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Abstrakt

Kapilarni elektroforéza je Siroce pouzivanou separacni metodou analytické chemie. Pokud je
do zakladniho elektrolytu pfidana interagujici latka, selektor, Ize tuto metodu vyuzit i pro
separace enantiomerl nebo latek s velmi podobnymi fyzikalné-chemickymi vlastnostmi.
V analytické praxi se Casto vyuzivaji také smési selektorl, jednak zamérné pripravené pro
dosazeni lepsSi separace, jednak proto, ze komercné dodavané derivatizované selektory
mohou byt ve skutecnosti smésmi latek liSicimi se stupném derivatizace a polohou
substituentl. Matematicky popis elektromigrace analytu v systémech s vice selektory mlze
usnadnit hledani optimalnich separacnich podminek a zaroven poskytuje uzitecny vhled do
mechanismu separace v téchto z aplikacniho hlediska velmi vyznamnych systémech.

V ramci této prace byl predstaven a experimentdlné ovéren model elektromigrace
analytu interagujiciho se smési dvou selektord, ktery vychazi z obecnéjsiho popisu systému
s libovolnym poctem selektor(l. Tento model ukazuje, ze smés, ve které se vzajemny pomér
koncentraci selektorli neméni, Ize pokladat za selektor jeden. V pfipadé zamérné kombinace
dvou selektorll Ize pomoci tohoto popisu predpovédét, jak se budou separacni schopnosti
smési ménit se zménou zastoupeni obou selektorll, a zvolit nejvhodnéjsi slozeni smési i jeji

celkovou koncentraci.

Dale byl predstaven model elektromigrace, ktery poprvé zahrnoval vedle interakce
analytu s vice selektory i moznost acidobazické disociace analytu. Model ukazuje, Ze zavislost
efektivni mobility na koncentraci selektoru, odvozena pro jedinou volnou formu analytu
interagujici s jedinym selektorem, je obecné platna pro systémy se stechiometrii komplexace
1:1. Tento model také umoziuje na vzajemné provazané komplexacni a acidobazické
rovnovahy nahlizet oddélené a zvolit perspektivu vhodnou pro optimalizaci daného
separacniho systému. Zavéry vyplyvaijici z modelu byly experimentalné ovéreny na systému

slabé jednosytné kyseliny jako analytu a dvou selektord.

Pro uréeni komplexacnich parametrll, se kterymi pracuji vySe zminéné elektromigracni
modely, je kliCové stanoveni spravné efektivni mobility analytu. Z toho ddvodu byla v ramci
této prace navrzena metoda umoznujici mérfeni efektivni mobility v systémech, kde mize
nabity selektor interagovat s markerem elektroosmotického toku a tak vysledky méreni
znehodnotit. Dale byl navrZzen zplsob, kterym lIze urcit spravny migracni ¢as analytd

podléhajicich elektromigracni disperzi bez nutnosti nelineadrni regrese experimentalnich dat.



Predkladana dizertacni prace shrnuje vysledky ziskané béhem mého doktorského studia
ve Skupiné elektroforetickych a chromatografickych separacnich metod (ECHMET) na
Katedre fyzikalni a makromolekularni chemie Prirodovédecké fakulty Univerzity Karlovy
v Praze. Prace byla financovana v souvislosti s feSenim projektd GA UK, Cisla grantl 669412
a 510214, projektu GA CR, &islo grantu 203-08-1428, a projektu CEEPUS CIII-RO-0010-08-
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Seznam zkratek a symbolt

ACE afinitni kapilarni elektroforéza (affinity capillary electrophoresis)
BGE zakladni elektrolyt (background electrolyte)

CE kapilarni elektroforéza (capillary electrophoresis)

EMD  elektromigracni disperze

EOF elektroosmoticky tok (electroosmotic flow)

HVL Haarhoffovou — van der Lindeho (funkce)

MaMs  (systém, model) s vice volnymi formami analytu a vice selektory
(multi-free-analyte-form multi-selector)

MaSs  (systém, model) s vice volnymi formami analytu a jednim selektorem
(multi-free-analyte-form single-selector)

SaMs  (systém, model) s jednou volnou formou analytu a vice selektory
(single-free-analyte-form multi-selector)

SaSs (systém, model) s jednou volnou formou analytu a jednim selektorem
(single-free-analyte-form single-selector)

Cs koncentrace selektoru
K, koncentracné definovana komplexacni konstanta interakce analytu se selektorem
Uy mobilita volného analytu

Uaerr €fektivni mobilita analytu

Uas mobilita komplexu analytu se selektorem
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1. Uvod

Kapilarni elektroforéza (CE) je Siroce pouzivanou separacni metodou analytické chemie.
Pridavek interagujici latky (selektoru) do zakladniho elektrolytu (BGE, background
electrolyte) rozsifuje pole vyuZitelnosti CE napriklad o separace neutralnich analytl, separace
latek s velmi podobnymi fyzikalné-chemickymi vlastnostmi a zejména o enantioselektivni
separace. Velkou vyhodou CE je mozZnost snadno meénit pouzity selektor a jeho koncentraci.
V analytické praxi se vyuZiva Siroka Skala chirdlnich selektorll: crown-ethery, makrocyklicka
antibiotika, proteiny, chiralni micely, cyklofruktany a dalsi [1, 2]. NejCasté&ji pouzivanymi
chiralnimi selektory v CE jsou cyklodextriny [1-7], cyklické oligosacharidy skladajici se
nejbéznéji ze Sesti (a-cyklodextrin), sedmi (B-cyklodextrin) nebo osmi (y-cyklodextrin)

glukopyranozovych jednotek.

Soucasné s vyuzivanim selektord v CE se rozvijel také teoreticky popis takovych
systémd. Dlvodem k sestavovani matematickych modeld elektromigrace byla a je moznost
predpovédét vysledek separace na zakladé fyzikalné-chemickych parametrl systému, coz
mdZe vyznamné usnadnit hledani optimalnich podminek pro konkrétni separaci. Stejné

dllezité ale je, Ze modely umoziuji Iépe pochopit mechanismy, které k separaci vedou.

Popis elektromigrace v komplexujicich systémech

Pokud se analyt vyskytuje ve vice formach, mezi kterymi se ustavuje rychla rovnovaha
(rychla ve srovnani s elektroforetickou migraci), Ize efektivni mobilitu tohoto analytu obecné
vyjadrit jako vazeny prlimér mobilit jeho jednotlivych forem, pficemz vahou je molarni
zlomek pfislusné formy analytu vzhledem k jeho celkové (analytické) koncentraci. Pro
systém, kde jedinou takovou rovnovahou je interakce analytu se selektorem, popsali Wren a

Rowe [8] zavislost efektivni mobility analytu, p4 .rf, Na koncentraci selektoru, cs:

Ha + HasKssCs

Haefr = (1)

kde K, je komplexacni konstanta (definovana pomoci koncentraci) charakterizujici interakci
analytu se selektorem, u, je mobilita volného analytu a u,s mobilita vzniklého komplexu
analyt-selektor. Model je platny za podminky konstantni teploty, konstantni iontové sily BGE

a pokud v systému dochazi pouze ke komplexaci o stechiometrii 1:1 (analyt : selektor). Tato



stechiometrie samozfejmé neni jedind mozna, nicméné je vSeobecné pokladana za

nejrelevantnéjsi, zejména pokud jde o interakci s cyklodextriny [9, 10].

Na zakladé modelu Wrena a Rowa (1) byla odvozena fada dalSich model( popisujicich
S\Ss (single-free-analyte-form single-selector) systémy [11-16]. Jejich cilem vétSinou bylo
pomoci efektivnich mobilit separovanych analytl vyjadrit parametry kvantifikujici Uspésnost
separace. Prestoze velka Cast SxSs modelli se zamérovala na chiralni separace, vztah (1) Ize
samoziejmé pouzit i pro optimalizaci ,nechirdlnich® separaci, pfi kterych se vyuziva

komplexace se selektorem [16, 17].

Nevyhodou vySe zminovanych S,Ss modell bylo, Ze braly do Uvahy pouze jednu formu
volného analytu. Latkami separovanymi kapilarni elektroforézou jsou ale ¢asto slabé kyseliny,
baze nebo amfolyty podiéhajici acidobazické disociaci. Jednotlivé volné formy analytu
(napriklad disociovana a protonovana u slabé kyseliny) pak mohou interagovat se selektorem
s rlznymi komplexacnimi konstantami za vzniku komplex o rdznych mobilitdch. Z toho
d@vodu mize mit pH zakladniho elektrolytu, kterym je fizen stupen disociace analytu, velky

vliv na vysledek separace.

