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Abstrakt

Tato prace se dotyka analyzy fyziologicky aktivnidek, konkrétd zastupce skupiny
alkaloidi a vybranych fenolickych kyselin v rostlinném maéikr. Prvnicast disertéeni
prace se zabyva analyzou yohimbinu &gch péipravcich na bazi extraktrostlinného
materialu pomoci micelarni elektrokinetické chroogmafie. Druh&cast diserténi prace
se zabyva analyzou vybranych fenolickych kyselinvgercich majoranky zahradni. Byl
optimalizovan postup extrakce pomoci vysokotlakéadce rozpougtllem, ktera byla
srovnavana se Soxhletovou extrakci aimrosti porovnavany pomoci GC/MS techniky.
Po optimalizaci extrakce byla vyvinuta metoda amalchto fenolickych kyselin pomoci
kapilarni elektroforézy s on-line elektrokinetickpuekoncentraci. V poslediasti prace
pak byla on-line elektrokinetickd akumulace daleviovana pomoci pouZzittasténe
nevodnych prosedi v davkovacim elektrolytu, kdy bylo dosaZenokpreentranich
faktoni v fadu rekolika desitek tisic a limit detekce wadu nmol/l. Prezentované metody
a postupy analyzy fyziologicky aktivnich latek stinném materiadlu ukazuji moznosti

kapilarni elektroforézy jako alternativni technikghromatografickym technikam.



Abstract

This work is dedicated to the analysis of physiaally active compounds, specifically
a representative compound of alkaloids and somexgdiceacids in plant materials.
In the first part, yohimbin was analyzed in pharmatal formulas based on extracts
of a plant material by micellar electrokinetic chmatography. In the second part of the
thesis, some phenolic acids were analyzeMajorana hortensissamples. An extraction
process by means of pressurized solvent extraetamoptimized and compared with the
Soxhlet extraction. Recoveries were compared bywgua GC/MS technique. Then
a method for analysis of these compounds by capilidectrophoresis with on-line
electrokinetic preconcentration was developed. IBinathe on-line electrokinetic
preconcetration (accumulation) was improved by gigdartially non-agueous injection
electrolytes. It led to more than 70,000-fold prementration factors with limits
of detection in the range on nmol/L. The developedhods of analysis of physiologically
active compounds in plant materials show that tapillary electrophoresis represents

an easy alternative to common chromatography tgqalesi
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1 Uvod

Analyticka chemie je &dni odwétvi, které primara odpovida na otazky: ,Jaké stmniny
jsou ve vzorku?* a ,Jaké mnozstvi dané geminy je ve vzorku?“ReSi tedy otazky
kvalitativni analyzy pipadré identifikace latek a otdzky kvantitativni analyZypohledu
spiSe popularniho se s analytickou chemii potkaviéaizely den najklad ve forng nasi
smyslové analyzy potravirRizek s bramborovym salatem hodnotime jak kvalitetiv
tj. jestli obsahuje ndap mrkev, vejce neboug tak kvantitativi, tj. jestli na@. soli neni
malo nebo naopakiiis mnoho. Na zakladtéchto poznatk pak rozhodneme, jestli nam
fizek se salatem chutnélnikoliv. Podobnou roli ma i vlastni analytickaeshie, \&tSinou
napomaha ¢gakému rozhodnuti, népo kvali€ vyrobku nebo fitomnosti nemoci. Celkem
zasadni je v tomtoffpact i dalSi pohled. Pokud ,analyzujiiksvymi smysly (chuti), tak
je jist¢ rozdil ochutnam-li & samostatés nebo v bramborovém salatu. Tato celkem
jednoducha &c, kterou zna i malé dit je zakladem matricovych eféktUkazuje, Ze je
ponerné velky rozdil mezi analyzou latek samostatfstandard) a latek pitomnych

v n¢jaké slozité smsi nebo matrici. Takova analyza je vetsme pripadi daleko

vix 7

V této praci jsem se zatfila na analyzu dvou skupin fyziologicky aktivnichtek,
alkaloidi a fenolickych kyselin, z rostlinného materialu.pi/nim gipact se jednalo
o analyzu alkaloidu yohimbinu viipraveném farmaceutickém preparatu a v druhém
piipadt se jednalo o vyvoj metody pro separaci a stanowgmanych fenolickych kyselin

v extraktu majoranky.



2 Teoreticka ¢ast

2.1  Analyza grirodnich latek

Analyza girodnich latek pdt mezi dilezité dkoly sotasné analytické chemie, coZibe
byt dokumentovano mnoha aplikacemi, higgirodni latky se dnes vyuZivaji v medi€in
pro I&bu riznych chorob, dale se pouzivaji jakélefité potraviny, jako potravinove
dopliky s rfiznym nutrénim efektem apod. [1]. Jejich sledovanitirgde, v organismech,
v potravinach pak hraje nezastupitelnou roli v dhdl®blastech jak vyzkumu, tak aplikaci.
Jelikoz se ve vSechripadech mze jednat (&asto se jednoziaé jednd) o slozité sisi,

je nasnad, Ze analyzagthto latek vyZzaduje komplexnfiptupy.

V piipact analyzy rkolika mélo latek, nap jiz urcenych marker kvality potravin,
raiznych chorob apod., vyZaduje analytickfspup vysoce selektivni metodu, ktera bude
poskytovat pesné a jednoziné vysledky,casto i ve spojeni s nutnosti automatizace.
Za timto &elem se casto vyuzivaji tzv. bioanalytické techniky,iedevsSim pak
imunoanalytické techniky zaloZené na vysoce selektinterakci protilatky a antigenu
nebo techniky vyuzivajici enzymjejichZ selektivita je dana enzymovou reakci [2juhy
piipad analyzy v sab zahrnuje nutnost identifikace a nasledného stamozea&ného
mnozZstvi latek, &kdy az viadu tisid individui (nag. v piipac analyzy pesticil nebo
polychlorovanych derivét organickych latek). Tento druhyfipad logicky vyZzaduje
pouZziti vysoce &inné separni metody, ideal ve spojeni se silnym identifikaim
nastrojem [3]. V sotasnosti se pro tyto ¢ély studuje vyuZiti vysoce cinnych
dvojdimenzionalnich sepamaich technik plynové a kapalinové chromatografi€xGC,
2D-HPLC) ve spojeni s hmotnostni spektrometrii (M&) nebo tandemu hmotnostni
spektrometrie a nuklearni magnetické rezonance (NMR Takto sloZité systémy jsou
samozejm¢ pomerné ekonomicky naréné jak na vlastni provoz, tak i z pohledu vstupni
investice. Navic vyzaduji i komplexnfiptup v oblasti interpretace vysledk ve étSine
piipadi i slozity matematicky aparat. Nicme&myto techniky poskytuji v s@asnosti asi

nejkomplexwjSi pohled na danou problematiku.



V piedchozim odstavci byly nazteny dva krajni fipady, analyza jedné latky pomoci
imunoanalytické techniky a analyza tisitatek pomoci 2D-HPLC/MS/NMR. AvSak
v praxi je ¢asto poteba analyzovat vhodnou skupinu latek, inapesticidy diquat
a paraquat nebo vybrané fenolické latky ve voddetkto vybrana skupina latek se pak
analyzuje ¥tSinou z dvodi definovanych zadavatelem analyz, resp. z hledjskah
relevance ndp v oblasti chemie potravin, Zivotniho prigsti, medicinalni chemie apod.
Omezeni skupiny analyzovanych latek ri&alik chemickych individui navic umanje
vyuZzit jiné a mnohdy lewjSi pristupy analyzy, coz jefpdevSim z pohledu praxe vysoce

Zadany postup.

Nazn&ené omezeni @tu analyzovanych latek nicmé&rstale vyZaduje pouziti sepam
techniky & jiz z divodu nutnosti odéleni jednotlivych latek dané ssi, tak z divoda
odctleni této skupiny latek od slozité matrice. Velfasto se pak pouZzivd dvou
separanich kroki, v prvnim kroku se analyzované skupina latekétidod matrice, nap

v pripact analyzovani pesticid v rostlinném materialu se pouZije extrakce kapalin
kapalina (L — L extrakce), a v druhém kroku ses@paruji jednotlivé komponenty dané
skupiny gipadreé i podobné latky pochézejici &z matrice, v fipad analytiky pesticid
muZe jit o analyzovani organické faze z L-L extragoenoci techniky GC/MS [6, 7].

Vybér vhodné analytické techniky pak zavisi od chamaktstudované skupiny latek.
Prirodni latky gredstavuji velkou skupinu latek rozmanitého charakeel még polarnich
latek typu lipidi nebo terpelh po latky vysoce polarni typu sachdridnebo
hydroxylovanych jednoduchych organickych kyselikojge napiklad kyselina jabléna
[1, 8]. Lze analyzovat malé ionty majiaildZitou roli v metabolickych drahach (rfag”,
Mg®*) [9], ale i biopolymery o relativni molekulové hmosti viadu desitek tisic (n&p
regul@ni proteiny, nukleové kyseliny) [10]. Latkytippdniho charakteru mohou byt
rovreZz bazické nebo kyselé povahy, kde mohou btiadem nizkomolekularni organické
kyseliny vyskytujici se v rostlinach nebo naopa&které bazické alkaloidy (odtud rodn
historicky pochazi nazev alkaloidy, tj. latky bd&cpovahy, &oliv neékteré alkaloidy
nejsou bazické povahy) [1, 11]. VSechny tyto sk&nbsti pak hraji roli ve vydru vhodné
analytické techniky.



2.2 Analyza fyziologicky aktivnich latek v rostlinréem materialu

Fyziologicky aktivni slogeniny, které se vyskytuji v rostlinachieplstavuji rozmanitou
skupinu latek oft od jednoduchych molekul typu anorganickych i oiglych ionti po
biomakromolekuly typu protein peptidi, nukleovych kyselin apod. Kazda takova latka
pak hraje vyznamnou roli v rostlinich, jejich metigmu, Zivotnimu cyklIi reprodukci.
Prehled rkterych vyznamnych skupin latek a jejictinku v rostlinach ginasi tabulka 1.

Tabulka 1: Prehled rkterych vyznamnych skupin latek v rostlinném maieri

typ latky piklady citace

organickeé kyseliny fenolické kyseliny, aminokysglin| [12, 13]

alkoholy, aldehydy a ketony jasmonaty, lignin, fiecke latky, | [14, 15]
polyfenoly

alkaloidy pyrrolizidinové alkaloidy, steroidnj [16, 17]

alkaloidy, berberinové alkaloidy,

akonitinové alkaloidy, yohimbin

kumariny kumariny a jejich derivaty a [18, 19]
glykosidy (bergaptol apod.)

fenoly a jejich derivaty flavonoidy, fenolické kysgy, [20, 21]

icariin, kurkumin a jeho derivaty

chinony a xanthony chinony, mangiferin, eleutherin | [22]
jeho derivaty, amarogentin

terpeny ginsenosidy, diterpeny, triterpeny,[23]

atractylosid




V ramci tématu této diseftai prace se budu soistlit predevsim na skupinu alkaldid
a latek fenolické povahy.

Kromé¢ vySe uvedeného Ize analyzu fyziologicky aktivnidtek v rostlinném materialu
charakterizovat i z pohledu aplikaho. Aplikace se pak dotykajterdevSimiti oblasti:

(a) fytochemie a fytobiochemie (chemie a biochemielirst

(b) farmaceutické chemie a farmakologie (vyuZziti rosfiko I€iv),

(c) potravin&ské chemie (vyuziti rostlin jako potravin a potraowrych dophki).

V piipact prvnim jde pedevsSim o studium metabolismu rostlinsinku toxind nebo
naopak hnojiv na metabolismus rostlitipadreé studium produkce specifickych latek [24].
Ve vSech pipadech se jedna o studie, které jsou&anme na dalSi vyuziti rostlirétsinou

v souvislosti sbody (b) a (c). Ndklad se nize jednat studium vlivu genetické
modifikace ryZe na produkci hormdwovliviujicich jeji fist apod. [25].

V druhém pipact farmaceutické chemie se analyza rostlinného na#dtersietava

s pohledem farmakologie jak@dy o I&ivych pripravcich [26]. Jiz od pradavna je znamo,
Ze rekteré rostliny mohou napomoci hojeni rany neboclejextrakt Ize pouZzit jakoZzto
léCivo nafF. pro tlumeni bolesti [27]. V této oblasti hrajeafyiicka chemie roli fedevsim

v analyze obsahovych latekchto gipravki, jejich identifikaci a stanoveni ve vztahu
k I&Civému &inku dané rostliny (extraktu) [28]. N#glad v gipact tradicni cinskeé
mediciny jsou vyuZivany mnohé extrakty rostlin,r&tenaji I€ivé (kinky a mnohdy je

chemicka povahathto efekii zahalena tajemstvim [29].

Posledni zmigny piipad je pipad potravingské chemie, kde jsou rostliny vyuzivany jako
vlastni potraviny (naip Spenéat, majoranka) nebo jako potravinové tlop(nag. extrakty

z rostlin pro zlepSeni potence apod.) [1, 30]&shto gipadech je analyza fyziologicky
aktivnich latek spojena <iaky téchto latek na organismus (fagtudium antioxidénich
vlastnosti fenolickych latek), ale zarave s kontrolou kvality potravin (n&p studium

pravosti vina, michani medu apod.) [31, 32].



Zvlastni skupinu analyzy potravin je pak tzv. ,@atinomika“ (anglicky ,foodomics®),
kterou definoval prof. Cifuentes ve svérfepledném¢lanku [33]. Termin ,foodomics"”
vychazi z podobnych terminv oblasti proteifi a geri (tj. proteomiky a genomiky [34])
a de fakto znamena komplexni analyzu potravin aetjekeé informaceig@s proteomickou

az po jednotlivé nizkomolekularni sloZky a jejidivina kvalitu potraviny.

2.3 Techniky pro analyzu fyziologicky aktivnich laek v rostlinném materialu

Jak jiz bylo uvedeno, analyza fyziologicky aktiimidatek v rostlinném materialu
piedstavuje komplexni problém, kde ¥fbvhodné analytické techniky zavistepgevsim
od typu latek, které chceme analyzovat, a pak takéypu matrice.Casto je roviz
potteba vzit do Uvahy g@zovaci a provozni naklady vybrané techniky, pretpiakticka

stranka analytického procesu vzdy vyZaduje kalkukahto naklad (a mnohdy je prayv

Mrivriw s

Dale je nutné uvazovat pky analyzovanych vzoik protoze v té chvili se do pigdi
dostava i otdzkatasové narénosti analyzy. Nafklad @i analyze 200 vzork je
rozhodujici, jestli jedna analyza trva 60 minut meb minutu (na 200 analyz jefip
60 minutové analyze p@ba celkovytas fFes 8 di, v pripact 1 minutové analyzy jsou to
pouze 3,3 hodiny). Zvlastninfipadem pak jsou mikrotechniky v analytické cheikilie je
piedpoklad, Ze jedna analyzatibe trvat nap 10 s, tj. pak 200 analyz trv&ilplizné
34 minut (coZ pedstavuje 360-kréat rychlejSi igob analyzy oproti 60 minutové analyze).
Je samozjmé, Ze wvkteré kroky provaghého postupu mohou byt spojeny (hapyuzitim

SPE extraktoru s moznosti pouziti vice kolonekgsio tato Gvaha je rozhatldulezita.

Techniky pro analyzu fyziologicky aktivnich latekrastlinném materidlu zahrnuji tém
vSechny analytické techniky od spektralnickespelektrochemické, bioanalytické az po
separéni techniky [1, 35]. Protoze se tato prace dotykédpvSim pouZiti sepamch
technik, z nichZz hraje dominantni roli kapilarnéldroforéza, budou v nasledujici kapitole

strené popsany zaklady kapilarni elektroforézyrgf@dnutim na téma disetfai prace.



2.4  Kapilarni elektroforéza

Kapilarni elektroforéza (CE) je analytickd segafatechnika zaloZzena na rozdilech
v pohybu iont v elektrickém poli [36 — 38]. Na kulovy ionapobi v sepakmim lozi
(kapilae) dw sily: sila odporové (friéni) Fr dana Stokesovym zakonem a sila elektricka
Fe:
F = - Gyrv (1)
Fe=Eq (2

kde n je dynamicka viskozita prastdi, r je efektivni polondr iontu (polongr véetrg
solvat&niho obalu), vje rychlost pohybu daného iontl je intenzita vloZzeného

elektrického pole g je ndboj daného iontu.

V ustaleném stavu jsou ébsily vrovnovaze, a proto Ize pro pohyb iontu atito

nasledujici vztah:

v=—F (3)

- 6nnr

Je patrné, Ze ionty s menSim efektivnim pal@m se budou v elektrickém poli pohybovat
rychleji nez ionty s $tSim efektivnim polorérem. Stej tak, ionty vicenasolinnabité se
budou pohybovat rychleji. Kro&toho je ze vztahu (3) patrny i viiv présti, ve kterém se
ionty pohybuji (nap negima ungrnost rychlosti pohybu iontu a dynamické viskozity

prostedi).

Velicinu charakterizujici pohyb &tého iontu v elektrickém poli (migraci) nazyvame
elektroforetickd pohyblivost (mobilita) a je defirama jako rychlost iontu v elektrickém

poli o jednotkové intenzit

m<

He (4)
Tato veltina je konstantou pro dany ion za idedlnich podkying predpoklada, ze
nedochazi napk interakcim mezi ionty a okolim a vzajetnmezi ionty (pro jeji zji&ni

je mimo jiné nutna extrapolace k nulové iontové)sd gedpoklada se uplna disociace
latky (o0 = 1).



Jak jiz bylo nazn&no a logicky z pohledu nutnosti iontového chamak#nalyzovanych
latek vyplyva znéna zavislost migrace latek na jejich disociaci.\figghu disociace jsou

v dynamické rovnovaze nabité i nenabitégpdré vicenasob& nabité) formy dané latky.

