 3. Besides rutin and
hyperoside, quercetin and chlorogenic acid were identified
(but not quantified, because of their low signal) in H. perfor-
atum leaves. These results demonstrate that the tungstate-
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Figure 3. Electropherogram of methanolic extract of H. perfor-
atum leaves. For peak identification see Fig. 2. The concentration
of cinnamic acid (IS) is 50 pg/mL.

based CE method is suitable for the analysis of medicinal
plant extracts but further improvement of the sensitivity of
the method by developing, e.g., suitable stacking procedure
would be desirable to make the novel method more applica-
ble in phytochemical analysis.

4 Concluding remarks

A new kind of BGE utilizing millimolar concentrations
of sodium tungstate as complex-forming reagent was
firstly investigated in this study. Addition of tungstate to
BGEs affected significantly electrophoretic migration of
compounds with vicinal -OH groups as a result of the
formation of negatively charged complexes involving
W(VI) as central ion. The mobility of monehydroxy com-
pounds was not influenced. The migration behavior of
selected flavonoids was analogical to that observed in a
molybdate-based system introduced earlier [17] but the
calibration parameters, LODs and repeatability were gen-
erally worse in the tungstate-based BGE. The traditionally
applied borate-based BGE was optimized in parallel to
the novel tungstate BGE to compare their separation
characteristics and analytical figures of merit in the
analysis of polyphenols.

Whereas the separation selectivity was higher in the
case of the tungstate-based method, the borate-based BGE
surpassed the novel system in sensitivity. On the other
hand, the tungstate-based system enabled separation of
polyphenols at lower (nearly neutral) pH* values and
therefore the risk of spontaneous oxidation of polyphenols
by the air oxygen is reduced in comparison with the alka-
line medium of borate BGE [13-16]. Our findings suggest
that the novel tungstate-based BGE represents an alter-
native to the routinely applied borate system when analyz-
ing multicomponent mixtures of polyphenols by CE. The
development of a stacking technique for increasing the

© 2008 WILEY-VCH Verlag GmbH & Co. KGah, Weinheim
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sensitivity of the novel tungstate method and making it
more suitable for the analysis of real samples of plant
extracts is in progress.
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Abstract

A stereospecific capillary electrophoresis assay for the simultaneous determination of related substances and the enantiomeric purity of escitalo-
pram was developed by a central composite face-centered factorial design and subsequently validated. Separations were carried out in a 50 pm,
47/40 cm fused-silica capillary. The optimized conditions included 20 mM phosphate buffer, pH 2.5, containing 0.5 mg/ml B-cyclodextrin and
22 mg/ml sulfated B-cyclodextrin as background electrolyte. an applied voltage of —20kV and a temperature of 28 *C. Salicylic acid was used
as internal standard. The assay was validated for the (R)-enantiomer of citalopram and the enantiomers of the impurity citadiol in the range of
2.5-150 pg/ml and 2.5-50 p.g/ml. respectively. The limit of detection was 0.02% for all compounds, the limit of quantitation 0.05%, relative to a
concentration of escitalopram of 5 mg/ml. Intraday precision of migration time and peak area ratio were in the range of 0.17-0.44% and 1.64%
and 6.25%, respectively. Relative standard deviations of interday precision ranged between 0.84% and 1.85% in the case of migration times and
between 5.20% and 9.28% for peak area ratio. The assay was applied to the determination of the purity of escitalopram in bulk drug and tablets.

(R)-Citalopram and (S)-citadiol were detected as impurities.
© 2007 Elsevier B.V. All rights reserved.

Keywords. Escitalopram; Citadiol; Related compounds; Chiral separation; Cyclodextrin

1. Introduction

Citalopram  (1-[3-(dimethylamino)propyl]-1-(4-fluorophe-
nyl)-1,3-dihydroisobenzofuran-5-carbonitrile) is a selective
serotonin reuplake inhibitor used as an antidepressant drug
[1]. The compound is also applied to treat panic, anxiely
and obsessive compulsive disorders of pathological laughing
and crying [2]. The pharmacological activity is associated
with the (§)-(+)-enantiomer (escitalopram, Fig. 1) while the
(R)-(—)-enantiomer ((R)-citalopram, Fig. 1) is essentially
inactive [3] and even counteracts the activity of escitalopram
[4.5]. The key intermediate in the synthesis of citalopram is
citadiol (Fig. 1) which is cyclized to yield the dihydroisoben-
zoluran moiety. Escitalopram is produced [from (S)-citadiol
which is obtained either by preparative chromatographic

* Corresponding author. Tel.: +49 3641 949830; fax: +49 3641 949802,
E-mail address: gerhard.scriba@uni-jena.de (G.K.E. Scriba).

0731-T085/% — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/.jpba.2007.05.029

enantioresolution of racemic citadiol [6] or more frequently
by fractionated crystallization of citadiol using, for example,
(+)-di-p-toluoyl-p-tartaric acid [7.8]. Thus. the chiral purity
of escitalopram depends on the purity of starting material
(S)-citadiol.

The analytical enantioseparation ol citalopram has
been reported by enantioselective  high-performance  lig-
uid chromatography (HPLC) for studying the stereoselective
pharmacokinetics and metabolism of citalopram [9-12]. HPLC
has also been applied to determine the enantiomeric purity of
escitalopram in bulk drug and tablets [13]. The separation of
the enantiomers of citadiol by HPLC using a Chiralpack AD-H
column has been reported recently [14]. Capillary electrophore-
sis (CE) has been used to study the enantiomeric composition
of citalopram and its metabolites in plasma [15] and urine [16]
using sulfated B-CD and carboxymethyl-y-CD, respectively, as
chiral selectors. Sulfated B-CD was used for the simultaneous
enantioseparation of citalopram and its N-demethyl analogs [17]
while carboxymethyl-y-CD was applied to the determination
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Fig. 1. Structures of escitalopram, (R)-citalopram and citadiol enantiomers.

of citalopram and escitalopram in tablets [18]. Moreover,
separation of the enantiomers of citalopram upon addition
of dextrin to the background electrolyte has been reported
[19].

No study has been published describing the simultancous
determination of related substances as well as the analysis
of the chiral purity of escitalopram. Generally, CE has been
recognized as a versatile analytical technique also allowing
the simultaneous analysis of chiral compounds with closely
related structures [20-22]. Thus, the aim of the present
study was the development and validation of a chiral CE
assay for escitalopram allowing the simultaneous determina-
tion of the (R)-enantiomer as well as the synthetic intermediate
citadiol.

2. Experimental
2.1. Chemicals and reagents

All chemicals were ol analytical grade. Sulfated -
CD  sodium salt was obtained from Sigma-Aldrich
(Taufkirchen, Germany), B-CD was from Wacker-Chemie
GmbH (Burghausen, Germany), sodium hydroxide solution
was from Fisher Scientific (Schwerte, Germany) and phospho-
ric acid was from Carl Roth GmbH (Karlsruhe, Germany).
Salicylic acid was purchased from Fluka Chemie AG (Buchs,
Switzerland) and methanol from VWR International (Bruchsal,
Germany). Escitalopram oxalate, citalopram hydrobromide,
racemic citadiol were produced by Hygro Chemical Pharmtek
Pvt. Ltd. (Hyderabad, India) and donated by Dr. Ramisetti
Nageswara Rao (Indian Institute of Chemical Technology,
Hyderabad, India). Escitalopram and citalopram tablets were
also gifts by Dr. Nageswara Rao.

2.2, Instrumentation

All analyses were carried out on Beckman P/ACE 5510
instrument (Beckman Coulter GmbH, UnterschleiBheim, Ger-
many) equipped with a diode array detector using 50 pm
id., 360 wm o.d. fused-silica capillaries (BGB Analytik,
SchloBbockelheim, Germany). The total length of the capil-
lary was 47 cm with an effective length of 40cm. Detection
was carried out at 205 nm. The optimized background elec-
trolyte consisted of 20 mM phosphate buffer, pH 2.5, contlaining
0.5 mg/ml B-CD and 22 mg/ml sulfated B-CD. The applied volt-
age was —20kV. the capillary was operated at a temperature of
28 °C. A new capillary was treated with 1 M sodium hydroxide
for 10min, 0.1 M sodium hydroxide for 20 min, 0.1 M phospho-
ric acid and water for 10 min each. At the beginning of the day,
the capillary was rinsed with water, 0.1 M sodium hydroxide
and ().1 M phosphoric acid for 5 min each followed by flushing
with water for 10 min. Prior to the injections, the capillary was
washed subsequently with 0.1 M sodium hydroxide and water
for 2 min each followed by a rinse with the background elec-
trolyte for 5 min. At the end of the day, the capillary was lushed
with water for 2 min, 0.1 M sodium hydroxide for 10 min, water
tor I min, 0.1 M phosphoric acid for 5 min and water for 10 min.
Prior to storage, the capillary was purged with nitrogen for
5 min. Samples were introduced by hydrodynamic injection at
0.5 psi for 6 5. Normalized peak areas were used lor quantilative
determinations.

2.3. Standard and sample preparation

Stock solutions ol escitalopram oxalate, citalopram hydro-
bromide and citadiol were prepared in water and diluted to
the appropriate concentrations. Salicylic acid was diluted in
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water and added to the samples to give a final concentration
of 21.7 wg/ml.