Popisem téchto MaSs (multi-free-analyte-form single-selector) systémi se dlouhodobé
zabyvala napriklad skupina profesora Vigha [18-21], kde byla popsana zavislost efektivni
mobility slabé jednosytné kyseliny [18] a baze [19] na koncentraci selektoru a na pH BGE
(v modelu tedy vystupovaly dvé nezdvisle proménné). Lelievre et al. [22] pozdéji ukazali, ze
pri konstantnim pH Ize zavislost efektivni mobility slabé jednosytné kyseliny na koncentraci
selektoru popsat funkci formalné shodnou s rovnici (1), priCemz prislusSné parametry
(mobilita volného analytu, komplexacni konstanta a mobilita komplexu) byly zavislé na

hodnoté pH (nadale budou oznacovany jako pH-souhrnné parametry).

V analytické praxi se rovnéz Casto pouzivaji smési selektorl. Je to jednak proto, ze komeréné
vyrabéné derivatizované cyklodextriny jsou ve skutecnosti mnohdy smési selektor( liSicich se
jak stupném substituce, tak polohou substituentl [23-25]. Nékdy jsou ale smési selektorl
pfipravovany zamérné za ucelem dosazeni lepsSi separace [2-4, 26, 27]. Prvni matematicky
model elektromigrace analytu v BGE se dvéma selektory byl publikovan v roce 1994 [28] a
byl pfirozenym rozsitrenim modelu Wrena a Rowa (1) o interakci s dalSim selektorem. Tento i
dalsi publikované teoretické popisy SaMs (single-free-analyte-form multi-selector) systémd

v CE byly shrnuty v prehledovém clanku, ktery je soucasti predkladané dizertacni prace



(Publikace I). Tyto modely vétSinou pracovaly se dvéma promeénnymi — koncentracemi dvou
selektorll v BGE. Nicméné autofi Casto vyuzivali matematicky popis SaMs systéml pouze ke
kvalitativnimu vysvétleni pozorovanych experimentalnich vysledkd, jako napfiklad zamény

migracniho poradi analytl [28-32].

Peng et al. [33] odvodili vztah popisujici efektivni mobilitu analytu v SyMs systému
s libovolnym poctem selektord, z nichz kazdy mize tvofit s analytem komplex o stechiometrii
1:1. Problémem tohoto modelu byla jeho A-dimenzionalita, ktera zna¢né komplikovala jeho
pouziti v praxi. Karanack et a/. [34] pozdéji ukazali, ze pokud jsou molarni zlomky vSech
selektorll ve smési konstantni, Ize na smés selektorl pohlizet jako na selektor jediny
(zavislost efektivni mobility analytu na celkové koncentraci selektorl prechazi na tvar
formalné totozny se vztahem (1)). Interakci analytu se smési selektorl pak Ize
charakterizovat M-souhrnnou komplexacni konstantou a M-souhrnnou mobilitou komplexu.
Tento model (dale bude oznacovan jako M-souhrnny model) nicméné v literature zcela

zapad|, dokud nebyl nezavisle odvozen a publikovan nasi skupinou [35, 36].

M-souhrnny model umoznil 1épe pochopit mechanismus separace se smésmi selektord,
jako jsou komercné dodavané derivatizované cyklodextriny, u kterych uzivatel nezna presné
slozeni smési (vyplyva z né&j napriklad mozné vysvétleni velké separacni schopnosti
nedefinované sulfatovanych cyklodextrinG [36]). VyuZziti tohoto pfistupu také pro popis
zamérné pripravovanych (definovanych) smési dvou selektor( je ukdzano v Publikaci II. Déle
byl tento model v Publikacich III a IV rozSiten, aby zahrnoval i moZnou acidobazickou

disociaci analytu.

Stanoveni spravné efektivni mobility

Modely elektromigrace analytu v komplexujicich systémech pracuji s parametry komplexace
— komplexacnimi konstantami a mobilitami komplexu. Ty je nutné stanovit experimentalné,
zpravidla prolozenim zavislosti efektivnich mobilit daného analytu na koncentraci selektoru
vhodnou funkci (afinitni kapilarni elektroforéza, affinity capillary electrophoresis, ACE [37,
38]). Urceni spravné efektivni mobility analytu je proto klicové pro stanoveni komplexacnich

parametrl a jejich naslednou vyuzitelnost v rliznych optimalizacnich strategiich.

Predkladana dizertaCni prace se detailn€ji vénuje dvéma uskalim, se kterymi se

experimentator pfi stanovovani spravné efektivni mobility mdze potykat:



(i) stanoveni mobility elektroosmotického toku v zakladnich elektrolytech obsahujicich

nabitou interagujici slozku;

(ii) urceni migracniho Casu u pikl deformovanych elektromigracni disperzi.

Elektroosmoticky tok (EOF, electroosmotic flow) v elektroforéze je zplsoben nabojem na
vnitini sténé kapilary a projevuje se pohybem celého obsahu kapilary smérem k jedné
z elektrod [39]. Pro urceni efektivni mobility analytu je tfeba spravné stanovit mobilitu EOF a
tu odecist od celkové, zjevné mobility analytu. V literatufe je popsana fada zplsobd
stanoveni mobility EOF, které jsou shrnuty napfiklad v prehledovém clanku Wanga et al.
[40].

NejCastéjSi je pouziti neutralniho markeru (znackovace), ktery nema vlastni
elektroforetickou mobilitu, pohybuje se pouze plisobenim EOF, a z jeho piku zaznamenaného
detektorem je pak rychlost EOF stanovena. V prfipadé komplexujicich systémd s nabitymi
selektory ale tato metoda mize selhat, protoze selektor mlze vedle analytu interagovat i
s EOF markerem — ten pak diky této interakci ziskava nenulovou efektivni mobilitu, ktera se
navic (obdobné jako u analytu) s koncentraci selektoru méni. Stanovené efektivni mobility

analytu jsou pak zatizené systematickou chybou.

V roce 1997 vyvinuli Williams a Vigh [41] metodu pro stanoveni efektivni mobility
v BGE obsahujicich interagujici slozku. Podminkou metody nicméné bylo umisténi UV
detektoru priblizné uprostied délky kapilary, coZz v komercnich pfistrojich neni mozné.
V Publikaci V je predstavena metoda stanoveni efektivni mobility v BGE s nabitou interagujici
slozkou, kterou Ize pouZit v komeréné dostupném pristroji pro CE bez potfeby dodatecnych

Uprav.

Pokud v zéné analytu zavisi pohyblivost analytu na jeho vlastni koncentraci, pak dochazi
k deformaci tvaru jeho piku z Gaussovského na trojuhelnikovy (za predpokladu, ze plvodné
byl vzorek davkovan jako velmi Uzka zona). Tento jev se nazyva elektromigracni disperze

(EMD) a mize k nému dochazet z nasleduijicich pricin:

(i) zména vodivosti (a tedy i intenzity pole) ve srovnani s BGE v dlsledku pfitomnosti
analytu [42];

(i) nedostate¢na pufracni kapacita BGE (a tedy zména zastoupeni jednotlivych

disociaCnich stavl analytu se zménou jeho koncentrace v z6né) [42];



(iii) vyznamny Ubytek volného selektoru v zoné analytu v disledku komplexace (a tedy

nardst frakce volného analytu s rostouci celkovou koncentraci analytu) [43, 44].

U takto deformovaného piku jeho maximum neodpovida migracnimu casu vyplyvajicimu
z efektivni mobility analytu, protoZe poloha maxima pak zavisi na davkovaném mnoZstvi
analytu. Bylo teoreticky odvozeno, ze tvar piku deformovaného EMD dobre vystihuje
Haarhoff — van der Lindeho (HVL) funkce [45-47]. Jeden z parametr( HVL funkce odpovida
migracnimu casu analytu pfi jeho nekonecném zfedéni a je tedy vhodné jej pouzit ke
stanoveni efektivni mobility analytu, ktera milzZe nasledné slouzit napfiklad k urceni

komplexacnich parametrd.

Nicméné dosud byl jedinym zplsobem, jak pro dany pik stanovit parametry
odpovidajici HVL funkce, export experimentalnich dat a jejich vyhodnoceni pomoci vhodného
softwaru pro nelinedrni regresi. V Publikaci VI byly poprvé odvozeny vztahy mezi
geometrickymi charakteristikami EMD deformovaného piku a parametry prislusné HVL

funkce, které umoziuji vypocet téchto parametrd bez pouZiti nelinedrni regrese.