Napiklad v giipact slabé karboxylové kyseliny dochazi k nasledujicagju
R-COOH + HO 2 R-COO + H;0O"

Tento @&j je mozné popsatifsluSnou disocini konstantou, napv koncentranim tvaru:

[R-CO0O~][H30%]
[R-COOH] ®)

K. =
kde[R — COO~], [H307], [R — COOH] jsou rovnovazné koncentrace jednotlivych sloZzek

v roztoku.

Podobri je mozné sestrojit i distridni diagram vyjatlijici distribuci jednotlivych forem
slabé kyseliny v zavislosti na pH priedi. Je nasnadZze nenabita forma se v elektrickém
poli nebude pohybovat, zatimco nabitd forma anaov& diky rychlosti disocieni
rovnovahy neni mozné tento stav 8litgd a proto Ize definovat tzv. efektivni pohyblsio
(mobilitu), ktera vyjaduje rychlost pohybu iontu v elektrickém poli o jedkové intenzi

v daném prosedi:

Uer = dle (6)

Je dilezité si u¢domit, Ze zde se jiZz nejedna o konstantu ve smygikalni chemie, ale
Ze se jedna o veinu, ktera zavisi fedevsim na pH pracovniho elektrolytu. Nicréak

je zndmo z fyzikalni chemie, proces disociace jivoen také nap teplotou, iontovou
silou nebo pitomnosti dalSich latek (naprganickych rozpou&tel), a proto je i efektivni

pohyblivost ovlivigna i €mito dalSimi parametry.

Zmiréné sestrojeni distrikniho diagramu je zajimavé vipad nutnosti separace
nagiklad dvou slabych organickych kyselin, benzoovédiny (pka = 4,20 [39])
a 4-hydroxybenzoové kyseliny (pk 4,48 [39]), viz obrazek 1.



Obrazek 1: Distribueni diagram benzooveé kyseliny a 4-hydroxybenzoosekyy

Z distribniho diagramu vyplyva zasadnioy nag. pii pH 4 se benzoova kyselina
vyskytuje giblizné z 60 % v protonizované forha 40 % v disociované forkra zarové
4-hydroxybezoova kyselina fiplizn¢ ze 75 % v protonizované foema z25 %
v disociované fora Je tedy #ejmé, Ze se chovani obou kyselifi pH 4 v elektrickém
poli bude vyznam&lisit (pouze disociovana formatbe migrovat v elektrickém poli). Je
samozejme, Ze se jedna o zjednoduSeni situace, ni€migtribwni diagram nize mnohé

ukazat o elektroforetickém chovani latek.

Kromé vySe zmi#ného se v kapilarni elektroforéze uplge dalSi jev souvisejici

s disociaci (fipadré adsorpci iont) — elektroosmoticky tok (EOF). Nggsgji pouzivana

kiemenna kapilara ma na svém povrchu silanolové slgugieré jsou schopné disociace:
-Si-OH + B0 2 -Si-O + HzO"

V prostedi o pH ¥tSim nez 3 — 4 nesou silanolové skupiny zapornyonétisociani
konstanta této reakce byla stanovena na 5,3 [48].r6,3 [41]). Tento naboj je pak
vysycen pomoci proti-iofitze zakladniho elektrolyt&imz vznika elektricka dvojvrstva

na povrchu kapilary (viz obrazek 2).
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Obrazek 2 Vznik elektrické dvojvrstvy na povrchu kapilary
KCI je pouzity jako elektrolyt, ¥ je lokalni potencial, u je lokalni rychlost

elektroosmotického toku@je zeta potencial, obrazek jgepzaty z citace [42]

Elektricka dvojvrstva na obrazku 2 je charakterémww nepohyblivodasti, tzv. Sternovou
vrstvou a difuzni elektrickou vrstvou, ktera jiz nskhopnost pohybu. Po aplikaci
elektrického pole na konce kapilary se difuzniwagpbohybuje ke kat@d Timto pohybem
dochazi zarove k pohybu celé kapaliny uviikapilary, coZz nazyvame elektroosmoticky
tok (EOF).

Rychlost elektroosmotického toku Ize pak definoxathem:

Veor = UgorE (7)
kdeugor je elektroosmoticka mobilitaf je intenzita elektrického pole.

Podobr pak Ize vyjatit elektroosmotickou pohyblivost (mobilitu) jako:

4
UEoF = ;Tn (8)

kde ¢ je relativni permitivita progedi, {je zeta potencialyy je dynamicka viskozita

prostedi.
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Rychlost pohybu iontu v kapilé je pak dana vektorovym stem vlastni rychlosti iontu

a rychlosti elektroosmotického toku. Wipact pohyblivosti pak definujeme zdanlivou
pohyblivost (mobilitu) ionty,,, jeZ je vektorovym saitem efektivni pohyblivosti iontu

a elektroosmotické pohyblivosti:

Hap = Her + UEoF 9

Vlastni EOF niZe gredstavovat jak pozitivni, tak negativiiigpivek k analyze kapilarni
elektroforézou a z toho vyplyva i nutnost EOF oitivat. JelikoZz je EOF Zsobeny
disociaci silanolovych skupin vhiti s€ény kapilary, je nasnadjak ho ovlivnit. Napiklad
zmenou iontove sily ovliiujeme tlougsku vytvorené elektrické dvojvrstvyé{m vyssi
iontova sila, tim mensi zeta potencial) nebidgvkem organického rozpoadta ménime
jak schopnost latek disociovat, tak viskozitu anmévitu prostedi [43]. Krong tohoto
jednoduchého Zjsobu Ize pouzitidavku kationovych tenzid(CTAB, DDAB), které se
vzrastajici koncentraci sniZuji velikost EOF az do jeéort Uplného potléeni. S dalsi

rostouci koncentraci potom obratigrzOF [44].

DalSi zpisob ovlivrieni EOF vychazi z podobného principu #davku aditiv, které
~-maskuji“ (pokryji) negativl nabité silanolové skupiny. Zdetixe jit o latky typu amit
(nag. ethylendiamin, kadaverin, putrescin, spermin),lymperi (nag. polybren,
polyethylen oxid, polyethylen imin, polydimethylgkamid) nebo iontovych kapalin
[45, 46]. Pomdrné zajimavou moZznosti je i pouZziti pokrytékolika vrstvami, kde se
nejprve pokryvaji negativni silanolové skupiny pivzié nabitym polybrenem, pak se
pokryva tato modifikovana vrstva negatévnabitym dextransulfatem a pakéopozitivre
nabitym polybrenem atd. Takto upravené pokryti j@ohem stabil&§Si a ginasi
opakovatelné vysledky [47]. V neposledat¥ moznosti ovliviéni EOF je nutné zminit
kovalentni modifikaci silanolovych skupin, kdy déch kreakci a vytvi@ni nap.

polymerni struktury na vritti sén¢ kapilary [48].
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2.4.1 Techniky kapilarni elektroforézy

V ramci kapilarni elektroforézy rozliSujemec¢kolik technik, které se liSi svym

uspdadanim a separaim mechanismem [36 — 38]. Nlagtji hovorime o 5 technikach:

kapilarni zénové elektroforéze (CZE), kapilarnitaamhoforéze (CITP), kapilarni gelové
elektroforéze (CGE), kapilarni izoelektrické fokaséCIEF) a micelarni elektrokinetické
chromatografii (MEKC).

Kapilarni zonova elektroforéza (CZE) je zakladnchtgkou pouZivajici jednoduchy
elektrolyt a analyty jsou separovany na zony&elte zakladnim elektrolytem dle jejich
mobilit. Separéni mechanismus fiZe byt snadno ovliwn riznymi aditivy, jako jsou

nag. cyklodextriny, proteiny, hydroxykyseliny a dak&implexujicic¢i interagujici latky.

Kapilarni izotachoforéza (CITP) je technika poujfiadiskontinualni elektrolyty —
vedouci elektrolyt (LE), ktery ma v sepa&mém systému koion s nejvysSi mobilitou,
a koncovy elektrolyt (TE), ktery ma naopak koiomabilitou nejmensi. Vzorek je pak
davkovan mezi tyto elektrolyty. PouZiva se hydrayitky uzaveny systém

s eliminovanym elektroosmotickym tokem a je apli&ovkonstantni elektricky proud.
V prabéhu analyzy dochazi k separaci analgtb uzkych vzajemhsousedicich zén podle
klesajici elektroforetické pohyblivosti — pro iontgorku A, B plati:ue > ua > us > ure
(viz obrazek 3). Kromatoho dochazi kifzpisobeni koncentrace ianvzorku na zakladn
poméru koncentrace a mobility iointvedouciho elektrolytu jak popisuje Kohlrauschova
regulani funkce (viz obrazek 4) [49].
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IOTOTOTOTOTON
(a) R »‘0‘0,‘3"‘;“9‘0’: LE

Obrazek 3 Schéma ITP techniky
(a) vzorek dvou iorit A, B je hadavkovan mezi vedouci (LE) a koncovykeldyt (TE),
(b, c) phabeéh separace obou iant(d) dosazeni separace a ustaleného staavzato

Z citace [50]

A
C
TE S LE
@) g
A
C
TE \_§ LE
() g
A
C
TE LE
© >

Obrazek 4 Schéma zkoncentrovani vzorku v ITP

vedouci elektrolyt (LE), koncovy elektrolyt (TE)igvzato z citace [50]
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Kapilarni gelova elektroforéza (CGE) vyuziva propamace fitomnosti gelu fimo
v kapil&e. Separéni mechanismus je zaloZzeny na migraci ioskrz péry gelu a rozdily
v této migraci. Technika CGE je znam#&egevsSim z jejiho vyuZziti v analyze fragmient

nukleovych kyselin pro sekvenaci genofb1].

Kapilarni izoelektrickd fokusace (CIEF) je zaloZevamvytvaeni gradientu pH v kapita
diky pouziti snisi amfolyii jako elektrolytu. EOF byv&asto potlden, gipadré byva
zvySena viskozita elektrolytutiplavky tiznych aditiv (nap glycerolu). Separace latek je
zaloZzena na rozdilech v jejich izoelektrickém dechagt. analyt (pl 5,6) je hadavkovan do
celé kapilary, ve které je vytven gradient pH 3 — 10 a je aplikovano &apozitivni
polarity na vstupni nadobce obsahujici kyselinikkyselém pH je analyt o pl 5,6 klagn
nabity a migruje sirem ke katod, naopak v alkalickém pH je tento analyt negativn
nabity a pohybuje se smem k anod. V pripad, Ze domigruje do oblasti pH odpovidajici
jeho hodnat pl, analyt se zastavi a zkoncentruje. Po &koh vlastniho fokusovani se
analyty mobilizuji rozbitim pH gradientu nappomoci kyseliny nebo zasady nebo
iontovou silou. Technika CIEF se&d¢ pouziva k separacim protéinjejich komplexi

i vétSich Utvad jako jsou nap mikroorganismy [52].

Micelarni elektrokineticka chromatografie (MEKC) pesledni technikou, ktera jekdy
nazyvana hybridni mezi kapalinovou chromatografikapilarni elektroforézou. Tato
technika vyuziva elektrolyty obsahujici povrchowaktivni latky v koncentracich,
pii kterych tvai micely. Separace analyje pak kontrolovana roztbvaci rovnovahou
mezi micely a volny elektrolyt. Micely jsou ale v&tSin¢ pripadi nabité Gtvary a pohybuji
se sepafim loZzem, proto netwd klasickou stacionarni fazi jako wipads kapalinove
chromatografie. Bkdy jsou proto micely nazyvany pseudostacionarni. fRiky pohybu
micel v elektrickém poli a z&rosiemechanismu rozdbvani je technika MEKC vhodn&
pro separaci nenabitych a mguolarnich latek, které jsou schopné interagovaicglami.
V piipact vyvoje MEKC techniky s€asto uvazuje pouziti bazickych elektralye silnym
elektroosmotickym tokem, kde jsou micely tep svoji migraci proti EOF unasSeny
do detektoru stefnjako analyty (viz obrazek 5a). Na druhou stranm@né i uspiadani,
ve kterém je EOF té@ potlaien (nap. v prostedi o pH 2,5), a micely migruji do

detektoru svoji vlastni mobilitou za pouziti obndé&golarity nagti (viz obrazek 5b).
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Obrazek 5 Schéma metod micelarni elektrokinetické chronmatfg
(a) MEKC s vyuzitim silného EOF (pH 9,5), (b) MEK(hotla&denym EOF (pH 2,5)

Krome téchto zakladnich technik je v literdupopsana cela dalSi Skala technik, které jsou
ale ve ¥tSin¢ pripadi pouze kombinaci gkterych gristupi, které jiz byly zmigny. Asi
negastji se objevuji techniky afinitni kapilarni elekta€zy (ACE) [53] nebo pak
techniky nevodné kapilarni elektroforézy, resp.iléapi elektroforézy vyuzivajici nevodna
prostedi (NACE) [54]. Techniky ACE vyuzZivaji afinitnicinterakci mezi nap proteiny

a |&ivy, protilatkami a antigeny jak pro separace jimyatek, tak pro fyzikakchemické
studium &chto interakci. Z obecného hlediska g&wnou jedna o techniky CZE za pouziti
aditiv, které umot#uji tyto interakce. Kapilarni elektroforéza vyuzicanevodna progedi
pati mezi dalSi specifickou oblast, protoZzéize vyuzivat de fakto vSechny jiz zniime

mechanismy (népstji opét CZE), ale jako rozpou&dlo nepouziva vodna praeti.

Jako skutené hybridni techniku kapilarni elektroforézy a kapalé chromatografie pak
lze ozngit kapilarni elektrochromatografii (CEC), kde jeitpmna stacionarni faze
v kapilae (nefastji syntetizovanain situ v kapil&e) a tok kapaliny je zajfidvan
elektrickym polem (EOF) ifpadré elektrickym polem (EOF) a tlakem. Separace lagek s
pak gednost uskuténuje diky jejich interakcim se stacionarni fazi jak&apalinove

chromatografii [55].
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2.4.2 Prekoncentr&ni techniky a kapilarni elektroforéza

Techniky kapilarni elektroforézy maji malou citlsto detekce # pouziti komeéné
nejdostupgjSi UV spektrofotometrické detekce [36 — 38]. Tatate&nost je pedevsim
diky kratké optické dradze paprsku, coz se vid#gtmojevuje ve velikosti absorbance,
viz Lambert-Beaitv zdkon. Pro analyzu malych aZz stopovych mnoZzsttékl je nutné
pouziti prekoncentemich technik. Prekoncentmai techniky pak mzeme rozdit

na techniky ped vlastni separaci (tzv. off-line technikyje@ vlastni separaci, ale spojené
se sepammi technikou (tzv. in-line techniky a techniky vyudné pimo pi vlastni
separaci (tzv. on-line techniky) [56].

Jako off-line prekoncentéai techniky se vyuZzivaji napextrakni techniky jako extrakce
tuhou fazi, mikroextrakce tuhou fazi, extrakce kapa— kapalina, vysokotlaka extrakce
rozpoustdlem, superkritick& fluidni extrakce apod. Tytoheiky wétSinou vyZaduji dalSi
Gpravu extrahovaného vzorkded viastnim naskem do kapilarni elektroforézy, nap
Upravu nevodného prdeti po extrakci ngasténé vodné prosedi vhodné pro kapilarni
elektroforézu apod. Na druhou stranu jsou tytoidghponerné doke popsany a mohou

eliminovat rusivé vlivy matriceied vlastnim stanovenim kapilarni elektroforézou.

In-line prekoncentr@ni techniky jsou techniky vyuZivajicitimého spojeni sepatai
kapilary a klasické off-line prekoncentrd techniky. Z tohoto pohledu vyplyva, Zze se
jedna pedevsim o spojeni mikroextrakce tuhou fazi s kapmil&lektroforézou, kdy je
mikroextrakni kolonka pimo napojena na kapilaru, viz obrazek & j& toto spojeni
ponerné nar@&né, umoiuje Erecisténi a zkoncentrovani anatypred vlastni separaci a je

proto v rekterych gipadech vhodhivyuzivano [57].

| I ]
SPE capillary Separation capillary

Teflon sleeve

Obrazek 6. In-line spojeni mikroextrakce tuhou fazi (SPEyapilarni elektroforézou

pomoci teflonové spojky
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On-line prekoncenttmi techniky jsou pak techniky vyuZzivajici ,progravaai“ sloZzeni
elektrolyti v kapil&e, coZz umo#uje zkoncentrovani analytdiky elektromigranim
efektim. Tyto techniky pak riweme rozdlit dle mechanismu prekoncentrace rikalik
skupin: zkoncentrovani elektrickym polem (stackjrafechodnd izotachoforéza (transient
isotachophoresis), nametani (sweeping) a prekoramntna pH rozhrani (dynamic pH
junction) [58 — 60]. Kromd vySe uvedenych technik existuji jejich kombinananjetani

a prekoncentrace na pH rozhrarigeghodné izotachoforéza a zakoncentrovani elekimcky
polem) gipadré dalSi techniky jako je prekoncentrace micelarniatagsem (micelle

collapse) nebo prekoncentrace chemickym polem [68]—

Technika zkoncentrovani elektrickym polem (stackif@l] je zaloZzena na davkovani
analyti v ztednych elektrolytech nebo v elektrolytech majicictzshivodivost nez je
vodivost okolniho elektrolytu. V tomtofipact je totiz po aplikaci elektrického nétp
v zOrg analytu vySSi intenzita elektrického paténz dochazi k urychleni analyt jejich
naslednému zpomaleni na rozhrani se zakladnimrelgkim majicim nizsi intenzitu
elektrického pole (viz obrazek 7). Takto |ze zkartoevat i pongrné velka nadavkovana

mnozstvi do Uzkych zon (tzv. large volume sampelshg).