Four different commercial brands, three containing escitalo-
pram oxalate and one containing citalopram hydrobromide, were
investigated. Five tablets were weighed and ground to a fine

powder. An equivalent of the powder corresponding to 10 mg of

the drug was extracted with 10ml methanol by sonication for
15 min. The solutions were filtered and the filtrates were evapo-
rated to dryness under a gentle stream of nitrogen at 40 °C. The
residue was reconstituted in 1 ml water and filtered through a
0.2 wm PET membrane filter. Two hundred and fifty microliters
of the filtrate were added to 250 wl water containing 43.4 pg/ml
salicylic acid and vortexted.

2.4. Chemometrics

Chemometrics for method optimization was carried out by
central composite face-centered factorial design using MODDE
7.0 (Umetrics, Umea, Sweden). Four variables were applied, i.e.
concentration of sulfated B-CD, buffer concentration. separation
temperature, and applied voltage. The experiments were run in
a randomized order. The data were fitted by partial least square
(PLS) regression.

For each model, interaction and quadratic terms were
included. The fraction of variation of the response that can
be explained by the model (R? =(total sum of squares — sum
of squares for residuals)/total sum of squares) and the [rac-
tion of variation of the response that can be predicted by the
model (Q? =1 — (prediction residual sum of squares/total sum
of squares)) were subsequently examined. For a good madel,
R? and Q7 are as close to | as possible. The model estimated
the coefficients (b, ), which represent half the effect of a factor.
The confidence interval of each coefficient (Y5% of confidence)
was studied to see if the factors had any eflect on the responses.
Some of the coefficients (interaction or quadratic terms) that did
not have a significant effect were subsequently removed from
the current model, and a new model was calculated. If R? and Q2
decreased following the removal of an insignificant coefficient,
the coefticient was added to the model again. To identify outliers,
a normal probability plot of the residuals was examined. The
abserved response versus predicted plot was examined to eval-
uate the predictability of each model and the observed response

versus run order plot was examined to ensure the absence of

systematic errors. A logarithmic transformation of the responses
improved the model.

2.5. Method validation

The assay was validated for concentrations that referred
to a range of 0.05-3.0% for (R)-citalopram (5-300 pg/ml
racemic citalopram) and 0.05-1.0% for the citadiol enantiomers
(5-100 wg/ml racemic citadiol) based on a final concentration
of escitalopram of 5.0mg/ml. Method validation was con-
ducted according to ICH guideline Q2(R1) [23] with regard to
range, linearity, limit of detection and quantitation, and preci-
sion. Precision was determined at a low concentration (0.1%
for each compound) and a high concentration (0.6% for cita-

diol and 2% for (R)-citalopram). Linearity was estimated by
unweighted linear regression using the least square method.

Detection and quantitation limits were based on signal to noise
ratio, 3:1 and 10:1, respectively. Intraday precision was calcu-
lated from six replicate injections in the same day while interday
precision was based on six injections on three consecutive
days.

3. Results and discussion
3.1. Selection of cyclodextrins and initial conditions

Based on the published enantioseparations of citalopram
which were performed in the pH range 2.5-7 [15-18] where
citalopram is positively charged, several neutral CD derivatives
such as a-CD. B-CD, y-CD. 2-hydroxypropyl-B-CD and 2.6-
dimethyl-B-CD as well as the negatively charged sullated B-CD
were screened for the chiral resolution ability for the enantiomers
of citalopram and citadiol in the pH range 2.3-6.2. Baseline sep-
aration of the analyte enantiomers was observed using 5 mg/ml
sulfated B-CD in 20mM phosphate buffer, pH 2.5, but espe-
cially the peaks of the citalopram enantiomers revealed strong
tailing. This has also been observed previously [17]. The peak
shape could not be improved substantially by a variation of the
CD concentration. Mandrioli et al. exploited the carrier ability
of sulfated B-CD under reversed polarity conditions to separate
the enantiomers of citalopram and its N-demethylated metabo-
lites [17]. Thus, a background electrolyte consisting of 15 mg/ml
sulfated B-CD in 35 mM phosphate buffer, pH 2.5, and revers-
ing the polarity of the applied voltage was studied. Generally,
vas observed (Rg > 2) but
the peaks showed considerable fronting. Peak shape improved
significantly when 0.5—1 mg/ml B-CD was added to the sulfated
B-CD containing background electrolyte as also observed by
Mandrioli et al. [17]. It has been shown in many examples that
dual CD systems based on combinations of charged and neutral
CDs canresultin efficient chiral CE separations [24-26]. Essen-
tially the same effect on the peak shape was observed when
«-CD or y-CD was added instead of B-CD. Employing short
end injection using a citrate buffer, pH 5.5, as described as a
fast method for the chiral separation of citalopram by Mandrioli
et al. [17] did not result in satisfactory separations as citalo-
pram and citadiol migrated too close to achieve a simultaneous

good separation of the enantiomers

enantioseparation of both compounds. As citalopram is typically
marketed as the oxalate or hydrobromide salts the migration
times of oxalic acid and bromide were also recorded. Using
35 mM sodium phosphate buffer, pH 2.5, containing 15 mg/ml
sulfated B-CD and 0.5 mg/ml B-CD as background electrolyte
the anionic compounds migrated in front of the citalopram and
citadiol resulting in the migration order bromide > oxalate > (R)-
citalopram > escitalopram > (§)-citadiol > (R)-citadiol. Oxalate
and bromide peaks were identified by injection of solutions
of oxalic acid and potassium bromide. The migration order
of the citadiol enantiomers was tentatively assigned due to
the fact that a small impurity with the migration time of the
(§)-citadiol was found in escitalopram substance as well as
tablets.
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Table 1
Central composite face-centered factorial design and results
Experimentno.  Runorder Concentration Temperature Voltage Concentration Rs.ox/(R)-cit  Rs, (S)-cit/(R)-cit  MT last Current
5-B-CD (mg/ml) °C) (kV) buffer (mM) (min) (LA)
1 15 10 20 15 20 273 5.82 15.5 27.5
2 2 30 20 15 20 3.98 6.89 13.8 52.5
3 9 10 30 15 20 239 5.35 14.9 33
4 22 30 30 15 20 36l 5.88 10.9 66
5 13 10 20 25 20 4.13 5.06 9.8 48.5
6 11 30 20 25 20 4.06 8.49 7.0 102.5
7 23 10 30 25 20 2.26 4.62 9.7 60
8 10 30 30 25 20 379 6.48 6.6 130
9 1 10 20 15 50 0.93 11.45 28.6 39
10 21 30 20 15 S0 5.36 4.56 14.6 79
11 25 10 30 15 50 0.74 7.00 22.0 48
12 27 30 30 15 50 5.00 4.07 12.0 98
13 5 10 20 25 S0 0.96 8.52 14.6 72
14 18 30 20 25 S0 5.74 4.33 79 164
15 16 10 30 25 50 0.39 6.56 17.2 88
16 8 30 30 25 50 4.00 5.43 7.5 195
17 14 10 25 20 35 1.7 6.38 17.3 49.5
18 19 30 25 20 35 3.07 6.95 9.7 92
19 3 20 20 20 35 7.64 8.70 11.8 1.5
20 6 20 30 20 35 3.09 71.26 10.4 88.4
21 4 20 25 15 35 3.06 7.60 14.8 56.5
22 26 20 25 25 33 2.69 6.30 79 110.5
23 12 20 25 20 20 3.99 5.43 9.2 63.5
24 7 20 25 20 50 2.78 7.37 12.4 90
25 24 20 25 20 35 3.01 6.87 9.9 81
26 17 20 25 20 35 3.14 6.91 10.5 80
27 20 20 25 20 35 316 6.87 10.5 82

3.2, Method optimization

A central composite face-centered factorial design was used
for method optimization. Four factors, concentration of sul-
fated B-CD (10-30 mg/ml), buffer concentration (20-50 mM).
applied voltage (15-25kV) and temperature (20-30°C), were
studied. The concentration of B-CD was kept constant at
0.5mg/ml as preliminary experiments revealed not significant
effect in the range of 0.5-2 mg/ml. Moreover, pH was setat 2.5
and variations were not investigated either as citalopram and
citadiol are both basic compounds which are essentially pro-
tonated up to pH 7-8. The resolution between the citalopram
enantiomers as well as the resolution between oxalate and (R)-
citalopram, the migration time of the last migrating compound
(R)-citadiol, and the generated current were initially selected
as responses. The current was included because it increased
with increasing concentrations of sulfated B-CD. High currents
will lead to loss in resolution and instable run conditions due
to extensive Joule heating. All experiments were performed in
random order to avoid a systematic error. Three experiments
(nos. 25-27) were carried out in the center of the design matrix
in order to obtain the information about day-to-day variability.
The individual experiments and the respective results of the runs
are summarized in Table 1. The resolution between the enan-
tiomers of citalopram always exceeded 4.0 and was therefore
excluded from further considerations. The resolution between
oxalate and (R)-citalopram exceeded 2 except for experiments
with low concentrations of sulfated B-CD. Thus, essentially only

the CD concentration is affecting this value as was also deducted
from analysis of the respective coellicients (datanot shown). The
scaled and centered coeflicients of migration time and current are
shown in Fig. 2. CD concentration and applied voltage had pos-
itive effects on the current while a negative effect on migration
time was observed. Upon increase of the buffer concentration
migration time as well as current increased.