2. Cile prace

Cilem této prace bylo predevsim rozsifit poznatky o elektromigraci v systémech s vice

selektory:

(i) Experimentalné ovérit vyuzitelnost M-souhrnného modelu pro popis a predikci
vlastnosti separacnich systém( pfipravenych smisenim dvou definovanych

cyklodextrinl a demonstrovat vyhody tohoto pfistupu (Publikace II).

(i) Rozsifit M-souhrnny model o moznost acidobazické disociace analytu a
experimentalné demonstrovat platnost rozsSifeného modelu na systému slabé
jednosytné kyseliny jako analytu a dvou definovanych cyklodextrini jako selektor(
(Publikace Il a 1V).

Dalsi cile pak souvisely se stanovenim spravné efektivni mobility analytu:

(i) Navrhnout metodu pro stanoveni efektivni mobility v systému s interaguijici slozkou
BGE pouzitelnou v komeréné dostupném pristroji pro CE a s jeji pomoci posoudit
vhodnost popularnich EOF markerl pro pouziti v BGE s nedefinované sulfatovanym

cyklodextrinem.

(i) Odvodit vztahy mezi geometrickymi charakteristikami elektroforetického piku
deformovaného elektromigracni disperzi a parametry HVL funkce popisujici tento pik,
predevsim migracnim c¢asem odpovidajicim efektivni mobilité analytu pfi jeho

nekonecném zredéni.
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3. Material a metodika

Elektroforetické experimenty byly provadény na pfistroji Agilent 3°CE pro kapilarni
elektroforézu (Agilent Technologies, Waldbronn, Némecko). Pristroj je vybaven vestavénym
UV/Vis detektorem s diodovym polem a bezkontaktnim vodivostnim detektorem vyvinutym
v nasi laboratori [48]. K ovladani pristroje a sbéru dat slouZil software ChemStation (Agilent
Technologies). K méreni pH slouzil PHM 240 pH/ION metr (Radiometer analytical, Kodan,

Dansko).

Byly pouzivany kremenné kapilary z vnéjsi strany pokryté polyimidovym potahem.
Pouzité chemikalie byly vysoké Cistoty, voda byla deionizovana systémem Rowapur a
Ultrapur (Watrex, San Francisco, USA).

Ke zpracovani a vyhodnoceni dat slouzily programy Origin 8.1 (OriginLab Corporation,
Northampton, USA) a Microsoft Office Excel (Microsoft).

Detailni experimentalni podminky jsou vzdy uvadény v prislusné publikaci, a proto zde

nejsou podrobné rozebirany.

4. Vysledky a diskuse

Pouziti M-souhrnného modelu pro definované smési dvou selektort

Podle M-souhrnného modelu Ize smés selektord o konstantnim sloZeni (konstantnim poméru
molarnich koncentraci jednotlivych selektorli ve smési) pokladat za selektor jeden [35, 36].
Model také ukazuje, jak jsou komplexacni parametry tohoto ,souhrnného" selektoru
provazany s komplexacnimi parametry jednotlivych slozek smési. V pripadé, Ze jsou do BGE
zamérné pridavany dva rlizné selektory za Gcelem dosazeni lepsSi separace, pak je slozeni
smési znamo a komplexacni parametry smési mohou byt M-souhrnnym modelem
predpovézeny na zakladé komplexacnich parametrl analytl s obéma Cistymi selektory.
Pomoci tohoto modelu pak Ize zkoumat, jak se méni separacni potencial smési se zménou
jejiho sloZeni, pfipadné zvolit pro danou separaci optimalni pomér obou selektorl a jejich

celkovou koncentraci.

V Publikaci IT byl tento pfistup experimentalné ovéren. Jako modelové analyty byly
zvoleny ibuprofen a flurbiprofen. Pfestoze se jedna o chirdlni latky, nebyla v tomto pripadé
provadéna chirdlni separace (pfi zvoleném pH neni interakce s cyklodextrinem
enantioselektivni), ale ibuprofen byl bran jako prvni analyt a flurbiprofen jako analyt druhy.

Oba analyty byly pfi zvoleném pH (8,2) plné disociovany. V praci byla zkoumana jejich
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elektromigrace v systémech se dvéma rlznymi dvojicemi neutralnich selektorl (dimethyl-B-

cyclodextrin a maltosyl-B-cyclodextrin, dimethyl-B-cyclodextrin a nativni B-cyclodextrin).

Ma-li byt M-souhrnny model pouZit k optimalizaci separacniho systému se dvéma
selektory, je tfeba optimalizovat dvé nezavisle proménné: celkovou koncentraci selektorl a
molarni frakci prvniho selektoru ve smési (frakce druhého selektoru jednoznacné urcena
frakci prvniho selektoru). Ve srovnani se situaci, kdy nezavisle proménnymi jsou koncentrace
prvniho a druhého selektoru, prinasi tento pristup vyznamné vyhody. Predevsim koncentrace
selektorll mohou obé v principu rlst do nekoneCna a je naroCné predstavit si chovani
systému pfi vSech jejich moznych kombinacich. Na druhou stranu M-souhrnny model
ukazuje, Zze chovani smési selektorll je zavislé na poméru jejich koncentraci, respektive na
frakci prvniho selektoru, ktera mlze nabyvat pouze hodnot od nuly do jedné. V ramci takto
dobre definovaného rozsahu slozeni smési Ize dobre studovat vlastnosti systému. To je

Vv Publikaci II demonstrovano pro:

(i) tvar zavislosti vhodného parametru kvantifikujiciho kvalitu separace (v tomto pripadé
byla zvolena selektivita — pomér efektivnich mobilit separovanych analytd) na celkové

koncentraci selektor(;
(ii) hodnoty souhrnnych komplexacnich parametrd;
(iii) elektromigracni poradi analytl a jeho pfipadnou zaménu.

Shoda mezi predikci M-souhrnného modelu a experimentem je pro bod (i) ukazana na
Obrazku 1. PrestoZe nékteré experimentalni body se s predikci neshoduji zcela presne, tvar
zavislosti a dllezité charakteristiky daného separacniho systému (pfitomnost a pfiblizna
poloha maxima, zaména migracniho poradi) jsou predpovézeny spravné. Obrazek také
ilustruje, jak se prlbéh zavislosti selektivity na celkové koncentraci méni s ménicim se

sloZzenim smési — a Ze zmény tvaru téchto zavislosti mohou byt znacné ,neintuitivni*.

M-souhrnny model umoziuje snadno identifikovat, zda smiseni dvou konkrétnich
selektorl mdze vést ke zlepSeni separace a pokud ano, Ize jej vyuzit k nalezeni optimalniho
slozeni a celkové koncentrace smési selektorll a to napriklad i z hlediska migracniho poradi
analytl. Vyhodou tohoto modelu také je, Zze se nejedna o rozsifeni jednodussiho modelu
o pritomnost druhého selektoru, ale spiSe o specialni pfipad obecného modelu popisujiciho

komplexaci s libovolnym poctem selektord.
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Obrazek 1: Zavislost poméru efektivnich mobilit ibuprofenu a flurbiprofenu na (celkové) koncentraci
selektoru ve dvou systémech s jednim selektorem (dimethyl-B-cyclodextrin a nativni B-cyclodextrin,
prerusované Cary) a ve smési téchto dvou selektorll pfedpovézend pomoci M-souhrnného modelu
(pIné Cary) a zmérena experimentalné (body); xpm — frakce dimethyl-B-cyclodextrinu ve smési
selektorll; prevzato z Publikace II.

Generalizovany model elektromigrace v interagujicich systémech (M,Ms model)

V minulosti se mnoho autord zabyvalo popisem systémd, ve kterych analyt interaguje s vice
nez jednim selektorem (jak je shrnuto v Publikaci I). Nicméné Zadny z téchto modelll (véetné
M-souhrnného modelu probiraného v predeslé kapitole) nezahrnoval dalSi mozné rovnovahy,
kterych se analyt mlize Ucastnit vedle komplexace — predevSim rovnovahy acidobazické. Ty

byly brany v Gvahu pouze v modelech zahrnujicich komplexaci toliko s jednim selektorem.

V Publikaci IIT je predstaven generalizovany model elektromigrace v interaguijicich
systémech se stechiometrii interakce 1:1 (analyt : selektor). Tento model vychazi z M-
souhrnného modelu a popisuje efektivni mobilitu analytu, ktery je pfitomny v libovolném
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poctu volnych (nekomplexovanych) forem, mezi kterymi se ustavuje rychla rovnovaha. Tyto
rovnovahy nejsou pro potfeby modelu specifikovany, ale z praktického hlediska jsou
vyznamné predevsim rovnovahy acidobazické a jednotlivymi volnymi formami analytu se pak
mini jednotlivé disociacni stavy slabé kyseliny, baze nebo amfolytu. Kazda z téchto volnych
forem analytu interaguje s kazdym z libovolného poctu pfitomnych selektorl. VSechny

vznikajici komplexy maji stechiometrii 1:1.