®— B>

Obrazek 7. Schéma techniky zkoncentrovani elektrickym polem

DalS$i podobna technika, tzv. field-amplifield samplstacking [62], vychazi
Z elektrokinetického davkovani andiytozpusénych v zediném elektrolytu do kapilary
obsahujici zakladni elektrolyt (o vysSi konceniraciNékdy je rovrez pred

elektrokinetickym davkovanim analytu nadavkovanatka zona vody, kterd tuto
prekoncentraci ulgtuje a chrani proti negativnim viimn (promichani zén apod.).
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V piipact prechodné izotachoforézy (tITP) [63, 64] se vychadzhaznosti kapilarni
izotachoforézy prekoncentrovat analyty jak popis#jehlrauschova reguiai funkce
(viz predchozi kapitola). ifechodnda izotachoforéza se pak odehrava jen ¢iswrdobu,
dokud je jeji piibeéh mozny z hlediska ffftomnosti dostatsého mnozstvi elektrolit
(vymigrovani iont, naruSeni zon apod.). Kr@énmtoho Ize pouZit izotachoforézu jako
prekoncentréni techniku v pipact spojeni dvou kolon (kapilar), kdy v prvni
piedseparéni kolore dochazi k prekoncentraci mechanismem ITP a v daradytické
kolor¢ jiz dochazi k separaci latek’ §iz mechanismem ITP nebo CZE (tzv. techniky
ITP/ITP, ITP/CZE) [65].

Prekoncentrace na pH rozhrani (dynamic pH junctié6) 67] je zaloZzena na rozdilné
disociaci analyt (a tim i jejich rozdilné migraci) v prasdi o izném pH. Jak jiz napovida
tato definice, existuje &kolik variant této prekoncentrace, apnalyty jsou rozpuhy

v prostedi, kde je jejich efektivni pohyblivost téimulova (viz obrazek 8).

detector

a |
sample, low pH BGE, high pH
EOF —» *
b |+ 1 -
stacked zone
EQF —» ¥
c |+ ] -

Obrazek 8 Schéma prekoncentrace na pH rozhrani
(a) slak kyselé analyty jsou rozpusty v elektrolytu o kyselém pH; (b) analyty jsou
prekoncentrovany na zakkagejich zmeny v disociaci na rozhrani s elektrolytem majicim

zasadité pH; (c) analyty jsou separovany

Nametani (sweeping) [68 — 70] je technikou, ktem Mojré vyuzivA v micelarni
elektrokinetické chromatografii. Je zaloZzena nakda@ani dlouhé zény analytu v preedi
o podobné iontové sile, jako je iontova sila zakiad elektrolytu. Micely v zakladnim
elektrolytu pak migruji skrz zénu analytu a ,,zanjiétaeutralni analyty do uzkych zon dle

velikosti jejich interakce s micelami.
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3 Cile prace

Cile této prace lze shrnout do bodi:

a) Vyvoj metody pro stanoveni yohimbinu \&iéych pripravcich z rostlinnych extrakt

pomoci micelarni elektrokinetické chromatografie.

b) Vyvoj a¢inné a rychlé metody pro analyzu vybranych fenglatk kyselin z rostlinné
matrice, konkrété pro analyzu vybranych fenolickych kyselin v majwré zahradni
pomoci vysokotlaké extrakce rozpatdem a kapilarni elektroforézy s on-line

elektrokinetickou prekoncentraci.

c) ZlepSeni prekoncenitaich moznosti metody on-line elektrokinetické pratentrace
pomoci pouzittast&né nevodnych davkovacich elektralyt
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4 Experimentalni ¢ast

4.1 Chemikalie

Komponenty zékladnich elektrotytkyselina fosforéna, kyselina borit4, hydroxid sodny,
SDS, methanol, acetonitril, standardy: yohimbinfekn syringova kyselina, sinapova
kyselina, ferulova kyselina, vanilova kyselina, lkannova kyselina, p-hydroxybenzoova
kyselina, kavova kyselina, benzoova kyselina ariskwa kyselina byly zakoupeny od

firmy Sigma Aldrich (St. Louis, MO, USA). VSechnppzité chemikalie bylgistoty p.a.

4.2  Kapilarni elektroforéza

Analyzy byly provadny na instrumentu kapilarni elektroforézy HPBCE (Agilent
Technologies, Waldbronn, Germany) s detektorenodadiym polem (DAD) a viipad
studia mechanismu on-line prekoncentrace s bezkiorita vodivostnim detektorem
navrzenym skupinou Prof. GaSe [71]. Pro analyzyy hybuzity nepokryté i#emenné
kapilary (MicroSolv Technology Corporation, NJ, USA vnittnim piméru 50 pm

s celkovou délkou 33,0 cm a efektivni délkou 2475 mebo s celkovou délkou 48,5 cm
a efektivni délkou 40,0 cm. \Wipad pouZiti bezkontaktniho vodivostniho detektoru
(CCD) byla pouzita kapilara s celkovou délkou 48/d a efektivni délkou 33,0 cm
(do CCD) a 40,0 cm (do DAD). Prostor kapilary bgfimhostatovan na 25°C. Kapilara byla
promyvana kazdy denigd prvnim experimentem 10 min 0,1 M NaOH, 20 min
deionizovanou vodou a 10 mirigluSnym elektrolytem. Mezi jednotlivymi experimgnt
byla kapilara promyvana 1 min 0,1 M NaOH, 2 minoé&ovanou vodou a 2 min
piislusnym elektrolytem. Vijjpadt analyzy extraki majoranky bylo promyvani zvySeno
na 2 min 0,1 M NaOH, 3 min deionizovanou vodou ais piislusnym elektrolytem.
Veskeré promyvani bylo automatické tlakem 925 mbar.

Elektrolyty byly @gipravovany rozpughim vypateneho mnozstvi kyseliny v deionizované
vok (18 MQcm, Millipore, USA), pH bylo upraveno titrackiplusnou bazi (n&p50 %
(w/w) NaOH). V gipac studia prekoncentéaich systém s pes® definovanou

koncentraci kyseliny i baze byly tyto systémyppveny smichanim danych koncentraci
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kyseliny a bdze a pH bylo zifeno u finalniho roztoku. Vifpact pouziti aditiv byla
aditiva gidavana k finalnimu roztoku po titraci pH. VSechmaieni byla provagha 5x

neni-li definovano v textu jinak.

4.3  Hiprava realnych vzorkia yohimbinu

Standardni roztok yohimbinu o koncentraci?1@nol/l byl pripraven v pislusném

zakladnim elektrolytu neobsahujicim SDS (50 mM tbl@H pH 9,5 s 10 % (v/v)
methanolu nebo 50 mM fosfat/NaOH pH 2,5 s 10 %)(whethanolu). Medikamenty pro
lécbu poruch sexualni dysfunkce byly ziskany z Iek&fiy Olomouc. Obsah kapsli byl
kvantitativre preveden do zkumavky a rozpéstv pislusném zakladnim elektrolytu
neobsahujicim SDS (50 mM borat/NaOH pH 9,5 s 10/A6 (nethanolu) a dale filtrovan
pies 0,2um mikrofilm (Nalgene Brand Product, NY, USA). Kafe{(standardni roztok
o koncentraci 18 mol/l v pislusném pufru s 50 % (v/v) methanolu) byl pouidkq interni

standard.

4.4  On-line elektrokineticka prekoncentrace

On-line elektrokineticka prekoncentrace readlnycmadelovych vzorik byla provadna
nasledujicim postupem. Nejprve byla kapilara pr@myzakladnim elektrolytem
(50 mM fosfat/NaOH pH 2,5). Pak probihala akumulaéapilarou a koncovou nadobkou
obsahujici zakladni elektrolyt a vstupni nadobkdosahujici davkovaci elektrolyt
(50 mM borat/NaOH pH 9,5,ffpadré s gidavkem organického rozposgdta) s analyty.
Akumulace probihala n&gsgji pti -10 kV, neni-li napsano jinak. Po akumina fazi
nasledovala vygna vstupni nadobky za nadobku obsahujici molsiizaelektrolyt
(50 mM fosfat/NaOH pH 2,5 s SDS). Koncentrace SD@a bmenéna v zavislosti
na povaze vzorku (vizast vysledk). Mobilizace probihala n&sgji pii stejném nagti
jako akumulace. Jako interni standard byliipad analyzy fenolickych kyselin pouZzit

fenylalanin (25 ng/ml).
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4.5  Validace on-line elektrokinetické prekoncentr&ni metody

Identifikace piki analyti byla provadna porovnavanim UV spekter a metodou
standardniho fidavku (,spajkovani®). Kvalidaci bylo pouzito vyHpooceni dle
statistického programu QC.Expert 2.5 (TriloBytetiStecal Software, Pardubice)résnost

v ramci jednoho dne byla vyhodnocena z kalihfeh zavislosti mezi 5 ng/ml a 50 ng/ml
(4 body; kazdy bod witeny 5x). Kalibrace byly gfeny po 4 dny s tim, Ze byla spena
praimérna hodnota relativni strodatné odchylky. f#snost v ramci vice dnbyla ucena
jako relativni smrodatna odchylka vSechdieni v €chto 4 dnech. Meze detekce (LOD)
a meze kvantifikace (LOQ) byl odhadnuty v pouZit&mftwaru jako hodnoty 3S/N
a 10S/N. Vygznost byla sp&itdna z pidavku roztoku standaiidfenolickych kyselin

o koncentraci 10 ng/ml k extraktu majoranky.

4.6  Fiprava realnych vzorkia majoranky

Extrakty listi Majorana hortensis L(zakoupené v supermarketu Globus, Olomouc) byly
piipraveny pomoci vysokotlaké extrakce rozpedfm (PSE) dle nasledujiciho postupu:
1,0000 g suchych homogenizovanychiliblyl navazen do extréki patrony o celkovém
objemu 22 ml a extrahovan acetoneifi pP50°C a 15 MPa dima statickymi cykly

(2 x 10 min) na automatickém extraktawne PSE (Applied Separations Inc., Allentown,
PA, USA). Extrakty byly sbirany do sklemych vialek, odpgeny do sucha pod proudem
dusiku a rozpushy ve sndsi voda a methanol (9:1, v/v). Pak byly extraktgfgtrovany
pies filtr Microcon YM-10 (regenerovana celuléza, Qab, Millipore Corporation,
Bedford, MA, USA) a rozpus8hy v davkovacim elektrolytu 50 mM borat/NaOH pH.9,5

4.7  Micelarni elektrokinetickd chromatografie fenoickych kyselin
Micelarni elektrokineticka chromatografie (MEKC)layouzita pro porovnani detakich
limita vyvinuté on-line prekoncenttai metody s klasickymi Zisoby analyzy. Byl pouzit

elektrolyt 50 mM fosfat/NaOH s 50 mM SDS a 10 %vjvimethanolu. Analyzy byly
provadny pri 10 kV.
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4.8  Tvorba modelového pH rozhranni

Modelové pH rozhranni bylo vyt¥eno nadavkovanim zony davkovaciho elektrolytu
o uritém pH tlakem 50 mbar po dobu 120 gil§pzne 5 % délky kapilary). Pak bylo
aplikovano nagti po ukity ¢as stim, Ze vstupni a vystupni elektrolytovd né&eob
obsahovaly elektrolyty oizném pH dle pouzitého prekoncertrtho systému. Nasledn
byly vytvorené zény vyplachnuty tlakem 50 mbar do détékcely bezkontaktniho

vodivostniho detektoru a UV detektoru.

4.9 Matematické simulace

Pro simulace chovani elektralyha pH rozhrani bylo vyuzito dvou freeware progiiam
Peakmaster 5.2 a Simul 5.0 vyvinuté skupinou P@HSe [72 — 76]. Simulace byly
provedeny s nasledujicim nastavenim parametlka kapilary 25 mm, n&p 40,0 V/cm
(napti bylo 5x zmenSeno K¥i numerické nestabiit systému), negativni polarita,
simulace byla provasa bez korekce na iontovou silu. Elektroforetickébitity

a disoci&ni konstanty byly pouZzity z databaze programu Peesten, ktera je zaloZzena na
tabulkach dat publikovanych Hirokawou a spol. [7dhta pro kyselinu boritou byla
pouzita z publikace Mala a spol. [78]: kyselinaféwecna pKa 2,16; 7,21; 12,67 .H34,6;
-61,4; -71,5 (x 18 m?v'sh); kyselina benzoova pKa 4,203; ¢83,6 (x 10 m?V7's™);
NaOH pKa 13,7; ® 51,9 (x 10 m?v's!); kyselina boritd pKa 9:23; 41-36,2
(x 10° mv1s?).

4.10 Studium vygznosti vysokotlaké extrakce

Extrakce byly provaghy naone PSE extraktoru (Applied Separations, Allentown,, PA
USA). 1,000 g rozdrcené majoranky byl uréfstdo 22 ml nerezové extraki cely.
Extrakce probihala s nasledujicimi podminkami: ttBk MPa, teplota 50 — 150°C,
2 statické cykly po 10 minutach. Extrakty byly sty do 60 ml vialky s teflonem
potdhnutym gumovym uzékem. Kazdy extrakt byl pakipnesen do 50 ml odimé
baiky a jeho objem byl doptém odpovidajicim rozpouidlem do 50 ml. Nasle@nbyl

kazdy extrakt zkoncentrovan pod proudem dusikuzaugen ve 100ul pyridinu. Potom
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bylo ke vzorkm piidano 50ul N,O-bis(trimethylsilyl)acetamidu a re&ki snes byla
za stalého michani zébhdna 4 hodiny na 70°C. Silanizované derivaty fehgth kyselin

pak byly analyzovany pomoci GC-MS.

411 Soxhletova extrakce

1,000 g rozdrcené majoranky byl extrahovan 100 métanu nebo methanolu
ve Soxhletow extraktoru po dobu 24 hodin. Exttak proces byl nastaven na 6 aykl

za hodinu s efektivnim objemem extéak cely 25 ml. Po extrakci byl kazdy vzorek
zfiltrovan a zkoncentrovan pod proudem dusiku. 8k silanizace pro GC-MS analyzu

probihala stejijako v gipadt vysokotlaké extrakce rozpogdtem (viz kapitola 4.10).

4.12 Analyza GC-MS

Trimethylsilylderivaty fenolickych kyselin byly ahaovany na plynovém chromatografu
Agilent 6890 s hmotnostnim spektrometrem Agilen739 (Agilent, Palo Alto, USA)
s MS knihovnou NIST 02. Separace plynovou chronafidgprobihala za pouziti RTX-
5Sil MS kapilarni kolony (Restek, Bellefonte, PS4SA) o délce 30 m, vriibim piiméru
0,25 mm a tlouxe filmu 0,25um. Nosnym plynem bylo helium (99,998 %, SIAD,
Bergamo, ltalie) s @tokem 0,9 ml/min. Byl pouZzit nasledujici teplotnbgram: 50°C —
2 min — 10°C/min — 300°C — 10°C/min. Vzorky bylyuwttdvany pomoci pulzniho splitless
mobdu (davkovany objem byl il. Hmotnostni spektrometr vyuZival ionizaci elekieon
(El) s ioniz&ni energii 70 eV. Identifikace pikprobshla na zaklaél srovnani reteini casi

a MS spekter s knihovnou spekter obsahujici MS tspeKMS derivai standard

fenolickych kyselin (viz tabulka 2). Vlastni spekjsou roveZz prilohou této prace.
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Tabulka 2: Reterni ¢asy a charakteristické fragmenty v MS spektrech

trimethylsilylderivat t (min) charakteristické m/z ioit jejich relativni
intenzity

4-hydroxybenzoové kys. 15,89 267 (100), 223 (882, 26)

syringové kys. 17,42 297 (100), 267 (77), 312 (45)
vanilové kys. 18,80 327 (100), 312 (79), 297 (61)
kumarinové kys. 19,29 219 (100), 308 (88), 293 (86)
feruloveé kys. 20,74 338 (100), 323 (55), 249 (49)

kavové kys. 21,11 219 (100), 396 (84), 381 (29)
sinapové kys. 22,07 368 (100), 353 (39), 338 (38)
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5 Vysledky a diskuse

5.1  Stanoveni yohimbinu micelarni elektrokinetickouchromatografii

K. Vitkovd M. Pechova, J. Petr, J. Znaleziona, V. Ranc, el J. Sexik, Cent.
Eur. J. Chem. 8 (2010) 273.

Yohimbin (obr. 9) paf do skupiny indolovych alkaloidodvozenych od aminokyseliny
tryptofanu a monoterpenického prekurzoru. PoprdéZmjovan z Kiry bujarniku yohimbe
(Pausinystalia yohimBe v roce 1896 chemikem Spieglem [79]. Hlavninginkem
yohimbinu na organismus je rogsii cév v kzi, stevnim traktu, ledvinach a genitalnich
organech, pro tentociinek byl vyuzivan jako afrodisiakum jiz uz u domaych obyvatel
Afriky [80]. Dnes je yohimbin fedevSim ve for chloridu sodasti rekterych hromad#

i individudlre vyrakenych I&ivych piipravki pozivanych k 1&¢ impotence [81, 82].

Obrazek 9 Struktura yohimbinu

5.1.1 Vyvoj metody

Yohimbin ma pomirné komplikovanou strukturu (obr. 9), z které je pstjeho més
polarni charakter. Na zakladtéto skuténosti byla jako nejlepsSi technika pro jeho
stanoveni vybrana micelarni elektrokineticka chrmgeafie (MEKC). Nejprve byly
testovanyii elektrolyty s pH v kyselé, neutralni a zasadidéasti: (a) 50 mM fosfat/NaOH
pH 2,5, (b) 50 mM fosfat/NaOH pH 7,0 a (c) 50 mMrdtéNaOH pH 9,5. VSechny
elektrolyty obsahovaly SDS v koncentraci 50 mmolMigrace SDS micel vtomto
prostedi pak vedla k volbpolarity, kdy v pH 2,5 byla pouzita zaporna pdkai(20 kV),
zatimco v ostatnichffpadech byla pouzita kladna polarita (+20 kV). tntestandard
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(kofein) byl vybran na zakladpodobnosti struktury a migfaiho chovani. Separace
yohimbinu a interniho standardu byla moZzna ve v&aulrénych elektrolytech, i@sto
elektrolyt o pH 7,0 poskytoval nejm&mpakovatelné vysledky fedevsim v migrénich

casech) a nejmensi stabilitu elektrického prouduibdhu analyzy.