The method was further optimized utilizing the “optimizer”
mode of the software (based on the Nelder—Mead simplex
method [27]). As resolution between the citalopram enantiomers
and between oxalate and (R)-citalopram was not really an issue
as outlined above, only the migration time of the last migrating
citadiol enantiomer (maximum 10 min) and the current (max-
imum 80 wA) were minimized. Optimized conditions were a
20 mM sodium phosphate buffer, pH 2.5 containing 22 mg/ml
sulfated B-CD and 0.5 mg/ml B-CD, at a capillary temperature
of 28°C and an applied voltage of —20kV. The predicted val-
ues for migration time and current of the optimized method
were 8.7 min and —73 pA. The observed experimental values of
8.4 min and —68 A are in reasonable agreement. A typical elec-
tropherogram of escitalopram oxalate containing (R)-citalopram
and citadiol as impurities analyzed under optimized conditions
is shown in Fig. 3.

3.3. Method validation

Salicylic acid was used as internal standard in order to com-
pensate for fluctuations of the migration time and injection
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Fig.2. Scaled and centered coefficients of the logarithms of the migration time of (R)-citadiol (left) and electrophoretic current (right). The respective 95% confidence
intervals are shown as error bars. Coefficients with 95% confidence intervals including zero are insignificant. CDc: concentration of sulfated f-CD; Temp: temperature;

Vaolt: applied voltage; bufc: phosphate buffer concentration.
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OX 1S
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Fig. 3. Electropherogram of 5 mg/ml escitalopram oxalate containing approx-
imately 2.4% of (R)-citalopram and 0.1% of the citadiol enantiomers.
Experimental conditions: 47/40 cm fused-silica capillary, 50 pm i.d., 20mM
sodium phosphate buffer, pH 2.5, containing 22 mg/ml sulfated B-CD and
0.5 mg/ml B-CD, —20kV, 205 nm. Peak identification: (1) (R)-citalopram: (2)
escitalopram; (3) (8)-citadiol; (4) (R)-citadiol: (IS) internal standard (salicylic
acid); (OX) oxalic acid.

errors. The compound was selected from a series of basic and
acidic compounds based on the migration between the citadiol
enantiomers. Most basic compounds and several acidic com-
pounds which were tested as internal standards migrated either
too close or even comigrated with bromide or oxalate.

The final method was subsequently validated according to the
ICH guideline Q2(R1) [23] with respect to specificity, linearity

Table 2
Calibration data: range, linearity, LOD and LOQ

range, limit of detection (LOD) and limit of quantitation (LOQ),
and precision. With respect to specificity, all compounds were
well separated (Fig. 3). When developing assays for the determi-
nation of related substances as well as stereoisomeric impurities
itis always desirable to validate the impurities in the presence of
a large excess of the parent compound. However, this could not
be carried out in the present study as the escitalopram substance
that was available contained approximately 2.4% (R)-citalopram
based on peak area normalization. Thus, method validation was
performed using racemic citalopram and citadiol in the range of
2.5-150 pg/ml and 2.5-50 pg/ml, respectively, corresponding
to a relative range of 0.05-3.0% in the case of (R)-citalopram
and 1.05-1.0% for the citadiol enantiomers based on a target
concentration of escitalopram in the samples of 5 mg/ml (the
concentrations refer to the respective enantiomers). At S mg/ml
the peak shape of escitalopram was still acceptable. The concen-
tration of the internal standard in the samples was 21.7 pg/ml
corresponding to a relative concentration of 0.43%. The cali-
bration data are summarized in Table 2. Correlation coetficients
of at least 0.9964 were determined. The 95% confidence inter-
vals of the y-intercept for all compounds included zero. Thus, a
systemaltic error can be excluded.

The LOD of (R)-citalopram and the citadiol enantiomers
defined as a signal-to-noise ratio of 3:1 were about 1 pg/ml
corresponding to a relative concentration of 0.02% of the com-
pounds based on a concentration of escitalopram of S mg/ml. The
LOQ defined as the signal-to-noise ratio of 10:1 was 2.5 pg/ml

Parameter (R)-Citalopram (5)-Citadiol (R)-Citadiol
Range (pg/ml) 2.5-150 2.5-50 2.5-50
Correlation coefficient 0.9964 0.9992 0.9989

Slope 1.15 1.59 1.55

Intercept —0.0163 —0.0156 —0.0097

95% confidence interval of intercept —0.0980 to 0.0653 —0.0321 to 0.0008 —0.0280 to 0.0086
Relative residual 5.D. (%) 8.18 341 3.90

LOD/LOQ (pg/ml) 1025 1.0/25 1.0/2.5
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Table 3
Assay precision
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(R)-Citalopram

(5)-Citadiol (R)-Citadiol

0.1 level 2% level 0.1% level 0.6% level 0.1% level 0.6% level
Intraday precision
Concentration { pg/ml) 4.85(6.25) 97.0(2.51) 545 (4.63) 32.7(lL.64) 5.45 (4.68) 32.7(1.95)
Migration time (min) 4.49(0.17) 4.54 (0.19) 6.67 (0.40) 6.73 (0.32) 7.81(0.44) T.87(0.36)
Interday precision
Concentration {pg/ml) 4.85(8.50) 97.0 (8.05) 5.451(9.28) 32.7(5.90) 5.45(7.57) 32.7(5.20)
Migration time (min) 454 (117 4.53 (0.84) 6.76 (1.61) 6.64 (1.35) 7.93 (1.85) 788 (1.59)
The R.S.D. is listed in parenthesis.
corresponding to 0.05%. The observed LOQ values are iden- 40
tical with the requirement of the reporting limit for impurities
as stated by the ICH guideline Q3A “Impurities in New Drug . :
Substances™ [28] as well as international pharmacopoeias such 2 1
as the United States Pharmacopeia [29] or the European Phar- E 3
macopoeia [30]. § 204 Ox
Precision was investigated at a relative concentration of 8 S
approximately 0.1% and 2.0% or 0.6% in the case of the _ﬁ
citalopram and citadiol enantiomers, respectively. The respec- <
tive concentrations based on the target concentration of 5 mg/ml I
escitalopram were 9.7 pg/ml and 194 pg/ml for racemic citalo- 0 . : =

pram and 10.9 pg/ml and 65.4 pg/ml in the case of racemic
citadiol. Sample solutions were injected six times on | day
(intraday precision) and on three consecutive days (interday
precision). The migration times as well as the concentrations
of the compounds are summarized in Table 3. Generally accept-
able relative standard deviation (R.S.D.) values of the peak area
ratios ranging between 1.64% and 6.25% for intraday preci-
sion and between 5.20% and 9.28% for interday precision were
observed.

3.4. Method application

The method was applied to determine (R)-citalopram and
the citadiol enantiomers in escitalopram bulk and tablets. In
addition, one tablet containing racemic citalopram was inves-
tigated. An electropherogram of an escitalopram tablet is shown
in Fig. 4. In bulk drug about 2.30 4 0.11% (R)-citalopram and
0.10 £0.01% (8)-citadiol could be detected. The results of the
tablets are summarized in Table 4. Two brands contained about
0.3-0.4% (R)-citalopram and about 0.4-0.5% (S)-citadiol. A
third brand contained approximately 10-fold higher concen-

trations of (R)-citalopram and 2-fold higher concentrations of
(S)-citadiol. (R)-citadiol could not be detected in any samples of

escitalopram. The tablet of racemic citalopram contained only
very low levels of both citadiol enantiomers.
In order to estimate the recovery of (R)-citalopram and the

citadiol enantiomers from the tablets a second extraction of

the residue of sample 1 was performed. (R)-Citalopram could
not be detected while a concentration of (§)-citadiol corre-
sponding to about 0.03% was determined. This concentration
is below the LOQ but considering the amount of the impu-

Migration time (min.)

Fig. 4. Electropherogram of an escitalopram tablet (entry 3 in Table 4). For
experimental conditions see Fig. 3. Peak identification: (1) (R)-citalopram: (2)
escitalopram: (3) (5)-citadiol: (IS} internal standard (salicylic acid): (OX) oxalic
acid.

rity found in the first extraction this value corresponds to about
7% of the compound not extracted in the first step. Moreover,
the tablet residue of the second extraction was spiked at the
0.5% level. Concentrations of 0.49 £0.01%, 0.44 £ 0.02% and
0.45 £0.02% were determined for (R)-citalopram, (5)-citadiol
and (R)-citadiol. respectively. Thus, a sample recovery of at least
88% can be estimated for all compounds so that the analysis of
the impurities following a single extraction can be regarded as
representative.

Table 4
Impurity profile of commercial tablets
Sample Impurity (%)
{R)-Citalopram (§)-Citadiol {R)-Citadiol
1 0.37 0.45 ND*
2 0.32 0.38 ND
3 2.01 0.72 ND
40 Racemate 0.07 0.03°

The amount is listed relative to a concentration of escitalopram of 5 mg/ml (mean
of two determinations).

* ND: not detected.

" Tablet containing racemic citalopram.