V takovém MpMs (multi-free-analyte-form muilti-selector) systému se ustavuje fada
navzajem propojenych rovnovah, které maji vliv na vyslednou efektivni mobilitu analytu.
Vyhodou MaMs modelu predstaveného v ramci predkladané dizertacni prace je, Ze umoznuje

nahlizet na MyMs systémy z rliznych perspektiv.

Pokud je slozeni smési selektord konstantni (neméni se vzajemné pomeéry koncentraci
jednotlivych selektorl) a jsou konstantni i podminky, na kterych zavisi distribuce volného
analytu mezi jeho jednotlivé formy (v pripadé, ze mezi jednotlivymi volnymi formami analytu
se ustavuji rovnovahy acidobazické, je takovou podminkou konstantni pH zakladniho
elektrolytu), pak Ize na MyMs systém nahliZet jako na SxSs systém: zavislost efektivni mobility
analytu na celkové koncentraci selektoru ma znamy hyperbolicky tvar odvozeny pro pripad
jediné volné formy analytu interagujici s jedinym selektorem (1). To ukazuje univerzalni
pouzitelnost tohoto vztahu pro elektroforetické systémy se stechiometrii komplexace 1:1.
Tento zavér MaMs modelu byl experimentalné demonstrovan v Publikaci IV : Zavislost
efektivni mobility analytu na celkové koncentraci selektoru (pfi konstantnim pH a pripadné
sloZzeni smési) byla prokladana funkci (1). Kvalita proloZeni (vyjadiend parametrem R?) se
neliSila bez ohledu na to, zda se jednalo 0 SxSs, MaSs, SaMs nebo MsMs systém (pro MaMs

systém viz Obrazek 2).

MaMs model dale ukazuje, Ze systém s vice selektory a vice volnymi formami analytu

Ize popsat (a optimalizovat) pomoci modelli odvozenych pro pripad:

(i) kdy vice volnych forem analytu interaguje se selektorem jedinym, napfiklad modely
Vigha et al. [18-21] (pH-explicitni pfistup);

(ii) kdy jedind volna forma analytu interaguje s vice selektory, napriklad dualni model
Lurie et al. [28] nebo M-souhrnny model publikovany nasi skupinou [35, 49]

(M-explicitni pristup).
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Obrazek 2: Zavislost efektivni mobility R-flurbiprogenu na celkové koncentraci smési monoamino-B-
cyclodextrinu (A-B-CD) a nativniho B-cyklodextrinu (B-CD) pfi pH 4,01; frakce prvniho selektoru ve
smési y, = 0,6; kosocCtverce — experimentalni efektivni mobility, ¢ara — proloZeni experimentalnich dat
funkci (1), ¢tverce — efektivni mobility vypoctené pomoci pH-explicitniho pristupu, krouzky - efektivni
mobility vypoctené pomoci M-explicitniho pfistupu; prevzato z Publikace 1V.

Experimentalné byly tyto dva pristupy ovéreny v Publikaci IV na modelovém systému
RAlurbiprofenu jako analytu (slaba jednosytna kyselina), a dvou selektord — jednomocné
kladné nabitého monoamino-B-cyclodextrinu a nativniho B-cyklodextrinu. Efektivni mobility
analytu predpovézené jak pomoci pH-explicitniho tak M-explicitniho pristupu byly ve shodé

s mobilitami experimentalnimi, jak je ukazano na Obrazku 2.

M-explicitni a pH-explicitni pFistup Ize chapat jako svym zplisobem ,ortogonaini* (jak
naznacuje schéma vlozené do Obrazku 2). Ve skutecnosti byly tyto pristupy nékdy mimodék
pouzivany uz v minulosti (napfiklad stanovovani pH-souhrnnych komplexacnich parametrti se
selektory, které byly ve skutecnosti smésmi selektorl [50]). Model elektromigrace
v interagujicich systémech se stechiometrii interakce 1:1 predstaveny v Publikacich Il a 1V
ale poprvé poskytuje teoreticky zaklad pro zachazeni s MaMs systémy. Model ukazuje, ze

provazané komplexacni a acidobazické rovnovahy, jichz se analyt UcCastni, od sebe Ize
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separovat a pracovat snimi oddélené. Experimentator mdze zvolit takovy zplsob
optimalizace, ktery je nejvyhodnéjsi pro konkrétni separaci, a tento model mu poskytuje

informace o tom, za jakych podminek Ize kterou optimalizacni strategii vyuzit.

Efektivni mobilita EOF markert v BGE obsahujicim sulfatovany B-cyklodextrin

stanovena dvoudetektorovou metodou

Pro stanoveni komplexacnich parametr (které jsou vstupnimi parametry elektromigracnich
modell probiranych vyse) pomoci metody ACE je tfeba zméfit efektivni mobility analytu
v BGE o nékolika rliznych koncentracich selektoru. V pfipad€, Ze selektor je nabity, mlze byt
stanoveni efektivni mobility analytu komplikovano interakci EOF markeru se selektorem.

V Publikaci V byla navrzena dvoudetektorova metoda zalozena na stejném principu,
jako metoda vyvinutd ve skupiné profesora Vigha [41], ale proveditelnd v komercni
instrumentaci. I nami navrzena metoda je zaloZena na stanoveni vzdalenosti mezi zénou
markeru umisténou v neinteragujicim BGE a zdnou vzorku nachazejici se v BGE obsahujicim
interaguijici slozku (napriklad nabity selektor) pred a po kratké aplikaci napéti. Metoda
vyuziva dva detektory: UV absorpcni detektor s diodovym polem umistény u vystupniho
konce kapilary (v pripadé instrumentace Agilent Technologies pouZzivané v této praci je tato
vzdalenost konstrukéné pevné dana a méfi 8,5 cm) a bezkontaktni vodivostni detektor
plvodné vyvinuty v nasi skupiné [48], ktery je ovSem nyni bézné komercné dostupny

u vyrobce pristroje (Agilent Technologies).

Dvoudetektorova metoda byla v Publikaci V vyuzita ke stanoveni efektivni mobility Ctyr
Casto pouzivanych EOF markerl — dimethyl sulfoxidu, mesityl oxidu, nitromethanu a
thiomocoviny — v BGE obsahujicim nedefinované sulfatovany B-cyklodextrin v koncentraci
metodou stale méritelné, efektivni mobility byly zjiStény pro dimethyl sulfoxid a nitromethan
(-1,5-10°m?V!s™ pro obé latky). Lze tedy konstatovat, Ze tyto latky jsou ze zvoleného setu

nejméné nevhodné jako EOF markery, nicméné i ty s timto selektorem slabé interaguii.
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Urceni parametri HVL funkce z geometrickych charakteristik piku

V pripadé, ze je elektroforeticky pik deformovan elektromigracni disperzi, je vhodnym
popisem jeho tvaru HVL funkce. V kontextu predkladané dizertacni prace je podstatny
predevsim ten jeji parametr, ktery ma vyznam migracniho casu odpovidajiciho efektivni
mobilité analytu pfi jeho nekonecném zredéni. Hodnotu tohoto parametru je tedy treba urcit
pro dany EMD deformovany pik analytu, aby bylo mozné spravné vyhodnotit efektivni
mobilitu analytu — ktera pak slouzi naptiklad ke stanoveni komplexacnich parametrd metodou
ACE.

Tvar EMD deformovaného piku Ize také popsat pomoci urcitych geometrickych
charakteristik, které mdlze napriklad automaticky odelitat software pro sbér
elektroforetickych dat. Témito charakteristikami jsou ¢as odpovidajici maximu piku, Sitka piku
v urcité frakci jeho maximalni vysky a asymetrie piku (ta mize byt kvantifikovana napriklad
jako pomér pravé a levé polosirky piku v urcité frakci maximalni vysky, ChemStation software
dodavany spolu s pristroji Agilent Technologies pouziva faktor chvostovani piku podle
Amerického lékopisu, U. S. Pharmacopeia tailing factor, definovany jako pomér Sitky piku
v 5 % vysky ku dvojnasobku levé polositky piku v 5 % vysky). Nicméné vztah mezi témito
Lviditelnymi* geometrickymi charakteristikami piku na jedné strané a na strané druhé
parametry odpovidajici HVL funkce (které maji fyzikalni vyznam) neni primocary. Proto bylo
dosud nutné urcovat parametry HVL funkce nelinearni regresi, coz vyzadovalo export

experimentalniho elektroferogramu do vhodného softwaru (napriklad Origin).