Dale byly studovany dva z&kladni parametry — pHoackntrace SDS — a jejich vliv
na separaci a opakovatelnost vysiedbH bylo vtomto fipact sledovano v uzkém
rozmezi pi zachovani typu elektrolytu. pH 2,2 — 3,2 bylo dguano v pipac
50 mM fosfatu/NaOH a pH 8,5 — 10,0 figact 50 mM boratu/NaOH. Vifjpad: vSech
pouzitych elektrolyi nebyly pozorovany zadné signifikantni @my v efektivnich
mobilitach yohimbinu, a proto bylo pro dalSi expaenty vybrano pH 2,5 a 9,5. Druhy
studovany parametr — koncentrace SDS — ma vyznafinnya reterni faktory analy,

a proto vyraz#é ovliviiuje separaci. Krot toho, koncentrace SDS owuivje i dobu
analyzy z dvodi migrace micel v opmém smdru k elektroosmotickému toku. Byly
studovanycétyii koncentrace SDS: 10 mmol/L, 25 mmol/L, 50 mmo#L100 mmol/L.
Narist koncentrace SDS vedl kidatu migr&niho ¢asu yohimbinu v50 mM
boratu/NaOH pH 9,5 (z 2,2 min na 3,5 min). NejlapSrozliSeni interniho standardu
a yohimbinu bylo dosaZenofipnejvyssi testované koncentraci SDS (100 mmol/L).
V piipact 50 mM fosfatu/NaOH, nést koncentrace SDS vedl k poklesu mégriah ¢asi
yohimbinu. V gipac pouziti 100 mM SDS bylo dosazeno ré¥nnejlepSi separace

interniho standardu a yohimbinu.

DalSim studovanym parametrem bylidavek organického rozpodéta do zakladniho
elektrolytu. Ridavek organického rozpoddta ovliviiuje disocigni rovnovahy,
roz&lovani a v neposledniack i permitivitu a viskozitu elektrolytu [83]. Naviczhen
a spol. [84] prezentoval, Ze methandégtavuje dobré rozpowsiio pro CE yohimbinu
v nevodném progedi (spolu s acetdtem amonnym a ledovou kyselirtiavou). Diky
tomu byl studovan efektifdavku O — 50 % (v/v) methanolu a acetonitrilu wob
elektrolytech. Acetonitril zfisoboval nestability v elektrickém proudu vipkhu analyz.
Naopak methanol v koncentraci 10 % (v/v) zlep&bsitu i opakovatelnost separace a byl

pouzit v dalSich experimentech.
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Poslednim studovanym parametrem v rdmci vyvoje dyelyla doba davkovani vzorku.
Je zndmo, Ze elektrokinetické segafaechniky ¥etne MEKC umo#iuji zkoncentrovani
dlouhych zon vzorku do uzkych zén [85]. Doba davkawzorku (5s, 30 s, 60 s, 120 s,
180 s, 240 s, 360 s) byla testovana za pouzitii sk mbar. Ziskana data ukazuji linearni
narist plochy piku yohimbinu v obou elektrolytech (ofifl). Nicméw s prodluzujici se
dobou davkovani se zaravehorSovala opakovatelnost analyz a &dviejich stabilita.

Nejlepsi vysledky poskytovalo davkovani po dobu &R,5 min).

2000 ~

Plocha piku
(mAU.s)

BGE pH 9,5

1500 -
1000 -

BGE pH 2,5

500 -

0 50 100 150 200
Doba davkovani (s)
Obrazek 10 Vliv doby davkovéani na odezvu yohimbinu

BGE: 50 mM borat/NaOH pH 9,5 s 100 mM SDS a 10 %)(wethanol a 50 mM
fosfat/NaOH pH 2,5 a 100 mM SDS a 10 % (v/v) metian

Analyzy yohimbinu s internim standardem za nejl@pSipodminek: (A) 50 mM
borat/NaOH pH 9,5, 100 mM SDS, 10 % methanol, +¥Q & (B) 50 mM fosfat/NaOH
pH 2,5, 100 mM SDS, 10 % methanol, -10 kV jsou wsdna nasledujicim obrazku 11.
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Obrazek 11 Analyzy standardu yohimbinu s internim standardem

BGE: (A) 50 mM borat/NaOH pH 9,5 s 100 mM SDS a%0Q(v/v) methanol, +10 kV
a (B) 50 mM fosfat/NaOH pH 2,5 a 100 mM SDS a 1@W%) methanol, -10 kV; interni
standard (i.s.) kofein 5.10mol/l

5.1.2 Validace metody

Vyvinuta metoda pro stanoveni yohimbinu byla nastethst&én¢ validovana na zakl&d

doporieni ICH [86]. Charakteristiky validace jsou shrnutgasledujici tabulce 3.

Tabulka 3: Parametrgasté&né validace vyvinuté metody

50 mM fosfat/NaOH pH 2,5, 50 mM borat/NaOH pH 9,5,
100 mM SDS, 10 % 100 mM SDS, 10 %
methanol, -10 kV methanol, 10 kV

Presnost korigovanych migtaich¢asi

RSD (%), intrada§ 1,1 0,9

RSD (%), interday 5,4 4,8

Presnost korigovanych ploch piku

RSD (%), intraday 2,7 2,6

RSD (%), interday 9,1 8,5

29



50 mM fosfat/NaOH pH 2,5, 50 mM borat/NaOH pH 9,5,
100 mM SDS, 10 % 100 mM SDS, 10 %
methanol, -10 kV methanol, 10 kV
Vytéznost (recovery)
Vytéznost pro 50 pg/mL 98+1 99+1
Vytéznost pro 5 pg/mL 94+3 96 £ 2
Kalibrace
Linearita (ug/mL) 1-100 1-100
Koeficient determinace 0,987 0,991
LOD® (ug/mL) 0,82 0,67
LOQ® (ug/mL) 2,73 2,23

% Presnost byla p#tana z kalibraci z poénu plochy piku a plochy piku interniho
standardu, f@snost ,interday“ byla vyptena jako pimér z kalibra&nich zavislosti
(kalibrace 1 pg/mL az 100 pg/mL, 5 Wodkazdy bod nsfen gtkrat) metenych po 4 po
sok® jdouci dny.

® LOD a LOQ hodnoty byly vypitieny softwarem QC.Expert (Pardubice) jako hodnety 3
alb.

Obk¢ metody poskytly velmi dobré vysledky untadici jejich pouZziti pro farmaceutickou
analyzu. Navic ziskané hodnoty LOD a LOQ jsou ni&si v dosud publikované praci
0 stanoveni yohimbinu za pouZiti CE v nevodnychspedich [84]. V pipact srovnani
obou vyvinutych metod vychazi oteo Iépe metoda pouzivajici 50 mM borat/NaOH
pH 9,5, 100 mM SDS sifgavkem 10 % (v/v) methanolu. Z tohotégvddu byla tato

metoda pouZita pro analyzu realnych vZofkrmaceutickych fppravki.
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5.1.3 Analyza reélnych vzork

Analyza realnych vzork resp. transfer vyvinuté metody na standardectedimeho sita,
pati k nejdilezit¢jSim a zaroveé Kk nejobtizgjSim akolim. Vtomto gipact byly
analyzovany réné pripravené farmaceutické preparaty yohimbinu ziskanékarre
v Olomouci. Tyto preparaty obsahovaly 20 mg/g vydiima dle pedpisu.
50 mM borat/NaOH pH 9,5, 100 mM SDS #davkem 10 % (v/v) methanolu byl pouzit

pro analyzu celkem 10 kapsli (viz obr. 12).

140
absorbance,
mAU 120

100
yohimbine
80
60

ol )

20

0

¢as, min

Obrazek 12 Priklad analyzy obsahu kapslémravku s yohimbinem

BGE: 50 mM borat/NaOH pH 9,5 s 100 mM SDS a 10 %)(mnethanol, +10 kV, interni
standard (i.s.) kofein 5.T0mol/l

Kvantifikace yohimbinu byla provedena metodou staddiho pidavku s pouzitim
kofeinu jako interniho standardu. Ve vSech analgngeh kapslich byl zji8h stejny
obsah yohimbinu (na hladirvyznamnosti 0,05). Bmérny obsah yohimbinu v kapslich

19,5 £ 0,4 mg/g byl navic shodny s idajem deklangrav |ékaském @edpisu.
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5.2  On-line elektrokinetick& prekoncentrace fenolikych kyselin

J. Petr,K. Vitkovg V. Ranc, J. Znaleziona, V. Maier, R. Knob, Jcfew. Agric.
Food Chem. 56 (2008) 3940.

J. Petr, V. Maier, J. Znalezion&,. Vitkovg V. Ranc, J. Seik, Chem. Listy 103
(2009) 661.

K. Vitkovg J. Petr, V. Maier, J. Znaleziona, J. Sy Electrophoresis 31 (2010)
2771.

Z fenolickych kyselin bylo vybrano 7 zastupg-hydroxybenzoova kyselina, syringova
kyselina, vanilova kyselina, kumarinova kyselin@vdva kyselina, ferulovid kyselina
a sinapova kyselina (struktury viz obrazek 13)ré&tbyly separovany pomoci kapilarni
elektroforézy s on-line elektrokinetickou prekonicani. Tyto kyseliny byly vybrany

Z davodu jejich¢etnosti v rostlinném materialu a jejich relativedpoduchosti.

COOH
COOH e

OH
OH

Obrazek 13 Struktury studovanych fenolickych kyselin

A) R1 = R, = H, p-hydroxybenzoova kyselina;;R CH; R, = H, syringova kyselina; =
H, R, = OCH;, vanilova kyselina; B) R= R, = H, kumarinova kyselina; R H, R, = OH,
kavova kyselina; R= OCHs, R; = H, ferulova kyselina; R= OCH;, R, = OCH;, sinapova

kyselina
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Jejich biosyntéza probiha skrz tzv. Sikimat-choétmmou cestu [87]. Zakladnim krokem
biosyntézy aromatickych sléenin v rostlinAch je kondenzace meziproduktu glykgl
fosfoenolpyruvatu (PEP) a meziproduktu regeéi@rdaze pentosového cyklu erytrosa-4-
fosfatu. Vznikajici sedmiuhlikovy cukr za ztratysforylové skupiny se cyklizuje na
cyklohexanovy derivat 5-dehydroxychinat, jehoz dibgenaci vznika 5-dehydrosikimat,
ktery po redukci oxoskupiny pomoci NADPHieghazi na Sikiméat. Druha molekula PEP
pak kondenzuje s 5-fosfoSikimatem za vzniku choéigmdalsimi reakcemi vznika

esencialni aminokyselina fenylalanin, viz nasledwgbrazek 14.

PEP 5-dehydrochinét

HsC o) HO COO
2- -

OPO3 aldolasa - ’
H,C —Re- oo —

+ OH

P, HO P,
2-
CHO 053 PO
OH
H——OH
H——OH 3-deoxy-D-arabinoheptulonat-7-fosfat
2-
05 PO~
cCoo’
D-erythrosa-4-fosfat
NADPH + H"
Ccoo NAD
@] Y OH
4 o
5-dehydroSikimat
Sikimat

chorismat

0 0OC CH,COCOO

ﬁj ——— > fenylpyruvdt —— > fenylalanin

prefenat
Obréazek 14 Sikimat-chorisméatova cesta biosyntézy fenolickigghelin
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Aminokyselina fenylalanin, ktera vznika Sikimatoetistamovou cestou slouzi jako
prekurzor praradu fenolickych slotenin. Syntéza skiwoveé kyseliny probiha v rostlindch
z aminokyseliny fenylalaninu za katalyzy fenylal@nnoniaklyasa (PAL). Skmova

kyseliny za katalyzy enzymu cinaméat-4-hydroxylyd€#4H) prechazi ng-kumarovou

kyseliny. DalSi fenolické kyseliny: kavova, ferubova sinapova kyselina vznikaji
z p-kumarové kyseliny hydroxylaimi reakcemi za katalyzy mono-oxygenas
a metyl&nimi reakcemi za katalyzy enzymO-methyltransferas. Biosyntéza derivat
benzoové kyseliny f¥e v rostlinach probihatiznymi cestami. Jednou z moznosti je
Sikimato-choristamova cesta z chorisméatu, viz obkals. DalSim zjsobem je degradace

skaicové kyseliny a jejich produkt(flavonoidi a taniri) [88, 89]
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fenylalanin skoficova kyselina benzoové kyselina salicylova kyselina  p-hydroxybenzoova kyselina

OH
PAL
—_— —_— —_— OH —_—
NH, N COOH COOH

COOH COOH COOH
OH OH
(@)
CA4H CH, CHg
-
COOH COOH
Y vanilovéa kyselina syringova kyselina
OH OH OH
OH (0]
“CHs
E— E—
AN
X X
COOH COOH COOH
p-kumarinova kyselina kavova kyselina ferulova kyselina
OH OH
HO o (@) o
~
CHy  H,c” CH;,
E—
X AN
COOH COOH
5-hydroxyferulova kyselina sinapova kyselina

Obrazek 15 Biosyntéza derivat skaicové a hydroxybenzoové kyseliny (studované
fenolické kyseliny jsou ozrtany barevi)

Pozité zkratky: (PAL) fenylalaninamoniaklyasa, (GB4cinamat-4-hydroxylyasa
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5.2.1 Elektrokineticka prekoncentrace

Fenolické kyseliny jsou slabé organické kyselirgkg hodnotami v rozmezi 3 — 5, proto
je mozné pro jejich prekoncentraci vyuzit metodyplované Horadkovou a spol. [90].

Tato on-line elektrokineticka prekoncentrace j@zaha na dvou krocich (obrazek 16).

detektor

borat/Na pH 9,5 fosfat/Na pH 2,5
s analyty

B ~ +
fosfat/Na pH 2,5 zakoncentrované fosfat/Na pH 2.5
s SDS analyty

O o e e

C : O e S 5 = +
- M
fosfat/Na pH 2,5 separované fosfat/Na pH 2,5

s SDS analyty

Obrazek 16 Schéma akumutai/mobilizaini techniky on-line prekoncentrace
A: akumula&ni faze, B a C: mobilizani faze

V prvnim dochéazi k elektrokinetickému davkovanibgtzh kyselin z progedi o pH 9,5
do pH rozhranni tvi@ném zékladnim elektrolytem o pH 2,5. Na tomto raazhi dochazi

k potlateni disociace slabych kyselin a tim k jejich zasta\a akumulaci (akumuiai faze
on-line prekoncentrace). V druhé fazi, po stemi akumulace, je nutné prekoncentrované
kyseliny rozseparovat. K tomu se vyuziva jejichagofost interagovat s micelami SDS,
kdy vstupni elektrolyt (,inlet”) je nahrazen eledytem o pH 2,5 s SDS o koncentraci
vétSi nez je kritickd micelarni koncentrace. Po agiknagti negativni polarity dojde

k migraci SDS micel skrze prekoncentrované kysalidiky rozdilné interakce kyselin

s SDS micelami i k jejich separaci (mobikizéfaze on-line prekoncentrace).
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5.2.2 Mechanismus prekoncentrace

Mechanismus metody elektrokinetické prekoncentratsyyl popsan s pomoci
matematického modelovani v programu Simul v pramiddoveé a spol. [90]. V této praci
je zminovano vytvdeni malo vodivé zony s neutrdlnim pH na rozhraraiuoelektrolyi,
davkovaciho a zakladniho. Vlastni prekoncentracedshrava pouze v této akumina
fazi, zatimco faze mobilizai vede k rozmyvani zén anaiytV praci ale neni explicith
zmirgny mechanismus elektrokinetické akumulace, protb tbgto mechanismus dale

studovan.

Jelikoz je pouzit jako zakladni elektrolyt fosf&@H a jako davkovaci elektrolyt
borat/NaOH, je moznéipdpokladat, Zeip analyze slabych organickych kyselin dochazi
k tvorbé prechodného isotachoforetického stavu. Modelovanghtedforetickych mobilit
anionti kyseliny borité, kyseliny fosfosmé a benzoové kyseliny v programu Peakmaster
(viz obrazek 17) v celém studovaném pH rozsahu—2%5 bylo zji&no, Zze boratovy

anion msobi vtomto systému jako ion s nejnizSi mobilitgkoncovy elektrolyt)

a fosfatovy anion jako ion s nejvy$Si mobilitoudqweeaci elektrolyt).

45 -

-40 1

-35 4

-30 4

-25 4

-20 4

-15 4

-10 4

Elektroforeticka mobilita (10° m*V's™)
Distribu¢ni faktor (¢arkovana ¢éara)

Obrazek 17 Modelovani elektroforetickych mobilit sloZzek pogicentréniho systému

Modelovano v programu Peakmaster 5.2, pouzitajdatauvedena v Experimentalfésti
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Druhym studovanym parametrem byla iontova sila olsbektrolyti. Bylo pouZito
5 modelovych elektrolyit (viz tabulka 4) a provedenytfiplusné matematické simulace

(viz obrazek 18).