¢ Below LOQ.
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4. Conclusions

A stereoselective CE method employing a dual CD system
has been developed and validated for the analysis of escitalo-
pram with regard to its impurities (R)-citalopram and citadiol
using chemometrics for method optimization. The assay is spe-
cific allowing the detection of the impurities at the 0.05% level
relative (o escitalopram at a concentration of 5 mg/ml. This is
the equivalent of the reporting threshold of the ICH guideline

Q3A [28]. The assay was subsequently applied to the analysis of
bulk and tablets. The results demonstrated different qualities of

the tablets with regard to the impurity profile clearly indicating
the necessity of validated assays for purity control. Although
not developed and validated for citalopram the assay can also be
applied to analyze the racemic drug.
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Research Article

Fast assay of glucosamine in
pharmaceuticals and nutraceuticals by
capillary zone electrophoresis with
contactless conductivity detection

A mnovel capillar electrophoresis (CE) method with contactless conductivity detection
suitable for the determination of glucosamine (GlAm) and K* in pharmaceuticals was
devised. Under the optimum conditions (aqueous 30 mM acetate buffer of pH 5.2 as the
background electrolyte; voltage 30 kV; 25°C), GIAm (migrating as glucosaminium cation)
was well separated from K" that could occur in the dosage forms as excipient. The CE
analysis was performed in fused-silica capillaries (50 um i.d., 75 cm total length, 27 cm to
detector) and the separation took <3 min. The calibration graphs were linear for both
GlAm (100-300 ug/mL; *=0.997) and K* (15-75pug/mL r*=0.997) when using
ethanolamine (100 pg/mL) as the internal standard. The LOD values (S/N=3) were
9.3 ug/mL for GlIAm and 2.9 pg/mL for K'. The method was applied to the assay of
GIlAm content in various dosage forms. Intermediate precision evaluated by determining
the content of GIAm in a single formulation on 3 consecutive days was characterized by
RSD 2.35% (n = 15). Acceptable accuracy of the CE method was confirmed by the added/
found GIAm recovery experiments (recoveries 94.6-103.3%) and by statistical compar-

ison of the results attained by the proposed CE and a reference HPLC method.

Keywords:

Contactless conductivity detection / CZE / Glucosamine / Nutraceuticals /

Pharmaceuticals

1 Introduction

Glucosamine (2-amino-2-deoxy-p-glucose, GlAm) affects
biosynthesis of proteoglycans that are the main components
of extracellular cartilage matrix [1]. Although serious clinical
studies did not bring unambiguous results, GlAm is
believed to be effective in easing osteoarthritis pain,
rehabilitating cartilage, renewing synovial fluid and repair-
ing joints that have been damaged from osteoarthritis.
Hence, GlAm is frequently used in the treatment of
osteoarthritis. Numerous nutraceutical supplements as well
as pharmaceutical preparations containing GlAm as a single
active component or combined with other principles (such
as chondroitin) are marketed worldwide.

Correspondence: Dr. Miroslav Polasek, Department of Analytical
Chemistry, Faculty of Pharmacy, Charles University, Heyrovského
1203, Hradec Kralove CZ-50005, Czech Republic
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Abbreviations: BGE, background electrolyte; CCD,
contactless conductivity detection; CE, capillary
electrophoresis; GlAm, glucosamine; IS, internal standard;
LIF, laser-induced fluorescence
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There is no official method mentioned in the European
Pharmacopoeia [2] concerning the assay of GlAm as a bulk
drug or as an active principle in pharmaceutical prepara-
tions. The United States Pharmacopoeia 30 [3] section
Dietary Supplements involves articles on the assay of GIAm
bulk drug as well as on tablets by HPLC using octylsilane as
the stationary phase, phosphate buffer pH 3.0 and acetoni-
trile (3:2) as the mobile phase and UV detection at 195 nm.
Several papers report the determination of GIAm content in
blood plasma and in various dosage forms by capillary
electrophoresis (CE), HPLC, high-performance thin-layer
chromatography and spectrophotometry.

Because of the lack of chromophores in the molecules of
common carbohydrates as well as in GIAm molecule, it is
difficult to detect these analytes in CE with direct UV
detection. This problem can be essentially overcome by the
application of strongly alkaline borate buffers resulting in
the formation of negatively charged carbohydrate-borate
complexes with enhanced absorption at 190 nm, allowing
their direct UV detection [4]. Another approach for
improving sensitivity in the CE analysis of GlAm is the
derivatization of the analyte, followed by UV detection [5],
laser-induced fluorescence (LIF) detection [6, 7] or indirect
UV detection [8]. Thus, GIAm was quantified in nutraceu-
ticals by CE with UV detection after the derivatization of
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GlAm with o-phthalaldehyde [5), but the linearity of cali-
bration is far frem ideal (* = 0.9615). Microchip CE using
derivatization with fluorescamine and fluorescence detec-
tion was recently applied to the analysis of «-p-glucosamine
and [-p-glucosamine to follow their interconversion [6).
Zhang et al [7] utilized 3-(p-carboxybenzoyl)quinoline-2-
carboxaldehyde to produce fluorescent derivatives of amino
sugars including 1-GlAm and 2-GlAm for the CE assay
coupled with LIF; favorable detection limit of 45 pM for 1-
GlAm was achieved. Acidic, neutral and amino sugars
including GIAm were separated by CE with indirect UV
detection at 350 nm [8]. Here, the background electrolyte
(BGE) of pH 121 contained 2,6-pyridinedicarboxylic acid
(UV absorbing background) and CTAB to reverse the EOF.
Under these conditions the negatively charged analytes
migrated toward the anode. This method gave excellent
results for GIAm, but the time of analysis was relatively long
(16 min), which is a somewhat limiting feature for routine
analysis.

Besides the CE, HPLC is often utilized to determine
GlAm in human plasma or in nutraceuticals. For the HPLC
assay of GIAM in body fluids, sensitive detection is desirable
and therefore MS [9-11), pulsed amperometric detection [12]
and fluorimetric detection [13, 14] of derivatized GlAm are
methods of choice. HPLC assays with refractometric detec-
tion [15] or UV detection at 195 nm [16] were devised for the
quality control of nutraceuticals containing GlAm.

Other miscellaneous techniques suitable for the deter-
mination of GIAm in dosage forms invelve high-performance
thin-layer chromatography/densitometry [17,18] and UV
spectrophotometry [19] using derivatization with ninhydrin.

In addition to the above-mentioned detection techni-
ques, contactless conductivity detection (CCD) firstly intro-
duced by Gag et al. [20] proved to be functional for the CE
quantification of analytes lacking chromophores (including
carbohydrates). The introduction of the so-called coaxial
design of CCD in CE by Zeman et al. contributed substan-
tially to the development of this technique [21). In CE
with CCD detection, the crucial point is the selection of
suitable BGE. The conductivity of an optimal BGE must be
different from that of the analyte and at the same time the
mobility difference between the analyte ion and BGE co-ion
must be small enough to attain acceptable peak symmetry
[22]. Recent applications of CCD in CE are discussed
in a review [23]. Da Silva used highly alkaline BGE with
CTAB to determine sugars in beverages by CE with
CCD [24]. Similar BGE was employed for the CE analysis of
mixtures of saccharides (including GlAm), inorganic ions
and anions of organic acids [25). The applications of
CE/CCD in the field of pharmaceutical analysis are rather
scarce. Thus, Tanyanylawa and Hauser [26] demonstrated
feasibility of CE/CCD in the separation of [-blockers and
other physiclogically active amines including the analysis of
drug formulations. These separations were carried out by
conventional CZE and also in microchip scale. Later Felix
et al. [27] developed a CE/CCD assay for the determination
of salbutameol in syrups.

€ 2007 WILEY-VCH Verlag GmbH & Co. KGaf, Weinheim

Priloha 4

Electrophoresis 2008, 29, 1-8

In the present paper, a novel fast CE{CCD method is
proposed for the assay of GIAm where the analyte is sepa-
rated in its cationic form. Practical applications of the
method appropriately validated for the determination of
GlAm in nutraceuticals and in various pharmaceutical
dosage forms containing also K' are demenstrated.

2 Materials and methods
2.1 Instrumentation

All experiments were carried out with a PrinCE 650 system
(PrinCE Technologies B.V., The Netherlands) electrophore-
tic analyzer equipped with Lambda 1010 UV=VIS detector
{Leonberg, Germany), TraceDec® (Innovative Sensor Tech-
nologies Gmbh, Strasshof, Austria) contactless conductivity
detector and WinPrinCe software (as an integrated module
of DAX data acquisition and analysis package). The pH of
the BGEs was measured by the PHM 220 pH-meter
(Radiometer, France) with PHC2401-8 combined glass
clectrode calibrated with standard aqueous Radiometer
buffers. LC system consisting of Waters 1525 binary HPLC
pump, Waters 717plus autosampler and Waters 2487 Dual &
Absorbance detector (Waters, Prague, Czech Republic)
was utilized for the reference HPLC measurements
(Breeze software was used for the HPLC data acquisition
and processing).