V Publikaci VI jsou odvozeny vztahy mezi geometrickymi charakteristikami piku a
parametry HVL funkce. V téchto vztazich vystupuje sada tfi prevodnich koeficientd, jejichz
hodnota zavisi pouze na asymetrii piku. Bohuzel, tyto zavislosti nelze vyjadrit analytickym
vyrazem, nicméné pro konkrétni zplsob vyjadreni Sitky a asymetrie piku je Ize urdit
numericky. To bylo v Publikaci VI provedeno pro ty geometrické charakteristiky piku, které
automaticky odecita software ChemStation.

Tyto zavislosti byly zaneseny do souboru MS Excel (lze stahnout ze stranek nasi
vyzkumné skupiny [51]), ktery na jejich zakladé prepocita geometrické charakteristiky
poskytnuté softwarem ChemStation na parametry prislusné HVL funkce. Spravnost takto
uréenych parametri byla ovéfena jejich porovnanim s vysledky fitovani pikd pomoci
programu Origin 8.1. Pro realny elektroferogram byla chyba navrZzeného vypoctu srovnatelna

s frekvenci, s jakou jsou experimentalni data pristrojem zaznamenavana.
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5. Zavéry

Predkladana dizertaCni prace byla zamérena na matematicky popis komplexujicich systém(
kapilarni elektroforézy, ve kterych analyt interaguje se dvéma di vice selektory, pripadné se
vedle komplexaci Ucastni jesté acidobazickych rovnovah. Dale se prace zabyvala stanovenim

spravné efektivni mobility analytu v komplexujicich systémech.

Pro popis systém(, kde pIné nabité analyty interaguji se zamérné pripravenou smési
dvou selektorll, byl pouZzit souhrnné-komplexacni model. Tento model ukazuje, Ze pokud se
neméni slozeni smési (reprezentované molarni frakci prvniho selektoru ve smési), Ize se
smési zachdzet jako sjednim selektorem. Parametry komplexace analytu s timto
Lsouhrnnym"  selektorem Ize pro dané slozeni smési pomoci tohoto modelu spocitat
z parametrll charakterizujicich komplexaci analytu s kazdym Cistym selektorem zvlast. Ze
souhrnnych komplexacnich parametrll Ize nasledné predpovédét zavislost efektivni mobility
analytu na celkové koncentraci smési selektorll. Tento model nabizi vhled do mechanizmu
separace diky tomu, Ze molarni frakce prvniho selektoru ve smési mlze nabyvat pouze
hodnot od nuly do jedné, zatimco zavislost efektivni mobility analytu, pripadné vhodného
parametru charakterizujiciho UspéSnost separace, jako je rozdil nebo pomér mobilit
separovanych analytli, sleduje tvar odpovidajici komplexaci s jedinym selektorem.
Experimentalné byl tento koncept ovéren na modelovém systému dvou pIné nabitych analytl
a dvou rliznych dvojic neutralnich selektord. Byla pozorovana velmi dobra shoda mezi
predpovézenymi a zmérenymi souhrnnymi komplexacnimi parametry pro jednotlivé smési a
potvrdila se i schopnost modelu predpovidat zavislost poméru mobilit analytd (selektivity) na

celkové koncentraci smési selektord.

Analyty, kterymi jsou Casto slabé kyseliny, baze nebo amfolyty, se mohou v systému
vyskytovat ve vice volnych formach, mezi kterymi se ustavuji acidobazické rovnovahy. Kazda
z téchto forem pak mlze vytvaret komplexy s pfitomnymi selektory. Zahrnutim téchto
rovhovah do souhrnné-komplexacniho modelu byl vytvoren generalizovany model
elektromigrace v komplexujicich systémech se stechiometrii komplexace 1:1. Tento model
vlibec poprvé popisuje systémy, ve kterych vice volnych forem analytu interaguje s vice
selektory. Dilezitou vlastnosti tohoto modelu je, Ze umoziuje nahlizet na tyto velmi slozité
systémy rlznymi zplsoby, ukazuje za jakych podminek a jakym zplsobem lze vzajemné
provazané acidobazické a komplexacni rovnovahy od sebe oddélit a pracovat s nimi
samostatné. Platnost modelu byla experimentalné ovérena na nejjednodusSim mozném,
nicméné z praktického hlediska velmi vyznamném, systému s vice volnymi formami analytu a

s vice selektory: slabou jednosytnou kyselinou jako analytem a dvéma cyklodextriny, z nichz
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jeden byl neutralni a jeden kladné nabity. Pro dva rlzné zplsoby predpovédi efektivni
mobility analytu v takovém systému, které generalizovany model umoziuje, byla pozorovana
shoda mezi predikci a experimentem. Vysledky dale potvrdily, Ze v souladu
s generalizovanym modelem je zavislost elektivni mobility analytu na celkové koncentraci
selektoru, plvodné odvozena pro jedinou formu volného analytu interagujici s jedinym
selektorem, univerzalné pouzitelna pro systémy se stechiometrii komplexace 1:1 bez ohledu

na to, zda jedna nebo vice volnych forem analytu interaguje s jednim nebo vice selektory.

Ve druhé Casti této prace byla predstavena dvoudetektorova metoda umoznujici
stanovit spravnou efektivni mobilitu analytu v systému, kde mdze nabita interaguijici slozka
zakladniho elektrolytu, napfiklad nabity selektor, interagovat s markerem elektroosmotického
toku. Stanoveni spravné efektivni mobility je kliCové pro urceni komplexacnich parametrd, se
kterymi pracuji vySe zmifované elektromigracni modely. Pomoci navrzené metody byla
posouzena vhodnost Ctyf popularnich EOF markerl pro pouziti v zakladnim elektrolytu
obsahujicim jeden z nejCastéji pouzivanych selektorli, nedefinované sulfatovany B-
cyklodextrin. Jako nejméné nevhodné markery se ukazaly dimethyl sulfoxid a nitromethan

(nicméné i ty se selektorem slabé interaguii).

Dale byl navrzen zplsob, kterym Ize z geometrickych charakteristik elektroforetického
piku deformovaného elektromigracni disperzi urcit parametr odpovidajici HVL funkce, ktery
ma vyznam migracniho ¢asu analytu pfi jeho nekonecném zredéni, a to bez potreby
nelinedrni regrese. To znacné usnadni vyhodnoceni spravnych migracnich ¢asd a potazmo i
efektivnich mobilit a komplexacnich parametrl v komplexujicich systémech, ve kterych
dochazi k elektromigracni disperzi zon analytd, napfiklad z d@vodu vyznamného Ubytku

selektoru v zoné analytu v dlsledku silné komplexace.
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Abstract

Capillary electrophoresis is a widely used separation method of analytical chemistry. Addition
of a selector into the background electrolyte extends its applicability to separation of
enantiomers or of compounds of similar physicochemical properties. In analytical practice,
mixtures of selectors are also commonly used — either prepared intentionally to achieve
better separation or because commercially available selectors may be mixtures of
compounds differing in the degree of substitution and substituent positions. Mathematical
description of these systems, which are highly relevant in analytical practice, can simplify
search for optimal separation conditions. Also, it provides a useful insight into the separation

mechanism.

In this work, a model of electromigration of an analyte interacting with a mixture of
two selectors is proposed and experimentally verified. This model results from a more
general description of systems with an arbitrary number of selectors. The model shows that
a selector mixture can be treated as a single selector if the ratio of the respective selector
concentrations is kept constant. When the mixture is prepared intentionally, this description
predicts, how separation potential of the mixture changes with its composition. Thus it allows

the optimal composition and total concentration of the selector mixture to be chosen.

Consequently, a generalized model of electromigration was proposed that for the first
time considers analyte undergoing acid-base equilibria along with complexation with multiple
selectors. The generalized model shows that the dependency of the effective mobility on the
selector concentration, which was originally developed for the case of a single free form of
an analyte interacting with a single selector, is generally applicable for systems with 1:1
complexation stoichiometry. The model also enables decoupling of the highly interconnected
complexation and acid-base dissociation equilibria. Therefore, the most suitable perspective
can be chosen for the particular system optimization. Assumptions resulting from the
generalized model were experimentally verified on a system of a week monoprotic acid as an

analyte and two selectors.