Tabulka 4: Studované prekoncendrd systemy

Systém| SloZeni davkovaciho elektrolytu (IE) a| pH* |lontova sila | Vodivost
zakladniho elektrolytu (BGE) (mM)* (S/m)*

A IE: 50 mM kyselina borita, 35 mM 9,53 | 35,0 0,26
NaOH
BGE: 50 mM kyselina fosfotméa, 32,5 | 2,50 | 36,2 0,36
mM NaOH

B IE: 100 mM kyselina borit4, 70 mM 9,51 | 70,0 0,49
NaOH
BGE:100 mM kyselina fosfotsma, 69 250 |729 0,60
mM NaOH

C IE: 10 mM kyselina borit4, 7 mM NaOIH9,55 | 7,0 0,06
BGE: 10 mM kyselina fosfotma, 4 mM | 2,53 | 7,2 0,15
NaOH

D IE: 5 mM kyselina borit4, 3,5 mM 9,56 |35 0,03
NaOH
BGE: 50 mM kyselina fosfotma, 32,5 | 2,50 | 36,2 0,36
mM NaOH

E IE: 50 mM kyselina borit4, 35 mM 9,53 |350 0,26
NaOH
BGE: 10 mM kyselina fosfotma, 4 mM | 2,53 | 7,2 0,15
NaOH

*Modelovano v programu Peakmaster 5.2, pouZzitd ¢&ta uvedena v Experimentalni

éasti
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Obrazek 18 Simulace on-line prekoncetraceiznych systémech
Modelovano v programu Peakmaster 5.2, pouZitd @aia uvedena v Experimentalni
casti, simulace 200 s elektrokinetického n&st pozice rozhrani na &atku simulace

(vcéase 0s): 12,5 mm

Z téchto simulaci vyplyva, Ze ipad systénii A a D, jde o stejné systémy, které mohou
poskytnout stejny prekoncendrd faktor za pouziti stejné proudové hustoty. Vysok
iontova sila v systému B #pobuje migraci pH rozhranni. V systému C s nizkamidvou
silou obou elektrolyt nedochazi k efektivni prekoncentracitaddu Spatného ipnosu
naboje. A posledni systém E je systém, ve kteréohdld diky uspi@dani iontové sily
obou elektrolyi k rozmyvani zon nikoliv prekoncentraci. Podobnéslegiky byly
dosahnuty i v fipact experimentalniho studigdhto 5 systérin Z praktického pohledu se
jako nejvyhodgjSi jevi pouziti systému A nebo systému D, kde dactk dostatené
prekoncentraci a pouzita proudova hustotaisebi velkou generaci Jouleova tepla.

V poslednitad bylo studovano vytv@ni pH rozhrani pomoci bezkontaktni vodivostni
detekce. Modelové rozhranni s zakladnim elektrolyte0O mM fosfat/NaOH pH 2,5
a davkovacim elektrolytem 50 mM borat/NaOH pH 9gysfém A) bylo studovano

v pokryté kapilée dle schématu na obrazku 19.
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B

C

deteltor

fosfét/Na pH 2,5

M= :

borat/Na pH 9,5 fosfat/Na pH 2,5
borat/Na pH 9,5 fosfat/Na pH 2,5

Obrazek 19 Schéma modelového rozhrani v kafela

Kapilara byla promyta zakladnim elektrolytem (A)akp byl davkovaci elektrolyt
nadavkovan tlakem 50 mbar po 120 s (B). Nasidnyio aplikovano nafii po danou dobu
(C) a pak byly vSechny zény vymyty do detektorkeia 50 mbar.

Na zadznamu z bezkontaktni vodivostni detekce (@br&d) je zetelrt vidét vytvoreni

meére vodivé zony boréatu

200 mV I

, kterd se pomalu pohybujérem k anod.

io min
0,1min

—\/\
0,5min

[ T

1min

—

2min

"

0 25 5 75 10 125 min

Obrazek 2Q Vizualizace migrace mérnvodivé zény boratu
Davkovaci elektrolyt: borat/NaOH pH 9,5 o iontoviées35 mM, zakladni elektrolyt:
fosfat/NaOH o iontové sile 36 mM
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5.2.3 Vyvoj metody

V ramci vyvoje metody pro stanoveni fenolickych &ys byl studovan vliv pH obou
pouzitych elektrolyd, vliv akumul&niho i separéniho nagti a vliv koncentrace SDS na

separaci vybranych fenolickych kyselin.

Nejprve bylo studovano pH obou elektrdiyako jejich hlavni charakteristika odpovidajici
za disociaci latek. pH bylo studovano setelem na kapacitu daného pufru. Kyselina
fosfore&ina ma ti disociani konstanty: pl 2,16, pke 7,21, pkas 12,32, kyselina borita
jednu disociani konstantu: pKa 9,27 [39]. Z tohotdivbdu byly studovany nasledujici
hodnoty pH pro davkovaci elektrolyt 9,0, 9,5 a 18 8o zakladni elektrolyt 2,0, 2,5 a 3,0.
Zakladni elektrolyty s pH 2,0 a 3,0 igmbovaly nestability v proudové hustoZarovei
opakovatelnost ploch pikfenolickych kyselin vdchto elektrolytech byl daleko horSi nez
20 %. V gipadt davkovaciho elektrolytu o pH 10,0 byly plochy {pikensi nez vifpads
pouziti elektrolyi o pH 9,0 a 9,5. Oba elektrolyty o pH 9,0 a 9,5 agdvaly shodné
vlastnosti pro prekoncentraci kyselin, proto byldoréano pH 9,5, které je bliz gkodnot

(a dany pufr bude mit&tSi pufr&ni kapacitu).

DalSim studovanym parametrem bylo akunminlaa separmi nagti. V obou gipadech
poskytuje vySSi pouzité négd vySSi proudy. Nafi bylo studovano v rozsahu od -5 kV az
po -30 kV. Napti -10 kV bylo pouzito jak pro akumudai fazi, tak pro mobilizéni fazi,
protoze pedstavuje dobry kompromis mezi stabilitou prbwdobou fazich prekoncentrace
a efektivitou prekoncentrace.

Poslednim studovanym parametrem byla koncentra&@\&Robiliz&nim elektrolytu. Byl
studovan koncenttai rozsah 10 — 150 mmol’L Koncentrace SDSredstavuje dleZity
faktor, protoZze mechanismus vlastni separace zkbms@anych latek zahrnuje
roz&lovani mezi micely a zakladni elektrolyt. NejvyS&idovana koncentrace SDS vedla

k nejrychlejSi analyze a zaravk nejvice dinnym separacim (viz obrazek 21).
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Obrazek 21 Vliv koncentrace SDS na zdanlivé mobility studoyeh slogenin

(a) sinapova kys., (b) ferulova kys., (c) kumariddys., (d) kdvova kys., (e) syringova
kys., (f) vanilovd kys., (g) p-hydroxybenzoova kypodminky: davkovaci elektrolyt
50 mM borat/NaOH pH 9,5, zakladni elektrolyt 50 nidéfat/NaOH pH 2,5, mobilizai
elektrolyt 50 mM fosfat/NaOH pH 2,5 s SDS, elekirmkické davkovani -10 kV po dobu
10 min, sepakai nagti -10 kV, koncentrace stand@r80 ng/mL

Nicmérg, v pripact analyzy realného vzorku majoranky, byla za pou¥id mM SDS
dosazena nekompletni separace fenolickych kysefimattice vzorku. Tato situace vedla
k nasledné optimalizaci SDS koncentrace s ohledarseparaci kyselin a matrice (byla
vlastrs provedena ,titrace* SDS koncentrace). Vyslednackmtrace 60 mmol:t SDS

pak vedla k usggné separaci fenolickych kyselin a matrice, viz @@r

min

Obrazek 22 Separace standdréenolickych kyselin
(a) sinapova kys., (b) ferulova kys., (c) kumariddys., (d) kdvova kys., (e) syringova
kys., (f) vanilova kys., (g) p-hydroxybenzoova kyenylalanin jako interni standard (i.s.),

podminky stejné jako na obrazku 21 s 60 mM SDS

42



5.2.4 Validace metody

Vyvinuta on-line prekoncentéai metoda byla&asténé validovana. Jednotlivé parametry
validace jsou uvedeny v tabulce 5. Kalibrd zavislosti byly linearni v oblasti mezi

2 ng.mL* a 100 ng.mL (6 bodi; n = 5), s koeficienty determinace mezi 0,969 a 0,991

Tabulka 5: Jednotlivé parametry validace
Kyselina (a) (b) (©) (d) (e) () (9)

Presnost korigovanych migtaich¢asi*

RSD (%) 1,3 0,9 1,4 1,8 1,9 1,6 2,8
intraday
RSD (%) 7,6 8,9 11,0 9,7 10,3 9,6 12,1
interday

Presnost korigovanych ploch pitk

RSD (%) 2,5 3,2 1,9 6,5 6,3 6,6 6,9
intraday

RSD (%) 12,3 14,5 13,2 15,1 14,6 13,8 14,9
interday

Vytéznost, koeficienty determinace

Vytéznost (%)** | 94+2 | 94+3| 97+2 963 961 981 9343

Koef. 0,984 0,993 0,986 0,993 0,981 0,985 0,976

determinace
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Kyselina (@) (b) (€) (d) (e) (f) (9)

Limity detekce a kvantifikace, prekonceriinafaktory

LOD (ng/ml) 2,23 4,22 0,71 2,04 1,14 0,62 0,38

LOQ (ng/ml) 7,43 14,07 2,37 6,80 3,80 2,07 1,27

LOD MEKC 1,61 3,29 2,87 3,32 2,89 2,35 2,14

metody (ug/ml)

prekoncentréni 723 780 4048 1627 2544 376Q 5565
faktor”

(a) sinapova kyselina, (b) ferulova kyselina, (ajrlarinova kyselina, (d) kavova kyselina,
(e) syringova kyselina, (f) vanilova kyselina, fghydroxybenzoova kyselina

* Presnost byla p#itana z kalibraci z poénu plochy piku a plochy piku interniho
standardu (fenylalanin, 25 ng/ml)igsnost ,interday“ byla vypidena z kalibrénich
zavislosti nérenych po 4 po sa@ljdouci dny.

** \yt éZnost byla vypétena z pidavku 10 ng/ml standakdfenolickych kyselin do
extraktu majoranky

* Prekoncentréni faktor byl vyp@ten jako ponsr LOD vyvinuté metody a LOD klasické
MEKC metody (BGE: 50 mM fosfat/NaOH pH 2,5 s 50 ngdS a 10 % (v/v) MeOH)

5.2.5 Analyza redlnych vzork

Pro analyzu realnych vzarkmajoranky byly nejprve testovany podminky vysokkd
extrakce rozpoustllem. Byly testovany extr&hki teploty 50°C, 100°C, 125°C a 150°C
a dw rozpou&tdla aceton a methanofigl5 MPa a dvou statickych 10 min. cyklech. Pro
srovnani byla provedena i 24 hodinova Soxhletoteakge za pouZiti obou rozpo&gel.
Vytéznosti extrakce byly stanoveny pomoci derivatizaceasledné analyzy na GC-MS

(viz experimentalnéast). Tabulka 6 reprezentuje ziskané hodnot§2vyisti.
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Tabulka 6: VytéZnosti extrakce fenolickych kyselin z majoranky

kyselina | 4-OH- | syringova| vanilova | kumari- | kAvova | ferulova| sinapova
benzoovd nova

PSE, aceton

50°C 731 81+1 871 89+1 81+4 882 80 +

100°C 99 +2 99 +2 96 +3 98 +2 99 +2 9+2 0B

125°C 102+1 98 +2 100+1] 104+1 981 103 +/1102 + 3

150°C 99 +7 101+2 104 +5| 102+1 101+3 12+ 102+1

PSE, methanol

50°C 88+1 95+3 871 9 +1 106+2 91+1 196

100°C 100+1 1011 105+2 100 +1 102+1 10DH 99+2

125°C 105+1 106 + 2 109+1] 108 +1 110+1 106+ 104 +1

150°C 101 +1 98+1 91+1 97 +1 97 +1 98+1 +9B

Soxhletova extrakce, aceton

24 h 9% +1 99 +2 101 +3| 1001 103+1 98+27 94

Soxhletova extrakce, methanol

24 h 99 +1 1001 101+1| 982 100+1 10011011

Na zéklad provedenych experimentbyly jako nejvyhodySi vybrany podminky, kdy

byla pouZita vysokotlakd extrakce acetonemi p50°C. Po extrakci byly vzorky

zkoncentrovany pod proudem dusiku a rozgustv davkovacim elektrolytu 50 mM

borat/NaOH pH 9,5. Takto ziskané vzorky majorankyly banalyzovany kapilarni

elektroforézou s elektrokinetickou prekoncentrgaiik{ad zaznamu reélného vzorku je

na obrazku 23).
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mAU
15 ]

10 1

Obrazek 23 Priklad analyzy majoranky
podminky stejné jako na obrazku 22 s 60 mM SDS

Pomoci metody standardnihtigavku a pouziti fenylalaninu jako interniho stamidiabyl
obsah jednotlivych kyselin kvantifikovan. Vysledjgou uvedeny v tabulce 7. J&etelné,
Ze obsahy jednotlivych kyselin jsou p&me rozdilné, pesto jiz dive bylo popsano
(viz teoretickacast), Zze obsah fenolickych kyselin v rostlinachigéwa regionu jejich
vyskytu a podminkach (teplota, vihkostfj kterych rostly. Vyvinutd metoda prototide

byt vyuZita pro dalSi studium analyzy fenolickygfs&lin v Firodnich materidlech

Tabulka 7: Obsah fenolickych kyselin v listech majoranky

Kyselina (@ (b) (c) (d) (e) (f) 9

Koncentrace 11 61 7 78 16 15 29
(Lg/g)

Smerodatna 2 12 2 11 4 4 5

odchylka (n1g/g)

(a) sinapova kyselina, (b) ferulova kyselina, (ajrlarinova kyselina, (d) kavova kyselina,

(e) syringova kyselina, (f) vanilova kyselina, fghydroxybenzoova kyselina
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5.2.6 Elektrokinetické davkovani z nevodnych prosedi

Organicka rozpouétlla jsou obech dolre znama jako latky ovliwjici separace
v kapilarni elektroforéze, néglad tim, Ze jejich fidavek do zakladniho elektrolytueni
permitivitu, viskozitu nebo vodivost. Organicka pomiStdla I1ze navic snadno pouzit i pro
modifikaci selektivity separace (ovligni rozdlovacich koeficient) nebo jako vlastni

separéni média v pipact nevodné elektroforézy.

Z téchto divoda byla vybrana d¥ béZzna organickd rozpouftla, methanol = 33,
n = 0,544 mPa.s [39]) a acetonitrd € 36,6,n1 = 0,369 mPa.s [39]), pro studium vlivu
jejich piidavku do davkovaciho elektrolytu na on-line elekinetickou prekoncentraci.
Bylo studovano koncent¥ai rozmezi 0 — 80 % (v/v) methanolu nebo acetduitpro
10 min trvajici elektrokinetické davkovani benzoduéeliny o koncentraci 10 mol/L
s davkovacim elektrolytem 50 mM borat/NaOH pH 9Zkladnim elektrolytem
50 mM fosfat/NaOH pH 2,5 a mobilizaci pomoci 50 nBDS. Nadést koncentrace
organického rozpouidla v davkovacim elektrolytu vedl k nelinearnimurtuséu plochy

piku odpovidajici benzoové kysalifpbrazek 24).

120 -
MeOH
100

ACN
80

60 -

Plocha piku (mAU.s)

40 4

20 4§

0 20 40 60 80 100

Koncentrace org. rozpoustédla (%)

Obrazek 24 Plocha piku benzoové kyseliny v zavislosti na desriraci organického
rozpoustdla v davkovacim elektrolytu
Davkovaci elektrolyt: 50 mM borat/NaOH pH 9,5 samgkym rozpousgdlem, zakladni
elektrolyt: 50 mM fosfat/NaOH pH 2,5, mobilizace poci 50 mM SDS, davkovani
benzoové kyseliny o koncentraci dol/l
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AvSak opakovatelnost profilu proudui pelektrokinetickém davkovani se zhorSovala se
zvySujici se koncentraci organické slozky v elditto Tvar Kivky na obrazku 24 Ize

vyswtlit ttemi efekty, které se zaravedehravaji fi této prekoncentraci:

1) V nevodném progtdi dochazi ke zémé v disociaci benzoové kyseliny a zarévie

efektivni mobilita kyseliny ovlivéina i znénami v permitivit a viskozit prostedi.

2) Vodivost davkovaciho elektrolytu se znateinéni s gidavkem organické slozky, coz
muze mit za nasledek zmu v intenzi¥¢ elektrického pole dané zény, a tim the dojit
i k vétSimu efektu prekoncentrace. Z tohotivadu byla pomoci kapilarni elektroforézy
meiena vodivost elektrolyt dle metody, kterou publikoval Francois a spol.][etaily

viz experimentalnéast. Vysledky mteni shrnuje nasledujici tabulka 8.

Tabulka 8: Vodivosti pouzitych davkovacich elektralyt

Koncentrace org. Vodivost (S/m)*
rozpoustdla
borat/NaOH pH 9,5 s borat/NaOH pH 9,5
methanolem s acetonitrilem
0% 0,720
20 % 0,482 0,567
40 % 0,334 0,439
60 % 0,242 0,294
80 % 0,186 0,197

*aritmeticky pimér z 5 hodnot, hodnoty R.S.D. riegrctily 3 %
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Je patrné, Ze vodivosti elektralyklesaji s rostouci koncentraci organické slozZkigem?z
v pripad® methanolu dochézi kts§imu poklesu vodivosti nez wipadt acetonitrilu, coz

odpovida jejich permitivitam.

3) Elektrokinetické davkovani je obecwovlivnéno dalSimi ionty gitomnymi v roztoku
vzorku, protoZze dochazi k jejich nadavkovani v samy ¢as, jako je davkovan analyt,
a zarové je jejich mnoZstvi ugrné jejich mobilitam. Z tohoto hlediska se zvySenim
koncentrace organického rozpaia v davkovacim elektrolytu snizi koncentrace ktio
davkovaciho elektrolytu, coz e vést roviZ k zvySeni nadavkovaného mnoZstvi
kyseliny benzoové.

Pouziti 80 % (v/v) methanolu v davkovacim elektrolyvedlo k nejzajimaysim
vysledikiim z hlediska efektivity prekoncentrace, resp. pnelemtr&niho faktoru. Srés
kyselin benzoové, ferulové a skmveé rozpudinych v boratu/NaOH pH 9,5 s 80 % (v/v)
methanolu byla analyzovana s 30 minutovym elektrefickym davkovanimip-10 kV.