2.2 Electrophoretic procedure

Uncoated fused-silica capillaries (50pm id., total length
75¢cm, 27 cm to detector; lot: CLIO3AAA) were obtained
from Composite Metal Services (The Chase, Hallow,
Worcester, UK). Before the first use the capillary was rinsed
at 750 mbar successively with methanol (MeOH) for 5 min,
ultra-pure water for 3 min, 0.1 M HCI for 20 min, ultra-pure
water for 3 min, 1M NaOH for 30 min and ultra-pure water
for 30 min. Daily the capillary was conditioned before the
first and after the last analysis with 0.1 M NaOH, followed
by ultra-pure water {each step for 10 min at 1000 mbar). The
capillary was rinsed at 1000 mbar successively with 0.1 M
NaOH for 2min and with appropriate BGE for 4 min
between the individual runs. Separation capillary and CCD
detection cell were maintained at 25+ 0.1°C. Samples were
injected hydrodynamically at 50 mbar for 6 s. The settings of
the CCD detector were fixed at the following values: gain 50;
voltage —18 dB; offset 0.

2.3 Chemicals
p-{+)-glucosamine hydrochloride, ethanclamine and HPLC-
grade acetonitrile were purchased from Sigma-Aldrich

(Milwaukee, WI, USA). Acetic acid was from Fluka (Buchs,
Switzerland). Potassium chloride was obtained from Balex
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(Pardubice, Czech Republic) and sodium hydroxide was
obtained from Penta (Chrudim, Czech Republic). Potassium
dihydrogen phosphate and 85% phosphoric add (H3PO,)
were purchased from Merck (Darmstadt, Germany); magne-
sium chloride, calcium chloride and aqueous 25% NH,OH
solution were obtained from Lachema (Neratovice, Czech
Republic).

Pharmaceutical and nutraceutical preparations were
purchased from a local pharmacy. Their labeled composi-
tion is shown in Table 1. Ultra-pure water produced by the
Milli-Q-System (Millipore, Bedford, MA, USA) was used
throughout.

2.4 Standard and electrolyte solutions

Appropriate amount of acetic acid was dissolved in water
and the pH was adjusted by 1 M NaOH to prepare the BGE.

Aqueous stock solutions of GlAm hydrochloride and
ethanolamine (internal standard, IS) were prepared to obtain
concentration of 1 mg/mL (calculated as free bases). Since
some GIAm dosage forms contain KCl or K;S04 as exci-
pients, the separation of GlAm from K as the second
analyte had to be considered. Stock solution of KCl contained
150 ug/mL of K'. The final calibration solutions were
prepared by mixing the stock solutions and diluting the
mixture with water to obtain solutions containing
100-300 ug/mL of GlAm (free base) and 15-75 pg/mL of K.
Concentration of ethanolamine (I8) in the final calibration
solutions was 100 pug/mL. All standard and electrolyte solu-
tions were degassed in an ultrasonic bath for 5 min. The
BGEs were filtered through 0.45um nylon membrane
syringe filters (Teknokroma, Barcelona, Spain).

2.5 Qualitative and quantitative analysis

Peak resolution (Rs) was calculated as Rs = 2(t,—tq)/(wy +
w,), where t; and t; are migration times of two neighboring
analytes and w;, and w, are their respective peak widths
measured at the baseline. Normalized peak areas were
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involved in all calculation during method validation and real
sample analysis (also see Section 2.6).

Selectivity measurements were pursued by recording
electropherograms of standard test solution containing
150 ng/mL of Gl1Am with successive additions of 100 pg/mL
of 1S, 100 ug/mL of K*, 50 ug/mL of Ca** and 50 ug/mL
of Mg*™.

Linearity of calibration curves (involving five calibra-
tion solutions; each injected in triplicate) was evaluated
by linear regression under the optimal separation condi-
tions (see Section 3.1). The LOD was determined as
signal-to-noise ratio (S/N=3); LOQ was calculated as
S/N = 10.

Run-to-run repeatability (n=6) of migration times of
analytes as well as of corrected peak area ratios A [A;g was
examined at two concentration levels (100 and 200 pg/mL
for GIAm and 15 and 45 pg/mL for K, respectively) by six
successive injections of the same solution. This solution was
also injected six times after 24 and 48 h of the storage at +
8°C. In this case freshly prepared BGEs were used and the
data were treated in the same manner as in the run-to-run
repeatability experiment.

Intermediate precision was evaluated for formulation B
(lot 07007). The sample was analyzed in three consecutive
days. Each day five independent determinations were carried
out; all test golutions were injected in triplicate. Every day
fresh BGE, sample and standard GlAm solution were
prepared. RSD values of migration times, peak area ratios
AyJArs and the content of GIAm found (% of the labeled
content) were calculated.

2.6 Analysis of pharmaceutical preparation and

nutritional supplements

Three pharmaceutical preparations and one dietary
supplement in various dosage forms available in the local
market (see Table 1) were analyzed to determine their
content of GlAm.

To determine the GIAm content in the dosage forms,
the electropherogram data obtained by the CE analyses of

Table 1. Composition of dosage forms analyzed

Sample Dosage form Active substance Excipients

Pharmaceuticals

A Granulate Glucosamine sulfate 159 Aspartame, citric acid, macrogolum, sorbitol
B Granulate Glucosamine sulfate 1.5g Aspartame, citric acid, macrogolum, sorbitol
C Capsules GlAm—potassium Magnesium stearate, titanium (IV) oxide

sulfate complex 676 mg
Nutraceutical preparation
D Tablets Crystalline glucosamine

sulfate - 2KCI 1060 mg

Coating: Talc, stearin®, (hydroxypropyl)methylcellulose, shellac, dyes E 171, E 132,
Tablet microcrystalline cellulose, modified starch, magnesium stearate,

polyvinylpyrrolidone, actitol, talc, calcium phosphate, tartaric, malic and citric acid

Notes: E 171—titanium (V) oxide; E 132—Indigotin.
a) Stearin is a mixture of stearic and palmitic acid.
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three independently prepared final test solutions containing
150 pg/mL of GlAm (each solution injected in triplicate)
were compared with those obtained by the CE analysis of the
standard solution (150 pg/mL of GIAm) that was analyzed in
parallel. For recovery experiments, the concentration of
GlAm was increased by 75 ug/mL. The results of the assay
of pharmaceutical preparation and nutritional supplements
were expressed as percentage of the labeled amount of the
active substance.

For each dosage form glightly different sample
preparation was employed. Content of five sachets of
formulation A or B was mixed together and its portion was
just dissolved in water on ultrasonic bath and diluted. Part
of the mixed content from 10 capsules of formulation C was
dispersed in water and sonicated for several minutes to
obtain colloidal solution, which was appropriately diluted
with water and directly injected. Portion of 20 finely
pulverized tablets was suspended in BGE and sonicated for
10 min and thereafter centrifuged for 15 min at 3000 r.p.m.
An aliquot of the supernatant was further diluted with water
to receive final test solution. For recovery experiments, the
standard addition underwent the same procedure as the
original sample.

2.7 Reference HPLC method for accuracy evaluation

The reference HPLC method was adopted from [16]. All
separation conditions were identical to those reported in [16]
except of the Phenomenex Luna amino column dimensions
(100 mm x 3.00 mm i.d.) and injection volume (20 pl).

Simple revalidation induding the system suitability test
and linearity measurement (for six standard solutions
containing 1.25-5.02 mg/mL of GlAm; each injected in
triplicate) was effected during the HPLC method transfer.
Ten times replicated injection of single standard solution
containing 3.61 mg/mL of GlAm was employed in the
system suitability test evaluation.

The sample processing in the HPLC assay of the
formulation B (lot 07007) was analogical to that of the CE
protocol except for higher concentration of GlIAm (1.95 mg/
mlL) in the test solution injected; the GlAm standard addi-
tion in the recovery experiment was 1.03 mg/mL. Three
independently taken weights of the powdered formulation B
were analyzed and each test solution was injected in tripli-
cate.

3 Results and discussion

3.1 Method development

Several BGEs of different pHs were examined to check their
suitability for the GIAm determination by CZE/CCD. Only
formate (pH 4) and acetate (pH 5.6) buffers gave satisfactory

results in terms of sensitivity, migration times and
peak shapes. Other BGEs tested (phosphate pH 7,
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phosphate pH 2, HEPES, dtrate/phosphate pH 5.5 and
BGE according to [24]) were unsuitable mostly due to
insufficient sensitivity. In HEPES-based BGE of pH~7,
two peaks were observed upon injection of GIAm solution;
this was probably caused by the mutarotation of GlAm
molecule and therefore this BGE was not selected for
further CE method development. Finally, the acetate-based
BGE was selected as optimal one because, in contrast to
formate-based BGE, no “system peaks”’ occurred in the
electropherograms. From a group of five basic compounds
examined as potential IS (imidazole, glutamate, spermidin,
N,N-dimethylethanolamine and ethanolamine), only N,N-
dimethylethanolamine and ethanclamine gave distinct
peaks. At last ethanolamine was chosen as appropriate IS
since its resolution from the peaks of GlIAm was better than
that of the N,N-dimethylethanolamine-GIAm pair. This IS
was also well separated from K",

The method was further optimized with respect to the
BGE concentration, pH and voltage.

When increasing the concentration of acetate from 20 to
60 mM (other conditions were pH 5.5, 20kV, injection at
50 mbar for 0.2 min) the migration times of K", ethanola-
mine and GlAm increased steadily. To maintain short time
of separation and at the same time to achieve favorable
analyte peak shape, 30 mM acetate buffer was selected for
further optimization.