Determination of complexation parameters serving as input for the above mentioned
models requires measurement of correct effective mobilities of analytes. Therefore, this work
proposes a method enabling measurement of unbiased effective mobilities in system in
which a charged selector may interact with a neutral marker of the electroosmotic flow. A
procedure is also proposed for determination of correct migration time of analyte peaks

deformed by the electromigration dispersion without the need of a nonlinear regression.
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Abbreviations and symbols

ACE affinity capillary electrophoresis

BGE background electrolyte

CE capillary electrophoresis

EMD  electromigration dispersion

EOF electroosmotic flow

HVL Haarhoffovou — van der Linde (function)

MaMs  multi-free-analyte-form multi-selector (system, model)
MaSs  multi-free-analyte-form single-selector (system, model)
SaMs  single-free-analyte-form multi-selector (system, model)

SaSs single-free-analyte-form single-selector (system, model)

Cs concentration of selector

K, concentration-defined constant of complexation between the analyte and the
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Ua mobility of the free (uncomplexed) analyte

Uaers effective mobility of the analyte

Uas mobility of complex of the analyte and the selector
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1. Introduction

Capillary electrophoresis (CE) is a widely used separation method of analytical chemistry.
Addition of a selector into the background electrolyte (BGE) extends its applicability to
separation of neutral compounds, compounds of similar physicochemical properties and
especially chiral analytes. One of the advantages of CE is that in this method it is easy to
change the used selector or its concentration. A broad range of chiral selectors is used in
analytical practice: crown-ethers, macrocyclic antibiotics, proteins, chiral micelles,
cyclofructans or others [1, 2]. However, the most popular chiral selectors in CE are
cyclodextrins [1-4], cyclic oligosaccharides usually composed of six (a-cyclodextrin), seven
(B-cyclodextrin) or eight (y-cyclodextrin) glucopyranose units.

Along with increasing usage of selectors in CE, mathematical models describing such systems
have been also developed. Models can simplify optimization of separation conditions as they
enable prediction of separation performance based on physicochemical characteristics of the
system. No less important is the fact that they allow better understanding the separation

mechanism.

Theoretical description of complexation in electromigration systems

When various forms of the analyte are present in CE and equilibria between these forms is
established much faster compared to the electromigration movement, the effective mobility
of the analyte is obtained as a weighted average of mobilities of these respective forms,
while the weights are the molar fractions of the forms compared to the total (analytical)
concentration of the analyte. When a single free form of the analyte (e.g. a fully dissociated
acid) interacts with a single selector, the only such equilibria is the complexation. In 1992,

Wren and Rowe [8] described dependence of analyte’s effective mobility, ps.rr, ON

concentration of the present selector, ¢, in such a system:

_ Hat pasKyscs
Haefr = 11 K 55

(1)

where K¢ is a (concentration defined) complexation constant characterizing the interaction
of the analyte with the selector, u, is a mobility of the free (uncomplexed) analyte and s is
a mobility of the formed complex. This model is valid when temperature and ionic strength

of the BGE are constant and when stoichiometry of the complexation is exclusively 1:1
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(analyte : selector). Though this is not the only stoichiometry possible, it is generally

regarded as the most relevant one especially for cyclodextrins [9, 10].

Based on the model by Wren and Rowe (1), other models were developed describing the
single-free-analyte single-selector (S,Ss) systems [11-15]. Most of them focused on
expressing parameters that quantify efficacy of the separation utilizing the predicted
effective mobilities. Even though majority of the SpSs models dealt with enantioselective
separations, the model (1) can be used for optimization of non-chiral separations as well [16,
17].

The SxSs models took into account only one free form of the analyte. However, in practice
the analytes are often weak acid, bases or ampholytes that can be present in various
dissociated / protonated forms. Consequently, these forms can differ in the parameters of
their interaction with the selector. Therefore, pH of the BGE (which governs the acid-base

dissociation of the analytes) can have a great influence on the separation.

Theoretical description of such multi-free-analyte-form single-selector (MaSs) systems was
extensively studied e.g. by the group of Vigh [18-21]. They described the dependency of the
effective mobility of a weak monoprotic acid [18] or base [19] on the selector concentration
and pH of the BGE. Therefore the model included two independent variables. Later on,
Leliévre et al. [22] demonstrated that at constant pH, a prescription formally identical with
formula (1) can be used to describe the dependence of the effective mobility of a partly
dissociated weak monoprotic acid on the concentration of a selector. In such a case the
parameters of the dependency (complexation constant, mobilities of the free analyte and of
the complex) are valid only for a particular pH value (these parameters will be referred to as

pH-overall parameters).

In the analytical practice, mixtures of selectors are also often used. It is because some of the
commercially available derivatized selectors are actually mixtures of compounds differing in
the degree of substitution and positions of substituents [23-25]. However, selector mixtures
are also prepared intentionally to achieve better separation [2-4, 26, 27]. The first
theoretical description of electromigration of an analyte interacting with two selectors was
published in 1994 [28]. The authors extended the model by Wren and Rowe (1) to include
complexation with a second selector. This and other published descriptions of single-free-
analyte-form multi-selector (SxMs) systems were summarized in a review which is a part of
this thesis (Publication I). These models usually worked with two independent variables —

concentrations of the two respective selectors. However, in many cases the mathematical
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description served only for qualitative explanation of the observed results, e.g. reversal of

the electromigration order [28-32].

Peng et al. [33] expressed the effective mobility of an analyte interacting with an arbitrary
number of selectors (with the stoichiometry of the interaction being exclusively 1:1
analyte : selector). However, the obvious difficulty of this model was its A-dimensionality
which complicated its application in practice. Karanack et al. [34] later showed that when
ratios of molar concentrations of all the present selectors are kept constant, the dependence
of analyte’s effective mobility on the total selector concentration is formally identical with the
relation (1). Therefore, in such a case, the mixture of selectors can be treated as a single
selector. Interaction of an analyte with this “overall” selector is characterized by an overall
complexation constant and an overall mobility of the ostensible complex. However, this
model (will be referred to as the M-overall model and the respective overall parameters of
complexation as the M-overall parameters) was forgotten until it was independently re-

developed in our research group [35, 36].

The M-overall model offered valuable insight into the mechanism of separation induced by a
mixture of selectors of unknown yet constant composition (e.g. possible explanation of the
high separation power of randomly sulfated cyclodextrins [36]). Utilization of this model for
inspection and optimization of intentionally prepared selector mixtures (of therefore known
composition) was demonstrated in Publication II. In Publications III and IV, this model was

extended to include also acid-base dissociation of the analyte.

Determination of unbiased effective mobility

The various theoretical descriptions of selector-assisted CE (and optimization strategies
based on them) need the parameters of complexation — complexation constants and
mobilities of complexes — as their input. These parameters can be determined experimentally
e.g. by the affinity capillary electrophoresis (ACE) [37, 38]: the dependency of analyte’s
effective mobility on selector concentration is fitted by a suitable function. Therefore, it is

crucial to determine correct effective mobilities of the analytes.

This thesis addressed two issues connected with determining the effective mobility:

(i) Measurement of the effective mobility of the electroosmotic flow in BGEs containing a
charged interacting constituent (e.g. charged selector).



(i) Determination of correct migration time of an electrophoretic peak which is deformed

by the electromigration dispersion.

The electroosmotic flow (EOF) is induced by net charge of the inner wall of the capillary and
causes movement of the bulk solution in the capillary towards one of the electrodes [39]. In
order to determine analyte’s effective mobility, the effective mobility of the EOF must be

measured and subtracted from the apparent mobility of the analyte.

Various methods of EOF mobility determination can be found in the literature [40]. The
simplest and most popular one is utilization of a marker — a neutral compound injected with
the sample which moves only by the EOF and therefore can serve to measure the EOF
mobility. However, when the BGE contains a charged selector, this selector can interact not
only with the analyte, but also with the EOF marker. Due to this interaction, the marker
gains a nonzero effective mobility which depends on the concentration of the selector. This

results in determination of biased effective mobilites of the analyte.

In 1997, Williams and Vigh [41] developed a method for measurement of correct analyte’s
mobility in BGE containing an interacting agent. However, the method required situating the
UV absorption detector approximately in the middle of the capillary. In most commercially
available instruments such setup is impossible. Therefore, in Publication V is presented a

method based on the same principle but applicable in commercial instrumentation.

In the analyte zone, the velocity of analyte’s electromigration may depend on analyte’s
concentration. In such a case, the shape of the analyte is deformed from Gaussian to
triangular shape (supposed that the analyte was originally injected as a narrow zone). This
triangulation phenomenon is called electromigration dispersion (EMD) and can be induced
by:
(i) Change in conductivity (and therefore also in the electric field intensity) compared to
the surrounding BGE [42].

(i) Insufficient buffering capacity of the BGE (which causes that ratio of amounts of
various analte’s dissociation forms changes with changing the analyte concentration)
[42].