Priklad separace je uvedeny na obrazku 25.

mAU c
60 1
] b
40 a 200 nm
20 1
ajb
0 1 c | \ 280 nm
-20 v m
1 2 3 4 5 6 7 8 9 .
min

Obrazek 25 Priklad on-line elektrokinetické prekoncentrace vyiyeh fenolickych
kyselin za pouziti methanolem modifikovaného dadakio elektrolytu

(a) skaicova kyselina, (b) ferulova kyselina, (c) benzodyaelina, davkovaci elektrolyt:
50 mM borat/NaOH pH 9,5 s80 % (v/v) methanolu, ladki elektrolyt: 50 mM
fosfat/NaOH pH 2,5, mobilizace pomoci 50 mM SD8 {0 kV, elektrokinetické
davkovani 30 minip-20 kV
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Data z kalibraénich zavislosti v rozsahu 0,5 — 50 nmol/l jsou wredv tabulce 9 (plochy
pika byly evaluovany i 200 nm pro benzoovou a ferulovou kyselinutag80 nm pro
skaicovou kyselinu). Detaini limity dosazené touto modifikovanou metodou jsou
v porovnani s deteékimi limity ziskané klasickou micelarni elektrokiin&ou
chromatografii vice jak 70000-krat nizSi. Ré¥rnv piipad srovnani s jinymi technikami

on-line prekoncentrace se jevi vyvinuta metoda jae &Einna.

Tabulka 9: Vybrané parametry kalibrace

skaricova kys. ferulova kys. benzoova kys.
Presnost migrénich 2,3 1,9 2,1
¢adi (RSD %)
Presnost ploch pik 5,8 4,1 6,2
(RSD %)
Koeficient 0,983 0,976 0,977
determinace
LOD (nmol/l) 1,01 0,66 0,32
LOD (ng/ml) 0,150 0,128 0,039
LOD MEKC metody 3,72 3,29 2,85
(Hg/ml)
Prekoncentréni 24861 25671 72906
faktor’

* Prekoncentréni faktor byl vypdten jako porr LOD vyvinuté metody (v ng/ml) a LOD
klasické MEKC metody (BGE: 50 mM fosfat/NaOH pH 250 mM SDS a 10 % (v/v)
MeOH)
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Je Zejmé, Ze vyuZziti této organickym rozpotdiem modifikované elektrokinetické
akumulace bude mit omezeni ifgact analyzy reélnych vzoik kde vzorek obsahuje i
dalSi ionty krond analyzovanych slabych kyselinteéBto za pouziti vhodnérgrdupravy
muze tato metoda s#te konkurovat jinym v satasnosti v praxi hog pouzivanym
analytickym technikdm (napHPLC).
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6 Zavéry

V této praci jsem se snazila podat informace o rastath analyzy fyziologicky aktivnich
latek v rostlinném materialu pomoci segaiah technik, pedevsSim kapilarni
elektroforézy. V prvnic¢asti prace byla vyvinuta metoda pro stanoveni ybimion
v [&Civech ipravenych z rostlinnych extrakt pomoci micelarni elektrokinetické
chromatografie. V druhéasti prace pak byla vyvinuta metoda pro extrakdbrapych
fenolickych kyselin z majoranky zahradni a jejichslednou analyzu pomoci kapilarni
elektroforézy s on-line elektrokinetickou prekonttani. Jako posledni bod byla tato
metoda prekoncentrace dale vylepSena pomoci pai#st&né nevodného davkovaciho
prostedi. Lze shrnout, Ze kapilarni elektroforéza je dri@ technika pro analyzu
fyziologicky aktivnich latek v rostlinném materialNavic pouziti nevodnych prastli pro
analyzu, pipadré prekoncentraci, vybranych latek se jevi jako elmjimavé a nabizi
mnoho dalSich mozZnosti, jak pro optimalizaci vlégstnanalytického procesu, tak pro

VyVvoj naprosto novych prekoncentrach technik.
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Priloha: MS spektra silyl derivati analyzovanych fenolickych kyselin
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Abstract: A method for the fast determination of yohimbine, a potent adrenoreceptor antagonist used for the treatment of sexual dysfunctions,
is proposed in this article. MEKC under basic and acidic conditions (sodium borate, pH 9.5 and sodium phosphate, pH 2.5) with SDS
was developed. The effect of the experimental parameters, e.g. pH, SDS concentration and injection time, on yohimbine migration was
also studied. Both methods were validated in terms of linearity, limits of detection and quantification, accuracy, and precision using
caffeine as an internal standard. The application for the determination of yohimbine in hand-made medicaments is also investigated

in this study.
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1. Introduction

Yohimbine, 17a-hydroxyyohimban-16a-carboxylic acid
methylester (Fig. 1), is an indole alkaloid found in a
variety of botanical sources, e.g. Pausinystalia yohimbe
tree [1]. It has also been called aphrodine, and because
yohimbine is a potent selective «2-adrenoreceptor
antagonist and it is predominantly used for the
treatment of sexual dysfunctions [2,3]. The mechanism
by which yohimbine enhances sexual function is not
fully understood, but the role is connected with the
inhibition of the a2-adrenoreceptor and this results in
increasing sympathetic tone and blood pressure [4].
Yohimbine levels have usually been determined using
high performance liquid chromatography (HPLC) [5-7].

* E-mail: secJPetr@gmail.com

Capillary  electrophoresis (CE) represents an
interesting alternative to HPLC for the determination
of pharmaceuticals [8-11]. CE has a high-throughput,
easily operable, cost-effective and an environmental
friendly technique where the separation is based on
differences in migration in an electric field. The use of
micellar additives broadened the possibilities for CE
to neutral compounds where the separation is also
affected by the partitioning of compounds between a
micellar phase (pseudostationary phase) and a free
electrolyte phase (mobile phase) [12-15]. The use of
CE for the determination of yohimbine was described
in detail by Chen et al. [16] a non-aqueous capillary
electrophoresis. They described the analysis of
yohimbine within 7 minutes with a limit of quantification
of 10 ug mL-". Cooper and Craig [17] published a meeting

@ Springer
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Figure 1. Astructure of yohimbine.
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abstract with a proposition for a micellar electrokinetic
chromatography (MEKC) method for the determination
of yohimbine, but lacked any details including the
the background electrolyte (BGE) composition and
validation results. In this article, we present a MEKC
method with sample stacking for a fast and sensitive
determination of yohimbine in pharmaceuticals.

2. Experimental Procedure

The background electrolyte components used in this
study: phosphoric acid, boric acid, sodium hydroxide
and sodium dodecylsulfate, methanol, acetonitrile,
yohimbine and caffeine standards were purchased from
Sigma Aldrich (St. Louis, MO, USA). All of the chemicals
used were of analytical grade purity. The separations
were performed on a capillary electrophoresis system
HP 3PCE (Agilent Technologies, Waldbronn, Germany)
with a diode array detection; and a detection wavelength
of 200 nm (detection wavelength was chosen according
to the best signal/noise ratio in a BGE). The uncoated
fused silica capillaries (MicroSolv  Technology
Corporation, NJ, USA), 50 uym i.d. with a total capillary
length of 33 cm and an effective length of 24.5 cm were
used in these experiments. The capillary cassette was
thermostated to 25°C.

The capillary was rinsed daily before the first
experiment with 0.1 mol L' NaOH (10 min), deionised
water (20 min), and then with a buffer (10 min). The
capillary was rinsed with 0.1 mol L' NaOH (1 min),
deionised water (1 min) and then with a buffer (1 min)
between the individual runs. The electrolytes were
prepared by the dissolution of appropriate amounts of
the acid in deionised water (18 MQ cm, Elga Bucks, UK),
the pH was adjusted by 50% (w/w) sodium hydroxide
to the desired value; and then sodium dodecylsulfate
was added. The stock standard solution of yohimbine
(concentration 102 mol L') was prepared in the
background electrolyte without SDS. Medicaments
used for treating sexual dysfunctions were obtained
from a local drugstore. The medicaments were diluted
in the background electrolyte without SDS with 10%
(v/v) methanol; and then were filtered using a 0.2 um
filter syringe (Nalgene Brand Products, NY, USA). The

caffeine (stock solution concentration 102 mol L in
the buffer with 50% methanol) was used as an internal
standard. All of the measurements were performed five
times if not otherwise stated.

3. Results and Discussion

3.1. Method development
The strategies for method development in CE have
been previously detailed along with the key roles of
the pH, complexation, and addition of surfactants plays
within the various methods [18]. In our case, yohimbine
represents quite a complicated structure that has a
less polar character (Fig. 1) and therefore we decided
to use micellar electrokinetic chromatography (MEKC)
in following experiments. Three electrolytes with acidic,
neutral and basic pH were selected at the beginning of
the experiments: (a) 50 mM sodium phosphate pH 2.5, (b)
50 mM sodium phosphate pH 7.0, and (c) 50 mM sodium
borate pH 9.5. All of the electrolytes contained sodium
dodecylsulfate (SDS) in a 50 mM concentration. The
counter-current migration of SDS and the electroosmotic
flow (EOF) led to the choice of voltage polarity: with a
pH 2.5, reverse polarity was used (-20 kV), and between
a pH of 7.0 and 9.5, normal polarity was used (20 kV).
The internal standard, caffeine, was chosen according
to its relatively similar structure and migration behavior.
The separation of yohimbine and the internal
standard was acceptable with both the acidic and basic
electrolytes. The analysis with the electrolyte at a pH of
7.0 was irreproducible in the terms of migration times
and electrical current stability. Subsequently, a study of
variation of experimental conditions was performed for
BGE’s pH and SDS concentration. The pH was studied
in the range of between 2.2 to 3.2 for 50 mM sodium
phosphate and between 8.5 to 10.0 for 50 mM sodium
borate. There was not observed any significant change
in the effective mobilities of yohimbine and therefore
the pH’s of 2.5 and 9.5 were chosen for the next
experiments. The second parameter studied was SDS
concentration, and this affects retention factors of the
analytes and therefore it has a pronounced influence on
separation. Moreover, the SDS concentration also affects
the analysis time due to the counter-current migration
of SDS and the EOF. In our case, four levels of SDS
concentration were tested: 10 mmol L', 25 mmol L,
50 mmol L', and 100 mmol L. By increasing the SDS
concentration results in an increase in the yohimbine
migration time in sodium borate pH 9.5 (from 2.2 min
to 3.5 min). However, the best resolution between
the internal standard and yohimbine was achieved
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Figure 2. The effect of the sample plug length.

BGEs: 50 mM sodium borate pH 9.5, 100 mM SDS, 10% methanol,
10 kv, and 50 mM sodium phosphate pH 2.5, 100 mM SDS, 10%
methanol, -10 kV

with 100 mM SDS. In the case of sodium phosphate
pH 2.5, the increase of SDS concentration resulted
in the decrease of migration time of yohimbine. Here,
the electrolyte with 100 mM SDS provided the fastest
analysis with electrical currents up to 60 pA.

The addition of an organic solvent to the BGE could
enhance the separation performance by changing
the dissociation equilibriums, partitioning, and BGEs’
permittivity [19-21]. Due to this effect two common
organic solvents, methanol and acetonitrile, were also
investigated. Methanol was previously described as
a good solvent together with ammonium acetate and
glacial acetic acid for non-aqueous CE of yohimbine [16].
The addition of methanol and acetonitrile was studied
in concentrations from 0 to 50% (v/v) in both buffers.
Acetonitrile caused instabilities of electrical currents
and therefore it was not used in further experiments.
The addition of 10% (v/v) methanol was observed to
be favorable for both the separation performance and
electrical current stability.

The last parameter studied was the sample plug
length. It is well known that electrokinetic separation
techniques allow for the stacking of large sample
plugs to sharp zones [22-24]. MEKC also offers such
possibilities [25,26]. In our experiments, the sample
solution was injected for the times of 5's, 30 s, 60 s,
120 s, and 180 s with a pressure of 50 mbar. Data
showed a linear increase of corrected peak area of
yohimbine in both electrolytes (Fig. 2). Longer injections
resulted in roughly irreproducible electrical currents
and therefore the long-time injection was not studied
further. The best results were obtained with a 180 s
injection time. Fig. 3 shows examples of the analysis of
yohimbine under the best conditions: (A) 50 mM sodium
borate pH 9.5, 100 mM SDS, 10% methanol, +10 kV,
and (B) 50 mM sodium phosphate pH 2.5, 100 mM
SDS, 10% methanol, -10 kV.

3.2. Validation and the real analysis
Both methods developed for the determination of
yohimbine were validated according to the ICH
recommendations [18]. The performance characteristics,
precision of corrected migration times, precision of
corrected peak areas, recovery at two calibration levels,
linearity, limit of detection (LOD), limit of quantification
(LOQ) are summarized in Table 1. Both methods
provided good analytical results which is important for
pharmaceutical analysis. Moreover, LOD and LOQ
values were lower than a previously published method
using the non-aqueous electrolyte environment [16]. In
addition, the performance characteristics were marginally
better using 50 mM sodium borate pH 9.5, 100 mM
SDS, 10% methanol and therefore this electrolyte was
used for the analysis of real samples.

The most challenging task in any method
development is to transfer the method to the real world.
To accomplish this task, we analyzed several hand-made

70 70
absorbance, ne absorbance,

mAU 60 mAU 60
50 50 is
40 40 yahimbene
30 yohimbne 30
10 10 | e

EOF
0 0
0 1 2 3 4 5 [} 0 1 2 3 4 5 6
time, min time, min

A B

Figure 3. Anexample of analysis of yohimbine in acidic and basic buffers.
BGEs: (A) 50 mM sodium borate pH 9.5, 100 mM SDS, 10% methanol, 10 kV, ~ 45 uA, and (B) 50 mM sodium phosphate pH 2.5, 100 mM SDS, 10%

methanol, -10 kV, ~ -50 uA

=4S
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Table 1. Method validation.

10% methanol, -10 kV

50 mM sodium phosphate pH 2.5, 100 mM SDS, 50 mM sodium borate pH 9.5, 100 mM SDS,

10% methanol, 10 kV

Intraday RSD (%)? 1.1
Interday RSD (%)° 54
Precision of corrected peak area
Intraday RSD (%)?2 2.7
Interday RSD (%)° 9.1
Recovery
Recovery at 50 ug mL" 98 = 1
Recovery at 5 ug mL’ 94 +3
Calibration
Linearity (ug mL") 1-100
Correlation coefficient 0.987
LODe (ug mL?) 0.82
LOQ® (ug mL") 2.73

Precision of corrected migration time

0.9
4.8

1-100
0.991
0.67
2.23

@ Intraday precision was determined from calibrations from the peak area divided by the area of an internal standard (calibrations between
1 ug mL" and ug mL, five points, each point measured 5 times). The calibrations were done for four days and the average RSD values were
calculated.
b Interday precision was determined by taking all the calibrations made in the 4 days.

absorbance,
mAU 120

yormbine

0 1 2 3 4 | a
time, min
Figure 4. An example of analysis of yohimbine in medicaments.
BGE: 50 mM sodium borate pH 9.5, 100 mM SDS, 10% methanol, 10 kV

medicaments obtained from a local drug store containing
yohimbine of 20 mg g according to the prescription.
The basic electrolyte, 50 mM sodium borate pH 9.5,
100 mM SDS, 10% methanol, was employed for the
individual analysis of ten tablets (see an example of the
analysis in Fig. 4). The quantification of yohimbine was
done by the standard addition method using caffeine as
the internal standard. Results showed the same amount
of yohimbine in all of the analyzed tablets (with a 0.05
confidence level). Moreover, the average amount of
yohimbine, 19.5+0.4 mg g™, was in correspondence with
the amount declared by the manufacturer.

4. Conclusions

A fast method for the determination of yohimbine
in  pharmaceuticals by micellar  electrokinetic
chromatography was presented in this article. Using
two electrolytes, an acidic and a basic, with SDS as
the micellar environment was described in details. The
most appealing fact of these methods of the analysis
is the speed. In both cases, the analysis took around
4 minutes what means that approximately 10 analyses
could be performed per hour (including the 2 minutes
for capillary rinsing). Both methods were validated.
The basic electrolyte was selected for the real analysis,
50 mM sodium borate pH 9.5 with 100 mM SDS and
10% methanol and yohimbine in the hand-made
medicaments was successfully quantificated. In view
of our results, we can assume that the method could be
favorably be used in routine analytical/pharmaceutical
laboratories.
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Determination of Some Phenolic Acids in
Majorana hortensis by Capillary Electrophoresis with
Online Electrokinetic Preconcentration
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Department of Analytical Chemistry, Faculty of Science, Palacky University in Olomouc, Ttida
Svobody 8, CZ-77146 Olomouc, Czech Republic

An online accumulation/mobilization preconcentration technique based on a dynamic pH junction
technique and electrokinetic injection was employed for analysis of phenolic acids (sinapic, ferulic,
coumarinic, caffeic, syringic, vanillic, and 4-hydroxybenzoic acid) in extracts from Majorana hortensis
leaves. Samples were extracted by pressurized solvent extraction with acetone at 150 °C and 15
MPa. The capillary electrophoretic method employed 50 mmol-L~" sodium borate, pH 9.5, as the
sample electrolyte, 50 mmol-L~" sodium phosphate, pH 2.5, as the background electrolyte, and 50
mmol-L~" sodium phosphate, pH 2.5, with 60 mmol-L~" sodium dodecyl sulfate as the mobilization
electrolyte. The method allowed 720-fold to 5560-fold preconcentration of the phenolic acids during
30 min of electrokinetic accumulation with detection limits from 0.38 to 4.22 ng-mL™".

KEYWORDS: Online preconcentration; capillary electrophoresis; phenolic acids; electrokinetic accumula-

tion; Majorana hortensis; plant extracts

INTRODUCTION

Phenolic acids are secondary plant metabolites having hy-
droxycinnamic or hydroxybenzoic structures. Their role concerns
color and sensory characteristics of plants as well as antioxidant
properties of plant-based food (/-3). This role in the organo-
leptic properties of foods (flavor, astringency, and hardness) has
been a big interest of analytical and food chemists (4, 5).
Additionally, the content and profile of phenolic acids, their
effect on fruit maturation and prevention of enzymatic browning,
and their roles as food preservatives have been evaluated
too (6, 7). Recent interest comes from their potential protective
role against diseases that may be related to oxidative damage,
such as coronary heart diseases or cancers (8—10).