The effect of pH of 30 mM acetate (BGE) was examined
in the range pH 5.1-5.6. The best separation of GlAm,
ethanolamine and K" was achieved at pH 5.2. Evidently at
pH 5.2, the amino groups of GlAm (pKa 7.8; see [28]) and
ethanolamine (pKa 9.52; see [29]) are practically fully
protonated and these cations migrate toward the cathode.

Although increasing the voltage from 20 to 30kV (with
30 mM acetate, pH 5.2, injection 50mbar for 0.2 min)
resulted in shorter time of analysis, the resolution of the
peaks of K, ethanolamine and GIAm remained excellent.
Therefore, all further experiments were performed at 30 kV.

The injection mode was optimized to find a compro-
mise between sensitivity and separation efficiency. When
increasing the injection time from 6 to 18 s at both 50 and
100 mbar, the sensitivity was improved but the separation
efficiency worsened because peak tailing of GIAm and IS
became more pronounced. Therefore, the injection time of
6s at 50 mbar was selected for further experiments.

The technique of capillary rinsing appeared to be crucial
for achieving reproducible results. Rinsing the capillary just
with the BGE at 1000 mbar for 2 min between runs resulted
in gradual increase in the migration times of the analytes.
This problem was solved by adopting the following rinsing
scheme between successive runs: 0.1 M NaOH for 2 min
and the BGE for 4 min (both at 1000 mbar); in this case, the
RSD of migration times decreased from 9.6 to 0.08% (six
successive injections).

The electropherogram of a standard selution and blank
(water injected) analyzed under the optimal conditions is
depicted in Fig. 1. The current generated under such
conditions was approximately 38 pA.
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Figure 1. (A) Electropherogram of standard mixture (150 pg/mL
of glucosamine; 30 ug/mL of K* and 100 pg/mL of 1S-ethanola-
mine); (B) blank electropherogram; peak identification: (1) K*, (2)
ethanolamine (IS), {3) GIAm, {4) EOF. Experimental conditions:
30 mM acetate buffer, pH 5.2, 30kV, 25°C, hydrodynamic
injection 50 mbar for 6 s. Generated current is 38 pA.

The Rs values were 5.6 for the K'=IS pair, 4.5 for the
GIAm-1S pair, and 7.0 for GIAm-EOF. The number of
theoretical plates per meter was =13 100, 32900, and
12 000 for K, IS, and GlAm, respectively. Electrophoretic
mobilities were calculated as 6.9 x107% xm? x V1 x s7!
for K", 42x10%xm’xV 'xs' for 1S, and
23 %1078 x m? x V7' x5! for GIAm. All these data were
determined with the test solution containing 45 pg/mL
of K*, 200 pg/mL of GlAm, and 100 ug/mL of 1S analyzed
under the optimal conditions.

3.2 Method validation

The proposed CE method was validated with respect to
spedficity, linearity, LOD, LOQ, repeatability, intermediate
precision, and accuracy (for conditions and results see
Tables 2-4).
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The specificity issue was examined for Ca*' and
Mg®" as potential interferents, even though Mg stearate or
Ca phosphate present in minute amounts in the dosage
forms as excipients are practically insoluble in water.
Electropherogram (not shown here) of a standard
mixture containing GlAm, IS, K*, Ca**, and Mg’" (for
concentrations see Section 2.5) revealed that Mg”" migrates
faster than the IS and the resolution between these peaks
is 1.42; Ca®" migrates even faster than Mg under the
optimal conditions and exhibits very low CCD signal.
Hence there is no risk of interference from magnesium
or calcium with the assay of GIAm or K" in such prepara-
tions.

The calibration curves were characterized by equations:
y=0016x—0025 (#=0997) and y=0.036x—0.002
(¥ =0.997) for GlAm and K", respectively, where x stands for
the concentration of the analyte (ug/mlL). The linearity was
proved for 100-300 pg/mL of GIAm and 15-75 pg/mL of K.
For GlAm the LOD was 9.3 ug/mL (50 uM GlAm) and for K*
2.9 pg/mL (70uM K). The LOQs were 30.9 pg/mL of GlAm
and 9.6 ug/ml of K*. The sensitivity of the method is adequate
for the determination of GIAm ag the main component in
formulations while being slightly better than in previous
HPLC or CE assays using spectrophotometric detection [5,16].
Nevertheless, it is not usable for the assay of GIAm in biolo-
gical fluids where high-sensitivity MS, fluorescence, or LIF
detection after derwvatization (with typical LODs around
5-35ng/mL of GlAm) is required [7,10,11,13,14].

The results of run-to-run repeatability of migration
tHimes and peak area ratios for two concentration levels of
GlAm and K" in standard solutions are shown in Table 2.
The repeatability of migration times is excellent as docu-
mented by their RSD values not exceeding 0.74% (n=6;
single day). The repeatability of corrected peak area ratios is
characterized by RSD values of <3.1% (n= 6; single day)
for GIAm and <2.0% (n = 6; single day) for K*, which is
acceptable for quantitative CE analysis.

The results of the evaluation of the intermediate
precision are summarized in Table 3. This validation para-
meter was assessed only for sample B (lot 07007).
The experiment was run in three days; each day five inde-
pendent determinations of the same sample were
performed by the proposed CE method. It can be dearly
seen that the method gives practically the same results
within moderate time span.

For the estimation of the accuracy of the proposed CE
method a reference HPLC assay was adopted from [16] and
revalidated by us; it was characterized by the mean retention
time of GlAm of 41min (RSD 0.76%; n=10) and the
repeatability of the peak areas was 0.14% (RSD; n = 10). The
average tailing factor (peak symmetry) was 1.29 and the
efficiency (number of theoretical plates) was 286 as deter-
mined in accordance with the European Pharmacopoeia [2].
The HPLC calibration curve (see Section 2.8) exhibited
excellent linearity (r=0.9997). Three independent HPLC
assays of GlAm in formulation B (lot 07007) gave mean
content 98.94% of labeled GIAm (RSD 0.73%); the recovery
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Table 2. Run-to-run repeatability of migration times and peak areas of GIAm and K* as measured with standard solutions

Day 1 {n=86) Day 1+2 (n=12) Day 1+2+3 (n=18)

Analyte

Tm (RSD) AR (RSD) Tm (RSD) AR (RSD) Tm (RSD) AR (RSD)
K™ {15 pg/mL) 1.03 0568 1.05 0.545 106 0.571

(0.25) (1.97) (1.65) (4.89) (1.84) [7.77)
GlAm (100 pg/mL) 1.81 1668 1.87 1.603 189 1.583

(0.74) (3.11) (3.22) (5.15) (3.23) |4.64)
K™ (45 pg/mL) 1.05 1657 1.06 1.655 106 1.650

(0.12) (1.64) (0.87) (3.04) (1.28) (2.82)
GlAm (200 pg/mL) 1.84 3.147 1.87 3.163 189 3.147

(0.08) (2.64) (1.44) (2.17) (1.86) (1.98)

Note: Tm is the mean of migration time (min); AR is a mean value of the peak area ratio of A./4 s (A, is the peak area of the
analyte and Ay is the peak area of the IS); RSD is the relative standard deviation (%).

Table 3. Evaluation of intermediate precision and accuracy of the assay of GIAm in dosage form B {lot 07007)

Day Sample Theoretical amount® Found by CE (%) RSD (n= 3] Found by HPLC (%" RSD (n=3)¢ t-Test
1 1 1513 100.7 2.07 99.40 0.14

2 1515 100.1 112 99.28 1.89

3 1520 100.5 2.62 98.11 1.76

4 1529 100.4 0.95

5 1528 99.0 1.99

— — 100.14" 0.67%! 98.94% 073" 1.997%
2 1 1523 101.0 0.3

2 1521 992 2.40

3 1516 101.6 1.52

4 1537 1011 1.04

5 1524 1011 2.68
3 1 1517 919 2.19

2 1522 996 1.56

3 1545 101.0 0.69

4 1537 983 241

5 1522 995 0.28
Mean — 997 —
RSD % (n= 15) 235

a) pg/mL of GIAm in injected test solution as calculated from the labeled amount.
b) Percent of labeled amount.

c) RSD values calculated from three injections of test solution.

d) Mean Day 1

e) RSD Day 1 (n,=5).

f) RSD Day 1 {n, = 3)

g) At 95% confidence level; na =5; My = 3; teritica = 2.447.

(found/added) was 99.7% (RSD 3.12%; n=3). The The mean content of GlAm found in samples A, B, and

Student's unpaired t-test [30] was performed to statistically
evaluate the accuracy of the CE method devised. For the
results of the assays see Table 3, Day 1 (the number of
determinations n, =5 for the CE and n, = 3 for the HPLC
method). The t-test did not reveal any statistically significant
difference between the results.

The results of the determination of GIAm in four different
samples of real dosage forms by the devised CE method are
summarized together with the recovery data in Table 4.

The recovery data of 100+5% of added amount were
found in all cases with RSD<3.14%, thus confirming
acceptable accuracy of the proposed method.
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C meets the requirements of USP 30 [3], i.e. it falls with-
in + 10% of the labeled value. The content of GIAm found in
formulation D is slightly below the acceptance limit. The
RSD values of peak area ratios were <4.16 % for the GlAm
assay. See Table 4 for details.