(iii) Significant decrease of concentration of the free selector due to complexation with
the analyte (and therefore increase of fraction of the free form of the analyte with

increasing analyte’s concentration) [43, 44].



In the case of the triangulated peak, the maximum of the peak does not give the migration
time that corresponds to the effective mobility of the analyte (the maximum position
changes with the amount of the analyte injected). As resulted from the linearized model of
electromigration with a small nonlinear disturbance, the EMD deformed peak is well
described by the Haarhoff — van der Linde (HVL) function [45-47]. Physical meaning of one
parameter of this function is the migration time resulting from the effective mobility of the
analyte at infinitely low analyte concentration. Therefore this parameter should serve for the

determination of the effective mobility.

However, up till now it was necessary to export and analyze experimental data by means of
a nonlinear regression in order to determine the HVL function parameters for an
electrophoretic peak. In Publication VI, relations between geometric characteristics of an
EMD-deformed peak and the parameters of the corresponding HVL function were presented
for the first time. These relations enable determination of the HVL function parameters

without the nonlinear regression.



2.

Aims of the study

The main aim of this dissertation thesis was to further describe electromigration in systems

in which analytes interact with mixture of selectors, namely:

0)

(i)

Experimentally verify the capability of the M-overall model to predict the separation
efficacy of dual-selector systems (composed of two defined cyclodextrins) and

demonstrate the advantages of this approach (Publication II).

Incorporate possible acid-base dissociation equilibria of the analyte into the M-overall
model and demonstrate the validity of the extended model experimentally on a
system of a weak monoprotic acid as an analyte and two defined cyclodextrins as
selectors (Publications III and IV).

Other aims of the study were connected to the determination of the correct effective mobility

of analyte:

0)

(i)

Develop a method for the determination of the effective mobility in a system
containing a charged interacting agent which would be applicable in commercially
available CE instrumentation and use this method to qualify suitability of popular EOF
markers for the EOF determination in a BGE containing randomly sulfated

cyclodextrin.

Derive relations between the geometric characteristics of an electrophoretic peak
deformed by the electromigration dispersion and the parameters of the HVL function

describing this peak.
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3. Material and methods

All the CE experiments were performed using an Agilent °CE capillary electrophoresis
instrument operated by ChemStation software (Agilent Technologies, Waldbronn, Germany).
The instrument was equipped with a built-in photometric diode array UV detector and a
contactless conductivity detector developed in or laboratory [48]. A pH meter (PHM 240
pH/ION Meter, Radiometer analytical) was employed for pH measurements.

Fused-silica capillaries with the outer wall covered by a polyimide coating were used. All
chemicals were of high-grade purity. The water was purified by the Rowapur and Ultrapur
water purification system (Watrex, SanFrancisco, USA).

Data analysis was performed by means of Origin 8.1 (OriginLab Corporation, Northampton,
USA) and Microsoft Office Excel (Microsoft).

Detailed experimental conditions are always given in the respective publication and therefore

are not discussed here in detail.

4. Results and discussion

Description of dual-selector separation systems by the M-overall model

According to the M-overall model a mixture of selectors can be treated as a single selector, if
the mixture composition (molar fractions of the individual selectors in the selector mixture) is
kept constant. Interaction of this “overall” selector with the analyte is characterized with M-
overall complexation parameters. The model describes how these overall parameters depend
on the complexation parameters of the single selectors contained in the mixture. When the
two selectors are mixed intentionally to improve the separation, the mixture composition is
known and therefore, the M-overall model can be utilized to predict and inspect the
separation potential of various mixture compositions and consequently to choose the optimal

separation conditions.

This approach was experimentally verified in Publication II. Ibuprofen and flurbiprofen were
chosen as model analytes. Even though these two compounds are chiral, chiral separation
was not in our scope of interest (interaction of these analytes with cyclodextrins is not
enantioselective at the selected pH). We focused on verification of the model, which can be

used for optimization of both chiral and non-chiral separations. Therefore, ibuprofen was

11



regarded as the first analyte and flurbiprofen as the second analyte. At he selected pH (8.2),
both analytes were singly negatively charged. Electromigration of these analytes in two
different dual-selector systems (dimethyl-B-cyclodextrin and maltosyl-B-cyclodextrin;

dimethyl-B-cyclodextrin and native B-cyclodextrin) was inspected.

Regarding a dual-selector mixture, two independent variables must be optimized by the M-
overall model — a molar fraction of the first selector in the mixture and total concentration of
the selector mixture (molar fraction of the second selector is determined by molar fraction of
the first selector). This approach brings significant benefits compared to utilization of
concentrations of the two respective selectors as the independent variables. Both selector
concentrations can, in principle, go to infinity and it is rather difficult to imagine the system
behavior in all their possible combinations. Conversely, the M-overall model shows, that it is
actually the mixture composition represented by the molar fraction of the first selector that
determines the properties of the system. This molar fraction can only attain values between
zero and one. Thus a separation pattern can be easily inspected within these constraints as

was demonstrated in Publication II for the following system characteristics:

(i) Dependences of the separation selectivity (a ratio of the effective mobilities of the

respective analytes) on the total selector concentration.
(if) Values of the overall complexation parameters.
(iii) Electromigration order of the analytes and its possible reversal.

Agreement between the predictions by the M-overall model and the experimental results is
shown in Figure 1, for the case (i). Though some of the experimental points do not always
lie exactly at the expected curves, the shapes of the dependencies (including presence and
approximate position of the maxima) are correct. The figure also demonstrates that these

shapes change with the changing mixture composition rather “counterintuitively”.

The M-overall model enables finding optimal composition and total concentration of the dual-
selector mixture. Utilizing this model, it can be also easily identified whether mixing two
particular selectors may lead to an improvement of the separation. Another advantage of this
mode is that it originates not from extension of a single-selector model but it is rather a

special case of a more general multi-selector model.

12
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Figure 1: Dependence of the selectivity (a ratio of the effective mobilities of ibuprofen and
flurbiprofen) on the (total) concentration of the selector in two single-selector systems (dimethyl-(-
cyclodextrin and native B-cyclodextrin; dot lines) and in dual-selector mixtures of these two selectors
predicted by the M-overall model (full lines) and determined experimentally (points); xpy — molar
fraction of dimethyl-B-cyclodextrin in dual-selector mixture; adapted from Publication II.

Generalized model of electromigration in systems with 1:1 complexation

(MAMs model)

Systems in which analytes interact with multiple selectors have been extensively studied, as
summarized in Publication I. Nevertheless, none of these models (including the M-overall
model discussed above) took into account other possible equilibria in which the analyte may
be involved next to complexation — especially acid-base dissociation equilibria. Such equilibria

were included only in single-selector models.
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In Publication III, a generalized model of electomigration in systems with 1:1
(analyte : selector) complexation stoichiometry was proposed. This model originates from
the M-overall model and describes effective mobility of an analyte that is present in an
arbitrary number of free (uncomplexed) forms among which fast equilibria is established. For
the purposes of the model, these free-analyte forms are not necessarily specified, however,
the (de)protonated forms of acidic / basic / amphoteric analytes are of the prime interest.
Consequently, each of these forms interacts with each of an arbitrary number of selectors,

the complexation stoichiometry being exclusively 1:1.

In such a multi-free-analyte-form multi-selector (MaMs) system, number of interconnected
equilibria is established and all of them influence the resulting effective mobility of the
analyte. Advantage of the M\Ms model is that it provides various perspectives from which

such a complicated system can be regarded.

When composition of the selector mixture (represented by molar fractions of all the
selectors) remains constant and so does the external conditions governing the distribution of
the analyte among its free forms (in case of acid-base equilibria, this external condition is
the pH of the BGE), then the MpMs system can be treated as a S,Ss system: The dependence
of analyte’s effective mobility on the total selector concentration follows the same hyperbolic
shape as in the case of a single free form of the analyte interacting with a single selector.
Therefore, the relation (1) is universally applicable in systems with 1:1 complexation
stoichiometry. This conclusion of the MsMs model was verified experimentally in
Publication IV: The effective mobilities of a model analyte (weak monoprotic acid R-
flurbiprofen) were measured at various (total) concentrations of a single selector or a dual-
selector mixture at constant pH and — in the case of selector mixtures — also a constant
mixture composition. (Singly positively charged monoamino-B-cyclodextrin and native (-
cyclodextrin were used as selectors, measurements were performed at three pH values and
four mixture compositions.) These dependencies were consequently fitted with function (1)
and quality of the fit, represented by the R° parameter, was the same in SpSs, MaSs, SaMs
and MaMs systems (Figure 2 shows the fit for an My\Ms system).