Bendini et al. (/7) described several issues of why the
phenolic acids are interesting; these cover the levels and
chemical structure of antioxidant phenols in different plants,
the probable role of plant phenols in the prevention of various
diseases, the ability of plant phenols to modulate the activity
of enzymes, the ability of certain classes of plant phenols such
as flavonoids to bind to proteins (this binding is not related to
their direct activity as antioxidants), and the preparation of food
supplements.

Each task listed above needs an analytical methodology
suitable for separation of phenolic compounds usually from
a complicated matrix and their identification and quantifica-
tion (/2-14). These days, the use of chromatographic

*To whom correspondence should be addressed. Phone:
+420585634416. Fax: +420585634433. E-mail: petrjan] @gmail.com.

10.1021/if8000179 CCC: $40.75

methods, both gas chromatography and high-performance
liquid chromatography, together with mass spectrometry has
been well established (1/5-19). Capillary electrophoresis (CE)
represents another alternative for fast and highly efficient
separation of compounds of interest. CE usually suffers from
a lack of detection sensitivity with use of a common UV —vis
detector. On the other hand, CE provides a simple solution
by using one of the online preconcentration techniques (20-22).
Online preconconcentration of phenolic acids was described
by isotachophoresis and stacking. Urbdnek et al. (23)
introduced a “background electrolyte—sample—background
electrolyte” system with a methanolic sample and a back-
ground electrolyte consisting of [-hydroxy-4-morpholino-
propanesulfonic acid (MOPSO), tris(hydroxymethyl)ami-
nomethane (Tris), and boric acid at pH 9.0 for plant extracts
with limits of detection (LODs) around 50 ng-mLfl.
Hamoudova et al. (24) used the same system for red wine

COOH
COOH —

R3 R,

R R.
OH 1 2

A oH B

Figure 1. Phenolic acid structures: (A) Ry = R, = H, 4-hydroxybenzoic
acid; Ry = CH; R, = H, syringic acid; Ry = H, R, = OCHj, vanillic acid;
(B) Ry = Ry, = H, coumarinic acid; Ry = H, R, = OH, caffeic acid; Ry =
OCHs, R, = H, ferulic acid; Ry = OCH,, R, = OCHs, sinapic acid.
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Figure 2. Influence of the SDS concentration on the apparent mobilities of the studied compounds: (a) sinapic, (b) ferulic, (c) coumarinic, (d) caffeic, (e)

syringic, (f) vanillic, and (g) 4-hydroxybenzoic acid. Conditions: sample electrolyte, 50 mmol - L~ sodium borate, pH 9.5; junction electrolyte, 50 mmol - L ™"
sodium phosphate, pH 2.5; mobilization electrolyte, 50 mmol-L~" sodium phosphate, pH 2.5, with SDS; electrokinetic injection, 10 min at —10 kV;

separation voltage, —10 kV; standard concentration, 50 ng-mL~".
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Figure 3. Example of analysis of phenolic acid standards: (a) sinapic,
(b) ferulic, (c) coumarinic, (d) caffeic, (e) syringic, (f) vanillic, and (g)
4-hydroxybenzoic acid. Conditions: sample electrolyte, 50 mmol-L~"
sodium borate, pH 9.5; junction electrolyte, 50 mmol-L~" sodium
phosphate, pH 2.5; mobilization electrolyte, 50 mmol-L™" sodium
phosphate, pH 2.5, with 60 mmol-L~" SDS; electrokinetic injection, 10
min at —10 kV; separation voltage, —10 kV; standard concentration, 50
ng-mL™".

samples. Safra et al. (25) published an ITP-CE system with
column coupling for methanolic extracts and obtained LODs
from 5 to 61 ng-mL~'. Deng et al. (26) and Kubdii et al.
(27) used water as a background for the samples, which
resulted in stacking conditions. Safra et al. (28) described
using a methanolic sample for 40-fold sensitivity enhance-
ment (LODs between 10—66 ng-mLfl).

The aim of our work was to develop a method for determi-
nation of some phenolic acids (sinapic, ferulic, coumarinic,
caffeic, syringic, vanillic, and 4-hydroxybenzoic acid; for the
structures see Figure 1) by capillary electrophoresis with online
preconcentration via an electrokinetic accumulation/mobilization
technique after pressurized solvent extraction. This research
followed similar studies on determination of phenolics for
purposes of studying antioxidant properties of plants and plant
products, such as that published, e.g., by Jirovsky et al. (/8) or
by Ayaz et al. (19). Majorana sp. were chosen as common food
supplies that contain these phenolic acids.

MATERIALS AND METHODS

Chemicals. Boric acid, phosphoric acid, sodium hydroxide, and
sodium dodecyl sulfate (SDS) were purchased from Sigma (St. Louis,
MO). Standards of phenolic acids, syringic, sinapic, ferulic, vanillic,
coumarinic, 4-hydroxybenzoic, and caffeic acid, were also obtained
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Figure 4. Influence of the injection duration on the peak areas of the
studied compounds: (a) sinapic, (b) ferulic, (c) coumarinic, (d) caffeic, (e)
syringic, (f) vanillic, and (g) 4-hydroxybenzoic acid. Conditions: sample
electrolyte, 50 mmol - L~ sodium borate, pH 9.5; junction electrolyte, 50
mmol-L~" sodium phosphate, pH 2.5; mobilization electrolyte, 50
mmol-L~" sodium phosphate, pH 2.5, with 60 mmol-L~" SDS; electro-
kinetic injection at —10 kV; separation voltage, —10 kV; standard
concentration 50 ng-mL~".

from Sigma. All of the chemicals were of analytical grade purity.
Majorana hortensis leaves for foods were obtained from the super-
market Globus (Olomouc, Czech Republic).

Capillary Electrophoresis. Separations were performed on the
capillary electrophoresis system HP *DCE (Agilent Technologies,
Waldbronn, Germany) with diode array detection; the detection
wavelength was 200 nm. Uncoated fused silica capillaries (Polymicro
Technologies, Phoenix, AZ), 50 um i.d., with a total capillary length
of 48.5 cm and an effective length of 40.0 cm were used in these
experiments. The capillary cassette was thermostated at 20 °C; the
applied accumulation and separation voltage was —10 kV.

The capillary was washed daily before the first experiment with 0.1
mol+L~! NaOH (10 min), deionized water (20 min), and then sodium
phosphate buffer (10 min). The capillary was washed with 0.1 mol-L ™!
NaOH (2 min), deionized water (3 min), and then sodium phosphate
buffer (5 min) between the individual analysis runs. Electrolytes were
prepared by dissolution of appropriate amounts of the acid in deionized
water (18 MQ cm ™', Elga Bucks, U.K.), and the pH was adjusted by
50% (w/w) sodium hydroxide to the desired value; then in the case of
mobilization the electrolyte sodium dodecyl sulfate was added. The
stock standard solutions of phenolic acids were prepared in 10 xg-mL ™"



3942 J. Agric. Food Chem., Vol. 56, No. 11, 2008

Table 1. Validation Results

Petr et al.

sinapic acid ferulic acid coumarinic acid caffeic acid syringic acid vanillic acid 4-hydroxybenzoic acid
Precision of Corrected Migration Times @
intraday RSD (%) 1.3 0.9 1.4 1.8 1.9 1.6 2.8
interday RSD (%) 7.6 8.9 11.0 97 10.3 9.6 12.1
Precision of Corrected Peak Areas®
intraday RSD (%) 25 32 1.9 6.5 6.3 6.6 6.9
interday RSD (%) 12.3 14.5 13.2 15.1 14.6 13.8 14.9
Recovery, Correlation Coefficients
recovery (%) 94+2 94+3 97+2 96+ 3 96 + 1 98+ 1 93+3
correlation coefficient 0.984 0.993 0.986 0.993 0.981 0.985 0.976
Detection and Quantification Limits, Enrichment Factor
LOD of developed method (ng/mL) 2.23 422 0.71 2.04 1.14 0.62 0.38
LOQ of developed method (ng/mL) 7.43 14.07 2.37 6.80 3.80 2.07 1.27
LOD of MEKC method?® («g/mL) 1.61 3.29 2.87 3.32 2.89 2.35 2.14
enrichment factor 723 780 4048 1627 2544 3762 5565

2For details, see the Materials and Methods.

-5

6 8 10 12 14 16 18 min

Figure 5. Example of analysis of the Majorana extract: (a) sinapic, (b)
ferulic, (c) coumarinic, (d) caffeic, (e) syringic, (f) vanillic, and (g)
4-hydroxybenzoic acid. Conditions: sample electrolyte, 50 mmol-L™"
sodium borate, pH 9.5; junction electrolyte, 50 mmol-L~" sodium
phosphate, pH 2.5; mobilization electrolyte, 50 mmol-L~" sodium
phosphate, pH 2.5, with 60 mmol-L~" SDS; electrokinetic injection, 30
min at —10 kV; separation voltage, —10 kV.

and then mixed and diluted to the desired concentrations. All of the
measurements were performed five times if not stated otherwise.

Validation experiments and all the real sample measurements were
done under the following conditions: sample electrolyte, 50 mmol L~
sodium borate, pH 9.5; junction electrolyte, 50 mmol+L~! sodium
phosphate, pH 2.5; mobilization electrolyte, 50 mmol-L ™' sodium
phosphate, pH 2.5, with 60 mmol+L~' SDS; electrokinetic injection,
30 min at —10 kV; separation voltage, —10 kV. Identification was done
by using UV spectral matching, migration times, and the standard
addition method. The statistical program QC.Expert 2.5 (TriloByte
Statistical Software, Pardubice, Czech Republic) was used to evaluate
the obtained data. Precision values were determined from calibrations
from the peak area divided by the area of an internal standard,
phenylalanine (25 ng-mL™"). The intraday precision was determined
from the calibration curve between 5 and 50 ng-mL~" (four points,
each point measured five times). The calibrations were done for 4 days,
and the average RSD values were then calculated. The interday precision
was determined by taking all the calibrations made in the 4 days. LODs
and limits of quantification (LOQs) were estimated by the software
QC.Expert as 30 and 100, respectively. Detection limits for micellar
electrokinetic chromatography (MEKC) were determined from separate
calibrations employing 50 mmol+L ™" sodium phosphate, pH 2.5, with
50 mmol-L~! SDS, 10% (v/v) methanol, and a running voltage of 10
kV (for more details see ref 29). The enrichment factor was calculated
as a ratio between the LODs of the proposed preconcentration technique
and the LODs of the MEKC method. Recovery was calculated from
the addition of 10 ng+mL™! phenolic acid standard to the plant
extract.

Majorana Samples. Extracts from M. hortensis L. leaves were
prepared by using pressurized solvent extraction (PSE) according to
the following setup (optimization of the setup is described in ref 29):

1.0000 g of dried homogenized plant material was weighed directly
into the extraction cartridge (total volume 22 mL) and extracted with
acetone at 150 °C and 15 MPa by two static cycles (2—10 min) on the
automatic extractor one PSE (Applied Separations Inc., Allentown, PA).
The extracts were collected in glass vials, evaporated using nitrogen
flow, and diluted in water—methanol (90:10, v/v). Then they were
filtered through a Microcon YM-10 filter (regenerated cellulose, 10 000,
Millipore Corp., Bedford, MA). Finally, the extracts were diluted in
50 mM sodium borate, pH 9.5.

RESULTS AND DISCUSSION

Development and Optimization of the Method. The online
accumulation/mobilization preconcentration technique for
weak acids introduced by Horédkova et al. (30) is based on
two steps: first, negatively charged analytes in alkaline buffer
are electrokinetically introduced into the pH boundary
(formed by acidic buffer); here they are neutralized and
stacked (accumulation part). After the accumulation, the inlet
vial is changed to the vial with acidic buffer with SDS.
Partitioning between micelles and the free electrolyte causes
mobilization and separation of the analytes.

The influence of the concentration and pH of the sample
electrolyte, pH of the junction electrolyte, concentration of
SDS, separation voltage, and injection voltage was studied
to obtain the best separation and preconcentration conditions.

Concentrations of 100, 75, 50, and 25 mmol+L ™! sodium
borate electrolyte at pH 9.5 were tested. The higher conduc-
tivity of highly concentrated electrolytes (100 and 75
mmol-L~") was reflected in higher currents during the
accumulation that caused instabilities in the process because
of heat generation. A 50 mmol+L™" concentration of elec-
trolyte was chosen as the best because higher responses of
the acids were given in this electrolyte in comparison with a
25 mmol-L ™! concentration (the preconcentration was more
effective).

pH, the main characteristic attribute of the junction
electrolytes, was studied in both electrolytes. The pH has to
be chosen in accordance with the buffering capacity of the
electrolyte; phosphoric acid has pK, values of 2.16, 7.21,
and 12.32, and boric acid has a pK, equal to 9.27 (31).
Therefore, the following pH values were studied: 50 mM
sodium phosphate, pH 2.0, 2.5, and 3.0; 50 mM sodium
borate, pH 9.0, 9.5, and 10.0. pH values of 2.0 and 3.0 caused
instabilities in the currents, and intraday repeatability of the
peak areas was worse than 20%. A pH value of 10 resulted
in small injected amounts. pH values of 9.5 and 9.0 seemed
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to be equal for preconcentration. A pH value of 9.5 was
chosen because the value is closer to the pK, value (higher
buffering capacity).

The influence of the SDS concentration was examined in
the range 10—150 mmol-L™'. Because the separation mech-
anism was partitioning between micelles and the free
electrolyte, this parameter was very important. It was
observed that the highest SDS concentration led to the fastest
and the most efficient separation (Figure 2); 100 mmol-L ™'
SDS was chosen because it gave results similar to those of
150 mmol-L~" SDS but with less additive consumption.
However, in the case of analysis Majorana extracts an
incomplete separation of phenolic acids from the matrix was
observed. This situation needed a titration of the SDS
concentration, resulting in using 60 mmol+L ™" SDS solutions.
Within these conditions, it was possible to separate both
phenolic acids and matrix components.

The last studied parameter was the accumulation and
separation voltage. In both tasks, higher voltage provided
higher current (see the current profile in Figure 3) that was
reflected in instabilities of the accumulation and separation
process. Currents lower than 50 4A, which corresponded to
voltages lower than —15 kV, enabled reproducible separation,
while higher currents were reflected in the formation of spikes
because of Joule heating. A voltage of —10 kV was chosen
as a compromise between the system stability and the loaded
amount of the analytes. The influence of the injection duration
within —10 kV was studied in the range of 5—30 min with
50 ng+mL ™' standards (Figure 4). The peak areas increased
linearly; 30 min was chosen because it provides the highest
responses of the acids. Differences in the injection time did
not have a significant effect on the migration times. Longer
injections were not tested because they suppress one of the
applauded characteristics of CE—the speed.

An example of separation of the phenolic acid standards
is displayed in Figure 3. The internal standard phenylalanine
at a concentration of 25 ng-mL ™' was added to the standard
mixture of phenolic acids for accurate concentration
determination.

Analysis of Majorana Extracts. The suggested online
preconcentration technique was tested on an analysis of real
samples—PSE extracts of M. hortensis leaves. Validation of
the electrophoretic method was done before determination
of the phenolic acid content. All the calculations were done
using phenylalanine as the internal standard. The most
important parameters are listed in Table 1. Calibrations were
linear between 2 and 100 ng-mL’l (six points, n = 5), with
correlation coefficients between 0.976 and 0.993. No sig-
nificance of an absolute parameter was found at the 0.05
confidence level. As can be seen from Table 1, the method
allowed determination of phenolic acids in units of nanograms
per milliliter (LODs were 0.4—4.2 ng-mL™"), which was a
723-fold to 5565-fold improvement of the detection limits
in comparison with those of the simple MEKC method.
Moreover, the LODs were approximately 10 times lower than
the LODs already published for electrophoretic techniques.

An example of analysis of the Majorana extract is
displayed in Figure 5. Analyzed leaves contained 11 £ 2
ug+g ! sinapic acid, 61 & 12 ug-g~ ' ferulic acid, 7 + 2
ug+g~ ' coumarinic acid, 78 £ 11 ug-g ' caffeic acid,
16 + 4 ug-g " syringic acid, 15 £ 4 ug+g ' vanillic acid,
and 29 + 5 ug-g~' 4-hydroxybenzoic acid. These results
reflected the antioxidant potential of the Majorana
sample. The phenolic acid content in Lamiaceae is quite

1
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broad (16, 17, 32—34) because the different growth regions
affected the amount of phenolics. The effects of growing are
of interest to researchers now, and the capillary electro-
phoretic method presented in this paper can be used to
contribute to this task. In our opinion, the method can also
be used for analyzing a broad variety of PSE extracts from
plant materials for determination of the phenolic acids.
Moreover, longer injection times can lead to lower detection
and quantification limits, which can be important in some
special cases, e.g., metabolic studies.
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1 Introduction

A boundary between two electrolytes represents an interest-
ing possibility for improving both selectivity and sensitivity
in capillary electromigration techniques. The first bound-
aries have been studied since the capillary ITP was born [1].
The formation of moving and stationary boundaries is still
in interests of many authors (see e.g. [2-9]) because they
have big effects on a separation performance. Actual
mobilities of species moving through the boundary are
changing which presents the most important feature of such
boundaries. This behavior was first described by Kohlrausch
[10, 11] who introduced nowadays well-known regulating

function.