The dosage forms were not analyzed for K" (formulated
in the tablets and capsules as excipient) since this is
not required by the USP 30 [3]. Nevertheless, practically
the content of K* can be determined in the formulations
by the devised CE method if needed. Electrophero-
grams of formulations B, C, and D are depicted in
Fig. 2.
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Table 4. Assay of GIAm in pharmaceutical preparations A, B {lot 07001) and C, and in nutraceutical D

Theoretical® Found®' (%) Found®
Dosage form Sample amount (RSD; n=3) Added® (RSD; n=3) Recovery (%)
A 1 149.2 929 116 186 1013
(1.90) (0.57)
2 150.2 96.8 716 799 103.0
(1.17) (2.59)
3 148.5 95.8 716 7495 96.6
(1.47) (0.50)
Mean — 95.2 — — 100.3
(RSD) 2.1} (3.3)
B 1 151.3 92.3 716 74.26 95.7
(2.01) (0.73)
2 149.6 924 716 7407 95.5
(2.10) (1.21)
3 148.1 89.7 716 733 94.6
(1.97) (1.78)
Mean (RSD) — 91.5 — — 95.3
(1.7) 0.7)
C 1 146.1 90.6 716 7868 1015
(0.89) (1.55)
2 146.3 91.3 116 1861 1014
(1.65) (3.14)
3 147.2 91.6 716 80.14 1033
(2.55) (2.37)
Mean [RSD) — 91.2 — — 102.0
(0.6 1.1)
D 1 154.6 90.4 755 758 1004
(1.08) (1.13)
2 157.6 88.6 744 76.1 1023
(2:30) (0.82)
3 153.2 89.9 134 69.9 95.3
(4.16) (2.22)
Mean [RSD) — 89.6 — — 99.3
(1.00 3.7

a) pg/mL of GlAm in injected test solution as calculated from the labeled amount.
b) Percent of labeled amount (RSD values calculated from three injections of test solution).

¢} pg/mL of GIAm added to the injected test solution.

d) Found of added (ug/mL of GlAm; RSD values were calculated from three injections of test solution).

4 Concluding remark

This communication demonstrates the feasibility of using
CE with CCD for the assay of GIAm in pharmaceuticals or
nutraceuticals, without the need of the derivatization of the
analyte. Since the GlAm is separated from K' that gives a
well-developed peak in the electropherogram, simultaneous
determination of GIAm and K" is possible. In comparison
with other methods published earlier, the proposed CE/f
CCD method is faster (a single separation taking less than
3 min) and its sensitivity is fully sufficient for the purpose of
dosage form quality testing. The results of real sample
analyses compared with those of reference HPLC assay and
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the added/found recoveries indicate that the CE/CCD
method is accurate. In addition to the fact that the CCD
has been scarcely used in the CE analysis of pharmaceu-
ticals so far, this is the first application of CE/CCD where
the GIAm is separated and determined in the form of cation
to best of our knowledge.
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0021620822.
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Figure 2. Electropherograms of formulations B, C, and D. For
peak identification and experimental conditions, see legend of
Figure 1.
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5.2 Abstrakty uvedené ve sbornicich

5.2.1 Priloha 5: Ja¢, P., Polasek M., Pospisilova, M., Recent trends in
the determination of polyphenols by electromigration
methods, 11th Meeting on Recent Developments in
Pharmaceutical Analysis, Rimini, 25. - 28. 9. 2005.

RECENT TRENDS IN THE DETERMINATION OF POLYPHENOLS BY
ELECTROMIGRATION METHODS

Pavel Ja&, Miroslav PoldSek, Marie PospiSilova
Charles Department of Analytical Chemistry , 05 Hradec Krdlové, Czech Republic

In the last decade naturally occurring antioxidants such as polyphenols (flavonoids
and polyphenolic acids) have attracted attention of many research groups. These
compounds, together with ascorbic acid, vitamin E and carotenoids, are the most ‘
important reducing agents occurring in human diet; they are believed to protect |
living body tissues against the oxidative stress, The number of papers concerning |
the determination of polyphenols in various analytical matrices is constantly |
increasing in accordance with their intensive pharmacological and biological |
investigation. Due to relatively complex nature of plant materials, efficient
separation methods play the most important role in their analysis. In addition to
chromatographic methods (HPLC and GC) that have occupied the leading position
in the pharmaceutical and phytochemical analysis, numerous papers dealing with
the determination of polyphenols by means of electromigration methods have been
reported.

An overview mapping recent trends in the determination of polyphenols of natural
origin by electromigration methods (covering the period of last five years) is
presented. The overview involves different techniques such as capillary zone
electrophoresis and micellar electrokinetic chromatography with various detection
techniques, as well as on-line integration of pre-separation methods with capillary \
electrophoresis, namely ITP-CZE as investigated in our laboratory [1-3] and flow-
injection — CZE,
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the Czech Republic No. NL/7689-3 and by the MSM Project 0021620822 of the
Czech Ministry of Education.

M. Urbének, M. PospiSilovd, M. Polisek, Electrophoreis 23 (2002) 1045-1052.
M. Urbének, L. Blechtové , M. Pospisilova, M. PoléSek , J. Chromatogr. A 958 (2002) 261-271.
R. Hamoudova, M. Urbének, M. PospiZilov4, M. PolaSek, J. Chromatogr. A 1032 (2004) 281-287.

‘ V 188

121



Priloha 6

5.2.2 Priloha 6: Jac¢, P., Polasek M., Vaz Batista A. I.,, Kaderova L.,
Comparative study of borate and tungstate as complex-
forming reagents for the separation of selected polyphenols
by capillary electrophoresis, 15th International Symposium on
Capillary Electroseparation Techniques, Pariz, 28. - 30. 8. 2006.

P 52
COMPARATIVE STUDY OF BORATE AND TUNGSTATE AS COMPLEX-FORMING REAGENTS FOR THE
SEPARATION OF SELECTED POLYPHENOLS BY CAPILLARY ELECTROPHORESIS

P. JAE, M. Polasek, A. |. Vaz Batista, L. Kaderova
Facully of Pharmacy, Charles University, Heyrovského 1203, Hradec Krélové, CZ-500 05,
Czech Republic. jacp@faf.cuni.cz

Two capillary electrophoretic (CE) systems using tungstate or borate as different complex-
forming selectors for the separation of polyphenols (apigenin, luteolin, hyperaside, quercetin,
rutin, chlorogenic acid and p-coumaric acid) were developed and compared in terms of
resolution and sensitivity. Similar to molybdate-containing background electrolyte (BGE)
examined earlier (1), tungstate-based BGE of pH 7.4 {adjusted with TRIS) containing 50 mM
HEPES, 2.2 mM sodium tungstate and 25% (v/v) of MeOH allowed baseline separation of all
the analytes within 13 min. The separation was performed in 75 cm (effective length 42 cm) x
75 um fused silica capillaries at 30 kV with UV detection at 275 nm; cinnamic acid was used
as internal standard. Quantitative assay (except of chlorogenic acid that exhibited poor
calibration parameters) was possible. The CE separation with optimized 20 mM sodium
tetraborate BGE of pH 9.0 (adjusted with boric acid) showed better linearity and sensitivity
compared to that using the tungstate BGE but in the borate system p-coumaric acid and
apigenin could not be separated. Relatively high pH of the borate BGE is a drawback since
the polyphenols may be oxidized by the air oxygen more readily than at neutral pH. Qur
findings suggest that the novel tungstate-based BGE represents a good alternative to the
routinely applied borate system when analyzing mixtures of polyphenols by CE.

(1) M. PolaSek, I. Petriska, M. PospiSilova, L. Jahodaf, Talania, 69 (2006) 192
Acknowledgements: This work was supported by the Grant Agency of the Charles University

(Project 296/2005), by the Czech Ministry of Education, Research Project MSM 0021620822,
and by the Internal Grant Agency of the Czech Ministry of Health (Project NR8964-3/2006).
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5.2.3 Priloha 7: Jac¢, P., Polasek M., Vaz Batista A. I., Utilization of
tungstate-based electrolyte for the determination of
polyphenols in natural products by capillary electrophoresis,
12th International Meeting on Recent Developments in
Pharmaceutical Analysis, Elba, 23. - 26. 9. 2007.

UTILIZATION OF TUNGSTATE-BASED ELECTROLYTE FOR
THE DETERMINATION OF POLYPHENOLS IN NATURAL
PRODUCTS BY CAPILLARY ELECTROPHORESIS

P. Ja€, M. Polasek, A.I. Vaz Batista
Faculty of Pharmacy, Charles University, Heyrovského 1203, Hradec
Kralové, CZ-500 05, Czech Republic

New kind of background electrolyte (BGE) utilizing millimolar amounts of
sodium tungstate as complex-forming reagent is introduced. Addition of
tungstate into the BGE affects significantly electrophoretic migration of
compounds with vicinal -OH groups due to the formation of negatively
charged complexes involving W(VI) as central ion. The mobility of
monohydroxy compounds is not influenced. The separation selectivity was
demonstrated on model mixtures of flavonoids (apigenin, luteolin,
hyperoside, quercetin and rutin) and phenolic acids (chlorogenic acid and p-
coumaric acid).