The MaMs model also shows how a system in which multiple free-analyte-forms interact with
multiple selectors can be described (and optimized) by models originally developed for

simpler systems:
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Figure 2: Dependence of effective mobility of R-flurbiprofen on total concentration of dual-selector
composed of monoamino-B-cyclodextrin (A-B-CD) and native B-cyclodextrin (B-CD) at pH 4.01,
fraction of the first selector in the mixture y, = 0.6; diamonds — experimental effective mobilities, line
— fit of experimental mobilities with function (1), squares — effective mobilities predicted by the pH-
explicit approach, circles - effective mobilities predicted by the M-explicit approach; adapted from
Publication 1V.

(i) More free forms of an analyte interacting with a single selector; e.g. models by Vigh
et al. [18-21] (pH-explicit approach).

(ii) A single free form of an analyte interacting with more selectors; e.g. dual-selector
model by Lurie et al. [28] or the M-overall model published by us [35, 49] (M-explicit
approach).

These two approaches were experimentally verified in Publication IV. Effective mobilities of
R-flurbiprofen predicted by both pH-explicit and M-explicit approaches were in a good

agreement with the experiment as shown in Figure 2.

These two approaches can be regarded as somewhat “orthogonal” as shows the inset in
Figure 2. Actually, these approaches were sometimes adopted in past (e.g. while
determining pH-apparent parameters of complexation with selectors which were actually
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mixtures of various compounds [50]). Nevertheless, the model presented in Publications IIT
and IV provides theoretical description of the MaMs systems with 1:1 complexation for the
first time. The model shows how the highly interconnected equilibria in which the analyte is
involved can be decoupled and treated from various simpler perspectives. Consequently, the

best suitable way of optimization can be chosen for a particular separation.

Effective mobility of EOF markers in BGE containing randomly sulfated

B-cyclodextrin determined by two-detector method

The complexation parameters (that serve as an input to the above discussed models) can be
determined by the ACE method. This requires measurement of accurate effective mobilities
of the analyte in BGEs containing various concentrations of the selector. However, when the
selector is charged, it may interact not only with the analyte but also with the EOF marker.
Consequently this would result in obtaining biased values of the effective mobilities of the

analyte.

In Publication V, a two-detector method was proposed which eliminates this problem. It is
based on the same principle as the method by Vigh et al [41] but can be utilized in
commercial instrumentation. In the method, the distance between a marker zone
(surrounded by an interacting-agent-free BGE) and the zone of the analyte (situated in the
BGE containing the charged selector) is measured before and after short application of
voltage. The method utilizes two detectors: UV diode array detector, its position is usually
fixed near the outlet of the capillary (distance from outlet being 8.5 cm in the Agilent
Technologies instrumentation used in this work), and contactless conductivity detector (this
detector was originally developed in our laboratory [48] but now is commercially available

from Agilent Technologies).

The two-detector method was used to measure the effective mobilities of four popular EOF
markers (dimethyl sulfoxide, mesityl oxide, nitromethane and thiourea) in a BGE containing
randomly sulfated B-cyclodextrin in a concentration of 60 g/L (approximately 30 mM). All the
four markers exhibited a measurable effective mobility, the lowest (in absolute value) being
-1,5-10°m?V's? for dimethyl sulfoxide and nitromethane. Therefore, these two compounds
are the most appropriate EOF markers for this BGE even though they also slightly interact
with the selector.
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Determination of HVL function parameters from geometric characteristics

of an electrophoretic peak

An electrophoretic peak deformed by the EMD can be described by the HVL function. The
migration time that corresponds to the effective mobility of the analyte at its infinite dilution
can be obtained as one of the HVL function parameters. Therefore, the value of this
parameter should be used for calculation of the effective mobility which in turn serves e.g. to

determine the complexation parameters by the ACE method.

For a given EMD-deformed peak, the following geometric characteristics can be depicted: the
time corresponding to the peak maxima, the peak’s width at a certain fraction of its maximal
height and the peak’s asymmetry (this can be quantified e.g. as a ratio of its right and left
half-widths; the U. S. Pharmacopeia tailing factor serves as a measure of asymmetry of the
peak in the ChemStation software by Agilent Technologies).

Nevertheless, the relation between these geometric characteristics and the parameters of the
HVL function is not straightforward. Therefore, until now, it was necessary to export the
electropherogram data into suitable software (e.g. Origin) and analyze them by means of a
nonlinear regression. In Publication VI, such relations were introduced. The new relations
utilize a set of coefficients which depend exclusively on the asymmetry of the peak.
Unfortunately, these dependencies cannot be expressed in a closed form. However, they can

be calculated numerically for the desired measures of peak width and asymmetry.

Therefore, in Publication IV the dependencies were calculated for the geometric
characteristics used by the ChemStation software and incorporated in an MS Excel table (can
be downloaded from the website of our laboratory [51]). This table enables quick and easy
calculation of the HVL function parameters based on the characteristics provided
automatically by ChemStation. Results of this calculation were in an agreement with the
nonlinear regression performed by Origin 8.1. In the case of a real electropherogram, the

calculation error was comparable with the sampling rate of the instrument.
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5. Conclusions

This dissertation thesis focused on a theoretical description of capillary electrophoresis which
utilizes interaction of the analyte with a mixture of two or more selectors, the analyte
possibly also undertaking acid-base dissociation. The thesis also dealt with determination of

correct effective mobility of the analyte in such systems.

The overall complexation model of electromigration was used to describe a dual-selector
systems of known composition. The model shows that when the mixture composition
(represented by a molar fraction of the first selector) is kept constant, the dual-selector
mixture can be treated as a single selector. The parameters of complexation of an analyte
with this “overall” selector can be predicted by the model. Consequently, utilizing the overall
complexation parameters, the dependence of analyte’s effective mobility on the total selector
concentration can be predicted. The molar fraction of the first selector in the dual-selector
mixture can only attain values between zero and one and thus the selector mixture
separation capabilities can be easily inspected by the model. The proposed approach was
verified experimentally on a model system of two negatively charged analytes and two
different dual-selector systems composed of neutral selectors. Very good agreement
between the predicted and the measured overall complexation parameters was observed. It
was also shown that the model can predict dependencies of the selectivity (ratio of the

effective mobilities of the analytes) on the total selector concentration.

In the analytical practice, analytes are often weak acids, bases or ampholytes. Therefore,
they may be present in more free forms among which the acid-base equilibria are
established. Each of these free forms can undergo complexation with the present selectors.
The equilibria among analyte’s free forms were included into the overall complexation model.
The thus obtained generalized model of electromigration with 1:1 (analyte : selector)
complexation stoichiometry for the first time describes systems in which more free-analyte
forms interact with more selectors. The model shows, how the highly interconnected
complexation and acid-base dissociation equilibria can be decomposed and regarded from
various simpler perspectives. Validity of the model was demonstrated on the simplest, yet
practically highly relevant, system in which more free forms of analytes interact with more
selectors: a weak monoprotic acid was used as the analyte and two cyclodextrins (one
neutral, one singly positively charged) were used as the selectors. Analyte’s effective

mobilities in this system were predicted in two different ways enabled by the model and in
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both cases good agreement with the experiment was observed. The results also confirmed
that the relation describing the dependence of the effective mobility of the analyte on the
concentration of the selector, which was originally developed for the system of a single free-
analyte form interacting with a single selector, is universally applicable in systems with 1:1
complexation stoichiometry (regardless whether one or more forms of the free analyte

interact with one or more selector).

In the second part of this dissertation thesis a two-detector method was proposed which
enables determination of correct effective mobility of analyte in a system in which a charged
interacting agent (e.g. a charged selector) can interact with the EOF marker. Correct
effective mobility is crucial for measurement of complexation parameters utilized by the
electromigration models discussed above. By the two-detector method, applicability of four
popular EOF markers was investigated in a BGE containing randomly sulfated B-cyclodextrin.
Dimethyl sulfoxide and nitromethane were found to have the lowest yet still measurable
effective mobility in this BGE — therefore, they were found to be the least inappropriate EOF

markers for this system.

A procedure was also proposed that allows determination of HVL function parameters of an
electrophoretic peak deformed by the electromigration dispersion without the need of a
nonlinear regression. One of these parameters is the migration time corresponding to
analyte’s effective mobility at its infinite dilution which in turn serves for the determination of
e.g. complexation parameters utilized by the electromigration models. Therefore, the
proposed procedure much simplifies the determination of correct effective mobilities and
therefore also complexation parameters in systems in which analyte peaks undergo

triangulation.
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