The effect of changing mobility and concentration of all
the ionic species on the boundary led to the study of
possibilities how to employ boundaries for on-line precon-
centration of analytes. A lot of on-line preconcentration
techniques were established till these days, see e.g. [12-17].
The most common ones are stacking, sweeping, ITP and
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Study of electromigration effects on a pH
boundary during the on-line electrokinetic
preconcentration by capillary
electrophoresis

A contribution to the description of electrokinetic effects on the pH boundary formed by
sodium borate pH 9.5 and sodium phosphate pH 2.5 electrolytes for on-line precon-
centration of weak acids is presented in this article. Simulations of electrokinetic injec-
tions together with experimental studies using contactless conductivity detection verified
that the preconcentration is induced mainly by dissociation changes of analytes on the
pH boundary and transient I'TP state. Moreover, a study of the addition of organic solvent
to the injection electrolyte was performed with impressive results. Subnanomolar LODs
of hydroxybenzoic acids were achieved with 80% of methanol in the injection electrolyte
which represents more than 70 000-fold preconcentration in comparison with classical
CZE method.
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dynamic pH junction. However, a lot of combinations of
those techniques and also other techniques were presented
in the literature, e.g. electrokinetic supercharging [18, 19,
analyte focusing by micelle collapse [20, 21] or moving
reaction boundary-based preconcentration [22, 23].

An interesting on-line preconcentration method, called
the dynamic pH junction, was introduced by Britz-McKib-
bin and Chen [24] in 2000 based on an idea of a junction of
two electrolytes at different pH published 10 years before by
Aebersold and Morrison [25]. This method was used by
many authors for different tasks, eg. Kazarian et al.,
preconcentrated sugars [26]. Imani et al. [27], Nesbitt et al.
[28], Jurcic et al. [29] and Su and Yu [30] stacked different
peptides. Li et al. [31], preconcentrated lovastatine. Barbitu-
rates were preconcentrated by Wang et al. [32]. Su et al.
described method for preconcentration of riboflavin [33].
Biological amines were stacked by Hsieh and Chang [34],
and pyrrolizidine alkaloids by Yu and Li [35]. Jaafar
et al. published a setup for preconcentration of arsenic
compounds [36]. Arnett and Lunte described a combination
of pH stacking with dynamic pH junction [37]. Cao et al.
[38, 39] described preconcentration of aminoacids. Booker
and Yeung used discontinuous buffers for preconcentration
of myoglobin prior MS [40]. Breadmore and Quirino [41]
presented counterflow ITP stacking under field-amplified
conditions. Cheng et al. [42], preconcentrated methotrexate
and its metabolites. Zhang et al. [43], stacked some cardio-
vascular drugs with cyclodextrin-modified MEKC.
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Last but not least, our group with cooperation of others
[44-46] presented a similar approach based on an electro-
kinetic injection to the pH boundary formed from borate pH
9.5 and phosphate pH 2.5 electrolytes (called as an electro-
kinetic accumulation) followed by mobilization of stacked
analytes by partitioning in SDS micelles. Horakova et al. [44]
made a few simulations in advanced Simul program and
discussed a possible mechanism of the preconcentration. In
this article, we present a contribution to the description of
electrokinetic effects on the pH boundary formed by borate
and phosphate electrolytes from both theoretical and
experimental point of view. A study of different precon-
centration conditions was done by using Simul program and
model experiments using the contactless conductivity
detection. Moreover, an interesting preliminary study
employing partially nonaqueous injection electrolytes is
covered in this article.

2 Materials and methods
2.1 Chemicals

Electrolyte components: boric acid, phosphoric acid, sodium
hydroxide, SDS; sample standards: benzoic acid, ferulic
acid and cinnamic acid, and additives: methanol and ACN
were purchased from Sigma (St. Louis, MO, USA). All the
chemicals were of analytical grade purity.

22 CE

Separations were performed on the CE system HP *PCE
(Agilent Technologies, Waldbronn, Germany) with diode
array detection and contactless conductivity detector (Gas
et al. construction [47]); the detection wavelengths were 200
and 280 nm. Uncoated fused silica capillaries (Polymicro
Technologies, Phoenix, AZ, USA) with 50 um id, total
capillary length 48.5 cm, effective length 33.0cm (to the
contactless conductivity detector), 40.0cm (to the UV
detector), were used in these experiments. The capillary
cassette was thermostated at 25°C.

The capillary was rinsed every day before the initial
experiment with 0.1 M NaOH (10 min), deionized water
(20 min) and then with the analysis buffer (10 min). The
capillary was further rinsed with 0.1M NaOH (5 min),
deionized water (10 min) and then with the buffer (5 min)
before each analysis. All the rinsing was carried out under
the pressure of 925 mbar. Electrolytes were prepared by
dissolving appropriate amounts of the acid in deionized
water (18 MQcm, Elga Bucks, UK) and pH was adjusted by
50% w/w sodium hydroxide to the desired value.

A model pH boundary was created by injection of a plug
of the injection electrolyte at definite pH by pressure of
50 mbar for 120 s (5% of the capillary length). Afterward, the
voltage was applied for a certain time (inlet vial and outlet
vial contained the electrolytes at different pHs according to

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the system used for preconcentration). Then zones formed
by electromigration were flushed to the detection cell of CC
detector and UV detector by the pressure of 50 mbar. All of
the measurements were performed five times if not stated
otherwise.

2.3 Simulations

Two freeware programs Peakmaster 5.2 and Simul 5.0
designed by the group of Gas [48-50] (http://www.natur.cu-
ni.cz/gas) were used for the simulation of electrolyte
components’ behavior on the pH boundary. Simulation
settings were as follows: capillary length 25 mm, voltage
40.0 V/cm (voltage was decreased five times because of a
numerical instability of the system), negative polarity and
simulations without ionic strength corrections. Composition
and concentration of electrolytes are listed in Table 1, ionic
mobility and pK, values were used from the program
database based on the Hirokawa’s tables [51] and borate data
from Mala et al. [52]: phosphoric acid pK, = 2.16, 7.21, 12.67,
He = —34.6, —61.4, —71.5 (x 10 °m* V" 's™'); benzoic acid
pK,=4.203, p.=-33.6 (x10°m’V's™"); sodium
pK.=13.7, p.=51.9 (x107°m?V~'s™); boric acid
pK.=9.23, pe=—36.2 (x 10 °m*V 's™") and segmenta-
tion 10 000 points.

3 Results and discussion
3.1 Electrokinetic accumulation

The electrokinetic accumulation preconcentration is based
on the injection of a weak acid in an alkaline BGE to the
boundary consisted of an acidic BGE. In our case (Fig. 1),
sodium borate pH 9.5 and sodium phosphate pH 2.5 were
used. Weak acidic analytes are dissolved in the borate
electrolyte pH 9.5 and electrokinetically injected into the pH
boundary formed by phosphate electrolyte pH 2.5 where
they are get stacked. In the study of Horakova et al. [44],
formation of a “less conductive” zone with a flat pH region
in between both pHs of the adjoining electrolytes was
discussed. The use of the junction between borate and
phosphate electrolytes brings a theoretical possibility of
transient ITP preconcentration as described e.g. by Adam
et al. [53] or Kim et al. [54].

3.2 Simulations

A set of simulations with different electrolytes vary in ionic
strengths were done to prove the hypothesis of formation of
the transient ITP state (for a general overview of BGEs, see
Table 1). Benzoic acid was chosen as a model analyte.
Conductivity, pH and benzoic acid concentration profiles
are shown in Fig. 2 after 200s of electrokinetic injection
(more details regarding the concentration profiles of other
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Table 1. Preconcentration systems studied®

CE and CEC 2773

System Composition pH® lonic strength (mM)® Conductivity (S/m)®
A IE: 50 mM boric acid, 35 MM sodium 9.53 35.0 0.26
BGE: 50 mM phosphoric acid, 32.5 mM sodium 2.50 36.2 0.36
B IE: 100 mM boric acid, 70 mM sodium 9.51 70.0 0.49
BGE:100 mM phosphoric acid, 69 mM sodium 2.50 72.9 0.60
C IE: 12 mM phosphoric acid, 24.02mM sodium 9.50 36.0 0.21
BGE: 50 mM phosphoric acid, 32.5 mM sodium 2.50 36.2 0.36
D IE: 10 mM boric acid, 7 mM sodium 9.55 7.0 0.06
BGE: 10 mM phosphoric acid, 4 mM sodium 2.53 1.2 0.15
E IE: 5mM boric acid, 3.5 mM sodium 9.56 35 0.03
BGE: 50 mM phosphoric acid, 32.5 mM sodium 2.50 36.2 0.36
F IE: 50 mM boric acid, 35 MM sodium 9.53 35.0 0.26
BGE: 10 mM phosphoric acid, 4 mM sodium 2.53 1.2 0.15

a) IE, injection electrolyte.

b) Estimated by Peakmaster 5.2; data used for simulations: phosphoric acid, pK,s: 2.16, 7.21 and 12.67, mobilities: —34.6, —61.4 and
—71.5; boric acid, pK,: 9.23, mobility: —36.2; hydrochloric acid, pK,: —2.0, mobility: 79.1; sodium, pK,: 13.7, mobility: 51.9 (all the

mobilities in 107°m2Vv~"s™").

borate pH 9.5

phosphate pH 2.5
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o phosphate pH 2.5
= S| | NB
R +
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Figure 1. A scheme of the electrokinetic preconcentration
method.

+

mﬁl [=]

components from 37, 150, 300, 600 and 1200 s are shown in
Supporting Information). First, a simulation of mobilities of
anionic electrolyte components and benzoate was done in the
pH range of 2.5-9.5 (Fig. 3). Since the mobilities showed the
clear decreasing dependence phosphate >Dbenzoate > borate
in the whole pH range, the transient ITP state occurred
during the preconcentration with borate as a terminator.
Moreover, the same mobility dependencies could be calcu-
lated for other weak acids, e.g. o-toluic acid and vanillic acid.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

From simulations, the transient ITP state could be
supposed in the systems A, B, D and E (Fig. 2 and
Supporting Information Figs. S1-S6). Systems A and E
(Supporting Information Figs. S1 and S5) with 50 mM
phosphate as the BGE (leading electrolyte for transient I'TP)
and different concentrations of borate were in fact the same
systems because they had the same concentration of the
leading electrolyte and thus they provided the same
preconcentration using the same current density. With the
system B (Supporting Information Fig. S2), transient ITP
was also formed and the high ionic strength caused
migration of the pH boundary similarly to the system A. In
the system D (Supporting Information Fig. S4), the ITP
state occurred too, but the low ionic strength of the elec-
trolytes made the system not so effective in the view of
preconcentration ability. The system F (Supporting Infor-
mation Fig. S6) with lower concentration of the BGE
(leading) than the concentration of the injection (terminat-
ing) electrolyte represented the one with destacking condi-
tions. Finally, the system C (Supporting Information
Fig. S3) that used phosphate as both injection and BGEs
reflected the formation of low-conductive “water” zone and
thus the preconcentration was based more on quasi-FASI
state. Indeed, the simulations did not reflect exactly all the
effects on real experiments because the real experiments are
conducted between a capillary and an inlet vial and the EOF
could play a role, too.

3.3 Experimental observations
Those preconcentration systems without the system F (the
destacking one) described before (Table 1) were tested using

10™®M benzoic acid and electrokinetic injection for 600 s
followed by the SDS mobilization with 50mM SDS

www.electrophoresis-journal.com
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according to the method published by Horakova et al. [44].
Experimental results showed that the most effective systems
for such preconcentration were systems A, B and E
(corresponding peak area was approx. 820 mAU s). Interest-
ingly, the system C with the “water” zone provided about
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pH, conductivity (Sim)

pH, conductivity (Sim)

pH, conductivity (Sim)

Figure 2. Simulation of
benzoic acid concentra-
tion profiles, conductivity
and pH in different
preconcentration systems
after 200s of electroki-
netic injection; starting
position of the boundary
is 12.5 mm.

Figure 3. Simulation of electrophoretic
mobilities of benzoic acid and BGE
anions used
method.

in the preconcentration

threefold smaller peak area and wider peaks which proved
that the preconcentration was based on different principle
(quasi-FASI). Finally, with the system D, preconcentration
effectiveness depended on the chemicals’ quality and
impurities. If the conductivity of both injection and BGEs
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increased due to impurities in chemicals, much higher
preconcentration factor could be observed than supposed by
mathematical simulations. If extra purified chemicals were
used, then quite small peaks were observed (approx.
80mAUs) similarly to the simulations. In the view of
practical usefulness of the systems, the system A repre-
sented the most reproducible arrangement with good
preconcentration effectiveness and reasonable current
density.

Consequently, the formation of the neutralization
boundary was studied under contactless conductivity detec-
tion. A model pH boundary with a junction of sodium
borate pH 9.5 and sodium phosphate pH 2.5 both with ionic
strength of 35 mM (system A) was tested upon application
of constant voltage for desired time in an uncoated capillary
(Fig. 4). The formation of a less conductive borate zone
moving slowly to the anode is clearly visible from these
results.

3.4 Effect of organic solvents

Organic solvents are well known for their general effects on
separation performance in CE. They change BGE’s permit-
tivity, viscosity, conductance, etc. [55, 56]. Since that
a study of addition of two common organic solvents
methanol (MeOH, & = 33, 1 = 0.544mPas [57]) and
ACN (¢ = 36.6, n = 0.369mPas [57]) to the injection
electrolyte was performed. They were added to the
electrolyte in concentrations of 0-80%v/v and 10 min
injection of 10*mM benzoic acid was studied with SDS
mobilization (50mM SDS). The increase of organic
solvent in injection electrolyte led to the nonlinear increase
of peak area of benzoic acid (Fig. 5). However, the
injection reproducibility in the terms of current
stability was lower with higher concentration of the
organic solvent. The shape of the curve could be explained
by three effects: (i) ionization/dissociation of benzoic acid is
different due to the presence of the organic solvents;

0 min
200 mVf I = 0.1 min

J.5min

1 min

0 25 5 15 10 125 min

Figure 4. Experimental proof of the formation of a less
conductive borate zone using contactless conductivity detection
injection electrolyte: sodium borate pH 9.5, ionic strength of
35 mM, BGE: sodium phosphate pH 2.5, ionic strength of 36 mM.
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similarly, the final mobility is affected by changes in the
permittivity and viscosity, (i) the conductivity of the
injection electrolyte with organic solvents is much lower
(Table 2) and it has a crucial effect on the quasi-FASI
performance and (iii) the electrokinetic injection is generally
influenced by other ions introduced in the same time
according to their mobility. The addition of organic solvent
decreased the concentration of ions of the injection
electrolyte, and therefore it could also enhance the amount
of benzoic acid injected.

The use of 80%v/v MeOH seemed to be the most
interesting regarding the effectiveness of the on-line
preconcentration. Therefore, a mixture of benzoic acid,
ferulic acid and cinnamic acid was analyzed with
30 min of electrokinetic injection (Fig. 6). LODs, 0.3 nM for
benzoic acid, 0.7nM for ferulic acid and 1.0nM for
cinnamic acid (evaluated at 280 nm for cinnamic acid and
at 200 nm for benzoic and ferulic acid), were much better in
comparison with the previously published electrokinetic

120
MeOH
100
7 ACN
% 80
D &0
™
-
g 40
i
20
o

il 20 an 0
% of organic solvent in BGE

-]
=]

100

Figure 5. Influence of MeOH and ACN addition into the injection
electrolyte on the preconcentration performance of benzoic acid
injection electrolyte: sodium borate pH 9.5, ionic strength of
35 mM with addition of organic solvent, BGE: sodium phosphate
pH 2.5, ionic strength of 36 mM, mobilization by 50 mM SDS at
—20kV, 10~ M benzoic acid.

Table 2. Conductivities of partially nonaqueous BGEs studied
for on-line preconcentration

Concentration of the Conductivity (S/m)?

organic additive (%)

Sodium borate
pH 9.5 with ACN

Sodium borate
pH 9.5 with MeOH

0 0.720 0.720
20 0.482 0.567
40 0.334 0.439
60 0.242 0.294
80 0.186 0.197

a) Measured by the protocol described by Francois et al. [58], an
average value is displayed from five replicates; the relative
standard deviation did not exceed 3%.
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Figure 6. An example of the preconcentration of benzoic acid,
ferulic acid and cinnamic acid from the mostly nonaqueous
injection electrolyte injection electrolyte: sodium borate pH 9.5,
ionic strength of 35 mM with addition of 80% v/v MeOH, BGE:
sodium phosphate pH 2.5, ionic strength of 36 mM, mobilization
by 50mM SDS at —20kV, electrokinetic injection 30 min at
—20kV; (a) cinnamic acid, (b) ferulic acid and (c) benzoic acid.

accumulation methods without any addition of organic
solvent (Horakova et al. [44] determined LOD of benzoic
acid as 180 nM for 2 min injection and 5nM for 120 min
injections, and Petr et al. [45] determined LOD of ferulic
acid as 22nM for 30 min injection). Moreover, a classical
CZE method [44] provided LOD of benzoic acid of
23.33 uM which is approx. 70000-fold higher than LOD
obtained by the preconcentration with addition of MeOH.
In comparison with the continuous dosing carrier
ampholyte-free isoelectric focusing ITP-ITP/CZE method
introduced by Pospichal and Glovinova [59], the electro-
kinetic injection from partially nonaqueous BGEs is
not so effective but the use of nonaqueous solvents
in such preconcentrations could be profitable for many
applications. Indeed, the limitation of our method is
still in the analysis of real samples where other ions could
also be presented in a sample and the preconcentration
effect would not be so impressive and would require a
sample cleanup step.

4 Concluding remarks

A contribution to the description of electrokinetic effects on
the pH boundary formed by borate and phosphate electro-
lytes for on-line preconcentration of weak acids was
discussed in this article. Simulations and experimental
studies verified that the preconcentration is induced by
following contributions: (i) the changes of analytes’ mobi-
lities in the pH boundary due to the different dissociation
states in both adjoining electrolytes, (ii) the differences in
mobilities of adjoining co-ions, borate and phosphate, that
created the transient ITP state and (iii) the heterogeneity in
the electric field strength across the capillary that caused
field-amplified sample injection (in the system C). More-
over, the addition of organic solvent to the injection
electrolyte could enhance the preconcentration perfor-
mance. Subnanomolar LODs of hydroxybenzoic acids were
achieved with 80% MeOH in the injection electrolyte which
represents more than 70000fold preconcentration in
comparison of classical CZE method [44].

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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