With optimized BGE, i.e., 50 mM HEPES, 2.2 mM sodium tungstate, pH
7.4 (adjusted by TRIS) and 25 % (v/v) of MeOH the base-line separation of
all analytes was achieved within 13 minutes. The separation was performed
in 75 cm (effective length 42 cm) x 75 pm fused silica capillary at 30 kV
with UV detection at 275 nm.

The calibration curves were rectilinear (*>0.9933) for the concentration
ranges 25-175 pg/ml for all analytes when using cinnamic acid as the
internal standard (IS). The LOD values ranged from 1.8 to 6 pg/ml for all
analytes except of chlorogenic acid. Intra-day precision (n=6) of migration
times (RSD <1.2%) and peak area ratios (analyte/IS) (RSD <5.6%) was
determined.

The method was applied to the determination of rutin and hyperoside
content in Hypericum perforatum extract. Furthermore the potential of this
electrophoretic method was demonstrated by the assay of polyphenols in a
propolis tincture available on the local market. Our findings suggest that this
tungstate-containing BGE can be alternatively utilized for the determination
of the content of polyphenols in natural products by CE at considerably
lower pH compared to conventional borate-based BGEs.

Acknowledgment: This work was supported by Research Project MSM 0021620822, by the
Internal Grant Agency of the Czech Ministry of Health (Project NR8964-3/2006) and by
Zentiva.
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Zaver

6 Zaver

Tato dizertacni prace je zaméfena na vyuziti kapilarnich elektromigracnich
metod pro analyzu biologicky aktivnich sloucenin.

Prvni tematicky okruh zkoumany v této praci byl zaméfen na analyzu
polyfenolickych sloucenin v rostlinném materialu. V ramci tohoto tematického okruhu
byla zpracovana reSerSe, kterd shrnuje poznatky v oblasti analyzy polyfenolickych
sloucenin v letech 1999-2005. Vysledky zpracované v této reSerSi jasn¢ dokladuji
praktickou vyuzitelnost kapilarnich elektromigrac¢nich metod v analyze polyfenolickych
slou¢enin pfitomnych v rostlinném materialu. Béhem studia literatury vyplynulo, Ze
drtiva vétSina elektrolytovych systémi je zalozena na alkalickém boratovém pufru, u
kterého hrozi nebezpeci oxidativni degradace tak silnych antioxidantii jako jsou
polyfenoly. Zejména vzhledem ktomuto zjisténi byl zkouman vliv ptidavku
wolframanu sodného k zdkladnimu elektrolytu. Tato oxoslouc¢enina wolframu tvoii jiz
v mirné kyselé ¢i neutralni oblasti aniontové komplexy s polyfenolickymi slou¢eninami,
které mohou byt elektroforeticky separovany. Vysledky jasné demonstruji vliv pfidavku
wolframanu sodného k BGE na selektivitu separacniho procesu. Dosazené vysledky
byly porovnany s paraleln¢ vyvinutym boratovym elektrolytem s nasledujicimi zaveéry:

e Elektrolyt s ptidavkem wolframanu sodného mél vyssi vliv na selektivitu
separac¢niho procesu pro pouzitou modelovou sm¢s.

e Elektrolyt obsahujici borat jako zakladni elektrolyt umoznoval rychlejsi analyzy
S vys$i citlivosti.

o Utinnost separaéniho procesu byla vyssi v piipadé boratového elektrolytu.

e Opakovatelnost v ramci jednoho dne byla lepsi pro elektrolyt zaloZzeny na
wolframatu, zatimco mezidenni opakovatelnost vykazovala podobné vysledky
pro obé metody.

Analyzou lyofylizovaného extraktu tfezalky teCkované bylo demonstrovano
praktické vyuziti nové vyvinuté metody zalozené na BGE obsahujicim Na,WQO,. Zde se
ukazalo, ze citlivost je stinnou strankou této metody. Nekteré polyfenoly totiz nebylo

mozné kvantifikovat, protoze jejich signal byl niz8i nez LOQ.
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Zaver

Dalsi okruh disertatni prace je zaméfen na vyvoj, optimalizaci a validaci
elektromigracnich metod pro kontrolu jakosti 1é¢ivych ptipravkii a/nebo potravinovych
doplikad.

Prvni prace tohoto tematického okruhu ptedstavuje ptivodni metodu pro kontrolu
Cistoty escitalopramu. Jako necistoty byly sledovany druhy enantiomer (R)-citalopram a
synteticky prekurzor (R,S)-citadiol, ktery byl v ptedkladané praci poprvé analyzovan
jako necistota v Iékovych forméach. Metoda byla validovana dle doporuceni ICH
(Q2R1) a praktickd vyuzitelnost metody byla demonstrovdna na analyze tablet
escitalopramu, substanci escitalopramu a tabletach obsahujicich racemicky citalopram.
Dosazené vysledky dokladuji vyuzitelnost kapilarni elektroforézy pro kontrolu jakosti
ve farmaceutickém primyslu vcetné analyz piibuznych latek.

Dalsi cast dizertacni prace je zamétfena na vyvoj, optimalizaci a validaci CZE
metody pro analyzu glukosaminu s vyuzitim bezkontaktni vodivostni detekce. Tato
metoda jako jedind z doposud uvefejnénych metod umoziiuje soucasné stanoveni
glukosaminu vedle K*, které jsou velmi ¢asto soudasti peroralnich glukosaminovych
ptipravkl. Optimalizovana metoda byla validovana a dosaZené vysledky demonstruji
vyuzitelnost této CZE/CCD metody pro rutinni analyzy. V rdmci testovani spravnosti
metody byla tato metoda porovnana s jiz zavedenou HPLC metodou a nebyl prokazan
statisticky vyznamny rozdil mezi vysledky obou metod. Metoda byla aplikovana pro

stanoveni glukosaminu ve tfech 1é¢ivych piipravcich a jednom potravinovém dopliku.
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Shrnuti

7 Shrnuti

Predkladana dizertacni prace se zabyva vyuzitim kapilarnich elektromigracnich
metod pro analyzu biologicky aktivnich sloucenin.

Teoreticka Cast této dizertacni prace se struéné zabyva historickym vyvojem,
instrumentalnim zazemim a separacnimi mechanismy rtznych typt elektromigrac¢nich
metod. Kromé téchto témat byl podan stru¢ny ptehled o moznostech chiralnich separaci
pomoci CE a tvorbé komplexti za tcelem ovlivnéni selektivity. Posledni dvé kapitoly
teoretické Casti strucné pojednavaji o optimalizaci a validaci elektromigracnich metod.

Vysledkova cast je tvorena komentafem k publikovanym pracim, které jsou
Vplném znéni uvedeny v pfilohach. Tematicky lze vysledky prezentované v této
dizertaéni praci rozdélit do dvou hlavnich celkdi. Prvnim okruhem je vyuziti
elektromigracnich metod v analyze polyfenolli v rostlinném materidlu a druhym
tematickym celkem je vyvoj, optimalizace a validace elektromigra¢nich metod pro
kontrolu jakosti 1é€ivych ptipravkl a/ nebo potravinovych doplikii.

V ramci prvniho okruhu byla vypracovdna reSerSni prace shrnujici trendy
Vv analyze polyfenolti pomoci CE za obdobi 1999-2005. Dalsi publikaci zabyvajici se
analyzou polyfenolt je jiz pivodni prace zamétena na vyuziti komplexacniho ¢inidla —
wolframanu sodného — jako aditiva v BGE pro analyzu polyfenolt v rostlinném
materialu.

Druhy tematicky okruh je zastoupen také dvéma publikacemi. Prvni z nich byla
vypracovana ve spolupraci s pracovni skupinou prof. Gerharda Scriby a predstavila
pivodni CZE metodu pro stanoveni necistot escitalopramu vcéetné jeho (R)-
enantiomeru. Dalsi prace se zabyva vyvojem nové CZE/CCD metody pro stanoveni

glukosaminu v lé€ivech €1 potravinovych doplicich.
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Summary

8 Summary

This thesis deals with the utilization of capillary electromigration methods for
the analysis of biologically active substances.

In the Theoretical part historical progress, instrumentation and separation
mechanisms of different electromigration methods are discussed. In addition brief
overviews mapping chiral separation by means of CE and complex-formation for the
separation selectivity enhancement are also included. Two final sections of Theoretical
part are focused on specific features of method optimization and method validation in
CE.

Practical part is presented by comments on published papers, which were
attached in full text version to Addendum. The results presented in this thesis cover two
areas. First area is focused on the utilization of electromigration methods for the
analysis of polyphenols in plant materials while second area is dealing with the
development, optimization and validation of CE methods for quality control of
pharmaceuticals and/or nutraceuticals.

The first area of the practical part overviews new trends (papers published
between 1999-2005) in the analysis of polyphenols by CE. The second paper focused on
the analysis of polyphenols is an original investigation of new kind of BGE based on
complex-forming reagent — sodium tungstate — that was applied in the assay of
polyphenols in Hypericum perforatum extract.

The second topic is also represented by two publications. The first study was
realized in cooperation with a working group of prof. Gerhard Scriba. An original CZE
method for the determination of impurities in escitalopram including (R)-enantiomer
was devised. The last publication deals with the development of new CZE method with
contactless conductivity detection for the determination of glucosamine content in

pharmaceuticals and dietary supplements.
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